United States Office of Health and EPA-600/8-83-0258

Environmental Protection Environmental Assessment April 1984
Agency Washington DC 20460 External Review Draft

Research and Development

<EPA Updated Review
| - Mutagenicity and Draft

¢ ~ Carcinogenicity (Do Not
Byt ; Cite or Quote)
“ Assessment of

Cadmium

Addendum to the Health Assessment
Document for Cadmium (May 1981)
EPA-600/8-81-023

Available only from: National Technical Information Servuce
5285 Port Royal Road
Springfield, VA 22161
Telephone: 703-487-4650

Order No. PB 82-115 163
Cost: $28.00 (subject to change)

Notice

This document is a preliminary draft. It has not been formally
released by EPA and should not at this stage be construed to
represent Agency policy. It is being circulated for comment on its
technical accuracy and policy implications.




L}
‘ N
.
| . -9
¢ ‘




DRAFT o . | EPA-600/8-83-0258
DO NOT QUOTE OR CITE , v : April 1984
- External Review Draft

WA

‘ 5y
e
UPDATED MUTAGENICITY AND CARCINOGENICITY ASSESSMENT OF
CADMIUM
Addendum to the Health Assessment Document for Cadmium
(May 1981) EPA-600/8-81-023
3
NOTICE
q: " This document is a preliminary draft. It has not been formally released by the
- U.S. Environmental Protection Agency and should not at this stage be construed
P to represent Agency policy. It is being circulated for comment on its technical

« accnracy and policy implications.

Office of Health and Environmental Assessment
Office of Research and Development
U.S. Environmental Protection Agency
Washington, D.C. 20460




DISCLAIMER

This report is intended for review purposes only and does not constitute

Agency policy. Mention of trade names or commercial products does not

constitute endorsement or recommendaﬁion for use. »
P \ iﬁ“‘ ;a,
-
N
The Health Assessment Document for Cadmium (May 1981;
EPA 600/8-81-023) is available only from: :
National Technicaj Information Service
5285 Port Royal Road
Springfield, VA 22161
Telephone: 703-4§7-4650
Order No.: PB-82-115163
Cost: $28.00 (subject to change)
2
we &

ii




g

CONTENTS (CADMIUM)

' Abstr‘act. L ] L] - . * L ] L] L ] L] L] o L ] * L ] L ] . [ ] [ ] ® v-i
Aushors, Contr1butors, and REVIEWERS « + v o e e e e e e e e e vid

SUMMARY AND CONCLUSIONS. « & « o o o o o o o o o w o o o o 1

SUMMARY « o o o o o oo o o o o o e e e e oeaoao. 1

| Qualitative Assessment. .+ .« « « « + o .“. . e } |
Quantitative Assessment . . . . . o o e e e e e e e 6
Conclusions . . « « o o .7 « e e e e e e R
INFRODUCTION + = v o o o o o o o & o o o o o o o &« « o« 8
MUTAGENICITY . . . . . . C e e e e e e R
| Gene Mutations in Prokaryotes . . . .« .b e o & e e e . . 9
Salmonella Assay. .. e e e e e e e e e e '. . . 9

Escherichia coli WP2 Assay P X
Bacillus subtilis Rec-Assay 14

Gene Mutations ih Yeast « « o o ¢ e e o e e e e e } . 15
Gene Mutations in Mammalian Cell Cultures . .« « .« « « o =« « = 17

Mouse Lymphoma Assay =« « « =+ « o o« o o P ¥
Chinese Hamster Cell ASSQY .« =« o o« « o o o o o o o 18

Studies in Drosophila and Other InSectS. o « & o o o o o . .« 19

Chromosomal Aberrations in Human and Other Mammalian Systems. . . . 24

Studies on Human Chromosomes in vitro. . . . . « o o =« 24
Studies on Rodent Chromosomes in Vitro . . . - =« « « « .« 32
Studies on Human Chromosomes in vivo . . =« =« =« « o o =« o 35
Studies on Rodent Chromosomes in vivo. . « « « « =« « =« o 38
Micronucleus ASSAY « « o o o o o o o s e e s e e 38
Dominant Lethal ASSAY « « o o« & o o o o o o o o o 39
. Heritable Translocation Assay . « « =« « o o o o « o 41
Chromosomal Nondisjunction (Aneuploidy) in Whole Mammals . . . 42
Sperm Abnormality Assay in Mammals. . . . . . . . O

Chromosoma] Aberrations in Plants. . . . . e e e e e o o o 45
" Biochemical Studies Indicative of Mutagenic Damage . . e . 4 . . 46

SUMMATY « o o o o o o o o o o o o o o o s e e . 47




CARCINOGENICITY . . « o ¢ ¢ o o o o o o o o o o =

Anima] StUdieS 3 . . . . . . L] . ° . . . . ° . | °

Inhalation Study in Rats e e e e e e .
Intratracheal Studies in Rats . .
Injection Studies in Mice and Rats. .

Oral Studies in Mice and Rats e e e
Summary e e ¢+ o e e+ e

Epidemiologic Studies. . .+ .« ¢ ¢ « « ¢ « + o«

Potts (1965) . . . .
Kipling and Waterhouse (1967) .
Humperdinck (1968) . . . . . .
Holden (1969). . . .
Kolonel (1976) . . .
Lemen et al. (1976). .
McMichael et al. (1976a,
Monson and Fine (1978).
Kjellstrom et al. (1979)
Goldsmith et al. (1980) .
Holden (1980). . . . . . . .
Sorahan (1981) . .
Inskip and Beral (1982)
Andersson et al. (1982)
Kjellstrom (1982) . . ., .
Armstrong and Kazantzis (1983,
Sorahan and Waterhouse (1983)
Varner (1983, unpublished);

Thun et al. (1984, unpub11shed)
SuUmMMary. « « o o e+ e

LB
e e o o o o
. e 6 o o e &
.
e & o s 0
¢ e 6 o o o
. » & e o 0
. e o o o .
3 e o o & o
e s o o ¢ o o

e & o o o
. @
* & o o o o

o & e

s e ® o & o s e o o
e @ © o e © e o e o
5 e o6 e e e & ©o © © 6 © e e o o e o

. . . [ f—t » [ ] L) -
O
o]
e & & o N s = °
) ~—
. o
* . L) . » o o .

s o & @

QUANTITATIVE ESTIMATION. . . . . + « + & « « & « « &

Introduction. . v« « ¢ e v e e e e e e e e e e

Procedures for Determining Carcinogenic Potency . . . .
Description of the Low-Dosé Animal Extrapolation Model .
Selection of Data. ., . . .
Calculation of Human Equ1va1ent Dosages from An1ma1
Calculation of the Unit Risk from Animal Studies .
Model for Estimation of Unit Risk Based on Human Data .
Unit Risk Estimates for Cadmium . . . . . « . =&

Unit Risk Estimate Based oh an Animal Study. . . . .

iv

® o & e & & ® ° © e & o B & & e o o O =

e @ ©® & © © 3 ©® ® © © © & e ¢ o

e o e o & & e 8 ¢ & & o 9 s @ s o s o .

. 126

126
130
130

L 132

133

. 136

137
139
139




Unit Risk Estimate Based on a Human Study . . . . .
Data Base . .+ & o« ¢« ¢ o ¢ 4 4« e o e e
Estimation of the Factors Used in the Calculation of By
Calculation of Average Lifetime Exposure (X). . . .
Calculation of Human Slope (By) . . . . . . . .

e & o @& @

Relative Potency .« + o &« o o o« o o o o o o o o« o

i TEN e

¢ ' ‘ |
& Appendix A. Comparison of Results by Various Extrapolation Models . .

"Appendix B.. International Agency for Research on Cancer (IARC) Criteria
, for Evaluation of the Carcinogenicity of Chemicais . . .

References . « v v v v v v e e e e e e e e e e e

141
141

. 143
. 148

148
150

. 156

160
163




ABSTRACT

This draft document evaluates the mutagenicity and carcinogenicity of
cadmium, supplementing an earlier doéument (Health Assessment Doéument for.
Caomium, May 1981) which dealt with 511 health effects. Since the earlier
document was prepared, a rat 1nha1atﬂon carcinogenicity study has been
reported and several epidemiology anq mutagenicity papers have been»pub]ished.

This draft document tentative1yicohc1udes that: (1) there fs pvidence
suggesting that cadmium and certain cadmium éompounds are weakly mutagenic;

(2} cadmium chloride aerosol induces lung cancer in rats; (3) injected cadmium

saits induce injection site sarcomas:and testicular tumors in both mice and rats; -

(4) there is limited epidemiologic eQidence that inhaled cadmium induces
prostate and/or lung cancer in highly exposed workers; (5) there is no evidence
that cadmium is carcinogenic via ingéstion, which is a major route of human
exposure, and the upper limit of poténcy via ingestion is at least 200 times

less than via inhalation.
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SUMMARY AND CONCLUSIONS

SUMMARY

Qualitative Assessment

Chron1c exposure of rats to aeroso1s of cadm1um chloride at a1rborne

concentrat1ons of 12.5, 25, and 50 ug/m3 for 18 months followed by an add1t1ona1

nonexposed 13—month period produced significant increases in lung tumors. An

18-month exposure to 20 ug/m3 also increased lung tumors among exposed rats. A
single 30-minute exposure of rats to cadmium oxide did not significantly increase
the occurrence of lung tumors in the year that followed. However, increases in

testicular degeneration were observed. The estimated total dose in mg/kg was,

hbwéver, Tower than that producing testicular neoplasia following parenteral

administration. ‘Intratraéheal instillation of cadmium oxide has produced an
increase in mammary tumors and an increase in tumors at multiple sites among.
mals rats. &Intrathoracic injections of cadmium powder are highly toxic, but
wheq their toxicity is reduced by co-administration Qf'zinc, mesotheliomas

devélop.v Intramuscular or subcutanedusfinjectidn-of,cadmium as metal powder,

or as chloride, sulfate, oxide, or sulfide, produces injection-site sarcomas

“and/or testicular interstitial cell (Leydig cell) tumors after necrosis and

regeneration of testicular tissue. A recent study suggests that the incidence
of pancreatic islet cell tumors may be increased by administration of cadmium
chloride by this route. In addition, injection of cadmium chloride into the
prostate has induced tumors of that ﬁiSsue. 7

-Cadmium appears to be much less pétent as a'carcinogen by ingestion than
by 1n3ect1on or inhalation, regardiess of the site of cancer induction. For

examp1e the total dose of inhaled cadmium in the Takenaka et al. (1983) study,

in whith rats developed a 71% incidence of lung cancer, was about 7 mg




(0.25 m3/day x 0.005 mg/m3 X 365 days/year X 1.5 years). By contrést, in
the Schroeder et al. (1965) drinking water study in rats, which had one of
the smallest total doses of all the ingestion studies, a total dose of about
60 mg (5 ppm x 0.5 x 0.35 kg x 730 days) induced no cancer responses., If a »
10% upper limit of detection of tumors in the Schroeder et al. (1965) study %s
assumed, the highest reasonable potency for cadmium via ingestion 1is about
0.0017 (0.1/60), compared with a poﬁency of about 0.1 (0.7/7) for inhalation.
While it is possible that cadmium ié not at all carcinogenic by ingestion
because of very limited absorption,‘the negative animal evidence can only set
‘an upper limit on the carcinogenic potency of ingested cadmium, which in the
rat appears to be about two orders of magnitude less than for inhalation.

The IARC (1982) concluded that sufficient evidence exists to determine
that cadmuim is carcinogenic in animals. The IARC was aware of the negative
findings following the dietary administration of cadmium chloride by Loser
(1930). The marked carcinogenic response of rats to inhalation exposure to i
aerosols of cadmium chloride was not available to IARC for consideration,vnor
were the highly suggestive reports of pancreatic islet tumors following parenteral

;administration of cadmium chloride (Poirier et al. 1983), and of mh]e mammary
tumors following intratracheal instillation of cadmium oxide (Sandérs and x
Mahaffey 1984). Apparently the IARC did not consider the 1ntratra£hea1 induction
of mesotheliomas reported by Furst et al. (1973) or the induction nf prostate f
tunors by injections of cadmium chloride into that tissue (Scoﬁt and Aughey 1979); B '

N

As a result of these newer investigations, together with additional 1nformatiop .

suggesting that long-term pulmonary clearance and translocation from one site to

another in the body is not based on chemical solubility, the carcinogenic risks

of cadmiun and its compounds are now seen to be possibly greater than orginally

anticipated.
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Gene mutation studies in mammalian cell cultures, rec-assays in bacteria,

"chromosomal nondisjunction studies in intact mammals, and. other indicators of

‘mutadenic damage do indicate that cadmium is mutagenic.

Epidemiologic studies reviewed after the May 1981 OHEA Hea]th‘Assessment

Document for Cadmium have not apprec1ably changed the earlier findings of

1nsuff1c1ent evidence of a risk of prostate cancer from exposure to cadm1um.

On” the other hand, recent evidence from the same studies seems to provide
better evidence of a lung cancer risk from exposure to cadmium. 'Strong evidence
is-available from the Thun et al. (1984) study that the significant twofold
excess risk of lung cancer seen in cadm1um smelter workers is probably not due
to the presence of arsenic in the plant or to increased smoking by such workers.
Thun et al. analyzed both factors as potential confounders and convincingiy
dismissedvboth in treir updated and enlarged version of the earlier Lemen et al.
(1976) study, which also demonstrated a significantly elevated risk of lung cancer;

Varner (1983) in a very preliminary updated and enlarged version of the earlier

'Lemen et al. study also found a statistically significant excess of lung cancer,

Varner noted a dose-response relationship for both lung cancer and total
malignant neoplasms with increasing cumulative exposure. Varner indicated that
the significant excess risk of lung cancer was probably due. to smoking or to
the presence of arsenic in the plant. _However, he Had not had a chance to
éha]yze their impact since his paper was preliminary. It suffers from several
preblems which must be resolyed} |

-Sorahan and Waterhouse (1983) also noted an unqualified statistically
sign}fieant riSk of 1Ung ganeer in their Study popularion via the Standard

Mortality Ratio (SMR) method. In addition, a significantly high test statistic

was noted for excess lung cancer Utilizing the Kneale and Cox "regression models

in Tife tables (RMLT)" method in the "high to moderately exposed" group but not




in the "highest exposure" category, although the test-statistic was elevated.
Sorahan suggested that the excess mi@ht be due to exposure to welding fumes of
oxyactetylene. No significantly high test-statistic was found in his "highest
exposure" group, however, possibly because of a lack of sensitivity due to small

nurbers.

In his earlier paper, Sorahan (1981) found the risk of lung cancer to be nonrliu

Significant]y elevated through Standard Mortality Ratios ca]cuTated in a retrospec-
tive prospective cohort study of workers who began employment before and after
the amalgamation of two factories into a nickel-cadmium battery plant. |
Armstrong and Kazantzis (1983) also demonstrated a signiffcanﬁ risk of lung
cancer in workers designated by them as having worked in "Tow expoéure" jobs
for a minimum of 10 years. Little sénsitivity remained in the "highly exposed"
group with which to detect a rjsk af&ér a}mfnimum of 10 years' employment, and
such a significant risk was not shown. Furthermore, only a suggestion of an
excessive risk was evident in the "ever mediumly" exposed group of workers with
“a minimum of 10 years employment. Fhis study, however, does not deal in sufficient
detail with latent factors 15 or 20 &ears after initial exposure in combination
with length of employment. Also, 17 differenﬁ ptant popu]atﬁons are combined
to form one cohort for study, thus raising the possibility that very little
exposure occurred to most members of the cohort. |
Holden (1980) reported a significant]y excessive risk of lung cancer in
*vicinity" workers, which he maintained could have been due to the presence of
other metals such as arsenic. No excess risk was seen in the group with the.
hfghest exposure, however, Latent factors were not considered, nor was the

movement of workers from jobs with high exposure to jobs with Tow eprsure;

possibly because of seniority.

-
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Andersson et al. (1982), in their update of the Kjellstrom et al. (1979)

study,‘noted a slight but‘nonsignificant 1ung cancer risk in alkaline battery

factory workers; however, this observation was based on only three lung cancer

‘deaths occurring to this cohort, and the study also suffers from a ”émaT] numbers"

pboblem@ In the earlier study, Kjellstrom et al. (1979) observed a slight but
nonsignificant excess of lung cancer based on two cases in the same small group
of cadmium-nickel battery factory workers.

Inskip and Beral (1982) noted avs1ight1y increased but ndnsignificant risk

of lung cancer among female residents of two small English villages who presumably:

were exposed to cadmium-contaminated soil via the oral route. However, again only
a small number of lung cancers were observed.

Negative findings of a lung cancer risk cannot be considered useful because

: Qf,pfobﬂem§"concehn1ng lack of power, no consideration of latent effects, or .

insufficient evidence of exposure to cadmium in the studies in which a lung
cancer risk was evaluated.

Overall, the weight of the human epidemiologic evidence is suggestive of a

'signifiéant risk of lung cancer from exposure to cadmium. The contribution of

the confounders, smoking and/or the presence of arsenic, has been shown by
Thun et al. (1984) not to have produced the significant risk of lung cancer

that they found in their study. Further evidence provided by the Carcinogen

- Assessment Group, under the assumption that arsenic is additive to the background

rate of lung cancer and smoking is multiplicative, indicates that the upper bound

for thé expected number of Tung. cancer cases is still significantly below that

of the observed number of cases at the P < 0.05 level in the Thun et al. study.
A1togethér, the human Epidemidlogic evidence appears to provide limited
evidence of lung cancer risk from exposure to cadmium, bhased on the International

Agency for Research on Cancer (IARC) c]assificatioh system.

5




Quantitative Assessment

Since humans are exposed to cadmium dust or fumes, and the rats used for study
were exposed to cadmium chloride aerosol, a Timitation inherent in the use of
rat studies for estimating human risk is the possible difference between humans
ahd rats in terms of lung retention of particulates, or between the bioTogical
effectiveness of cadmium chloride aerosol administered to rats andithe dust and
fumes inhaled by workers. Since the data are not clear on this point, assumptions
of equal lung uptake and equal effectiveness have been made herein for the
purpose of arriving at a preliminary asSessment of the human risksi

Given these assumptions, combinéd with other assumptions énd conventions
used in quantitative risk assessment procedures, the Takenaka et al. (1983)
data on lung carcinomas in rats durihg 1ifetime inhalation exposures to cadmium
ch oride aerosol were analyzed. The result of the analysis is that the upper-
pound cancer risk to humans who continuously breathe 1 ug/m3 of elemental
cadmium for a lifetime is 0.15.

Based on respiratory cancer rafes from the Thun et al. (1984) study of
cadmium smelter workers, the upper-bound cancer risk from 11fetimeiexposurevto
1 ug/m3 of cadmium in the air has a range of 4.3 x 10-6 to 3.8 x 16‘2, with a
most plausible estimate of 2.3 x 10-3, The most plausible estimate is hased on
"hest guesses" for each of a series of terms, that are multiplied to form the
final estimate. Because only fragmentary information is available concerning
cadmium exposures of workers, and many potential biases exist ét a range of
almost four orders of magnitude, the human risk is considered to be reasonable.
Further detailed analysis and laboratory studies are needed before.the large

difference between the estimates based on animal and human data aﬁe resolved.

ot
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CONCLUSTIONS

Applying the IARC approach (Appendix B) for classifying the weight-of-

_evidence for carcinogenicity in experimental animals, lung carcinomas in rats

exposed to cadmium chloride aerosol by inhalation provide sufficient evidence
fik the carcinogenicity of cadmium and certain cadmium compounds in experimental
anima]s_along with 1nject10n site and teSticular'tumors in mice and rats given
cadmium metal or cadmium salts. No carcinogenic response has‘been observed

with ingested cadmium, and the pbtency via the oral route is at ]east'ZOOVtimes

. less than via inhalation in experimental animals.

'The available human epidemiologic data provide limited evidence, according
to the IARC criteria, that airborne concentrations of cadmium and cadmium

compounds are carcinogenic in humans, producing a significant risk of lung cancer

by the inhalation route.

* The overall evidence for carcinogenicity, applying the IARC criteria, places
cadmium and cadmium compounds in the 2A cdtegory, meaning that they are probably
;cércinogenic in humans. | |

Thé upper-bound unit risk estimate for continuous inhalation eXposure at a
cadnium concentration of 1 ug/m3 ranges from 4.3 x 10-6 ﬁo 3.8 x 102 with a most
plausible estimate of 2.3 x 10-3 based on Tung cancer from one smelter worker
study, although there is considerable uncertainty in these estimates because of
the lack of differential exposure in the workplace. Nevertheless, these estimates
are'regarded as more realistic than the estimate based on the rat inhalation

study, which is about 65 times higher.




INTRODUCTION

This document is a review and assessment of the current information
relating to the mutagenicity and carcinogenicity of cadmium. It contains a
detailed d%scussion of information on those subjects which became aVai]aB]e
since the earlier Health Assessment Document for Cadmium was preparéd by the
Office of Health and Environmental Assessment (OHEA) in May 1981, Tt includes

all pertinent material from the 1981 document but does not attempt to repeat

details of the animal carcinogenicity;étudies discussed there.




MUTAGENICITY

Cadmium has been investigated for its mutagenic potential in both
prokaryotic and eukaryotic systems.. In the former category are assays for gene
mitation and reparable genetic damage in bacteria. In the latter category are
gene mutation studies in yeast, Drosophila, and mahma]ian,ce]]s; ana chromosomal
abefration studies in human and other mammalian cells exposed to cadmium both
in vitro and ig_gigg, The following is an analysis of the'1iterature‘pertaining

to the mutagenic effects of cadmium.

GENE MUTATIONS IN PROKARYOTES

Gene mutation studies that have been conducted in prokaryotic systems are

"summarized in Table 1. A diséussion of each study fo]]oWs.

Salmonella Assay

Heddle and Bruce (1977) tested the mdtagenic effects of cadmiuh\ch]oride

in the histidine reverse mutation assay using Salmonella typhimurium tester

strains TA100, TA98, and TA1537. The test compound (purchas?d from ICN Pharma-

.ceuticals, Plainview, New York) was dissolved in water and used at concentrations

of 0.05, 0.5, 5, 50, and-SOO ug/p]ate Qith and without the application of a

metabolic activation system (S9 mix) derived from phenobarbital-induced rat

liver homogenate. According to these authors, cadmium chloride did not” induce
'a\significant mutagenic response over the control value. The criterion set for

‘a positive response was 50%, or a 1.5-fold increase in the revertant frequency

ovér the negative control or spontaneous frequency. Revertant counts were

given only for strain TA100; the spontaneous frequency of revertants in this

strain was 140 colonies per plate. The purity of the cadmium chloride test

- compound was not given in this report.
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In an abstract published by Kalinina and Polukhina (1977), cadmium chloride
was reported to be nonmutagenic in the Saimonella assay. However, important
variables such as the number of strains used, the dosage employed, and the
number of revertants per plate were not reported. Polukhina et al. (1977) also

reported negative results with cadmium chloride on Salmonella typhimurium

"t

strains TA1535 and TA1537 both in the presence and absence of ah S9 activétion
system derived from uninduced mouse Tiver homogenate. In this report a suspension
assay with cadmium chloride concentrations of 10, 20, 30, 45, and 90 mM was '
employed. Positive and negative control data wefe not presented in this paper,
so it is not possible to know whethef or not the assay system was functioning pro-
perly. The toxicity of the test comﬁound was not reported by these investigators.
Milvy and Kay (1978) studied the mutagenic effects of cadmium red (cadmium
sulfide and selenium), a dye used in:the printing industry, using the Salmonella
spot test (Ames et al. 1973) and the preincubation assay (Ames et al. 1975).

Salmonella typhimurium strains TA1538, TA98, and TA1535 were employed in these

studies. The test compound (10 ug) was dissolved fn 0.01 mL dimethyl sulfoxide

(DMS0) and added to 0.9 mL of incubation mixture for 30 minutes at 37°C with

shaking before plating 0.1 mL onto minima] plates. Experiments were carried

out both in the presence and absence‘of an S9 activation system -derived from

Aroclor 1254-induced mouse Tiver homogenate. Cadmium red was réported to be
nonmutagenic in both tesfs. However; data were presented only for the suspension

assay. These investigators used on1y'one concentration, and hence,:no dose—: s i
response relationship was demonstrated. The toxicity of the compouhd for each

strain was not reported. Consequently, this study may be regarded as incon-

c]uéive. |

Hedenstedt et al. (1979) studied the mutagenic effects of cadmium diethyl-

dithiocarbamate (used in rubber and plastic industries) . in Salmonella typhimurium

12
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étrains TA1535, TA1537, TA1538, TA98,'and‘TA100. The concentrations used were

1, 5, 10, 50, and 100 ug/plate. The compound was dissolved in DMSO. Concen-
~ trations of 50 and 100“ug/plate'were toxic in many of these strains.. The

.cbnééntration of 10 09/p1ate exhibited mUtagenic activity 1n strains TA1538

and TA98 in the absence of a metabolic activation (S9) system obtained from

~ Aroclor 1254-induced rat liver homogenate (Ames et al..1975). In TA 1538 the

revertent frequency increased more than twofo]d,at 10~ug/p1ate,ri.e., 26.3 +

3.7 revertants/plate éompared to a control value of 11.8 + 2.6 revertants/plate

in the absence of metabolic activation. In the presence of metabolic activation,

the revertant frequencies in treated organisms and controls were the same. ‘In
TA98, the revertant frequency wasv58.8 + 2.3 at 10 ug/plate (almost a twofold
1ncrea$é) compared to the contrb1 frequency of 31.5 + 4.2 révertants/plate in
the absence of metabolic activation. No data were gfven}for'studies'in the
presence of metabolic activation. Posjfive control data were not preéented,
although the authors indicated that positive controls werevemp1oyed in the

experiment. Since both cadmium diethy]dithiocafhamate and zinc diethyldithio-

carbamate were found to be mutagenic in this study, it may not be appropriate-

to 1nfer that cadm1um was the mutagenic moiety.

- Mandel and Ryser (1981) reported the 1nduct1on of frameshift mutat1ons in

Satmonella typhimurium TA1537 and missense mutations in Salmonella typhimurium

TA1535 by cadmium chloride in concert'with N—methy]—N'-nitro-N-nitrosoguahidine

‘(MNNG). A concentration of 0.5 mM cadm1um ch1or1de facilitated a dose-related

increase in the induction of mutat1on frequency by MNNG that was up to tenfo]d
h1gher than the control value. This synergism was also noted for the induc-
t1on of forward mutat1ons to 8-azoguanine (8AG) resistance in the HPRTase locus

of these strains. In a recent telephone commun1cat1on (9/25/83) Dr. Ryser

13




indicated that he had further confirmation of the above work, and fbrwarded a
preprint of his forthcoming publication to the Reproductive EffectsiAssessment
Group of the U.S. Environmental Protection Agency. |

These studies indicate that cadmium induces mutations in §glmgugll§
Exphihurium in a synergistic manner with other mutagenic chemicals. Similar

studies have also been reported in rat embryo cultures (Zasukhina ef al. 1977). ¥ iv

Escherichia coli WP2 Assay

Venitt and Levy (1974), in a report on the mutagenicity of chromates in

the Escherichia coli WP2 mutation system, mentioned that they also ftested .

cadmium compounds for mutagenicity and found them to be negative. These authors
did not mention what types of cadmium compounds they employed, nor did they

present data to support their negative conclusions.

Ll

Bacillus subtilis Rgc-Assay ‘ - ‘
Nishioka (1975) investigated thé mutagenicity of cadmium chloride and

cadmium nitrate using the rec-assay of Kada et al. (1972). 1In the rec-assay,

which measures reparable DNA damage, differences in growth sensitivities of

Bacillus subtilis strains H17 (recombination-competent wild type rec®) and M45

(recombinationjdeficient rec”) to muﬂagenic chemicals are measured. When a f
chemical is more inhibitory to rec- than to rec’ cells, it is suspected of being i;
mutagenic. Concentrations of 2.5 x 10'7 cells/0.1 mbk were streaked;outward from j‘
the center of agar plates. Aqueous solutions of cadmium chloride and cadmiuh N
nit.rate (0.05 M) were applied in 0.05 mL aliquots to disks of filter paper
(diameter 10 mm) and placed in the centers of the plates, at the starting point
of the streaks of rect and rec~ cells. All of the plates were incubated at 37°C' é‘
for 24 hours. The degree to which bacterial growth was inhibited was indicated

by the relative distance (mm) between the edges of the paper disks and the ends of

14 | | |




‘the batteria streaks. This inhibition of growth is known as “rec- effect" and is
eypressed as: no difference between rect and rec- plates (-), less than 5 mm
~difference (+), 5-10 mm difference (++), or ‘more than 10 mm differencé (+++).
' Cadmium nitrate showed no difference in ghowth'inhibition (=), wﬁereas cadmium
chloride exhibited a weak pdsitﬁve response (+). Each experiment was repeated
’ ‘fhree times. These experiments did not use a metabolic activation system. The

" cadmium compounds used were of reagent grade. |

| Similar results were obtained by Kanematsu et al. (1980) using thevréé-asséy.
Cadmium chloride, cadmium nitrite, and cadmium sulfate were employed at a
concentration of 0.005 M in 0.05 mL aqueous solution. A1l of these'compounds'
exhibited a weak mutagenic resbonse (+) (growth inhibition zones of 4-5 mﬁ).v
';According to these authors, the test cqmpounds used were of the h%gﬁest purity

commercially available.

GENE MUTATIONS IN YEAST

Cadmium chloride has been investigated for the induction of gene mutations

in the yeast Saccharomyces cerevisiae (Table 2) (Takahashi 1972; Putrament'et
al. 1977). Takahashi (1972) studied the induction of petite mutations (p-

mutations) and auxotrophs in the Saccharomyces ;erevisiae heterozygous diploid

stréin C3116. He treated 10% cells with 10 (5.5 x 10-5M), 12 (6.6 x 10-5M),

and 20 ppm (1.1 x 10'4M)vfor 2 days (48 hours) at 25°C.‘ After 2 days of growth,
the cé{1 number was detefmined and the cell suspension was diluted to give a
conéentration of 2.8 x 10-3 cells per ml. One-tenth of the diluted suspension

~ was spread on the YEPD-agar plate and incubated at 28°C. When small colonies
appeared on the plate, they were replica-plated onto YEP-g]ycero]-agar'medium
and minimal medium. Aftér overnight incubation‘at 28°C, induced p-mutants and
auxotrophs werevscored. At the dose of 12 ppm (1.1 x 10-4M), no p-mutanfs or

auxotrophs were found in the 786 colonies counted; at the dose of 10 ppm, 10
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p-mutants and three auxotrophs were detected in the 871 colonies counted; and

-at the dose of 20 ppm, there were 12 p—mutants and 9 auxotrophs in 1 182 co1on1es,

indicating that cadmium ch]or1de may be mutagenic. In the contrq]s there were

five p-mutants and two auxotrophs in 2,875 colonies counted. According to

this paper, however, mutahts were induced at‘dosages of 10 ppm and 20 ppm but
not af the dosage of 12 ppm. ‘Such erra;ic fluctuations in mutation frequency,
ahd the Tow number of mutants, suggest that the positive results may similarly be -
questionable.r Since p-mutants occur byrdamage involving mitochondrial DNA
rather than nuclear DNA, caution should be exefcised in assessing the mutagenic
potential of chemicals with this system.

: Putrament et a1.v(1977)va1so reported a negative resu]t in a test for

induction of p-mutation by cadmium chloride in Saccharomyces cereVisiae, The

concentration of cadmium chloride tested (8 mM) was very toxic, however, and

B less than 1% of the cells survived a 6-hour incubation in YEP-glucose medium.

Nvo. jncrease of p-mutants was observed, and no data were presented. This study

is regarded as inconclusive. '

GENE MUTATIONS IN MAMMALIAN CELL CULTURES
| Gene mutat1on studies in cu]tured mamma11an ce]]s have also been summarized

in Table 2. A discussion of each study fo]]ows.

- Mouse Lymphoma Assay

Amacher and Paillet (1980) reported that cadmium cho]oridé (ICN Pharma;
Ceuticais) was mutagenic in the mouse 1ymphoma 1L5178Y TKf/' assay. When cadmium
cﬁ]oride, dissolved in normal saline, was tested at concenthationé of 2.35 x
10-™M (cell survival 100 + 11%), 3.57 x 10-™M (cell survival 78 + 24%), 4.5 x
10-MM (cell survival 62 + 4%), 6.00 x 10-™M (cell survival 38 + 11%), and 8.00

X 10'7M (cell survival 12 + 1%), there was a dose-related increase in mutation
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frequency. The mutation frequencies per 104 survivors for the aone doses were
0.48 + 0.01, 0.58 + 0.06, 0.56 i_0.0B, 0.63 + 0.16, and 0.68 3_0.04, respectively.
The mutation frequency at the highes¢ nontoxic dosage of 6.00 x 10"’M was
approximately 1.5-fold higher than the control frequency of 0.40 + 0.03 (survival
100% + 5). The dose-response curve obtained by Amacher and Paillet (1980)

has been criticized by Clive et al. (1981), who claim that the application of

g

a t-test for low numbers of samples to determine significance is mﬁs]eading.

In a recent study, Oberly et al. (1982) have clearly demonstrated the .
mutagenicity of cadmium sulfate in mouse lymphoma L5178Y gene mutaﬁion assay.
The test compound at concentrations of 0.10, 0.15, 0.20,‘and 0.35 ﬁg/mL resulted

“in mutation frequency increases of 1.7-fold (survival 81%), 4.0-fold (survival

i 55%), 10.5-fold (survival 12%), and 9.9-fold (survival 4%), respectively, over
the solvent control value. : ' ;
S Chinese Hamster Cell Assay
/
f

Casto (1976), in a report submitted to Dr. Richard Troast of the Office of é
Pesticide Programs, U.S. Environmenfa] Protection Agency, stated that cadmium
acetate and cadmium chloride are mutagenic in Chinese hamster=lung cells (Don)
as determined by induction of mutations that confer resistance to B8-azoguanine. }
Cells were treated with 2.5 (1.36 x 10-84), 5 (2.72 x 10-8), and 10 ug/mL ‘
(5.45 x 10-8M) of cadmium acetate and cadmium chloride, respectiveiy, for 18
hours, followed by 48 hours of expression time. Cadmium acetate induced mutation
frequencies of 2.8, 50, and 10 per 10-6 survivors, respectively, for the above -
dosages. The survival rate was 0.70%, 0.92%, and 0.43%, respectively. Cadmium
chloride induced mutation frequencies of 6, 7, 14, and 37 per 106 survivors.
Thé negative control rate was 2 per 106 survivors. According to tﬁis investiga-

* tion, both cadmium acetate and cadmium chloride are weakly mutagenic. These

18
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results are questionable, however, because of the low survival rates at

" the high concentrations used. Hsie et al. (1978) also reported cadmium chloride

tu be weakly mutagenic at the HGPRT locus in the Chinese hamster ovafy cells, but
no data were presented.

Ochi and Ohsawa (1983) 1nvestigatedrthe inducibility of 6-thioguanine-

" resistant (6TG) mutants in the Chinese hamstef cell Tine, V79, by cadmium

- chloride. They also investigated single-strand scission of DNA by cadmium

chloride in these cells. The frequency of 6TG-resistant mutants was found to
increase with increased concentratibn of cadmium chloride. Sihg]e-strand
scission of DNA by cadmium was detected in combination with proteinase K diges-
tion of the cell lysates, indicating formation of DNA-protein cross=linking by
the metal. |

Based on the weight of evidence ffom the data available from both bio-
1ogica1 and biochemica] procedures, and also on the basis of personal discussion
with the authors of the above publications, cadmium is regarded as,mutageniq in

mammalian cell culture gene mutation assays.

"STUDIES IN DROSOPHILA AND OTHER INSECTS

Studies on the genetic effects of cadmium in Drosophila are summarized in
Table 3. A discussion of each study follows. | ' i

Sérsa and Pfeifer (1973) reported that cadmium chloride at concentrations
of 1.25 (6.81 x 10-6M), 2.5 (1.36 x 10-5M), 5.0 (2.72 x 10-5M), 10.0 (5.45 x
10-5M), 20.0 (1.09 x 10-%), and 50 mg/L (2.27 x 10~) of media caused
significant delay in the deve]opment of larvae as compared with controls. . In the

sex-linked recessive 1etha1 mutation test (Muller-5 test), only one concentration

of 50 mg/L (2.72 x 10'4M) was used, with no indication of mutagenic response.

The number of chromosomes tested and the criteria set for scoring the lethals
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were not reported, however, and no data were presented to indicété the sensitivity
of different stages of spermatogenesis.

Ramel and Friberg (1974), using a dose of 62 mg (3.32 x 10-%M) of cadmium
chloride/L of media, which was the maximum non-lethal dose in the ﬁoxicity test,
found a delay in larval development. They also studied the‘inductﬁon of sex
chromosome 1oss. In the sex chromosome loss test, a total of 23,360 chromosomes
from the treated group and 28,143 chromosomes from the control group were tested.
The frequencies of sex chromosome losses were 0.3% and 0.2% for the treated and
the control groups, respectively. | |

The mutagenic activity of cadmium stearate was studied by Yu. A. Revazova

(quoted in Sabalina 1968) in Drosophila melanogaster using the sex~linked

recessive lethal test. Flies were fed a medium containing 10-20 mg (5.45 x
10-5M to 1.09 x 10-4M) and 50-100 mg (2.72 x 10-% to 5.45 x 10-%M) of cadmium
stearate/L substrate for 5-10 and 10-12 days, respectively. The number of sex-
linked recessive lethal mutations in 805 chromosomes analyzed was i (0.12%) for
the 5-10 day treatment, and the numBer*of sex-1inked recessive 1etﬁa1 mutations
in 2,192 chromosomes examined was 8 (0.36%) for the 10-12 day treatment. When
larvae were treated with cadmium stearate concentration of 100 mg/L substrate
for 12 days and scored for sex-linked recessive lethal mutants in 380 chﬁomo-
somes, no mutants were discovered. Cadmium stearate was also administered by
inhalation to adult flies for 32 hoﬁrs (4 hours daily for 8 days). The mean
:cadmium concentration was 3 mg/m3. The percentage of sex-1inked recessive
lethal mutations among the 498 chromosomes was reported to be 0.2%. The con-
trol frequency of sex-linked recessive lethal mutations was not provided in the
paper. The number of chromosomes tested was not adequate in this étudy; This

study provides no evidence of mutagenicity of cadmium in Drosophila, but the

22
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scale of the study was too small to be considered én adéquéte test even if
appropr1ate controls were presented.

Induct1on of dominant lethal mutations in Drosoph11a me1anogaster w1th

- cadmium chloride has been reported by Vasudev and Kr1shnamurthy (1979) Thé'"”

doses used were 5 (2.72 x 10-5M), 10 (5.5 x 10-5M), and 20 ppm (1.1 x 10-4).

“The frequencies of dominant lethals were 11.8%, 14.3%, and 14.3%, respectively,

in 1,244, 1,375, and 1,390 eggs counted. The control frequency was 4.83% in
1,076 eggs counted. These 1nvestigators‘performed the experiment accordihgfu@

to the procedure described by Shankaranarayanan (1967) and determined the

‘statistical significance to be at the 5% level, although they did not mention

the type of statistical test employed. Based on these observat1ons this

© study is eva]uéted as an indicator of a positive response. A comparab]e study

in an:independent 1aboratory would be of interest for comparat1ve purposes.

Inoue and Watanabe (1978) studied the effects of cadmium chloride in the

Sex- 11nked recessive lethal test (attached-X method) in Drosoph11a melanogaster,

OregonfR f11es., In th1s test, the 1nduct1on of mutations was measured. by the

reduction in the proportion of males. The sex ratio (0.528) in the experimental

Agroup treated with 50 ppm (2.72 x 10-4M) was not statistiéa11y different from the

sex rat1o of controls (0.54), indicating that cadmium chioride 1is nonmutagen1c.
The dosage selected was a maximally tolerated dose. Both positive (AF- 2) and
negati&e controls were used in the'experiment.

' Ramel and Magnusson (1979) fa11ed to detect nond1SJunct1on and sex chromosome
1oss in Drosogh11a following treatment of larvae w1th 62 ppm (3. 32 X 10 4M) of

cadm1um chloride. No data were presented; therefore, th1s study cannot be

evaluated. )

- Chromosomal abérrations were observed in the testes of the grasshbpper,

Poekilocerus pictus, injected abdominally with 0.001 (5.45 X 10'9M), 0.01
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(5.45 x 10-7M), and 0.05% (2.27 x 10~/M) cadmium chloride in 0.05 mL volumes
(Kumaraswamy and Rajasekarasetty 1977). Stickiness of chromosomes, bridge

formation at anaphase-I, and tetraploidy at metaphase were noted. The test
cannot be considered adequate, howevef, becaﬁse no controls were used and no
tabulated data were presented. The possibility of technical artifacts must *
also be considered, particularly becauée chromosomal preparations were made by

a squash technique, and no controls were used.

CHROMOSOMAL ABERRATIONS IN HUMAN AND OTHER MAMMALIAN SYSTEMS | I
Chromosomal damage studies of cadmium, both in vitro and in vivo, are

simmarized in Tables 4 and 5. A discussion of each study follows.

Studies on Human Chromosomes In Vitro

Shiraishi et al. (1972) tested cadmium sulfide for the induction of
chromosoma] aberrations in cultured human blood lymphocytes. Lymphocytes
from a normal human female were cultured for 72 hours at 37°C. At 8:and 4
hours prior to harvesting, the cultures were treated with cadmium sulfide
at a concentration of 6.2 x 10-2M. Control cultures were incubated similarly,
without the addition of cadmium sulfide. Three hours prior to harvesting, cells
were treated with 0.02 ug/mL of colcemid to obtain cells in the metaphase stage
of mitosis. Chromosome preparations Weré made with the standard procedure (air-
drying technique) and stained with Giemsa stain. Fifty metaphase cells were i
scored from each treatment group for éhromosomal aberrations. The ﬁypes of
aberrations described include chromatid and isochromatid breaks, and symmetrical
and asymmetrical translocations. Increased incidences of chromosomal aberrations,
52% in the 4-hour treatment group and 60% in the 8-hour treatment‘grbup, were
noted over the control value of 0%. This study utilized a blood sample from

only one donor; the history of the donor was not discussed. Since dn]y one
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concentration of the compound was used, no dose-response relationship is
available for this study. In additidn, no information was giveﬁ on the
solvent used to dissolve the test compound, and the number of cells scored was
small. For these reasons, and because no indication as to the reproducibility
of the results was given, this study cannot be regarded as strong evidence for
the cytogeneticity of cadmium. |

Dekundt and Deminatti (1978) investigated the mutagenic effectsbof cadmium
chloride in cultured human lymphocytes. They treated two batches of cell cul-
tures and analyzed chromosomes as follows: One batch of cultures was treated
at 0 hours and at 24 hours after the initiation of cell cultures wiﬁh 5 x 10-5
and 5 x 10~%M cadmium chloride. Chromosome preparations were made 48 hours after
the initiation of the culture, using the standard air-drying technidue. In cul-
tures treated O hour after the initiation, one hundred metaphases Were scored
for each dose. There were 3% aberrations (1% aneuploidy, 2% gaps) at 5 x 10-5M,
and 7% aberrations (5% aneuploidy, 2% gaps) at 5 x 10-6M, 1In cultures treated
24 hours after the initiation of cultures, there were 5% aberrations (1%
aneuploidy, 4% gaps) at 5 x 10-5M, and 2% aberrations (1% gaps and i% fragments)
at 5 x 10-6M. The control aberration frequency wés 5% (3% aneuploidy, 2% gaps). ‘;
The other batch of cultures was treaﬁed at 0 hour and 24 hours, and chromosome ‘
preparations were made 72 hours after the initiation of cell cultures. One
hundred metaphases were analyzed for;aberration frequencies from each group.
In cultures treated at O hour, there were 4% aberrations (3% aneuploidy, 1%
gaps) at 5 x 10-5M, and 3% aberrations (3% aneuploidy) at 5 x 10-6M. Cultures
treated after 24 hours of initiatidn‘exhibited 6% aberrations (2% aneuploidy, v
1%.fragment, 3% gaps) at 5 x 10-5M, énd 4% aberrations (1% aneuploidy, 2% gaps)
at 5 x 10-6M. The control frequenciés‘were 1% aneuploidy and 1% gaps. The

first batch of cultures exhibited aberration frequencies similar to the control
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1evels.l'The‘second batch of cultures, treated only 24 hours after the initiation,
exh1b1ted aberration frequencies two to three times above the contro] levels.
These aherrat1ons occurred mostly in the form of aneuploidy and gaps. The signifi-
" . cance of chromosoma1 gaps is not yet understood, and they may not represent true
chromosomal aberrations because of their tendency toward restitution. Furthermore,
the s]ighf increase in the incidence of‘aneuploidy may be duerto.technical
difficulties, such as the scattering of chromosomes during the preparation of
slides, which tends to result in uneven distributions of cells.

Paton and AlTison (1972) exposed human lymphocyte cultures and cultures of
: thé»established human cell lines WI38 and MRC5 to at least two concentrations
(nct specified) of cadmium chloride. The duration of treatmert was 48 hours
for lymphocytes and 24 hours for WI38 and MRC5. Chromosomal preparations from
109-200 cells were analyzed for aberrations. No aberrations were recorded in
tréafed:ce11s, hut becausé the actual data from the experfment were not given,
the study cannot be critically eva]uateci.

" ‘Gasiorek ahd Bauchinger (1981) exposed unstimulated human.blood lymphocytes
(Gg) in 1 mL quantities to 10‘4, 10'5, 10‘6, 10'7, and 1078 of cadmium acetate
for 3'hours. The cells were washed free of cadmium acetate and grown in. medium
containing fetal calf serum and PHA for 48 hours at 37°C; chromosome preparations
were made with the standard air-drying technique. Chromésome analysis of 200
c¢11s per treatment indicated a dose—reTated increase in the incidence of
chromosome gaps. The frequencies of gaps were 0.160, 0.115, 0.135, 0.085, and
0.055 per ce]],,respgctive1y,_for the above doses, as compared tc,the.control
fréquency‘of 0.058 per cell. Data wére‘analyzedvby‘the Mann-Whitney rank U-test
‘to compére the incidence of chromosome changes in different samples (signifi-
Cance‘takeh as P < 0.05). The frequehcies of structura1:aberratiqns {(chromatid .

déjetions and acentric fragments) were 0.025; 0.010, 0.005, 0.020, and 0.010 pér
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cell, respectively, for the same doses, whereas in controls the frequency of
structural aberrations was 0.005 + 0.005 per cell. Analysis by‘Mann—Whitney
rank U-test indicated that structural chromosome aberrations were significantly

higher than in controls, although no dose-response relationship was evident.

o

No metabolic activiation system was used. Sufficient numbers of metaphases (200
per dose) were scored, and a standard protocol was employed. Although these data
suggest a mutagenic response, the lack of a dose-dependent respOnse:makes it |

important that the results of this experiment be confirmed in another study.

Studies on Rodent Chromosomes In Vitro

Rohr and Bauchinger (1976) studied the effects of cadmium $u1fate in the
Chinese hamster cell line "Hy" using‘three types of experiments; In a long-
term experiment without recovery, cells were exposed to cadmium su]fate at
concentrations of 10-8 to 10-5M. Chromosome preparations were made following
treatment of cells for 16 hours with 0.2 ug/mL of colecemid and hypotonic
solution. The 16-hour time period wés chosen in order to analyze the cells
after exposure during a whole cell cycle. Because concentrations of 10-5M were
toxic to cells after 16 hours of eprsure, chromosome analysis‘c0u1d not be
made. In a short-term experiment without recovery, cells were treated only for
3 hours at a concentration ‘range of 10-8 to 10-4M, and chromosome preparaﬂidns
were made without the addition of colcemid and hypotonic solution. This §xperi—
ment indicated a typical stathmokinetic effect (spindle inhibition) simi]a% to
that caused by colcemid. The mitotie index increased with higher concent%ations ¥
of cadmium sulfate. In a éhort-termfexperiment with recovery, a concentr%tion |
of 10~-8M was chosen, and cells grown on coverslips were exposed for 1 hou%.
Cells with coverslips were washed free of cadmium sulfate, transferred toifresh

t

medium, and groWn for 2 to 33 hours. Chromosome preparations were made at
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2, 4, 6, 8, 10, 12, 15, 18, 21, 24,v27, 30, and 33 hours after thé‘ce11s were
trénsfefred to the test mediuh. In all, 500'cé11s were scored for each"

recovery period. The incidences of aberrations (0.2 to 0.6% structural and 2.4
to 3.7% numerical) after 2 to 12 hours of recovery were similar to control

levels (0.1% structural and 2.4% numerical). Between 15 and 21 hours, the
sifuctUra1 aberrations ranged from 10.2% to 22.8%, and the numerical aberrations .
- ranged from 3.0% to 4.9%. The aberration frequencies for the interval of 24 to"
33 hours were lower than for the interval of 15 to 21 hours. During thfs

period (24-33 hours), the structural aberrations ranged from 1.2 to 4.4%, and

£he numerical aberrations ranged from 7.8% to 10.8% (2.4% in controls).

The significance of this study is that cadmium was found to indﬁce numerical
chromosomal aberbations by interfering with spindle function. Numerical chromosomal
éberrations have been‘we11 documented in ﬁany forms of cancers. Many chromosomally
:frdgi]e syndromes; such as Fanconi's anemia, are predisposed for céncer induction.

Deaven and Campbell (1980) studied the effects of cadmium chloride on
chromosomes in- CHO cells groWn in the preéen;e of bovine serum and'fetai calf
serum. A concentration of 2'x 1045M cadmium produced 17, 26, 62?vandv74%
damagedice1ls, respectively, at 12-, 24-, 36-, and 484hour analyse§ of hetaphase
chromosomes. However, the presence of fetal cd]f serum and 2 x 10'5M‘cadmidmv
th]oride did,hot induce growth inhibition or chromosome aberrations. 'According
to these investigators, fetal calf serum Appeared to protect the cells from the
damaging effects of cadmium, whereas newborn calf serum and human serum actively
traﬁéported cadmium ions into the ce11 nuclei, thus damaging the chromosomes.
-These authors also examined the frequencies of sister chromatid exchanges
(SCEs) in cells grownvin F-10 containing 15% newborn calf serum at a concentration
of 4‘x 10‘7M cadmium chloride (low to marginal toxicity). The SCE‘rate waé hot

elevated above control Tevels (10 SCES/Ce]]). The range of SCEs was 2 to 18

A
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for cadmium-treated cells, and the rahge for controls was 4 to 19 per cell.
This study is assessed as inconclusive for the reason that the exact role of
serum in causing chromosome aberrations is still not known. The importance of

these data resides in the fact that virtually all other studies have failed to
consider the potential importance of the choice of serum in such experiments.

Umeda and Nishimura (1979) investigated the clastogenic effects of .
cadmium chloride in FM3A cells derivéd from C3H mouse carcinoma. Cells were
grown in Eagles minimal essential medium supplemented with 10% bovine serum.
Cells were exposed to 6.4 x 10-5, 3.2 x 10-5, and 1.0 x 10-5M of aqueous cadmium
chloride. After 24 and 45 hours of éxposure, chromosome preparations were made
and analyzed. One hundred metaphases were scored for eachbdose. No significant
increase in the aberration frequencyfwas noted in treated cultures as compared
to control cultures. There were no metaphases in cells treated with 6.4 x 10-5M
either at 24 hours or at 48 hours--an indication of toxicity. At 3.2 x 10-5M the
aberration frequencies were 2% and 3%, at 24 Qnd 48 hours respectively. At the
lowest concentration of 1.0 x 10-5, the aberration frequencies were 1% each for
the 24- and 48-hour treatments. The control cultures exhibited 2% éberratiéns
at 24 hours and 1% aberrations at 48 nours. Experiments’were performed using
accepted procedures. Three concentrations of the test compound:were used, and
100 metaphases were scored for eva]uétion.

Zasukhina et al. (1977) reported increased aberration yields 1h raf embryos
exposed to virus and cadmium chloride. Rat embyro cultures were infected with
Kilhman virus, and cadmium chloride (3.5 x 10-6M) was then 1ntroducéd 1nto.the
cell cultures. Chromosome preparaﬁiéns were performed 24 hours after the
infections. Examination of metaphasé cells revealed a 10% aberration rate as
compared to a rate of 2% in controls. In contro]vcu1tures 1nfected with Qirus

only, the aberration frequency was 6%, and in cultures treated with cadmium
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“chloride only, the aberrations frequency was 3%. These results inditate‘that
‘cadmium chloride enhances virus-induced chromosomal aberrations. The researchers:

- d1so studied the effect of cadmium chloride on DNA} they reported cadmium

chloride-induced degradation with evidence for induction of nonreparab]erDNAv

synthesis.

" Studies on Human Chromosomes In Vivo

Sh1ralsh1 and Yoshida (1972) and Shiraishi (1975) obtained markedly

positive results from Japanese Itai-Itai patients. The Itai-Itai disease is

believed to be induced by cadmium contamination. Analysis of blood 1ymphocytes
from 72-hour cultures derived from these patients exhibited a high rate of
chromosomal aberrations (26.7%) compéred to the aberration rate in controls

(2;6%); Blood cadmium 1eve1s were not given. The exposure parameteré used in . .

_th1s study are presented in Table 5

The results obtained by Shiraishi and Yosh1da (19725 and Shiraishi,(1975)
;ontradicted the results obtained by Bui et al. (1975),?who performed chromosomal
analysis in four Itai-Itai patients (blood cadmium level 15.5-28.8 ng/q), five
Swedish  workers exposed»to‘cadmium (b1oodrcadm1um level 24.7-61 ng/g), four

Japanese controls (blood cadmium level 4.4-6.1 ng/g), and three Swedish controls

“(blood tadmium level 1.4-3.2 ng/g). The incidences of aberrations after 72

hours of culture were 2.3% numerical and 6.6% structural aberrations in the
Itai~Itai patients, as compared with the Japanese controls, in which frequencies
of 4.5% numerical and 6.0% structural aberrations occurred--a finding which
indicates that no differences existed between the controls and the Itai-Itai
patients. In the five Swedish WOrkefs exposed to-cadmium, chromosomal aberration
incidences were 1.0% numerical and 2.0% structura],aberrations,rwhi]e,in the
three Swedish contr61s the frequencies were 0.7% numerical and 4.7% structural

aberrations, indicating nonmutagenic responses.
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The discrepancy between the results of Shirashi and Yoshida (1972) and
Bui et al. (1975) in Itai-Itai patient$ could possibly be due to factors other
than exposure to cadmium chloride, such as the time of initiation of cultures
after the blood was drawn. In the expgriment of Bui et al., the subjects were
not exposed to drugs and X-rays, nor did they suffer from viral infections at
the time of venipuncture. These factors were not controlled for in the study
by Shirashi and Yoshida. | |

Dekundt et al. (1973) inve;tigated the incidence of chromosomal aberrations

in 14 workers who had been exposed to zinc, lead, and cadmium in a zinc smelting

plant. The workers were classified into three groups based on degree of exposure.

Group 1 consisted of five workers who had been exposed to high levels of zinc
(concentrations not specified), low levels of lead (1% w/w of the mineral), and
cadmium (concentration negligible). Group 2 consisted of five wobkers who had
been exposed to dust containing high levels of all three metals: zinc (concen-
tration not specified), lead (4% w/w),‘and cadmium (i% w/w).  Group 3 consisted
of four workers who had been exposed to mud and dust containing high‘1eve1s of
tead (60% w/w) and cadmium (1% w/w). The control group consisted of three
normal individuals. Chromosomal analysis from blood lymphocytes cultured for
72 hours dindicated 3.87%, 1.6%, and 2.76% aberrant cells, respectively, in
groups 1, 2, and 3, while the control frequency was 1.55%. Since the incidence
of aberrations in group 3 was less than that in group 1, it does not appear
that cadmium contributed to the frequency of aberrations in this study. The
authors' analysis of their data using the t-test also indicated that- cadm1um
exposure did not induce a significant 1ncrease in the frequency of aberrations.
Blood cadmium levels were not determined in this experiment. |
Bauchinger et al. (1976) studied 24 workers (25-53 years of age) exposed

to lead (mean blood lead level 1 + 7 ug/100 mL) and cadmium (mean blood cadmium
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level 0.40 + 0.27 ug/mL). The workers were exposed to these mefaTs for
i approximate1y 3 to 6.5 years at a smelting plant. Of the 4,806 met aphases
scored from 1ymphocytes‘cu1tured for 48 hours, an increase in both chromosomal
~and chromatid-type aberrations (1.354 + 0.994%) was noted, in comparféon with
'an aberration frequency of 0.467 + 0.916% in 1,650 metaphases deriVedrfrom 15
controls (mean blood cadmium level 0.15 ug/mL). The authors point out that
“the observed chromosome aberrations cannot be causally related to éadmium
because the workers were also exposed to lead and zinc." Dekundt and Leonard
} (1975) reported a significant (P < 0.02) increase in the incidence of “complex
chromosoma1’aberrations"rin a group of 23 meﬁ exposed to high levels of
cadmium and lead (23.5 to 75.9 ug/100 mL), as compared with controls.
| 0'Riordan et al. (1978) studied chromosomal aberrations in b1ood‘1ympho-
cytes from 40 workers exposed to cadmium salts (chemical names not specified, mean -
blood cadmium level 1.95 ug/100 mL range < 0.2 to 14.0 ug/100 mL) for a period
~of 6 weeks to 34 years. In 3,740 ceHS‘examiﬁed from these workers; four
'chrdmatid interchanges were observed. In the contrd1 popu]ation of 1,243
cells derived froh 13 normal subjects (mean blood cadmium 1eye1 less than 0.2
ug/100 mL 1n_8tdonors and 0.6 to 2.9 ug/mL in 5 donors), no aBerrations were
observed. Since data were poo]ed from all of the 40 WOrkérs studied, it 1is
not clear whether,fhe four chrdmatid interchanges came from one exposed
worker or from more than one worker. The occdrrence of chromatid exchanges,
though small in number (4/3,740 cells), does not necessarily 1nd1cate a: negat1ve
response, but does indicate that the study should be considered 1nconc1us1ve.
Most of these studies of sme1t1ng plant workers reflect mixed exposures
to cadmium and to other metals such as zinc, lead, chromium, and nickel.

Since smelters commonly process relatively crude materials, exposure to these
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other metals cannot be eliminated as possible contributors to the observed

effects.

Studies on Rodent Chromosomes In Vivo

Dekundt and Gerber (1979) investigated the in vivo cytogenetic effects of
cadnium chloride (3.27 x 10-7M, 0.06%)jin mice. Mice were maintained on a
standard diet (1.1% calcium) or on a Tow-calcium diet (0.03%) for one month;
In both cases the diet was supplemented with cadmium chloride. Cadmium
chloride did not induce chromosomal aberrations in bone marrow cells signifi-
cantly above the control level either in the normal or in the 10w&ca}c1um diet
groups. The frequency of aberrations in animals treated with cadmium chloride
that were given the standard diet (1.1% calcium) was 2.20%, and the frequency
in animals treated with cadmium chloride that were given the low ca]éium diet
(0.03%) was 1.60%. The control frequehcies,were 1.8% and 2.0%, respéctive1y.
The results indicate that cadmium chloride does not induce chromosomﬁ]

aberrations in mice by this route of exposure.

Micronucleus Assay

The micronucleus assay is based on the fact that chromosomevfragments
induced by mutagenic chemicals are unable to segregate normally due to Tlack
of centromeres during cell division, and form small nuc]ei‘or micronuclei in
daughter cells. Heddle and Bruce (1977) studied the ability of cadmium
chloride to induce micronuclei in the mouse. Three groups of mice (Fl of
C578L/6X C3H/He), each group containing three animals, were given'dai]y
intraperitoneal injections of CadmiUmich1oride for 5 days with tdta]:doses of
1, 6, and 16 mg/kg, respectively. Micé were‘sacrificed, hone marrow smears
were prepared, and 333 polychromatic e?ythrocytes from each mouse were scored

for the presence of micronuclei. No increase in the incidence of micronuclei
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was observed. In this study, 1,000 cells were analyzed for each dose group

| (333 cells from each of 3 mice). The spontaneous frequency of micronuciei was

3 0,5%, An observation of 1% over the control value was considered a positive

response. According to these authors, the frequency of micronuclei in the

vexperiménta] groups did not differ from the control level. These results are

presently considered to be inconc1usive.v The data should be confirmed with
larger numbers of anima1s (10 per dose'group) and analyses of at 1east 2,000

polychromatic erythrocytes per dose group.

-Dominant Lethal Assay

The ability of cadmium chloride to induce dominant lethal mutations, Which

result in the death of fetuses during various stages of development, has been

iinyéstigated (Epstein et al. 1972; Gilliavod and Leonard 1975; Ramaiya and

Pomerantseva 1977; Suter 1975; Sutou et al. 1980 a, b).

 Epstein et al. (1972) evaluated the dominant lethal effects of cadmium

chloride in ICR/Ha mice. Groupsvof seven or nine male mice, 8 to 10 weeks of

age,”were injected intraperitoneally with 1.35, 2.7, 5.4, and 7.0 mg/kg of
cadmium chloride in disfi]]ed water. Treated ma1es‘weré bred with virgin |
females 8 to 10 weeks of age. Each male was allowed to mate with three virgin
females. per week for 8 weeks. Mated females were sacrificed on the 13£h‘day

and.ana1yzed for dead (dominant lethals) and live implants. According to

~ these authors, cadmium chloride did not induce a statistically signficant

increase 1h dominant lethal mutations over the control value. This Study
sanpled all germ cell stages, spermatozoa, épermatids, spermatocytés, And
spermatogonia.

Giliiavod and Leonard (1975) investigated the dominant Tethal effgcts of

cadmium chloride in another strain of mice, BALB/c. One dose of 1.75‘mg/kg

cadmium chloride was injected into male mice (11-13 weeks of age) thfoUgh the
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intraperitoneal route. The treated maies were bred with three virgin females |
evary week for 3 weeks. The mated femé]es were sacrificed on the 10th dax,
and the number of corpora lutea and deéd andk1ive implants were countéd aﬁd
compared with controls. No dominant 1etha1 effects were observed in treated
or control groups. |

These investigators treated the pérent male mice with only one aﬁute * 3
dose of the test compound. Furthermore, they bred the treated males with
noi'mal females for only 3 weeks, which is too short a period of time in which
to sample stages of spermatogenésis. The standard method of performing a
dominant lethal test is to breed the treated males for 8 weeks. For the above
reasons, this report is judged to be 1ﬁconc1usive.

Suter (1975) studied the mutagenic effects of cadmium chloride using the
dominant lethal assay in female mice (F1 progeny of C3H and C57BLA). :According
to this investigator, cadmium chloride 'had no dominant lethal effects in female
mice. Female mice of the F; (10 x C3H5 stock were injected 1ntraperikonea11y with
2 mg/kg cadmium chloride, exposing the germ cells (oocytes) at the dictyate stage
of development, and were bred with untreated males for 0.5 to 4.5 days post-
injection. Mated females, as evidenceq by the vaginal p]ug, were sacfified 12-15
days later, and the numbers of corpora lutea, total implants, 1living ﬁmp]anfs, and
percent of dead implants per female weﬁe determined. No differences were noted
between the treated and control groups. in the treated grbup, the frequencies
of corpora lutea, total implants, livirig implants, and dead implants per female -
were 8.2, 7.8, 6.9, and 6.9% respectivé]y, as compared to control frequencies
of 7.6, 6.8, 6.4, and 6.1% per female.

Ramaiya and Pomerantseva (1977) 1nvestigated the mutagenic effecf of
cadnium chloride using the dominant lethal test.‘ F1 hybrid mice (CBA x C57BL)

aged 2.5 to 3 months were selected for ‘these studies. Males were given a -
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sing]elintraperitoneal injection of aqueous cadmium.chloride solution. Three
1ddses, 1.0, 2.0, and 4 mg/kg, were emp]oyed. LD50 was determined to be 6.9
mg/kg“ Treated males were mated with untreated females for a period of:6
weeks, covering the entire spermatogenic cycle. Dominant lethals, as noted by
ﬁreimp1antetion and postimplantation losses and the ratio between the dead and
Tive inplants, were recorded. No significant'(P > 0.01) increases in the
vdqminant lethal frequencies were recorded. These results arevregarded as
‘negative since the authors followed appropriate protocols, the dosage selection
~ was based on LDgg, and the data»were analyzed stétistica]]y.
From the above studies it appears that cadmium ch]oride'has no mutagenic
" potential as measured by the mammalian domfnant lethal test; However, the |
.exact nature of the damage that results in dominant 1etha1 effects is not known.
_ The mammalian dominant lethal test is not cons1dered to be a sens1t1ve test for
detecting all types of mutagens (Russel and Matter 1980) because of the high

spontaneous levels of dominant lethal events that occur during development.

Heritab1e Trans]ocaﬁion Assay

o Gilliavod and Leonard (1975) evaluated the mutagenie effectslof cadmium
chioride in BALB/c mice using the Fj heritab]e.trans1dcation~assay. Male hice
(number not specified) were treated withv1.75 mg/kg of cadmium chloride
intreperitonea11y, and each treated male was bred with three untreated virgin
females once weekly for 3 weeks. ‘The spermatocytee of the resulting 120 Fi1 male
progeny were analyzed for the presence of heritable chromosomal translocation

by standard cytogenetic methods. No ev1dences of heritable trans]ocat1on were
noted in the spermatocytes of F1 males.» This portion of the study is regarded

as inconclusive for the following reasons: Only a-single concentrat1on of




cadmium chloride was used; treated maies were mated for only 3 weeks instead of
for 8 weeks; and no experimental controls were used.

Gilliavod and Leonard (1975) a156 investigated the mutagenic effects of
cadmium chloride in BALB/c mice using the spermatocyte assay. Males in grouggl‘
of 10 were treated with 0.5, 1.75, and 3.0 mg/kg of cadmium chloride intra-
peritoneally. After 3 months, treated males weré sacrificed and spefmatocytes
(120 cells per animal) in the testes Wére analyzed for translocations that may.
have been passed on from treated spermatogonia. No translocations wére found
1ﬁ either treated or control animals. The spermatocyte assay is not:a very
sensitive test and is not commonly employed in mutagenicity tests; therefore
this portion of the Gilliavod and Leonard (1975) study is also regafded as

inconclusive.

Chromosomal Nondisjunction (Aneuploidy) in Whole Mammals

The effects of cadmium chloride on oocytes of mice (Shimada etiai. 1976),
on oocytes of Syrian hamsters (Watanabe et al. 1979), and on spermatocytes of
mice (Gilliavod and Leonard 1975) have been investigated. |

Shimada et al. (1976) induced superovulation by‘injecting female mice, ddy
strain, with 5 international units (iu) of pregnant mare's serum (PMS) followed
48 hours later by 5 iu of human chorionic gonadotrophin (HCG). Mice were
given 3 mg/kg or 6 mg/kg of cadmium chloride 3 hours after the administration
of HCG, and were dissectgd 12 hours after the cadmium chloride édministration.
Chromosome preparations were made from unfertilized oocytes at the second
meiotic metaphase, using the method described by Tarkowski (1966). TNo structural
chrcmosome abnormalities were found. 1However, numerical aberrations (aneuploidy)
vere found to be statistically signifﬁcant (P = 0.015) in the dose group of 3
mg/kg group as compared to controls. ‘The authors postulated that this non-

disjunction may be due to the sp%nd]efinhibiting effects of cadmium.
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Watanabe et al. (1979), using Syrian hamster oocytes and cadmium chloride,
.reported even more pronounced incidences of aneuploidy.. Cadmium chloride at
concentrat1ons of 1.0, 2.0, and 4 mg/kg was injected subcutaneous1y to groups
of 20 fema1e Syr1an hamsters 5 hours before ovu1at1on. Matched contro]s were
given equal volumes of normal saline. Fema]es were sacrificed 12 hourS‘after
the treatment, and the oocytes were recovered from the ampu]]a. Analysis
_‘revea1ed that 6 females out of 20 from the 1.0 mg/kg group, 11 females out of
20 from the 2.0 mg/kg group, and 12 females out of 20 from the 4.0 mg/kg group
had numericel chromosomal abnormalities, such as hyperhaploidy and diploidy in
oorytes,:as'compared to 3 out of 20 in control females. The results were
stat1st1ca11y s1gn1f1cant (P < 0.05 and P < 0.01) in the treated groups as com-
pared to the contr01 group. Cadm1um-treated animals were also analyzed for
cadmium accumulation in the ovary, using atomic absorption spectrophotometry.
The results indicated statistically significant (P < 0.05) increases in the |
‘aCCumu1ation of cadmium in the ovaries of treated females as compared to
COnfrol females. Both of these'resu1ts:appear to indicate a positive response
~of cadmium in inducing numerical chromosomai,abnorma]itiesrin mammaTian oocytes.

Watanabe and Endo (1982)rana1yzed the chromosomes of the blastocysts from
mice treated with cadmium at the metaphase 1 stage of oogenes1s to determ1ne
the effects of cadmium from the oogenes1s stage to the pre1mp1antat1on stage.
Fema]e virgin mice of 8-12 weeks of age were induced to superovulate by admin-
istering 5 iu of pregnant mare's serum (PMS) followed in 48 hoors by 5 iu of
of "human ohorionic gonadotrophin (HCG). Three hours after HCG administration,
the animals were injected subcufaneous1y with 1.5 mg or 3.0 mg]kg body weight
of cadmium chloride. Shortly after the treatment with cadmfum chloride, they
were mated with males of the same age group. About 80 hours after mating,

the fema]es were injected intraperitoneally with 4.0 mg/kg of colchicine, and
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2 hours later the animals were sacrificed, hlastocysts from the uterus were

placed into Hanks' balanced salt solution, and chromosome preparations were

made. Aneuploid cells were found in‘8 out of 65 blastocysts from the group

treated with 1.5 mg/kg of cadmium, and 10 out of 63 blastocysts from thelgroup

treated with 3.0 mg/kg of cadmium, indicating that chromosomal nondisjunctions

induced in oocytes are transmitted to embryos. In the control group, aneuploidy

was found in 2 blastocysts out of 59; ' | |
A11 of the above studies strongly indicate that cadmium acts mptagenica]]y

to alter the number of chromosomes through spindle inhibition. The:concentrations

of cadmium used in these studies were similar to those that have been used in

cancer bioassays. Supporting evidence that another metal induces chromosomal

nondisjunction can be obtained from studies of methyl mercury in Drosophila

melanogaster (Ramel and Magnusson 1979) and in Syrian hamsters (Mailhes 1983).

Th2 occurrence of aneuploidy is well documented in cancer cells. Many chromoso-
mafly fragile syndromes, such as Fan¢oni's anemia, ataxia telangiectasia, and
Bloom's syndrome, have been known to;be predisposed for cancer induction.
Colchicine, the well-known spindle 1ﬁhib1tor, has been used clinically for the
treatment of gout. There have been reports that these patients carry numerical
chromosomal abnormalities in their blood lymphocytes (Ferreira and Buoniconti
1968). Epidemiological studies at the Nationé1 Cancer Institute (Dr. Robert
Houver, personal communication) are presently being conducted to determine the

susceptibility of these types of patients to cancer.

Sperm Abnormality Assay in Mammals

Heddle and Bruce (1977) evaluated the effects of cadmium by means of the
‘sperm abnormality assay. The sperm abnormality assay is based on the observa-

tion of increased incidence of sperm heads with abnormal shapes as a result of
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exposure to chemical mutagens (Wyrobek and Bruce 1975). Three groups of mice
of the genotype (C57BL/6 x C3H/He)F1, each éonsistinngf thhée mice, were given
daily intraperitoneal injections of cadmium chloride for 5 days with doses of

1, 4, and 16 mg/kg, respectively. After sacrifice of the animals by means of

cervical dislocation, sperm suspensions were made from sperm collected from the

cauda epididymis. The sperm suspensions were stained with-l% eosih-Y in water,
and smeafs were dried and mountedlundervcovérs1ips. One thousand sperm heads
were evaluated for morphological abnormalities. The béékground freduency of
sperm Head abnorma]itieé in the conﬁro] populations was 1%. Under the condi-
tions of the teﬁt, no {ncreases in sperm head abnormalities were observed in

the‘treated group as compared to controls.

CHROMOSOMAL ABERRATIONS IN PLANTS
E  Levan (1945) reported that treatment of Allium cepa root-tips with cadmium
chloride induced C-mitosis. This observation was later confi rmed by Avanzi

(1950), using cadmium ch]bride'concentrations ranging from 2 x 10-6M to 5 x 10-2M.

Oehlkers (1953) reported that cadmium nitrate induced chromosomal aberrations

in Vicia faba. Van Rosen (1953, 1954) repofted the genotoxicity of‘cadmium as

evidenced by chromosomal aberrations in the root-tips of plants such as A]]ihm

cepa, Beta vulgaris, Pisum abysinnicum, and Vicia sativa. Similar observations

were made by Degraeve (1971) in Hofedeum sativum and by Ruposhev and Garina

(1977) in Crepis ‘capillaris. Aberrations reported in these studies were of

~ botl. chromatic and cHromosoma1 types; with dose-related responses. Since

many of these studies were published in foreign languages, the present report

utilizes a summary derived’ from the review article published by Degraeve (1981). .

45




BIOCHEMICAL STUDIES INDICATIVE OF MUTAGENIC DAMAGE

Some information is available on the effects of cadmium on animé]s, and
although this information cannot, strictly speaking, be considéred @utagenicity
test data, it may be useful in evaluating the ability of cadmium to reach and
damage the gonads. Dixon et a1; (1916) réported that cadmium chloride at 2.24 ? E
mg/kg, administered intraperitonea]]y; caused damage to rat testes. A single -
10 mg/kg intraperitoneal injection caused selective destruction of rat testes.
Cadmium chloride, when administered ihtraperitonéa11y at 1 mg/kg, reduced the
fertility of male mice at all sperm cell stages except that of spermatozoa (Lee
and Dixon 1973). However, single oral‘doses up to 25 mg/kg had no effect on
the fertility of male rats (Dixon et al. 1976), and cadmium chloride at 0.1
mg/L. in drinking water for up to 90 days had no effect on the fertility of male
rats. Intraperitoneal injection of;oadmium chloride at 1/mg/kg decreased the
incorporation of thymidine into spermatogonia in mice (Lee and Dixon 1973).

These authors also observed the binding of cadmium to late spermatids in vivo

and ig_!iggg, Friedman and Staub (1976) studied the effects of cadmium chloride
on DNA synthesis in Swiss mice. Cadmium chloride at 10 mg/kg inhibited DNA
synthesis significantly. An aqueous solution of cadmium chloride was injected
intraperitoneally at the above dose fnto five male mice, and the mi?e were
sacrificed 3.5 hours later. Thirty minutes prior to sacrifice, micé were
injected with 10 uCi [3H] thymidine.‘ Controls received only 10 uCi’[3H] thymidine.
Testes were removed following cervical dislocation, DNA was 1solated, and the
specific activity was determined. Cadm%um chloride was found to 1nduce a ‘
statistically significant (P < 0.01) ‘inhibition of [3H] thymidine uptake (1.90 | .
+ 0.58) in the testes as compared to contro]s (7.45 + 1.44). |

Mitra and Bernstein (1977, 1978) reported that when E. coli cultures were

exposed to 3 x 10-6M cadmium (Cd2*), 82 to 95% of the cells Tost their ability
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tnzform,co1ohies on agar plate. Analysis of DNA strands from cells treated‘with
various doses of Cd2t indicated that there was a dose-related increase in the
Breakage of single-strand DNA. These investigators believe that the loss of
vfabi]i£y in cadmium-treated ce11s‘1§ due to the sing1é-strand DNA breakage.
Cadmium-treated cells recovered viability when grown in Cd2t-free liquid medium
ccntdin%ng 10 mM hydroxyuréa. | ' | '
Sirover and Loeb‘(1976) investigated the infidelity of DNA synthésis brough£” 
about by cadmium ch]oride and cadmium acetate. Their assay measured the pertur-
bation in the fidelity of DNA synthesis in vitro caused by soluble metal salts.
Cadmium chloride and cadmium acetate were found to decrease the fidelity of
DNA synthesis. Cadmium chloride has also been found to induce concentration-

dependent inhibition of RNA synthesis (Hoffman and Niyogi 1977).

SUMMARY
' ¥Cédm1um has been investigated for mutagenic activity in both»prokaryotic

ahd eUkaryotic systems. Gene mutation studies in Salmonella typhimurium and

E. coli have produced inconclusive results. However, cadmium in concert with

MNNG iﬁduéed dose-related fncreases in bdth revefse and forward mutations in

Salmonella typhimurium. In yeast, gene mutation studies have also been

'jﬁconc1USive. In three gene mutation>studies (in mammalian cell cultures,
mqusé lymphoma cells, and Chinese Hamster,1ung and ovary cells) weak mutagenjé
" responses to cadmium were observed. In another gene mutation study, Which
uéed mammalian cell cultures, dose-re]ated’increases in mutation frequency

were obtained, indicating that cadmium is mutagenic.

Rec-assay {n Bacillus subtilis resulted in a weak mutagenic response.
In the Drosophila sex-linked recessive 1etha1'teét, cadmium was found‘to be

nonmutagenic. However, the negative response in this study may have been due
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tu inadequate test controls. The doﬁinant lethal test in Drosophila resulted
in a positive response with a dose-response relationship.

The results of chromosomal aberration studies in human 1ymphocytes and
human cell Tines treated with cadmium have been conflicting and contradictory.

In Chinese hamster cells, chromosomal aberrations were noted fo]]owﬁng treatment
with cadmium; however, in mouse carcinoma cells, no aberrations were recorded

in response to cadmium treatment. In rodentﬁ, treatment with cadmiﬁm induced

no chromosomal aberrations or micronuclei in bone marfow cells. Sihi]ar]y, no
dominant lethal mutations were noted in mice treated with cadmium. Chromosomal
aberrations and gene mutations in plants exposed to cadmium have a1§o been
recorded. |

The evidence that cadmium is a mutagen that interferes with spjnd]e
formation comes from both in vitro and in vivo studies in mammals. In in vitro
studies using the Chinese hamster cell 1ine "Hy," cadmium 1nduced a stathmokinetic
(spindle-inhibitory) effect similar to that of colchicine, which is a known spindle
poison. Cadmium also was found to increase numerical chromosome aberrations
(aneuploidy) in these cells. Simi]af and more significant results were obtained
in studies on aneuploidy in whole mammals. In female mice and Syrian hamsters,
cadmium induced chromosomal nondisjunction leading to aneuploidy in germ cells.

A recent study demonstrated that the numerical aberrations induced by cadmium
chloride in female germ cells of micé are inherited in the embryos.

The results of genehmutation studies in mammalian cell cultures, rec-assays
in bacteria, chromosomal nondisjunction studies in cultured mammalian cells and
intact mammals, chromosomal aberratiqn studies in plants, and biochemical studies
indicative of mutagenic damage, together with the synergistic effect 1n Salmonella

and rat embryo cultures, support the conclusion that cadmium is mutagenic.
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CARCINOGENICITY

MucH of the evidence for the carcinogenicity of cadmium has been reviewed

cr1tica11y in earlier documents (IARC 1973, '1976; U.S. EPA 1977, 1981; Sunderman

1977, '1978; Hernberg 1977) ' Th1s section updates findings mentioned previously

ahd discusses recent findings not mentioned in earlier reviews.

ANIMAL STUDIES

Inhalation Study in Rats

A carcinogenicity study -of cadmium administered to ma1e'w1star rats by
inhalation was reported by Takenaka et al. (1983). The an1mals were placed in

a 225-1iter inhalation chamber for exposure to cadmlum chloride (CdC]g) aerosol,

' Aerosol was generated by atomizing a solution of CdC]z, and airflow through the

atomizer was 0.7 L/min. Analytical measurements of cadmium 1evels were made by

co]]ect1ng aerosol samples in membrane f1]ters in the intake and exhaust of the

'1nha1at1on chamber. The data in Table 6 show ‘that measured and nom1na1 cadm1um

Tevels were quite close., An aerosol centr1fuge was used to estimate part1c1ed

size distribution. Aerodynam1c mass median d1ameters were 0O, 55 um w1th an

ar1thmet1c standard deviation of 0.48 um.

TABLE 6. NOMINAL AND MEASURED CADMIUM CONCENTRATIONS OF
CADMIUM CHLORIDE AEROSOLS USED FOR INHALATION
(Takenaka et al. 1983)

Nominal .concentrations - ug/m3 50.0 25.0 | 12.5
Measured concentrations ug/m3 50.8 o :AZS.Z.‘ - 13.4
Standard deviation ug/m3 5.9 3.6 2.1
Number of measurements - 212 220 210
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) The animals were initially 6 weeks old and weighed 133 to 135 g. For 18
mgﬁths, 40 rats per group were continubus]yvexposed to cadmium concentrations
of 12.5 ug/m3, 25 ug/m3, and 50 ug/m3. A control group of 41 rats received
filtered air during the same period. Following the treatment period, the
animals were allowed to survive for an additional 13 months until sacrifice.
Body weights were recorded every 3 months during theventire study period.
Decedents and survivors were necropsied, and tissues and organs wera removed
for histopathologic examination. Skulls were decalcified for pathologic
evaluation. Samples of liver, 1ung,‘and kidﬁey were digested in acid for
estimation of cadmium content by atomic absorption spectroscopy.

Differences in body weights (Table 7) and mean survival times (Table 8)
among control and treated animals were not statistically significant (P > 0.05).
A dose-related increase in the incidence of ﬁrimary Tung carcinomas in
traated animals was evident, as shown in Table 8. The first epidermoid carcinoma
and the first adenocarcinoma were found at 20 and 22 months, respectively, after

treatment commenced. Several treateé rats also déve]ped adenomas ahd nodular

hyperplasia in the lung. Metastases to the regional lymph nodes and the kidneys

and invasion into the regional Tymph nodes and the heart occurred in some rats

with lung carcinomas. No lung tumors were found in control animals.
Nonneoplastic lesions and various tumors in other organs were found in

both control and treated animals. Ndne of these additional tumor types and non-

neoplastic lesions was significant]yj(P > 0.05) different among.theﬁfour groups.
The data in Table 9 show that cédmium was retained in the lungs, livers,

and kidneys of survivors for as long as 13 months after cessation of exposure.

Analysis of these tissues indicatéd that cadmium was absorbed and circulated

throughout the body and that, although the Tung was the target organ fdr carcino-

genicity, the kidney retained the largest amounts of cadmium. Increases in cadmium
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levels were dose-related in 1iver in all treatment groups and in 1ung;and
kidney in the mid-dose and high-dose groups. Pathologic changes appatently
wete not observed in kidney and 1iver,}thus suggesting that the cadmium levels
found did not have a toxic effect in these tissues. |

The authors attributed their success in demonstrating the carcinogenicity
of cadmium to: 1) performance of a long-term study using CdClp aeros@1s that S
were retained at a rather high level in the lungs after cessation of éxposure,
and 2) continuous observation of the aﬁimals over an extended durétioh (31
months). Most of the lung carcinomas were detected after the 27th month of the
study. l

In a pilot study in the same laboratory, four adenomas and onevaaenocarcindma
were found in 10 rats after 18 months of exposure to a CdCl, aerosol k20 ug/m3).

There was no observation period after the 18-month exposure (Heering ét al. 1979).
These results fit well with the data oﬁtained in the more detailed study conducted
by Takenaka et al. (1983). . ‘ | "

In.a recent 1nvestigat16n, Greenspan and Morrow (1984) showed that 3
exposure of rats to an aerosol of CdC]é at 5 mg Cd/m3 for 30 minutes reduced
the number of particles phagocytized by the lung maérophageé for dp to 8 days.
At an airborne concentration of 1.5 mngd/m3 the phagocytization of particles
was stimulated. The adhering properties of the phagocytes were reducéd at both.
exposure concentrations for as long as 12 days. The potential of CdCly for
altering the normal phagocytic activity could explain why Takenaka et‘al. ]
(1983) ‘were able to produce such a marked carcinogenic response.

In an earlier study, Hadley et al. (1979) reported one lung tumor among 34
male Wistar rats one year after they had been exposed to 60 ug/L of cadmium

oxide (CdO) for 30 minutes. While this regimen was not adequate for a determina-

tion of carcinogenicity, it is noteworthy that the authors of the study observed
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,testicular alterations after this treatment. They poihted out thaf fhese ohanges : g
occurred at doses lower than the minimum effect1ve dose requ1red to “induce degen—
eration with soluble cadmium salts given parentera]ly if no more than a 20%
pu1monary retention is assumed (1.5 u moles Cd/kg for inhalation versus 5-10 u
notes C/kg). | -
Oberdoerster et al. (1979) compared the Tung c1earanee of Cd0 and CdCTz after
a 45- minute exposure to airborne concentrat1ons of 930 ug/m3 and 760 ug/m3,‘respec-

tively. The aerodynamic mass medium diameters were 0.38 and O. 46 um for CdClp

and Cd0O, respectively. ‘Despite the d1fferences in chemical so]ub111ty, the long-
term c1earances were equa1 The only d1fference was that cadmium was cleared more
rapidly in the first eight days after exposure. The authors suggested that th1s

might ‘be due to bronchial clearance mechanisms for the less soluble CdO particles.

Intratrachea1 Studies in Rats

Sanders and Mahaffey (1984) evaluated the carc1nogen1c1ty of Cd0 in male
Fischer 344 rats. Four groups of 46 to 50 rats each were treated as fo]]ows:
Group li(untreated contro]s)‘received one intratrachea] instillation of 0.9%
sodiuh ch]oride solution (the dosing vehicle); Group 2 was given‘an intratracheal
inst111ation of 25 ug CdD wheh 70 days old; Groupr3 received intratracheal
ihsti11ation of 25 ug CdO when 70 and 100 days old for a total dose of 50 ug;
Group 4 was given intratracheal instillations of 25 ug Cd0 when 70, 100, and
130 days old for a total dose of 75 ug. The authors stated that the 25-ug dose
Was'75%_of the LDgg by the route of administration used. - Instilled CdO had a
oOUnt median diameter of 0.5 um. The animals were allowed to survive until
spontaneous death. A1l animals were necropsied, organs Were weighed, and
tumors, lesions, and major tissues. and organs from all of the rats (except 12

lost due to autolysis or cannibalism) were examihed histopatho1ogica11y.
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Median survival times were 793, 824, 785, and 788 days for Groups 1, 2, 3,
and 4, respectively. SurViva] times and‘organ weights (body weights were not
obtained) were similar (P > 0.05) between control and treated groups. Statistical
analysis of tumor data by life-table and contingency table methods revealed no
significant (P > 0.05) differences among the four groups. Lung tumor findings
consisted of adenocarcinomas in two rats of 48 1n’Group 3 that were kj11ed at
880 days. However, when all CdO-treated groups were pooled and tested by life-
table methods for differences in tumor 5nc1dences from the controls (Group 1),

a statistically significant (P = 0.043):increase in mammary tumors was observed.
In addition, the frequency of rats with three or more tumors was increased in the
high-dose group (P = 0.044). Since cadmium has been shown by Chandler et al.
(1976) to inhibit testosterone release and increase circulating 1eve1s.of
leuteinizing hormone, a possible tumor bromoter, the finding of 1ncreésed
mammary tumors in the males is more than plausible when one considers the

rather high background rate normally found in female rats of this strain.

While cadmium, as CdO, did not produce lung tumors under the conditions of
this study, the protocol used may not have been as sensitive an indicator of thev
respiratory carcinogenic potential of cadmium as would a design that included
lifetime exposures by inhalation, particularly in reférence to the carcinogenicity
study by Takenaka et al. (1983) discusséd herein. Lung tissue was not analyzed
for cadmium content in the Sanders and Mahaffey (1984) study. However, clearance
of 80% of an intratracheally instilled ﬁose of 15 ug 109Cd0 from the lung in
male Fischer 344 rats, with an elimination half-l1ife of 4 hours, has been observed
(Hadley et al. 1980). In addition, the distribution within the lung of the.
cadmium was probably not equivalent to that which would have resulted from an

inhalation exposure. Oberdoerster et al. (1980) showed, using CdC12, that after

a l-hour nose-only inhalation exposure, 16% more cadmium was deposited in the




alveolar area as compared with intratracheal instillation. Hence, a Tifetime
fhha]ation exposure to Cd0 also might have.preSehted'a‘strohgerECha11enge for
caréinogenicity by providing a greater cumulative dose of cadmfohlwithih;target
(Tung) tissue.: ' | | |
The increase of mammary tumors observed in the‘Sanders‘end’Mahaffey (1984)

1nvestjgation is in keeping with the finding of’re]ative]y'rapid;clearehce of
CdO from the lungs and translocation into other tissues fo]lowinngnhalatioh
(Hadley et al. 1979) or intratracheal 1nst111at1on of Cd0 (Hadley et al. 1980)
In view of the positive pulmonary f1nd1ngs w1th CdC1, (Takenaka et a] 1983)

and 1ess severe but more marked extrapu]monary effects (Sanders and Mahaffey
‘1984;1Hed1ey et a1.71979)vand increased extrapulmonary tissue conoentrations
(Hadley et al., 1980) with the chémica]]y less soluble Cd0, the observation of
Hedley'et al. (1979) that airborne cadmium may constitute a potehtia] hazard to
both Tung and extrapulmonary tissues is noteworthy. ‘It'is‘necessary,hhowever,‘
t0‘app1y caution when the chemical (rather than the biologioa].or the pulmonary) '
solubility of cadmium salts is used in predicting the behavior of chemica]s in
complex biological systems. This view jsvajso‘supported‘by-the work of
Oberdoerster et al. (1979), which showed no.difference in the ]ong-termvlung
clearance rate of inhaled CdO or CdC]g.

. Furst et al. (1973), as part of a 1arger investigation of. the induction of
mesothe11omas by metal in asbestos, performed a preliminary assessment of the
effects of intrathoracic 1nJect|ons of - powdered cadmium. The testfmater1a]s,
suspended in sa11ne solution, were injected into the right portion of the ‘
thoracic cavity through the fntercosta] muscles. The authors indicated that
1njeétion of 3 mg of cadmium once a month for 5 months did not produce ahyv
tumors, but was too toxic. The rats,treated'with'oedmiom‘becemeﬁemaciated and
lethargic. In an effort to reduce the'toxfcity of?the cadmium, a second group
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of five male and five female Fischer 344 rats were injected intrathoracically

with 3 mg of cadmium powder and 6 mg of zinc powder in physiological saline once

a month for 5 months. The zinc reduced the overt toxicity of the cadmium. At

the end of the 10-month experimental period, 3 of the 10 rats had developed tumors,
as compared to 0/20 in the controls. The first of these tumors was evident at

120 days after the first injection. THe tumors were diagnosed as mesotheliomas,

probably malignant. No tumors were observed in the rats treated with zinc only.

Injection Studies in Mice and Rats

Injection of cadmium metal or certain salts of cadmium has been shown to
produce sarcomas at the site of the injection, as well as testicular tumors
(Leydig cell, interstitié1 cell) in experimental animals. These studies are
summarized in Table 10. The usefulness of subcutaneous injections in'determining
carcinogenic potential has been discussed by a number of authors, whoée con-
clusions are summarized below.

Grasso and Goldberg (1966) doubted the usefulness of the technique of
assessing the carcinogenic potential of chemicals on the basis of injection
site sarcomas. They did indicate, howéver, that the development of thmors at
sites distant from the injection site was very suggestive of carcinogénic
potential in the material under investigation. The testicular tumorsvproduced
by the injection of cadmium salts certéin1y fulfill the criteria set forth by
these authors for the assessment of positive carcinogenic potential. | f

Tomatis (1977) reviewed the approhriateness of the subcutaneous injection |
route for bioassays of carcinogenicity by comparing it with other.routes of admin-
istration. He surveyed a number of chemicals tested by the subcutanepus injection |
route in rodents to see if theré was a correlation between the capacities of these |
chemicals to induce local and/or distant tumors in one species and their capacities

to induce tumors by another route in another species. A total of 102 chemicals,
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which have been reviewed by the International Agency for Research on Cancer (IARC)
and have been tested by the subcutaneous injection route as well as by other routes
of administration, were surveyed. Of those, 69 were posftive for carcinogenic
activity when administered by subcutaneous injection and by another‘route, and 18
were negative or inconclusive whether given by subcutaneous injettidn or by another
route. Nine were positive only when édministered by subcutaneous injection, and
six were negative by subcutaneous injection and positive by another route. The
author concludes that “"administration of a chemical by the subcutaneous injaction
route produced what one could call faﬁse negative resuTts for six (%.6%) of the 102
chemicals tested and, if we accept all the criticisms of this routelof administra-
tion, false positive results for nine (8.7%) of the 102 chemicals tested." Even
so, according to the author, it appears that the subcutaneous injecﬁion route
of administration is not too much worse than any other route of administration.
More recently Theiss (1982) reviewed the IARC data base. He cunc1uded that
if a compound produces distant tumor§ by subcutaneous injection it %s almost
always tumorigenic by at least one other route of exposure. Theiss:recommended
that the results of investigations of materials producing tumors at sites other
than the injection site should be considered to be as significant as resu]ts
obtained by routes of administration more relevant to man. |
Thus, by all accounts the induction of tumors distant from the injection
site is regarded as highly useful in the classification and identification of
carcinogens. The recent work of Chellman and Diamond (1984) provides a possible
reason for the consistent induction Qf cancer following injection of cadmium
or its salts at other sites. These investigations showed that in the teStés,
significant amounts of cadmium were not bound to méta]iothianein, a protein to
which cadmium is normally bound, renderiné the metal in the tissues less toxic.

Poirier et al. (1983), in addition to observing increased testﬁcu]ar tumors,
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showed an increase (P < 0.02) in pancreatic islet cell tumors fo]]owind'sub-
cutaneous injection over a 2-year period of CdCl1p (22/259 8 5%) as compared

to rats not rece1v1ng CdCly (3/137, 2 2 .%) and surv1v1ng more than one year, the
time to the f1rst such tumor. In the same report, 1t was shown that simultaneous
'inJectiOns of magnes1um acetate prevented the development of injection- s1te
tumors, but had no effect on test1cu]ar tumorngenes1s.: No 1nh1b1tory effect

was e11c1ted by ca1c1um acetate in the d1et by s1mu1taneous 1nJect1on, or by
magnesium acetate in the diet.

The 1nduct1on of pancreat1c tumors of CdC]g is not a]together unexpected
since high concentrations of cadmium 1n the pancreas of humans and animals has
been reported (Friberg and Odeblad 1957), and the effects of cadmium on carbo-
hydrate.metab011sm and insulin secretion are well documented (Ghafghazi and

Mennear 1973).

oEai Studies in Mice and Rats

Schroeden et al. (1964 and 1965) conducted two 1ffetime exposure studies in-
WhichrSwiss mice were given drinking water containing cadmium acetate at 5 ppm.
The purpose of this low exposure level was‘to simulate the human experience,
. accordfng to the authors. In the first study, only males experienced decreased
1on§evfty in comparison with contcols.' The mean concentration of cadmium in
the:kidneys of mice at the end of the study was only 3 ug/g wet weight. This
appeahs.to be very low in comparison with the concentrations of 18 ug/g that have
been repurted'in man, and the 13.5 ug/g‘in rats exposed to 12.5 ug/m3 reported
by Takenaka et al. (1983). The exposed males had fewer "visible" tumurs_(1/50)
than the controls (11/50), a result (P < 0.005) which was possibly related to
the‘shortened 1ifespans of the exposed males. Only abnormal tissues mere

histopathologically evaluated. The reduced survival times. of the animals, and

the Timited amount of histopathological evaluation that was conducted, limit the
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usefulness of this study in the evaluation of the carcinogenic potential of
cadmium.

In the second 1lifetime exposure study by Schroeder et al. (1965), maie and
female Long-Evans rats ingested cadmium acetate at 5 ppm in watér as the sole
source of fluid; the treated group developed 28/84 tumors versus 24/70 in
controls. The authors stated that "no significant differences appeared among s
the various groups as to type of tumor." This study, like the authors' 1964
study, was complicated by being performed in a low-metal environment and with a
diet low in many trace metals. When the essential tface element Cr(III) was
added to the diet of one group of rats that were not given cadmium; they thrived
better than the control group and had 34/71 tumors (Schroeder et al. 1965).

Malcolm (1972), in one experiment, gave male Chester-Beatty hooded rats up
to 0.2 mg of cadmium sulfate subcutaﬁeous]y and up to 0.8 mg week1y by stomach
tube for 2 years. In another experiment, he gave Swiss mice doseslof cadmium
sulfate in distilled water up to 0.02 mg/5g of body weight subcutaneously at

weekly intervals for 2 years. Except for a few sarcomas and Leydig cell tumors

seen in the rats given subcutaneous injections (both also seen in the controls),
these studies were negative at the time reported.

Experiments with male specified pathogen-free Chester-Beatty hooded rats,
using doses of 0.087,v0.18, and 0.35 mg/kg of cadmium sulfate in distilled water
given by gastric instillation once weekly for 2 years, werevcarrieu out by Levy
and Clack (1975). Ninety males recéived 1 mL distilled water on the same regimen,
and served as controls. No difference in tumor incidence between exposed and
control groups was observed. It isinoted, however, that this particular stréin
of rats has a very high lifetime incidence of spontaneous interstitial cell
tumor formation (75% in the untreated control group), such that "if exposure to

cadmium had any effect on the incidence of the lesions it was entike]y over-
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shadowed by theiriépontaneOus occurrence," according to the authors. Effects .
on the prostate were espeéia]]y scrutinized, with no hedp]astic lesions observéd,
Only a jimited number of tissues (kidney, spleen, liver, lung, testes, and
broState) were histopathologically evaluated from 10 rats of the high-dose
group‘and'lo'rats of the control group.

o Levy et al. (1975) similarly gave groups of 50 male Swiss mice 0.44, 0.88,
or 1.75jmg/kg/week cadmium sulfate by gavage for 18 months. A gfoup of 150 male
mice served\as’contro]s. The stated objective of the study was the detection
of an increased'incidence of prostateytumors attributable to cadmium, but
neithefwfhat nor any other treatmeﬁt-re]ated effect was reported at any of .
the‘three dose levels. As in the study‘with rats, the histopatho]dgica1»
examination was not sufficiently thorough to make this constitute a compe11ing
negativé study. The set of tissues fixed was limited to prostate; urethra,
bladder, stomach, kidney, testes, lung, liver, sp]eén, semina]-vesic1es, and
coagu]atbry gland, ‘and these tissues were examined micfoscopical]y for only 20
ofvthe high-dose and 20 of the control males, along with any abnormal tissues
notedvmacroscopica11y. Although measurements of cadmium concentration in
various tissues were’not méde, Levy et al. (1975) speculated that the'réason no
pathological changes attributable to cadmium were observed auring the study may
have -been that absdrption of cadmium through the intestinal tract is low.

5*'An'unpublished chronic toxicity study of‘CdC]g was conducted at the U.é.
Food and Drug Administration (U.S. FDA 1977). The compilation of animals
éxamined pathologically shows that six groups of Charles River COBS (SD) rats,
each consisting of 26 to 32 males and 26 to 29 females, were étudied. These
groups were given 0 (untreated controls), 0.6, 6, 30, 60, or 90 ppm CdClp in
fhe diet for 103 weeks. Five males and five females per group were sacrificed

at 24 and 52 weeks. A1l animals were necropsiéd;'andAtissués, organs, and
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tissue masses were examined histopathologically. Kidney tissue from five or
fewer males in each sacrificed group was evaluated by electron microscopy;
sections of Tiver and kidney from these animals were stained to assess'fibrosis,
1ipid content, Tiver glycogen, and the basement membrane of tubuli and Bowman's
capsules in kidney.

No significant (P > 0.05) differences in survival between control and
treated groups were reported, and, echuding interim sacrificed anima]S, no
more than two animals per group died before 77 weeks. Results of necropsy and
histopathologic and histochemical evaluations did not show treatment-related
effects. Electron microscopy, however, revealed dose-related changes in the form
of small cytoplasmic 1ipid droplets in renal tubular epithelium, incre@sed
number of residual bodies in renal nephrdn cells, and swelling and sloughing of
cells in distal tubular epithelium and the collecting ducts of the kidney.

A 2-year oral carcinogenicity'study of Wistar rats given CdCi2 was carried
out by Loser (1980). Doses of 1, 3, 10, and 50 ppm of cadmium were given in
food to 50 male and 50 female rats, with 100 controls of each sex. Food cohsump-
tion was similar in all the test groups; The mean body weights of treated
males were significantly reduced (P < 0;01) at the highest dose level. Other
than reduced weight in the high-dose ma]es, the male and female treatment and
control groups were comparable for weight and mortality. On the basis of a com=
plete histopathological evaluation, the author concluded that there was no
significant increase in the incidence of any particular tumor type or in the
frequency of tumor-bearing animals.

The reason for the discrepancy between the FDA (1977) study with!reggrd to
the lack of effects of cadmium at 60 and .90 ppm as compared to the highly
significant effect (P < 0.01) at 50 ppm is not readily apparent. Strain differ-
ences or differences in dietary factors (such as selenium, zinc, copper, or

estrogen concentrations) may account for the lack of comparability.
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Chronic exposure of rats to aerosols of CdC]g at airborne concentrations
of 12.5, 25, and 50 ug/m3 for 18 months followed by an'additfonalfndn-exposed 1
13<month period produbed significant increases in lung tumors. An 18-month

éxpoSuke to 20 ug/m3 also increased lung tumors among exposed rats. A single 30-

- minute eXpoSure of rats to CdO did not significantly increase the occurrence of

Tung tumors in the year that followed. However, ‘increases in mammary tumors
and testicular degeneration were obseryed.* The estimatéd‘tdtal'dose in mg/kg
was, however, lower than that producing testicular neoplasia following parenteraT
adm{nistration. | |

Ihtratrachea]vinst111ation of CdO broduced an increase in mammary tumors
and an ﬁncrease in tumors at multiple sites‘among'ma1e'rat§. Intrathoracic
injections of cadmium powder are highly toxic, but when their toxicity is
reduced by co-administration of zinc, mesotheliomas develop. Intramuscular or
subcutaneous injection of cadmium as metal powder, or as chloride, sulfate,

oxide; or sulfide, produces 1n3ect1on -site.sarcomas and/or testicular 1nterst1t1a1

cell (Leydig cell) tumors after necrosis and regeneration of testicular tissue.

A recent study suggests that the incidence of pancreatic islet cell tumors may
be increased by administration of CdC]zlby'this route. In addition, injection
of CdC1y into the prostate has induced tumors of that tissue. The translocation
and long-term pulmonary clearance of cadmium salts do not appear to be related
to -the chemical's solubility.

Cadmium appears to be much less potentvas a carcinogen by ingestion than

by injection or inhalation, regard]ess of the site of cancer induction. For

example, the total dose of inhaled cadmium in the Takenaka et al. (1983) study,
where the rats developed a 71% 1nc1dence of lung cancer, was about 7 mg (0.25

m3/day x 0.05" mg/m x 365 days/year X 1 5 years) Byvcontrast, in the Schroeder
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et al. (1965) drinking water study in ﬁats, which had one of the smallest total
doses of all of the ingestion studies, a total dose of about 60 mg (5 ppm x 0.5
% 0.35 kg x 730 days) induced no cancer responses. If a 10% upper limit of
detection of tumors in the Schroeder ef al. (1965) study is assuméd, ihe highest
reasonable potency for cadmium via ingéstion is about 0.0017 (0.1/60), compared

with a potency of about 0.1 (0.7/7) for inhalation. While it is possible that

cadmium is not at all carcinogenic by ingestion because of very limited absorption,

the negative animal evidence can only set an upper limit on the carcinogenic
potency of ingested cadmium, which in the rat appears to be about twovorders of
magnitude less than for inhalation.

In 1982 the IARC concluded that sufficient evidence existed for ihe determina-
tion that cadmium is carcinogenic in aﬁima]s. The IARC was aware at that time of
the negative findings of Loser (1980) following dietary administration of CdClp
to laboratory animals. However, studies reporting a marked carcinogenic response
in rats to inhalation of CdClp aerosols were not available to the IARC for con-
sideration, nor were the highly suggestive reports of pancreatic islet tumors
following parenteral administration of CdClp (Poirier et al. 1983), and of male
mammary tumors following intratracheal instillation of cdo (Sanders and Mahaffey
1984). Apparently the IARC did not consider the intratracheal induction of
mesotheliomas reported by Furst et al. (1973) or the induction of prostate tumorsv
by injection of CdClp into that tissue (Scott and Aughey 1979). As a result of
these newer investigations, together with additional information suggésting a
distribution not based on chemical so]@bi]ity, the carcinogenic risks of cadmium

and its compounds are now seen to be gheater than originally anticipated.

¥
e

EPIDEMIOLOGIC STUDIES

The epidemiologic studies reviewed here deal specifically with cancer

risks resulting from cadmium exposure. Although five of these studies were
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reviewed in the OHEA Health Assessment Document for Cadm1um (U S. EPA 1981)
4
they are covered here a]so for the conven1ence of the reader.

Potis;(lgss)

Potts (1965) reported the results of a clinical study of -an unstated number
of current and former employees of a British alkaline bafteﬁy factory who were’
. exposed to cadmium oxide dust beginning in 1920 and ending in 1963, vIﬁ:1946‘ B
the manufacture of these batteries was moved to a new location not far from the
site of the earlier factory. The first measurements of cadmium dust ‘in thevair‘
were made in 1949; At that time, the cadmium content of the air varied7from
0.6 to ?.8 mg/m3 in the platemaking and assémb]y shops to 236'mg/m3 in the negative

active material department. After the installation of local exhaust ventilation

in 1950, cadmium in the air was reduced to less than 0.5vmg/m3.? Improvements

e ——— &

to the exhaust system in 1956 further reduced the cadmiuh'dust to less than 0.1

mg/m3. -The policy at the time of the study's,pub1icatidn,was'to take steps to -
reduce:exposures whenever the measurement of cadmium dust exceeded 0.5 mg/m3{

| 0f 70 bettery workers for which Potts's clinic had medical records and’ who

were exposed for at least 10 years, proteinuria was observed in 449%, 'A]though

no comparison group was provided, this number is probab1y excessive, sihce'v
prOteiﬁuria is the result of renal tubular dysfunction. A 200-248 ug/day = !.4
cadmium dietary intake over a 50-year exposure period is required to produce the"
critical renal cortex concentration associated with renal dysfunctioh."0n1y ‘ !
1% of Amerieans ingest more than 56 ug/day (U.S. EPA 1981). However,sthe' l
author did note that earlier studies of the urine protein of cadmium- exposed |
workers in this same plant had revealed “similar characteristics" to those of the
present study. Four individuals with persistent proteinuria were examined

further. Two of them ultimately died. Kidney function tests prior to death

]
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revealed no abnormalities, nor were any gross abnormalities observed following
microscopic examination of the kidneys;of the deceased.

In a second phase of this study, Potts claimed that a "careful search"
produced records for a total of 74 men ‘who had been exposed to cadmium dust for
more than 10 years. Eight of these meﬁ had died. The author did not Eevea1
whether the source of this informationiwas his clinic's medical records or the
employment records of the factory, nor‘did he specify the relationship between
these 74 men and the 70 battery workers mentioned earlier. Furthermore, the source
of his information on the eight deceaséd individuals was not given, although
presumably it came from his clinical fj]es. Five of the eight. deaths were
reportedly due to cancer; three of these were cancer of the prostate. The
death data from Potts's paper is summarfzed‘in Table 11. Whether or not the
author made any attempt to determine the vital status of the remaining 66
individuals is unclear. Since all of the deaths occurred in the early 1960s, and
nearly all of these individuals had had lengthy exposures, it can‘be inferred
that they had all been exposed to the highest cadmium dust levels that existed
at the plant during their years of empioyment prior to 1950. No information
was given on workers exposed for fewer than 10 years.

In the absence of selection bias (a distinct possibility if c]inﬁca1 records
were used), the distribution of the eight deaths is striking, as was noted by}
the author. But because of the possibility of selection bias, the lack of a
comparison group, and the unknown ages‘of the 74 members of this population, it
is impossible to determine whether the observation of three prostate cancer
deaths is statistically significant. Therefore, this study provides only the

suggestion of an association of prostate cancer and exposure to cadmium.
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_ TABLE 11. MORTALITY DATA FOR CADMIUM WORKERS EXPOSED FOR MORE THAN 10 YEARS
o (Potts 1965)

Length of
cadmium
Year of death Age exposure {yrs) Cause of death
1960 65 | 31 | Auricular fibrillation
1960 . 75 14 - Carcinoma of prostate
’ 1961 . 65 37 Carcinoma of prostate.
1962 63 - 34 ' ‘ Bronchitis and atheroma
1962 18 18 Bronchitis |
1963 53 35 Carcinoma of pronchus
1964 65 38 | " Carcinoma of prostete

1964 59 ' 24 Carcinomatosis

Kipling and Waterhouse (1967)

Kipling and Waterhouse (1967), in a letter to The Lancet, reported on 246
workersiwho had been exposed for a minimum of one year to cadmium oxide dust.
The authors compared the number of cancers observed from several sites with the
number:expected from those sites pased on incidence rates from the Birmingham
RegionaT Cancer Registry. The number of‘observed cancer deaths of the prostate
was siddificant]y greater than expected (4 observed vs. 0.58 expected P <O. 063).
Three of the four prostate cancer cases are the same as those reported in Potts's
paper (personal communication from Kipling to the IARC in 1976), 1nd1cat1ng that
some‘over1app1ng is acknow]edged, and therefore. the two studies cannot be said
to be independent of each other.  No significant.differences between observed

and expected deaths were found for cancer of the bronchus, bladder, testis, or
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for cancers of all sites.

Latency period, although ob]iquély referred to in the letter, is poorly
addressed. Fuhthermore, the Tetter states that expected cases were calculated
by “computing the number of cases of cancer which would be expected to 5ccur
in such a group of men of known age"fand by excluding the time spent in other
jobs or retirement. It is not c1earéhow the latter was to be done; the dis- =
cussion is sketchy at best. The autﬁors mention that "judging frdmfwork in
similar fields, fairly short exposuré may be sufficient to initiate a tumor."
Whether this generalized conclusion can be extended to the specific case of
cadmium exposure and cancer remains uncertain. The authors' failure to allow
for a sufficient latency period weakens the significance of their findings.
Because of these problems and the lack of an adequate discussion of the derivation
of expected deaths, the results, although statistically significant, cannot be

considered definitive with respect to the carcinogenicity of cadmium.

|

Humperdinck (1968)

Humperdinck (1968) reported on mortality among 536 people who worked or

had worked at an alkaline dry cell battery plant during the périod 1949-.67 and

who had been exposed to cadmium hydroxide and "to a large extent nickel

hydroxide." Seventeen of the 536 had died, five from cancer. Of the five who

died from cancer, two died from lung cancer, one from liver cancer, one from

prostate cancer, and one from cardiac cancer. The length of exposure to cadmium |

for these cases was: 1lung, 2.3 years and 9.3 years; liver, 3.5 yeﬁrs; prostate,

6.4 years; and cardiac, 3.0 years. | B i
There was no comparison group for the 1949-67 time period. However, the |

author did compare the average of the cancer death rates for the years 1963-66

in the city where the plant is located with the average 1963-66 rate for the
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whole plant and the average 1963-66 rate fdr the departments of the plant whére
there wés exposure to cadmium hydroxide. The author did not staté whether
these rates were age-adjusted, race-adjusted, or sex-adjusted. No di fferences
Were'fouhd among the three rates or in the proportion of 1ung cancer déaths
between the ciﬁy population and the plant population. The proportion of lung
cancer deaths for the departmeht where cadmium exposure occurred was not reported.

Préyious1y, Baader (1951) had reported on "20 to 30 males and females"
suffering from chronic cadmium poisoning at the same dry cell plant. Of this
group, Humperdinck reported that four of eight had died, one of 1ung,cancek;
these four are included in the seventeen deaths described previously.  No
méntion is made of any of the other "20 or 30" workers.

Because Humperdinck found no excess cancer mortality among workers exposed
to‘cadijm when compared to the city population or to the plant population as a
Whp1e,—he concluded that there was insufficient information to establish an
associatjon between cadmium and cancer.

A major weakness of this study is that if did not include anvapphopriété
comparison group fbr the years of the sfudy,v1949-67; Comparison of average
death rates for the years 1963-66 among the city, plant, and cadmium départments
is not apprdpriate since it is not known whether all workers in the cadmium
departments for the years 1963-66 had experienced a 1atency,period of suffiéient
duration to have developed cancer. Secondly, there is no indication that the
city population or the population of the rest of the battery plant were similar
eﬂéugh to the cadmium-exposed group in terms of race, sex, smoking‘habits, age,
été. to make these groups objectively comparable. Third, had a proper comparison‘
grdup been used and an increase in cancer among workers expoSed to cadmium been
demqnstfated, a possible confounding variable would have been the concomitant

nickel exposure to which these workers were subjected, since nickel has previously
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been associated with cancer of the 1Qng, nasal sinus, large intestine, mouth,

and pharynx (Fraumeni 1975).
In conclusion, the study designland methods of Humperdinck redder his data

inadequate for the assessment of an association between cadmium exposure and cancer.

Holden (1969)

Holden (1969), in a letter to The Lancet, reported on 42 men exposed to
cadmium fumes from 2 to 40 years. He stated that six of the men had been

exposed to concentrations of cadmium in excess of 4 mg/m3, and the:remainder

had been exposed to an average concentration of 0.1 mg/m3. The author reported
that of the 42 men, one developed a carcinoma of the prostate and Gne developed a
carcinoma of the bronchus. : ‘ :

No evaluation of the cancer risk from cadmium can be made on the basis of
this letter, since the author did ﬁof report important variables such as age,

time since first exposure, and smoking history.

Kolonel (1976) |
| Kolonel (1976) compared the cadmium exposure of 64 cases of renal cancer i
to 197 nonmalignant digestive disease controls and 72 éolon cancer controls.
According to the author, "a cancer coﬁtro] group was included to address the
problem of potential noncomparabi]ity" between cases and controls when a non-
cancer control group was used. Cases and controls were taken from patients
admitted from 1957 to 1964 to Roswef] Park Memorial Institute, Buffalo, New York.
Cadmium exposure was assessed using‘data on occupational exposure,!cigarette
smoking, and dietary intake. A person was considered to have éxperienced
occupational exposure to cadmium on]y‘if he had worked for one or more yearsrat

a high-risk job in a high-risk industry. High-risk industries included electro-

plating, alloy-making, welding, and the manufacture of storage batteries. A
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- person was considered to be exposed to cadm1um through smok1ng 1f he had at

least 10 "pack-years of c1garette use dur1ng a 11fet1me. Dietary exposure to
cadm1um was determined by app1y1ng reports of cadmium content in foods to
1nd1v1dua1 dietary histories based on a frequency recal] for a one-week period.
An individual was coosfdered'exposed erough diet ionis mean daily intake‘
exceeded the third quartile, determined from fhe distribution of'intakes for
the -noncancer oontro1 group.

- The authof found that the odds™ of developing renal cancer in oecupat1ona11y-
exposed pat1ents who smoked were 4.4 when compared to contro]s who also smoked ﬂ
and had nonma11gnant diseases of the d1gest1ve system. Th1s‘1s,s1gn1f1cant at
P < 0.05. The odds of developing renal cancer in patients wh0'wefe otcuoefiona11y
exposed were 2.5 (P < 0.05) when compaoed to colon cancer contro]s; The tatter
is not significant (0.05 < P <0.10). Because of the findfng of a greet1y
increased riskT when the effects from smoking and occupationé] exposure were added
together, the author concluded that the effects of smoking and ocouoatiohé1
exposure must be‘synergistic. | -

The odds of developing renal cancer when consideration is given to:cadmium,“
exposure fhrough cigarette smoking on]y, and separately through diet only
(ut111z1ng colon cancer controls), were 1.2 and 1.6, respect1ve1y, neither of
which was significant (0.05 < P < 0.10, two- ta11ed)

A major criticism of this study is the confounding exposures to'ofher'indus-
trial materials in the electroplating, a]]oy—making, welding, and s£0rage battery'
manufacturing industries. The author stated that renal cancer resulting from
cadmium exposure is biologically plausible because the kidney concentrates cadmiom

to a greater degree than any other organ. Furthermore, Kolonel pointed out, on

“ATthough the author referred to "relative risk" in his article, it is more
correct to use the term "odds ratio" or "estimated relative risk."

tRisk in this context is an estimated re]at1ve risk derived by use of-  the
odds ratio.
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the basis of an earlier study by Ellman (1959), that the kidney confains the body's
highest concentration of sulfhydryl groups, which are often found in zinc-
containing enzymes. Cadmium inhibition of a variety of sulfhydryl-containing
enzymes has been reported, the author notes, and this may be‘the-meuhaniﬁm of
actions The kidney concentrates many trace méta]s, however, and a variety of
metals are found in the industries mentioned above, including nickel, 1ead,‘and -
zinc. Also, it is interesting to note that the odds ratio for occupational | .
exposure to cadmium is significant (ﬁ < 0.05) only when compared to noncancer
controls, but not significant (0.5 < P < 0.10) when compared to co]bn cancer
controls. This indicates that the renal cancer cases may not be comparable to
the noncancer cases, and selection bias may have occurred. | |

Smoking has previously been assdciated with kidney cancer (Wynder et al.
1974, Schmauz and Cole 1974, Kahn 1966, Hirayama 1977) as well as with cancers
of other sites. Although cadmium may be the carcinogen in tobacco smoke that
causes kidney cancer, the issue is confounded by the presence in tobacco smoke
of many other carcinogens as well. Although thevsmoke may serve oniy as a
possible synergist or a carrier mechénism for cadmium exposure from other
sources, it remains to be demonstrated that cadmium is the agent of concern in
smoking. |

In conclusion, Kolonel's study ﬁrovides suggestive, but not sufficient
evidence that cadmium is a renal caréinogen. More studies, epidemibiogic and

animal, are necessary to adequately address the issue.

Lemen et al. (1976) : | v M
Lemen et al. (1976) conducted a historic prospective study on 292 white
male employees of a cadmiym smelter who had worked a minimum of 2 years in the

smelter at some time during the period from January 1, 1940 to December 31, 1969.
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Vital status was determined. for this group through January 1 1974 Death
cert1f1cates 11st1ng the causes of death were acqu1red for 89 of a reported 92
' deceased Some 20 (6. 8%) remained 1ost to fo]]ow -up. | For compar1son, expected
deaths by cause were generated through a mod1f1ed 11fe-tab1e techn1que based
on person-years mu1t1p11ed by the corresponding age, calendar t1me, and cause-
spec1f1c mortality rates for the total United States white ma]e popu]at1on.v

The authors stated that the sme]ter was engaged in the product1on of
cadm1um metal and cadmium compounds. However, they reported that some lead was
also produced. The plant ceased full- sca]e 1ead production in 1918 and began
to produce arsenic 1nstead In 1925, arsenic product1on ceased and cadm1um
production began. The authors cited an industria] hygiene surveu in 1947 that
had reported average air concentrat1ons of cadm1um fumes rang1ng from 0. 04 to
6.59 mg/m3 and cadmium dust at 17.23 mg/m3, but it was reported in that survey
that most operations 1n‘the plant had cadmium air concentrat1ons of 1ower than
1.5 mg/m3. The present study included a 1973 1ndustr1a1'hygiene evaiuation of
cadmium dust levels which stated that'8-hour time-weighted average (TWA) gross
concentrations of cadmium ranged infrequently up to 24 mg/m3, but generally
remained below 1 mg/m3. The authors reported, following a 1973 industrial
hygienetsurvey, that a respirator program had been instituted at the plant, which
had allegedly reduced exposure by a factor of 10, a1though the workers tended to
remove the respirators because of their inconvenience. Two air measuremehts‘taken
in the preweld department showed that in gddition to air concentrations of 74.8
and 90.3 ug/m3 of cadmium, arsenic was meagured at 0.3 and 1.1 ug/m3 This is
about 1% of the cadmium measurement. In the retort department however where
the cadm1um concentration was measured at'1 105 ug/m , arsenic measured 1 4 ug/m3

which was about 1/1,000 that of cadm1um. On the other hand, analyses of bulk

L o _
samples revealed 42.2% to 70% cadmium, 3.53% to 6% zinc, 0% to 4.3% lead, and
: : Ol '
7
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0.02% to 0.3% arsenic. The reméining ingredients were not identified. The authors
concluded that the exposures from the remaining ingredients were 1nsi§nificant.

A statistically significant excess‘df total ma1ignant neop]asms (27 observed
vs. 17.6 expected, P < 0.05) was found, as well as a statistically significant
excess of malignant respiratory disease (12 observed vs. 5.1 expected; P < 0.05). =
Without regard to latent effects, an excess of prostate cancer was reﬁorted by
the authors to be not significant (4 observed vs. 1.15 expected). However,
utilizing a one~tailed Poisson variable, the Cabcinogen Assessment Grdup (CAG)
found the latter observation to be statistically significant‘(P < 0.05). After
a lapse of 20 years from initial exposure, the finding of a statistically
significant excess in prostate cancer (4 observed vs. 0.88 expected, P < 0.01)
was even stronger.

Information concerning exposure and latency of the four prostate cancer

cases is given in Table 12.

TABLE 12. PROSTATE CANCER DEATHS AMONG CADMIUM SMELTER WORKERS
WITH MORE THAN 2 YEARS EXPOSURE
(Lemen et al. 1976)

Case Age Exposure Latency - Date of death
1 71 4 32 2/26/72
2 77 13 25 3/19/68
3 79 18 31 12/10/60 o
4 64 17 | 26 4/03/51

Of the 12 malignant respiratory cancer cases, the cell types of eight were

known. Three were squamous cell carcinomas, one was an undifferentiated small
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cell carcinoma, three were anaplastic carcinomas, and one was an oatrcé11
carcinoma. Unfortunately, smoking histories Were not available for members
of the cohort. Therefore, confounding of the results due to smoking could ﬁot
be aSSesse&. Furthermore, Lemen et al. reported the presence in the smelter
-of other substances, including arsenic, 1ead; and zinc, thatvare either known
or suspécted carcinogens. Any éonc]usions made from this study regarding the
cafﬁinogenic potential of cadmium should be tempered with the knowledge that
these other substances were also known to be present in the atmosphere of the
sme]terL in addition, it is-apparent that the authdrs did nbt idéntify all of
the constituents of the processéd ores, since thé percentages given do not add
up to 100%. |

However, when consideration is given to the fact that the vital status of
- 6.8% of the study cohort remains unknown, it is apparent that additionaT»causes
of deéth in this group of 20 people potentially might have added additional
prostate cancers to the observed deaths.v In cohtrast,_the expected deaths'wére
overestimatéd because person-years were)counted to thé cut-off date for these
same individuals. This could slightly bias downward the finding of an excess
riskvof prostate cancer and brqnchogenic cancer.
' This study providesrsupport to the'supposition”that exposure to cadmium
is assoéiated with a‘significant excess. risk of prostate cancer. The othér
metals known’to be present have not been shown to be associated with.an elevated
risk of prosfate cancer. On the other hand, the presence of arsenic in the
atmoSphére of the smelter, and the possibility of increased shoking among these
workers, might be confounding factors that reduce the significance of the

association between bronchogenic cancer and cadmium exposure in the workers.

McMichael et al. (1976a, b)

McMichael et al. (1976a), as part of a historic prospective study of cancer
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mortality among rubber workers, followed 18,903 active and retired male workers,
aged 40 to 84, for a period of 10 years. They were divided into four separate
cohorts, each consisting of workers froﬁ the four tire manufacturing plants of
the companies under study. |

The mortality experience during the 10-year observation period was deter-
mined from death claims filed with the Eompanies under the group life insurance
policy in effect. In three of the fourfp]ants, workers were included if they
were employed on January 1, 1964, whereas in the fourth plant they were included
if they were employed on January 1, 1963. About 1% were lost to follow-up,
and death certificates listing causes of death were obtained for 98% of the
deceased. Expected deaths were calculated based on the 1968 U.S. male race-
and age-specific death rates. The calculation of standard mortality ratios (SMRs )
utilizing such rates produces an underestimate of the risk. This bias, known
as the "healthy worker effect," is a consequence of the selection of the healthiest
individuals into a given workforce from the general population from wﬁich the
expected deaths were derived. Apparently, little turnover occurred in these
four plants because the former employees who switched to another place of
employment formed the group of 1% lost to follow-up during the 10-year follow-up
period. |

The total number of deaths equaled 5,160, for an overall SMR of %4, The
total number of cancer deaths equaled 1,014 for an SMR of 100, while that for
prostate cancer was 119 (103 observed, nonsignificant at 0.05 < P < 0.1). The
authors hypothesized an association of prostate cancer with the compounding and
mixing areas of the four plants, work areas that entail contact w%th metallic
oxides (including cadmium oxides). The authors also hypothesized an association
of prostate cancer with three additional work areas (cement mixing, janitoring,

and trucking) of one particular plant after "exploratory work-history" analyses
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were completed for stomach, bladder, and prostate cancer, lymphosaFcoma, and
Hodgkin's disease at this plant.. ' :

In a similar mortality study of just one of the above four plants, McMichael |
et al. (1976b) c&nfirmed.a significént«excess risk of prdsﬁaféyﬁéncéf (§MR‘=
140, observed = 53, P < 0.05) in 6;678‘ha1e rubberVWOrkers,‘ahd fouhd that ‘the
risk was associated with the ca1endér1ng, janitoriﬁg—trucking, compounding, and
‘miking occupational groups. He stated that qﬁdmium‘compounds Wefe used as
vulcanization (curing) acce]éraéorg in these broad occupationa1)groups. The
method of classifying workers utiYized‘by McMichae] et 61. ié discdssed further
in a later critique by Goldsmith et al. (1980).

The object of the earlier McMichael et al. (1976a) study wasranlté siﬁé?e
out the association of prostate cancer with cadmium exposure as the main topic
of study, but rather to examine site-specific cancer mortality, in general, in -
rubber workers.  Hence, the authors found excesses in cancer mortality at a
number of different sites, but did not test the significance of any of these
excesses. Data from the McMichael et al. (1926a) study are summarized in Table
13. The tests of significance were calculated by the CAG using the method of
Chiang (1961). | |

One major problem with this study is that rubber workers are pbtentia]]yl
exposed to numerous organic and inorganic chemicals, some of them known or
suspected carcinogens, including benzene, which is a known human carcinogenn
The SMRs may thus be confounded by addifiona] exposures to chemicals other
than cadmium. Exposure levels for the many different compounds found in these
plants are not given. ‘

A 'second problem with thfs study is thé relatively Short‘obserVatian time
(10 years) from the beginning of the study to its cut-off date. This is an

insufficient period in which to assess latent effects, and in fact, no data are
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presented in which latency is considered. This cohort should be followed for
several additional years before a final conclusion is made regarding carcfnogenic
effects resulting from exposhre’to cadmium. While the paper is of interest as

a basis for further studies, it does not provide adequate evidence for the

association of cadmium with prostate cancer.

TABLE 13. STANDARD MORTALITY RATIOS (SMRs) BY SITE
(McMichael et al. 1976a)

Observed | Probability of

Site deaths ‘ SMRs . occurranced
Lymphatic leukemia 20 ’ 158 10.039
Stomach 80 | 148 <0.001
A11 leukemias 46 ‘ 130 ‘ 0.073
Hodgkin's disease 32 1 129 | 0.150
Prostate ) 103 | 119 0.077
Colon 103 ‘ 116 0.131
Pancreas 57 103 10.826
Bladder 32 ' 92 _0.638
Respiratory 252 3 85 0.002
Rectum 27 ~ 82 10.303
Brain, central

nervous system 14 78 0.352
A11 cancer 1014 | 100 1.000

A1l causes 5106 | 94 <0.001

aTaken from Chiang (1961).
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Monson and Fine (1978)

In another mortality and morbidity Study of céncer in 13,570 white male
rubbér workers (Monson and Fine 1978), an elevated risk of prostate cancef waé
:noted (4 observed, 0.04 expected, P < 0.05) in two unre]atéd debértments,
materia] conservation and final finish. In no other department of this plant
was an elevated risk of prostate cancer evident. Howevet, the authors do‘not
attfibute this excess risk to any common exposure in these departments, except
bossib1y to oils used in machine maintenance. The authors claim that cadhiQm ‘
exposure was not "appreciab]é" in this plant. Data on the U.S, white male
population provided the comparison population for the expected prostate cancer
deaths. This study, which uses the same plant that was studied earlier by
McMichael et al. (1976a, b) and later by Goldsmith et al. (1980), does not support
the hypothesis suggested by McMichael.et al. that cadmium in the plant was

responsible for the excess risk of prostate cancer.

Kjellstrom et al, (1979)

kje11strom et é1. (1979) reported on a historic prospective cohort study
of 269 male Swedish cadmium-nickel baftery factory workers and 94 Swedish male
cadmium-copper alloy factory workers having more than 5 years exposure since the
chtories began production. As an internal reference group, the study also
included 328 alloy factory workers wh6 had been employed in the alloy factory
for-at least 5 years but had not been exposed to cadmium. It was estimated
that the average cadmium levels for one of the two factories were as follows:
in ‘excess of 1 mg/m3 prior to 1947, 200 ug/m3 between 1962 and 1974, 50 ug/m3
in 1974, and below 5 ug/m3 at the time of the study. At the other factory,
concentrations were in the range of 100 to 400.ug/m3 in the mid-1960s and 50
ug/m3 in 1971 and after. The battery study population was also exposed to

nickel hydroxide dust.
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National average age- and cause-specific death rates and cancer incidence
rates were used to generate expected deaths and expected new cancer chses in
the two study groups. New cases of cancer were found in the battery ?actory by
matching the names of the 269 workers with those of the Swedish National Cancer
Register. This was not done with the alloy factory workers. With respect to
mortality in the battery factory, 43 déaths occurred between 1949 and 1975, of ;.i
which 8 were due to cancer. This contrasts with 67 expected total deéths
during the same period. No further breakdown is given of the cancer deaths, and
no expected cancer mortaiity is given.: However, the authors state that there
was no increase in "general” cancer mortality. Furthermore, the total number
of new cases of cancer equaled 15 duriﬁg the period from 1959 to 1975, while the
expected number of new cases equaled 16.4, based on incidence data provided by
the Swedish National Cancer Register. A breakdown by site is given in Table
14, Only cancer of the nasopharynx was found to be significantly in excess (2
observed vs. 0.2 expected, P < 0.05) possibly due to exposure to nickel dust.

In the alloy factory, only "preliminary" calculations of prostate cancer .
mortality were done; cause-specific mobta]ity and incidence were not examined in
these workers. Among 94 exposed workers, four prostate cancer deaths were
noted versus 2.69 expected (P = 0.29). In the reference group of 328?uhexposed
workers, four prostate cancer deaths were noted versus 6.42 expected (P = 0,23)
(Table 15). A corrected "healthy worker effect" risk ratio was derived by
dividing the risk of developing prostate cancer in the exposed group by that of
the reference group. Thé resulting ratio was 2.4 (P = 0.0875, which is still
nonsignificant. S L

Although the results of these two studies are not significanf with respect |
to prostate cancer, and basiéa11y inconclusive because of the small study groups,

they do suggest a positive association of prostate cancer and exposure to cadmium.
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TABLE 14. EXPECTED AND OBSERVED NEW CASES OF CANCER BETWEEN 1959 AND 1975
IN THE WHOLE GROUP OF BATTERY FACTORY WORKERS (N = 228)
(KJ911strom et al. 1979) '

Cancer cases

Site _ Expected? Observed “Risk ratios
Prostate 1.2 2 ' . 1.67
Lung‘ o 1.35 2 .. 1.48
Kidney 0.87 0 ? ' -0
Bladder .07 1 [ X
Colon=-rectum 2,25 : 5 2f22
Pancreas 0.60 . 0 | ‘ 3 0
Nasopharynx - 0.20 2 - 10,0b
Other ‘ 9.81 - , 3 . 0,31

AT sites 16.4 15 . 0.91.

dExpected deaths based on Swedish National Cancer Registry.
bStatiStica11y significantly greater than 1 (P < 0.05).

TABLE 15. CUMULATIVE EXPECTED AND OBSERVED NUMBER OF PROSTATIC CANCER
DEATHS FROM 1940 TO 1975 AMONG ALLOY FACTORY WORKERS
‘ (Kjelistrom et al. 1979) :

Prostatic cancer deaths

Expected - Observed Risk ratios P value
Eprsed group 2.69 7‘ Y T U 1.49 ) 0.29
Reference group 6.42 4 0.2 ©0.23
(N = 328) ‘ o . - o
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Two problems with this work are apparent. The first is that terminated
employees were apparently not inc1udedtin any of the study cohorts unless they
had died. The resulting cohorts are healthier than the general population
because former employees, who would be‘expected_to carry the greatestjburden of i
potential disease, are not represented. These employees are représented in the
general population's death rates, however. The net result is to overestimate [, 7 >
the expected deaths, thus masking the potentia] risks to battery workers.
The second problem is that, because the Swedish National Canéer Register
was not established until 1959, the study's incidence data would not have
included cancer cases occurring in the 1950s, thus Teading to an underestimation
of new cancer cases.
Another potential source of selecﬁion bias would be the exclusion of all
members with incomplete information in the factory files. Howeyer, since
there is no reason to assume differential selection of subjects for study

through this procedure, it may not be a problem. : -

Goldsmith et al. (1980)

In a later case-control study by éo]dsmith et al. (1980) of prosiate
cancer in one of the four tire and rubber manufacturing plants studied eariier
by McMichael et al. (1976a, b), an excess risk of prostate cancer could not be
directly attributable to cadmium because no evidence pou]d be found ﬁhat cadmium
was used regularly in the study plant. The authors identified some &8 cases of
prostate cancer from death certificates in the years 1964 to 1975. These were
matched with 258 Fontro]s on the factors of age, race; and date of ehtry into M i
the plant. Only the batch-preparation;work area produced a statistically
significant risk ratio (P < 0.025) over the exposure periods of (1) more than a
month, (2) more than 24 months, and (3) more than 60 months. No identifiable
use of cadmium was noted by the authors in this work area. The methods employed 5}
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in this study, i.e., the technique of grouping employees ahcokdihg to géherdl
pbbdﬁction‘areas called occﬁpational title groups'(OTGS);for'anaiyéis‘of work
history data, tendvto result in diétortéd risk estimates of the'carcinogenic
potential of substances to which individuaié might be expdSed in'the'workpiacé.
In any given 0TG, émpioyees who may never have been exposed to any potentialv
carcinogen are lumped together with employees who were exposed to one or more
substances, some of which might be classified as potential carcinogens. ;It.
becomes difficult to attribute a significant risk ratio to any particular
substance in question under these circumstances. Furthermore, since this was a
study of only one pf the four drigina] pianté, the possibility remaiﬁs that
cadmium might have been used in the remaining three plants. Further investigatory 7
work must be done to identify any and all uses of cadmium in the three remaining
study plants. It might have been more appropriate to conduct case-control
studies of prostate cancer in all four stUdy’piants; Instead of using "assign-
ment to particular O0TGs" as an indicator of excess risk, it would have been
more‘appropriate to use direct evidence of exposure to cadmium as the dependent
variable of interesf.r Similarly, a case-control study of lung cancer and risk
of‘exposure to cadmium might also be initiated in the rubber industry.

This study does not support'the eér]ieercMiéhael hypbthesis that the excess
risk of prostate cancer might have been due to éprSuﬁe to Cadmium'cohpounds '
used asrvulcahization accelerators. Some questions'rémain, however, about the

choice'of'the study popdiation and the use of OTGS'in assessing exposure.

Holden (1980) | | |
Holden (1980) reporﬁed the results of a preliminary cohort mérta]ityiétudy

of workers in a British cadmium factory who wére empiéyed at some time between

August 1940 and August 1962, and were followed until December 3;, 1979.‘ Iron

and brass foundry workers in a second factory served as controls. The cadmium
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factory data were subdivided by the auﬁhor into two parts for purposes of analysis.
One section of the building contained the cadmium-copper alloy department, where
347 men worked for a minimum of 12 months. Another 624 men worked for a minimum
of 12 months in the remaining part of the factory. The latter group was dubbed
"vicinity" workers by the author becauée they worked in the building but not in
the cadmium-copper alloy department. Another 537 brass and iron workers were |
employed in the second British factory for a minimum of 12 months, and their

social and physical environments were reported by the author to be similar to
those of workers in the first factory.

Industrial hygiene surveys carried out at the cadmium factory inI1953 and
1957 showed the mean level of airborne cadmium in the'cadmium-copper alloy
department to be 70 ug/m3 (S.D. = 62 ug/m3), based on 12-hour sampling, while the
mean level in the other parts of the building (the "Qicinity“) was 6 ug/m3.

(S.D. = 8 ug/m3). The author reports that vicinity workers were ekpoSed to
considerably less cadmium than were thg cadmium-copper alloy workers. Follow-up
was over 95% complete on all three subcohorts. Expected deaths were generated
on the basis of death rates for England and Wales in 5-year age intervals.

A statistical}y significant. elevated risk of dying from all cauées (observed
= 158, SMR = 112) was evident in the cadmium-copper alloy workers. This excess
was not due to malignant neoplasms. The excess risk remained when'ma]ignant
neoplasms were excluded (observed ="122; SMR = 113). Mortality from neoplasms
was not significant in the cadmium-copbér alloy workers, except for leukemia
(observed = 3, SMR = 441, P < 0.05). The author contends that the excess risk
observed overall in the study was due to deaths from pulmonary disease. On the
other hand, a statistically significant elevated risk of cancer in génera1
(observed = 72, SMR = 120) was apparent in vicinity workers, due chiefly to

significant excesses of cancer in two sites: the tung (observed = 36, SMR = 138,
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P < 0.05) and the‘prostate (observed % 8, SMR = 267, P < 0.01). Thevauthor
attributed the elevated risk of lung cancer 1nrthese workers to the presence of
metals other than cadmium, including arsenics The vicinity workers were reported
by the author to have been involved in the manutacture ofvarsenica1 copper, and
during its refjning, to have been exposed to silver and nicke]. .However,‘no
environmental measurements are reported to have been takenvof any otrthese
other metals anywhereAin the building in which both groups worked. It was
reported by the author that a "¢onsiderable evolution of cadmium oxide fumes"
resulted when cadmium was dumped into the much hotter mo]tenrcopper to form
cadnium—copper alloy. This effect resulted because cadmium boils at a much‘
lTower temperature than that of copper. |

. "With respect to prostate cancer, the author noted the absence of a do;éQ
effect re1at1onsh1p since five of the eight prostate cancers occurred to 1nd1-
viduals who were exposed for less than 15 years. Of these f1ve three were exposed
for on1y one year, if it is assumed that "years of exposure" means years of
emp1oyment throughout the entire p]ant. Thevauthor attributes on1yvthree of the
prostate cancer deaths to cadm1um exposure because the rema1n1ng f1ve were |
exposed for a re]at1ve1y short time." This last observation is somewhat
strong in view ofvthe fact that every prostate cancer death occurred 15 or more
years following initial exposure. Latency as a factor was not considered in
ca1cu1ating expected deaths, so that the actual risk of prostate cancer may
have been greater in vicinity workers. With respect to the risk of prostate"
cancer in the cadmium-copper alloy cohort (observed =1, SMR = 63), the numbers
1nvo1ved are too small to warrant the author's finding of no excess risk. In
addition, if both the cadmium-copper subcohort and the vicinity workers are
re-evaluated only after more than 15 years of fo110w—up, the chances of detecting

a significant prostate cancer risk in the cadmium-copper workers is probably
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nonexistent, while at the same time, a better estimate of the risk of lung
cancer attributable to cadmium exposure in both subcohorts might be had.

It should be noted that the work force of any factory may be rotated many
times during the factory's operating life. The fact that cadmium-copper alloy
workers, under the author's definition, apparently experienced a lcwer risk of
prostate cancer than did "vicinity" workers may not be unexpected, since it is
possible that many of the eight cases may havé worked in the cadmium-copper
alloy department as well as in the remaining bart of the plant at some time
during their working careers.

The observed risk of cancer may actually be greater than calculated because
of the presence of the "healthy worker" effect, in which less thanvexpected
mortality is seen in the control group not only in the overall risk of death
from all causes (observed = 95, SMR = 88), but also with respect to the risk of
cancer (observed = 21, SMR = 83). If latency had been considered in this
study, this confounding effect could have been eliminated.

Because of the preliminary nature of the findings of excess 1ﬁng and
prostate cancer in "vicinity" workers, and further questions that need to be
answered regarding the extent of exposures to cadmium, the findings of én
excess risk of prostate cancer in these workers should be regarded only as
suggestive. The finding of an excesé risk of Tlung canéer due to'cadmium exposuré
must also be considered only suggestgve at this time because of the possible
confounding effects of smoking and of exposure to other metals such as arsenic,

and because of the lack of a dose-response relationship.

Sorahan (1981)

Sorahan (1981), in a preliminary report to the Third International Cadmium
Conference, related the findings of a historic prospective mortality study of

3,026 nickel-cadmium battery workers employed prfor to and during the period
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from 1946 to June 30, 1980, who had worked at least one mdnth. A subset of‘
these same workers had been studied ear]ierrbvaiplihg and Waterhouse (1967).,
The Sorahan (1981) cohort was deriQed from'workers whovhad been employed fn two
éepahate factories, which were ama]gamatéd in l947. The earliest mention of
cadmium in the air breathed by these workers was repofted iﬁ 1949, In the
p1atemaking assembly shops, the cadmium conteht in the air ranged froﬁ 0;6 to
2.8 mg/m3, but in the "negative active materia1" department, whefe cadmium
oxidg powder was prepared, the levels were reported to be "consideréb]y highér,"
although no numbers were provided. Extensive local exhaust‘ventilation w&s_
installed in 1950, and as a consequenée, cadmium levels in the air wefe redu@éd
to below 0.5 mg/m3 in most parts of the factory. By 1967, when a new platemaking
department was built, the level of cadmium oxide dust in the air had been reduced -
to 1ess:than the threshold 1imit value (TLV) of 0.2 mg/m3. From 1975 to thevr |
end of the study, the factory's levels of cadmium oxide dust were within the |
current TLV of 0.05 mg/m3. o , 7 |
For the purposes of analysis, the author divided hi§ cohort into 566 female
employees, 1,066 male emp]oyees who were firét employed before fhé amalgamation
in 1947, and 1,494 males who were first employed aftér the.amalgamation.
Standard mortality ratios (SMRs) were computed. Expected déathé were
gene%ated on the assumption that fhe general poph]ation rates for Eng]and‘and
Wales were operant in the study cohortsf Overall, the obsefved number of male
deaths from all cauées wés slightly 1esé than expected (observed = 591, SMR =
97). MWith respect to all forms of cancer, there was virtually no difference
between observed and expected deaths (observed = 152, SMR = 100). On the other
hand,va'deficit of cancervdeathg occurred to the subcohort of male empioyees;
who had been employed prior to the ama]gamation (observed = 80, SMR = 84),

But in males who were employed'for the first time after the amalgamation, a
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sigﬁificant1y increased risk of total cancer deaths was apparent (observed =
72, SMR = 129, P < 0.05). This increased risk was partially attributable to an
excess of lung cancer (observed = 32; SMR = 134, 0.05 < P < 0.10) in the latter
subcohort. In females, a slight nonsignificant risk of cancer was evident
(observed = 22, SMR = 111). No deta{led breakdown of female q@ncer'morta11ty
was provided by the author. |

In both male subcohorts, those hired before 1947 and those hired after
1947, an excess but nonsignificant nfsk of cancer of the bronchus was evideﬁt
(observed = 45, SMR = 114; observed = 32, SMR = 134, respectively).. No significant
excess risk of prostate cancer occurred in either group (observed = 4, expected
= 4,1; observed = 3, expected = 1.9,jrespect1ve1y).‘ Even after conﬁideration
was given to the time since firét employed, no significant excess risk was seen
in workers who were alive 15 years after first employment but who had left the
company in any of the following causé-of-death categories: all cau%es, combined
cancer, cancer of the bronchus, and cancer of the prostate.

Upon further subdividing the cohort accdrdiﬁg to "exposed" veréus "nonexposed"
status, the author reported no sfgnificant excess risk due to prostéte cancer
(observed = 1, expected = 0;7) or cancer of the bronchus (observed = 10,
expected = 8.3) in the "exposed" subcohort. The numbers became rather small,
however, and as a consequence, the power of this study to detect a significant
risk is diminished. |

When consideration is given to length of employment and latency together,
i.e., males formerly employed at the factory for less than 1 year and from 1 to
14 years but followed for over 15 years since the onset of employment, again no
significant excess risk of bronch1a1:cancer or prostate cancer is apparent. No
information was provided concerning ﬁorta]ity in those workers with more than

14 years of employment in cadmium sme]ter work. The author concluded, on the
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basis ef his analysis, that no evidence exists to suggest an increased risk of

cancer mortality due to exposure to cadmium oxide dust.

Sorahan's analysis of latent effects included only terminated emp1oyees.
Person-years of individuals still empldyed with the company were not thmerated,':
and only if the 1ndividua1 Teft the employment of the company (through death or \
other cause) were his‘person-years countee. This arrangement has the effect of

altering the expected deaths by the noﬁ-inc]usion‘of person-years of individuals

who were at risk of death but who were still alive and working--an effectfthat’

cbu1d conceivably bias‘the SMRs. If differential mortality is cbnsfderab]e in
the group still employed, as compared with the cohort, the extent of the bias
might be even greater.

" The study also suffers from the "healthy worker" effect broughtrabout by the
comparison of observed deaths with expeEfed deaths Based on the morta]ity‘rates
of England and Wales. The SMRs are biased toward the null for ai1 eeuse§'Where

the SMRs are greater than 100, while the deficit of deaths is increased in those

etases where the SMRs are less than 100. Additiona11y,;some 82 persons remain

untraced with respect to thefr vital status, while 10 additional deaths were
noted for which causes of death could not be found. The non-inc1usion ef the
causes of death of the deceased members of this subgroup,woule‘tehd to create a
s1ight downward bias in the SMRs. | -
Furthermore, the tabular data presented classifies the cohort into two
categories of expoeure: "exposed" and "non-exposed," a1though in the "Population"
seetion of the study, the author describesvthe jobs in the factobies in terms of
“highg"'"slight,“ and "minimal" exposure to eadmium. A clearer deécription is
needed of how the three 1atter categoriesvwere reconstituted as "exposed" and

“non—exposed" for the purposes of presenting the findings in tabular form. The

author's treatment of the subject suggests that some portion of the study popula=
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tion received little exposure to cadmium. If this is so, perhaps fhese individuals
should have been excluded from the §tudy grodp. A better definition of intensity
of exposure should have been ut11izgd to present the tabular f{ndimgs. It might
have been more informative to present the tabular findings in terms of "high,
“sTight," and minimally" exposed subgroups, as described by the author in the *
text. ‘; .
Overall, this paper presents no evidence of an increased risk of prostate
cancer in cadmium-exposed workers. However, since several problems exist con-
cerning the structure of the study, the diminishing sensitivity of the study in
relation to certain highly exposed subgroups, and questionable evidence of

exposure in a large portion of the cohort, the study cannot be said to provide

conclusive evidence that cadmium ¥s not carcinogenic.

Inskip and Beral (1982)

Inskip and Beral (1982) conducted a cohort motality study on residents of
two small English villages, Shipham and Hutton, situated within seven miles of
each other. Shipham is located in an area of substantial soil contamination by
cadmium from the remains of a zinc mine that had operated on the site for
nearly 400 years, until the middle éf the nineteenth century. The village of
Hutton was selected as a control. Investigations accdmp1i§hed;by the British
Department of the Environment's Shibham Survey Committee revealed average
garden soil cadmium levels ranging from 2 to 360 ug/g in the area, while national
Tevels rarely exceeded 2 ug/g; Cadmium was believed to be absorbed in the diet £
mainly through the consumption of home-grown vegetables. Accordiﬁg to a survey 3
conducted by Thomas (1980), the dietary intake of cadmium in Shipham averaged
0.20 mg per week (range 0.04 to 1.08), while the national consumption averaged

0.14 mg per week (range 0.09 to 0.18).
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Some 501 residents of Shipham and 410 residents of Hutton were entered
into the cdhort on Séptember 29, 1939, and were f611owed‘unti1 December 31,
1979, when SMRs were generated by cause of death. Data for both cohorts were
compareq with population statistics for England and Wales. FExcess risks of

hbrta11ty due to hypertensive and cerebrovéscu]ar disease and genitourinary

disease were found in the Shipham residents. Cerebrovascular disease (observed

= 65, SMR = 140, P < 0.05) was significantly high in residents of Shipham,
especié]]y fema1es (observed = 44, SMR = 144, P < 0.05) and although the authors
stated that a significant risk of genitour1nany disease occurs only at 0,05 < P
< 0.1, reca]cu]at1ng the r1sk using the Poisson method g1ves a value of P £
0.03, for an SMR of 222 based on e1ght deaths, a statistically significant resultl
tﬁat appears not to be due to chance alone. |

7 Only two prostate cancer cases were observed in each village. Thus, SMRs
wérg produced that do not differ significantly from those expected, although =
tﬁgy were based on small numbers. With respect to lung cancer, no significant
risks are evident, although the risk of lung cancer in females appears slightly
elevated in both Shipham (observed = 4, SMR = 199) and Hutton (observed = 3,
SMR = 181), based on small numbers. \ | '

The authors noted that overall mortality for these two rural communities

is Tow gompared to that of England and Wales, parfial]y because of urban-rural
confounding. They maintain that some evidence exists that cadmium influenced
the "pattern of disease" in Shipham, specifica]]y as regards kidney disease;
On the other hand, the authors c1a1m that the resu]ts do not support an
assoc1at1on of cadmium and cancer or respiratory d1sease in cadm1um -exposed
persons. However, with respect to cause-spec1f1¢ cancer mortality, their data

lack sensitivity because of diminishing power due to small numbers.
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Another problem with this study, in addition to its low sensiti?ity
is the lack of information concerning each person's actual exposure ﬁo cadmium.
Although length of residence prior to ﬁ939 could not be ascértained for
individuals in the Shipham cohort, the authors were able to estab1isﬁ that all
of the people studied in Shipham had 1fyed there for at least 5 years. Further-
more, only 70% could be assigned to exposure categories based on thel1ocations of
their residences in areas of high or ﬂow cadmium content in the soilﬁa Also, as
the authors pointed out, the soil cadmium content, measured in 1974, may not
accurately reflect exposures in 1939,

The greatest difficulty with this study, however, is in the knowledge that
the average dietary consumption of cadhium in Shipham at 0.20 mg periweek
(range 0.04 to 1.08) was really not very different from the national average of
0.14 mg per week (range 0.09 to 0.18); The failure to find a detectable signifi-
cant excess of cancer in Shipham residents may be due to a lack of gufficient
dietary exposure to cadmium in Shipham residents. Furthermore, the presumption
is that the cadmium was introduced through the gastrointestina] tract and not
via the inhalation route, that the lung was not the target organ for cancer,
and that therefore a significant excess of 1ung‘cancer would not befexpected in
this study. Hence, this paper shou]d:be judged inadequate with fespect to the

detection of a risk of lung or prostate cancer.

Andersson et al. (1982)

Anderssen et al. (1982) updated the earlier Kjellstrom et al. (1979) study
by enlarging his cohort to 548 men and 101 women and requiring that cohort
members have had a minimum of one year of cadmium exposure bétween 1940 and

1980 at only one alkaline battery factory in Oskarshamn, Sweden. Exposure

levels were as described in the earlier Kje11stfom study, except that more

recent data indicated that cadmium levels in the air generally fe]]vbe1ow
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20 ug/m3; and that nickel levels were below‘50wug/m3,: Indeed, éXposure to nickel
seems to have been more'prevalent in this factory than exposure to cadmium.
Periods of exposure for members of the cohort ranged from 1:year'to-52vyears,
with a median of .10 years. Twenty-five percent of the cohort were exposed forA
better than 22 vears. Expected deaths were derived from cause-, calendar
year-, and age-specific national rates of the Central Bureau of Statistics from
1951 tov1980. A total of 118 of the ma]es died before‘1981; the analysis was
limited to deaths‘prtor to age 80 because of the unre]iabi]ity of:death:certitf;
cate data after age 79. The authors noted 103 deaths versus 122.6 expected, a
deficit that was more than likely due to the “hea]thy worker" effect,‘and was B
confined ma1n1y to cardinvascular d1sease (46 observed, 57.3 expected) If the
analysis is 11m1ted to workers with a m1n1mum exposure of 15 years, agadn a
def1c1tvoccurs (50 observed 58.4 expected) However, a s1gn1f1cant increase
in morta11ty due to nephritis and nephros1s was noted (3 observed 0.41 expected
P < 0.05). A nons1gn1f1cant increase 1n the risk of prostate cancer was. ev1dent
(3 observed, 2. 5 expected). ' |

The authors conc1uded that a causa] re]at1onsh1p probab]y ex1sts between
eari1er “heavy cadm1um exposure and the risk of renal d1sease, as we11 ‘as a poss1b1e'
causal relationship with obstructive lung disease. The authors felt that one
case of nasopharyngea1 cancer was‘possibd1y due to exposure to nicke1 hydroxide,
~which 1is be11eved to cause nasa1 sinus cancer in man. o | |

With regard to prostate cancer, the authors felt that the1r data suggested
an’1ncreased r1sk-—a finding that agrees with the ear11er study by KJe]1strom
et at. (1979). Because of this study‘s 1ack of sensittvity, however,-nothing
can be,conc1uded from it with respect to Tung cancer r%sksf Furthermoré, |
latency was not evaluated in‘these workers. Usefu1 data m1ght have resu]ted 1f

the Tung cancer risk could have been eva1uated w1thout the requ1rement of a

97




lengthy exposure. Former employees who worked less than 15 years, and who died
from lung cancer many years later, éouid not be counted in tabulations in which
15 years of exposure were required for‘inc1usion. The presence of nickel also
precludes any definitive statement about the risk of cancer in these workers.

For the above reasons, this paper must‘be judged inadequate for use in evaluating

i

the risks of prostate cancer or lung cancer due to cadmium. ‘ i

Kjellstrom (1982)

Kjellstrom (1982), in an updatedkhistoric prospective study of a cadmium
nickel-battery factory, reported on mortality patterns in a cohort of 619 male
employees (including 269 from an earlier stugy). During the study period from
1951 to 1980, 103 workers died, as compared to 126.4 expected on the basis of
Swedish mortality statistics. The highest SMR was for urogenital disease, with 4
deaths versus 2.5 expected. This SMR is considered to be nonsignificant. Only
4 prostate cancer deaths occurred, versus 3.1 expected. The workerslin this
study cohort had a minimum of one year's exposure to cadmium. The author noted
that, based on preliminary data, prostate cancer mortality was "more increased
than the mortality due to other causes." This increase was not statistically
significant, however. |

The average historic exposure 1eyéls within this p1ént are depicted in
Figure 1. From 1946 to 1976, there appears to have been a 1,000-fold drop in -
average exposure levels. A detailed ana1ysis of past and present cadmium
exposures in this factory has been published (Adamsson 1979). The author
reports that nickel exposure levels have been at least the same as that of
cadmium, and often as much as 10 times higher. '

This study presents a number of problems. The records éf emp1dyees

terminated prior to 1945, a group in which the greatest risk is 1ikely to be

found, are nonexistent. Almost 31% of this group had exposures to cadmium of

98




Figure 1.
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less than 2 years' duration. Almost Sb% of the cohort (301 workers) received
their first exposures to cadmium after 1959, whicg means that a large proportion
of the cohort had not been followed even for 20 years, and thus, not enough

time had elapsed for reljable evaluation of cancer risks. Furtheﬁmore, smoking
information was not available for the é]der workers, a subgroup in which the
greatest cancer risk is likely to be found. This may have been the reason why
no results evaluating the effects of smoking were presented in the study,
although a detailed data base was reported by the author to be in the:develop—
ment stages as an extension of the study for future follow-ups. Additionally,
the author reported that for cancer of the prostate, the rate ratio increased
with increasing latency and increasingfdose. He reported rate ratiosrof 1.27,
1.33, and 1.55, correéponding to tHe exposure categories'of > 0 years, > 1

year, and > 5 years. In the > 1 year exposure duration category, prostate
mortality rate ratios of 1.33, 1.44, and 1.81, corresponding to latency periods
of 1, 10, and 20 years, respectively, were given. However, since no tabular
data were presented, it is not possible to determine how the four observed
prostate cancer deaths were distributea into the subcategories referred to by
the author. The author did note that the numbers were too small for the detectibn
of statistically significant differences.

Kjellstrom repeated the analysis for urogenital diseases. Fpr those with
more than 20 years' exposure and 20 years' latency, 4 observed urogenital
deaths occurred versus 0.93 expected (P < 0.05). This type of disease was
found exclusively in the form of nephrftis of the kidney. Again, it is diffi-
cult to conclude without evaluation that cadmium exposure was impiicated,
although the author himself stated that it is "clear that cadmium expoéure .
increases mortality from kidney diseasés" after high exposure intensity and

long duration of exposure. The author‘noted a tendency in his data for a
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s]ighf]y increased nonsignificant risklof‘prosﬁéte“banterwfrom exposure to
cadmium. ’

In addition to the main study discussed above, Kjellstrom (1982) included -
discussions of three‘Japanese studies (Japan -Public Health Association [JPHA]
1979, a1so reported by Shigematsu et al. 1981; Nogawa et al. 1978'*ahd'Nogawa
et al. 1981) and a descr1pt1on of another eco]og1ca1 study planned by himself
and the Department of Ep1dem1o1ogy at the University of Tokyo, for which only
preliminary findings are available. In this latter study,’age-sténdardized '
death rates in cadmium-polluted areas for persons 35-84 yéarsfof}age werekcompared
with the respective rates in non-cadmium-polluted areas. Preliminary data,
according to Kjellstrom, suggested a nonsignificant tendency toward higher
mortality rates in cadmium-exposed areas as'compared with'contro1‘areas (éh
age-adjusted mortaTity rate of 176‘perv1,000v1n cadmidm-expoéed areas versus
139 in thé contr01 areas). Prostate cancer and kidney disease.mortafity ratesd“
were a1so hi gher in the cadmwm exposed areas, but most of the prostate cancer
morta11ty excess occurred in individuals 85 and over. No significant tests
were done.  This analysis was reported by Kjellstrom as tending to support the
hypothes1s of a cadmium effect but “def1n1te conc]us1ons have to be left until
all the ana]yses are comp1eted.

0f the Japanese studies referred to by Kjellstrom (1982); the first (JPHA
1979, also reported»by’Shigématsu et'ol. 1981) was ao analysis of cadmiUm‘
expoéuré and mortality io the general environment:. According to the aUtHor,‘
people in many areas of Japan endUre‘high cadmium eprsures'of up to several
micrograms per day from consumption offcohtaminatéd:rﬁce. ‘For each of four
prefectures of Japan, ageﬁstandardized'morﬁaTity Fates were calculated in a
cadmium—exposed area and compared to‘those calcuTated in a'hOnoxposéd reference

area of the same prefecture. It was found that cancer-mortality rates were
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generally about the same in the nonpo]iuted areas as in the po11uted‘areas; but
no significance tests were done. The 6n1y diseases for which death rates were.
found to be lower in the non-cadmium-polluted areas were kidney diseases and
diabetes. With respect to prostate cancer mortality, two of the po]Tuted areas
had higher death rates than did the controls, while in two others the reverse
was true. The author noted that the two prefectures with higher death rates of .
prostate cancer were the areas with thé "nighest likely cadmium expoéure to the
population.” The former two prefectures tended to have higher rates of mortality
from kidney disease and hyperplasia of the prostate as well. Because this wasvv
an ecological study, it can only be considered as suggestive of areas for

future research. ”

The second Japanese study (Nogawa et al. 1978) found that in 2,689 men and
women over age 50, the village-specific prevalence of low molecular weight pro-
teinuria (LMWP) increased with an increase in the village-specific average
qadmium concentration in rice. LMWP was measured by urinary retinol binding
protein. It is very likely that thiSjECO]OQica] study included persons who
had never been exposed to cadmium in rice, as well as persons with prfor-existing
conditions, possibly introduced long before they were exposed to relatively
high concentrations of cadmium in rice. The positive association nofed by the
author should not be construed to signify a causal association. |

In the third study, Nogawa et al. (1981)'conducted a mbrtality study of the
81 men and 124 women identified in the earlier study as having LMWP. They,
a]ongswith'the remaining men and women not found to have LMWP, were followed
from 1974 to 1979. The authors found a nonsignificant (P < 0.05) twﬁfo]d
excess risk of death for men with LMWP and a nonsignificant 1.2-fold excess
risk of death for women with LMWP. Mortality rates were baséd on 27 deaths of -

males with LMWP and 30 deaths of females with LMWP. A positive association of
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LMWP with hearf disease, qerebrovascu1arvdisease, nephriti§, and_nephrosis was
noted. This association raises the specter of possible confounding effect

of hypertension with LMWP. If hyperteneion is a cause of LMyP, the higher .
morta1ity ef thevindividuaTs.fhat had LMWPvmay‘have been due to. hypertension

and not, as the author suggested, to’éédmium expdsdre.v The corre1at1on with

LMWP may thus be spurious, and hence, conc]us1ons drawn from thlS study regarding
an association of higher mortality with cadmium exposure must be characterized

as certainly no more than suggestive.

Armstrong and Kazantzis (1983, 1982)

Armstrong and Kazantz1s (1983) recent1y comp]eted a cohort morta11ty study
of 6 995 male cadm1um workers born before 1940, who had had at least one year of
emp]oyment during 1942- 1970 in one of five Br1t1sh industries (primary production
64%, copper-cadmium alloy 8%; silver-cadmium alloy 14%; pigments and oxides 8%;
and etab1]1zers 6%). The authors c]ass1f1ed‘the1r cohort (der1ved:from 17
major p1ants) into the following three categbries‘of exposure: 1) "always low" ~
(80%; 5,623 workers); 2) "ever medium"‘(i?%; 1,173 workers);.and 3) "ever high"A
(3%; 199 workers). Expected deaths were derived from SMRs based on mbrta]ity‘
rates for the population of England and Wales. 1In addition, the authors referred
to "approximately account1ng" for reg1ona1 variations in morta11ty by the use
of cause-specific SMRs for standard regions pub11shed by the British 0ff1ce of
Popu1at1on Censuses and Surveyskdur1ng the period 1969-1973. ‘This procedure is
hdt completely described. The authors stated that in one instance they used
the urhah aggregate of a primarily rural region to derive SMRs for a plant that
was situated in an urban portion of the region. The authors deve]oped two-sided-
'conf1dence intervals for s1gn1f1cance testing through the use of the "exact"
Poisson distribution method for some comparisons and the "norma1“'distribution_
for others.

103




Jobs were classified in the categories of high, medium, or Tow eﬁposure
to cadmium on the basis of discussions with hygienists and others with
knowledge of past working procedures, paking into account biological or
environmental monitoring results available.

Approximately 96% of this cohort Was classified with a known vital status,
whereas 4% either emigrated or were not traced. The authors excluded 38 deaths
occurring to individuals 85 years of age or over. Presumably the authors
ceased counting person-years for those live individuals who reached age 85 and
over as well in order to retain comparébi]ity. The SMR for all causes of death
was 97 (based on 1,902 deaths). The SMR for the first 10 years of followup was
79 (based on 205 observed deaths) and for later years 99 (based on 1,697 deaths),
a phenomenon due most 1ikely to the healthy worker effect. The authoks found a
significant excess of mortality due to bronchitis in the "ever high" exposure
group, which appears to be dosefre1ated (12 observed vs. 2.8 expected; P.<
0.01) without regérdzfortlatency. Thié risk diminishes to a nonsignificant SMR
of 138 in the "ever medium" group and fina]]y to an SMR of 121 in the "always
Tow" group, without regard for latent f&ctors. Prostate cancer remained non-
significant in all three exposure categories, withouf regard for latent factors.
Because of the small numbers invo1veq, however, the study could not detect a
prostate cancer risk in the “evér h}gh; efposure category. Although the authors
stated that this cohort had been analyzed according to years since time of
initial exposure, only the dvera]] SMR was presented for those with 10 years or
more of follow-up in the puslisbed version. No detailed tabular data were
provided with respect to lung cancer or prostate cancer by time since onset of
initial employment in the published results.

The authors agreed that the number of persons in the "ever high" exposure

group (N = 199) was too small to prec]Qde the possibility of the existence of a
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risk of prostate cancer from exposure to:cadm1um in this group° They further
noted that no cases of prostate .cancer turned up in the‘"ever med1um" group,
whereas 2.5 were expected. Prostate cancer was near to expected 1evels in the
"a]waysl1ow" exposure group (23 observed 20‘4 expected) 1nto wh1ch the 1arge
majority of the cohort fell, However, the authors prov1de no breakdown of |
site- spec1f1c cancer by time (10 15, or 20 years) s1nce onset of 1n1t1a1 |
‘employment accord1ng to thelr three categor1es of exposure. of 1nterest is
‘whether suff1c1ent power remains in the study to detect a S1gn1f1cant excess‘
risk of prostate cancer in the 1atter two categorwes of exposure, part1cu1ar1y
,the "ever medium" group, 10, 15 or 20 years after the onset of exposure.
Furthermore the poss1b111ty ex1sts that when workers of 17 d1fferent p1ants
are thrown together to form a massive cohort for study, some of these workers may
have had 11tt1e or no exposure to cadm1um. If this occurred in the study under
d1scuss1on, the 11ke11hood of detect1ng a r1sk is reduced by the 1nc1us1on of
,person-years for 1nd1v1dua1s who essent1a11y were not exposed to cadm1um. Th1s
is espec1a11y true if there 1s a dose response re]at1onsh1p operat1ng in the
cohort. Unless reliable cr1ter1a are estab11shed to quant1fy 1nd1v1dua1 exposures
to cadm1um dust and compounds of cadm1um, in add1t1on to other confound1ng
substances that may be present, 1t cannot be presumed that every member of th1s
cohort was exposed to cadm1um in h1gh enough quant1t1es to produce a detectab]e :
hea1th‘r1sk. Furthermore, a]though some recent mon1tor1ng data may ex1st w1th
which to quantify exposures, it is quest1onab1e that suff1c1ent 1ndustr1a1
exposure measurement data exist from the 19405 or 19505 and ear11er to prov1de
more than a guess at the levels of exposure to cadm1um and other meta1s that
'ex1sted when these persons were f1rst emp]oyed It may be that the h1stor1ca1
prospective study des1gn is not a sens1t1ve enough ana]yt1ca1 too] to be used:

BRI

in assess1ng cancer risks in a cohort of workers who, in general were exposed
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to only "low" levels of cadmiuﬁ. On tﬁe basis of the above factors, this study
is seen to provide no evidence that cadmium is a powerful prostate cancer
carcinogen. |

On the other hand, although the risk of lung cancer overall was not
significant (observed = 199, SMR = 107) without regard to intensity of exposure,
the subgroup of workers who were employed for 10 or more years in 10W-exposure
jobs exhibited a statistically signifiéant excess risk qfllung cancer (SMR =
126, observed = 100, P < 0.05). The authors, in an earlier draft'of this paper
(Armstrong and Kazantzis 1982), presented data concerning the lung cancer risk
in workers having a minimum of 10 yearé‘ employment in the categories of "ever
high" and “"ever medium" exposure to cadmium. With respect to the "ever high"
exposure category, no evidence exists of an elevated risk of Tung cancer (SMR =
87, observed = 2) after 10 years' employment; however, little power remains with
which to detect an elevated risk in that group. On the other hand, é suggestion
of an elevated risk is apparent in the;"ever medium" exposure group (SMR = 142,
observed = 16) with 10 or more years of employment in the industry. ‘It would
have been valuable, however, to include a discussion of the lung canéer risk by
longer time intervals since onset of exposure (i.e., 15 or 20 years). Power
considerations probably would render sﬁch’ca1cu1ations of lung cancer risk in
the "high" exposure subcohort and the fﬁedium" exposure subcohort quéstionab]e.‘

The increased risk of lung cancer in the "always Tow" exposure category
cannot be ascribed necessarily to cadmium exposure. It is genera]]y accepted
that manual workers smoke more than the general population; thus, it is not
inconceivable that some of this increaﬁed risk is due to smoking. The authors
state further that the absence of a gradient of risk with intensity of exposure
makes it unlikely that the excess is due to cadmium. A fu11 tabu1atﬁon of SMRs

in the three exposure intensity categories by time since onset of exposure
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(10, 15, and 20 years) and similar durat1on of emp]oyment 1ntervals m1ght
prov1de better dose-response 1nformat1on.

The exceptionally high risk of bronch1t1s in the "ever h1gh" exposure
group cannot be attr1buted to a cigarette smoking 11nk because of the lack of a
social-class gradient in the three exposure intensity categories. Although 1t
is possible that other industrial po]]utants may have contributed to th1s
excess in the "ever high" exposure group, the authors point out that the siee
of the excess is much too great to be solely attributable to such confounding

effects. Hence, they conclude that cadmium may have contributed to the excess

- of bronchitis.

Overall, this study did not sufficiently address the impact of latency
and duration of exposure on the risk of prostate cancer, lung cancer, and
hypertensive disease, i.e., because it considered only a single cut-off point
(10 years). Perhaps additiooal tabulations that the authors state are in their
possession can provide answers to the questions raised. While this study
provides no evidence of a risk of prostate cancer, the possibility remains that
at the exposure intensities indicated following a lapse of 10, 15, or 20 years
from initial exposure; the historic prospective method may no longer be sensitive
enough to detect a prostate cancer risk, if in fact one exists. A significant
excess risk of lung cancer appears evident in workers with 10 years of "low"
exposure‘to cadmium; however, this excess risk is not necessarily due‘to exposure
to caomfum. Comparable date in the “"ever medium" exposure group indicates a
nonsignificant risk of lung cancer, but latency is not evaluated in sufficient
de£a11.. The data from the "ever high" group‘1ack sufficient sens1t1vity to be
Judged adequate for the detection of a risk of lung cancer. It would be of
interest to see if the additioo of the 38 causes of death of persons over age:

85 would alter the calculated risks. It might also be of some value to repeat
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the analysis on a plant-by-plant basis to determine which plants exhibit the
highest risks by cause, and then‘develop exposure indices for those plants.
Nothing can be said on the basis of this study concerning the risk of
hypertensive disease, except that it%bears watching. However, theérisk of
bronchitis, which the authors conclude is prdbab]y due to exposure to cadmium
dust, appears to be very significant. The dose-response relationship noted by

the authors for bronchitis cannot entirely be attributed to confounding effects.

Sorahan and Waterhouse (1983)

Sorahan and Waterhouse (1983), in a recently published update‘of the
earlier study by Sorahan (1981), employed a technique referred to as the "method
of regression models in 1ife tables (RMLT)" by Cox (1972) and Kneane’et al., (1981)
to test the null hypothesis that occupational exposure to cadmium is not associated
with excess mortality. Only one set of mortality data was derivedtby means of
calculating SMRs. Without qualification, only the risk of respiratory cancer
was found to be statistically significant (observed = 89, expected = 70.2, P <
0.05). The risk of prostate cancer wés elevated slightly buf not ﬁignificant]y
(observed = 8, expected = 6.6) in this phase of the study. These data, however,
may not include one to four of the earlier prostate cancer cases found by Kipling
and Waterhouse (1967), for the reasons stated below.

In the second part of their study, utilizing the RMLT, the aufhors prebared
analyses with and without the four criginal cases included. The authors believed
that only new cases of prostate cancer should be used to determine an RMLT-
derived asymptotically normally disthibuted test-statistic measuringvthe signifi-
cance of cancer of the prostate in their cohort. The potential confounders of
sex, hiring date, age at hire, length of emp]oyment, and employment status were

regressed against the test-statistic in order to eliminate the influence of
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these factors. Employment status was defined to be cumulative duration of
employment in a "high" exposure job versus cumu]ative'duration of employment in
a "high or moderate" exposure job. Job categories were classified by exposure

to‘cadmium as "high exposure," moderaﬁe (or slight)rexposure,"tand "minimal
éxbogufe." Only 8 jobs were considered to involve "high" exposure, while 14
Were considered to invo]ye "moderate (or slight)" exposure, and 53 were coﬁsidered
to involve "minimal exposure." With the fouf original cases*inc1uded,'the test-
statistic (3.10, P < 0.05) remained statistically sfgnificant invthé "highly"
exposed group but remained nonsignificant (-0.32) when the original four cases
were excluded. Even when reductionlih exposure levels over cé]endar year periods
was programmed into the ana1ysis‘(a§sumed exposure 1eve]§ ffom 1968 té 1972
were 40% of levels existing prior to 1967, and 10% post71972) the test-statistic
increased to 3.52 (P < 0.01) with the origjna]lfour prostate cancers fnc]uded.,
The authors, however, chose‘to note instead that "the effect of excluding the
four previously reported cases of prqstatic cancer is to reduce the statistjca11y
significant positive statistic to a small nonsignificant negative statistic."
They concluded that "no new evidence has been produced which suggegts an
association between occupational exposure to cadmium and cancer of the prostate."
Actually this conclusion may be unwarranted. 'One muét wonder about the propfiety‘
of excluding persons who carry the disease in question from the study cohort
lif,tﬁey fit the definition for inclusion. If these persons are to be excluded,
such exclusion should be accomplished by redefining the study cohort so that
seiéctfon biases do not creep into the results.‘ This couid perhaps be accom-
plished by defining a later time of initial employment.

The test-statistic generated for respiratorylcancer in the "high-exposure"

category in men is nonsignificant at 1.28, but for "high to moderately exposed"

individuals, it is significant at 2.51 (P < 0.05). The authors suggested that
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exposures to the welding fumes of oxyacetylene found in jobs of "moderately
exposed” workers might have accountéd,for this excess, which was chiefly confined
to workers who began employment priqr to 1940 (3.09, P < 0.05), to those who
worked a minimum of 6 months (2.49,LP < 0.05) and to those observed for 30
years or longer (3.18, P < 0.05). Minimally exposed WOrkers who were also
followed for 30 years or longer exhibited a significant test-stati$t1c (2.36, P .
< 0.05). 1In no instance, did age, sex, year of starting emp]oyment, or years
of follow-up prodhce a significant test-statistic for lung cancer in the group
with the highest potential exposure to cadm1um.

The authors pointed out the possibility that since job app11cants with
histories of lung and kidney disease were traditionally excluded from "high-
exposure" jobs, this would tend to work against the demonstration of a potential
hazard for related diseases in this category. They also indicﬁted:that since
only 12% of their 599 deaths were in workers with more than 5 year$' high-
exposure employment, but 24% were in workers with moderate- or high-exposure
employment of more than 5 years, this might explain why a significant statistic
was not found for lung cancer in the "high" exposure group if, in fact,
;occupationa1 exposure to cadmium oxide is a risk factor. Presumably, this
differential mortality may inqjcate:a‘1ack of sensitivity in the "highly"
exposed group due to small numbers. If such a risk dose not exist in truth,
the explanation for the seemingly 1hverse dose-response effect may be due to
exposure to oxyacetylene welding fumes, exposure to nickel hydroxiﬂe dust, or
to chance alone.

The authors felt also that although information on their cohort's smoking »
habits was not available, if smoking were the reason for an excess of respiratory
cancer, then similar associations shou]d be expected for diseases of the Eircu]a-

tory system, and such associations were not found. The authors stated that the
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analysis could not differentiate between exposure to cadmium oxide dust:and
exposure to nickel hydroxide because a1most every job with high cadmium exposure
also had high nickel exposure. | |

‘ in conclusion, Sorahan and Waterhouse (1983) found an .increased rfsk
of prostate cancer that was ent1re1y dependent on the or1g1na1 four cases of
K1p11ng and Waterhouse (1967) but found no assoc1at1on with prostate cancer for
cases subsequent to these. They a1soyfound an increased risk of respiratdry
cancer among workers moderate1y or highly exposed to cadmium oxide dust and
1n1t1a11y employed before 1940--a finding which was confounded by exposures to

oxyacety]ene welding fumes and to nickel hydroxide dust.

‘Varner (1983, unpublished)

- ASARCO Inc., the owners of the cadmium smelter that had been studied by
Lemen et al. (1976), updated that study with one of their own (Varner 1983,
unpublfshed) in which all employees were included who had had at least six
months ' employment at the smelter between January 1, 1940 and December 31, 1969.
The size of the cohort was enlarged to 644. ' This very pre}iminary report was
accompanied by a letter to David Bayliss of the CAG from Lowell White of ASARCO,
January 11, 1984, in which White indicated that the follow-up for this'study
wou]d extend to the end of 1981, According to the letter, the National Institute
for Occupational Safety and Health' (NIOSH) staff scientists, in a cooperative
aﬁrangehent. agreed to provide follow-up services on all members of this cohort,
and to provide copies of death certificates to ASARCO in exchange for available
work history and hiological monitoring data. |

As in the Lemen et al. (1976) study, Varner (1983) used a methodological
technique called the Standardized Case Ratio (SCR), which is analogous to the
calculation of SMRs, with the exception that expected deaths for particular
causes of death are derived by dividing age- and cause-specific attributable
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deaths by total deaths in the age and year category corresponding to each
particular decendent's age and year of death. The resulting proportions are
summed to arrive at the number of expected deaths;' These methods are still
under peer review, according to Nhité (Tetter to David Bayliss, CAG, January 11,
1984) and cannot yet be considered reliable.

The preliminary findings of Varner (1983) differed from the Lémen et at.
(1976) study in that the risk of proétate cancer was found to be nd longer
statistically significant, although it was still elevated (observed = 5, SCR =
169)*, while the risk of lung cancer remained statistically significant (observed
= 23, SCR = 163). The author attributed the excess risk of lung cancer to
several factors: increased cumulative exposuré to cadmium, years of exposure,
age at death, latent period, and/or cigarette smoking. |

The author maintains that a "substantially higher than normal preva]ence
of heavy cigarette smoking" in a subcohort of the main study cohort may have
contributed to "part or all" of the increased lung cancer incidence. Other
findings include a significant risk of urinary tract cancer (observed = 6, SCR
= 252, P = < 0.05); specific b1adderlcancers (observed = 5, SCR = 374, P < 0.01);
total cancer (observed = 53, SCR = 126, P < 0.05); nonmalignant respiratory
disease (observed = 7, SCR = 153, P < 0.05); ulcer of the stomach and duodenum
(observed = 7, SCR = 452, P < 0.01); and accidents (observed = 19,1$CR = 150;

P ¢ 150, P < 0.05). However, the findings also reflect a significant deficit
of deaths due to heart disease (observed = 68, SCR = 77, P < 0.01)land stroke
(observed = 6, SCR = 40, P < 0.05). -

*SCR (Standardized Case Ratio) is analogous to the Standard Mortality Ratio,
differing in that expected deaths for a specific cause were derived by dividing
age- and cause-specific attributable deaths by total deaths in the age and year
of death category of each decedent. The resulting proportions are summed to
ohtain expected deaths. These methods are under peer review, according to
White (January 11, 1984).
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' Cé]gu1ated cumulative exposufé to cadmium (mg-years/m3);was determined for
every hember of the cohort on fhe basis of personal monitoring measurements made
“during the period 1973-1976. The‘authﬁr*pointed ouf-that‘thisvvariable;assumes
~that exﬁosures over several decades were about the same. The author-fe]t‘that
such a procedure tends to underestimate exbosures of ményvyéarS‘ago when-cadmiuﬁf
1eye1svwere probably higher, while at the same time tending to overestimate
“eXposufés of ‘recent years.

Varner (1983) found that é dbseQresponse relationship existed with respect

to lung cancer, and to a lesser degree, total malignant neoplasms, as follows:

Exposure Lung cancer | ' Malignant neoplasms
(mg-years /m3) Observed SCR. Observed SCR
0-4 . 7 96 23 108
. b-15 ‘ 6 159 14 123
16+ 10

/332 (P <0.01) - 16 168

Lung cancer was also found to be related to smoking in the following manner:

Pack -years Observed - SCR
Unknown | 10 115
Nonsmokers . ' 0 oL e
1-19 ‘ 2 183

19 o 313 (P < 0.01)

No such effects werp seen for bladder cancer.

With respect to ‘Tung cancer, the author reports that 77.5% of the cadmium
“workers had been smokers, and that 53.2% had¥smoked;the;equ1va1ent of one pack a
day fér 20 years. In a 1970 Household Interview. Survey by the National Center
for Health Statistics,. it was reported that 69,.2% of b]ue collar ‘workers had
smoked a pack or more. of ciqarettes a day at some t1me in the1r lives. ~Thus,

some nvidvnce exists for a confounding ef fect due to cigarette smoking, since
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the proportion of smokers in the Varner (1983) cohort was somewhat greater than
that shown by survey data.

In the letter attached to this preliminary paper, Dr. White cautioned
that several problems had to be solved concerning the validity of'thé study's
findings, not the least of which involved the credibility derivation of SCRs.
The MIOSH update of the Lemen et al. (1976) study, which is reviewed later in
this section, also contains 60 fewer individuals, who were allegedly excluded
by NIOSH for "various reasons" upon wHich Varner does not elaborate. Varner
included all individuals "regardless qf‘exposure."

Another problem with the study is that the death certificates were received
only 2 weeks priof to the presentation of the paper at tHe 4th International
Cadmium Conference, thus necessitating the use of cause-of-death codes that
appeared on the death certificates as they were.received. Both the NIOSH
cause-of-death codes and the state's cause-of-death codes are described as
differing. White referred to the presence of what he termed "nosology bias" in
the ascertainment of underlying causes of death. He states that somz 93 death
certificates were coded by a different nosologist than the one who performed
the coding for the preliminary report, leading to 21 distinctly different cause
of death codes. The authors are seeking a neutral "unbiased" method for coding
death certificates prior to the issuance of a final report on the study.
Furthermore, White believes that the possible presence of confouﬁding variables
as an explanation for elevated risks, especially of lung cancer, has not been
properly or completely addressed in this preliminary report. White feportedv
that Michael Thun and his coworkers aﬁ‘NIOSH (Thun et al. 1984) have attempted
to account for the contribution of arsenic exposure and cigarette smbking in
their study, which is reviewed below. Additionally, White reported that the

follow-up through 1981 was incomplete, although the percentage remaining with
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an unknown vital status was not given. He reported thet ASARCO,‘Iuc. recently
contracted uith the Social Security Administration tp preyide yitel stetus>
information, and that it is hoped‘that the "final procurement” of death
certificates for the study can begin‘soon (presumabjy after the Qate of his
1ettep'of January 11, 1984}. The cohort has'been expanded, and a.number of new]y
found personnel records have been included for evaluat1on in the f1na1 report.
Because of the very pre11m1nany nature of the Varner (1983) study in its
present form, the resu]ts will not be prejudged here. Although the author
found a dose- re]ated s1gn1f1cant excess risk of 1ung cancer, as he exp1a1ns,
this may be due in part to the confounding effects pf smok1ng and/or arsenic
exposuhe, Additionally, although the rist“of prostate cancer is elevated,}tt
is no Tonger statistically significant. Whether the final version Of the study
w111 susta1n such a f1nd1ng is not present]y c1ear, in view of the many problems
thet,must be solved. It does not appear at th1s time that the f1na] version of
thevstudy will be forthcoming in the very near future.“. |
Hence, the Varner study cannot, et present, be used either to substanttate
an excess risk of 1ung cancer due to cadmium exposure or to refute the eapTier

findings of significant prostate cancer in the Lemen et al. study.

Thun et al. (1984, unpublished)

In a separate enlargement and update of the Lemen et al. (1976) study,
Thuﬁ'er al. (1984, unpublished) broadened the cohort to include white males who
worked a minimum of 6 months in production work during the per1od 1940~ 1969
The resulting 612 members were followed an additional 5 years to the end of 1978,
The difference between the size ofithe Varner (1983) cohort of 644-612 = 32 and
the Thun et al. (1984) cohort is not completely explained, but may consist of
non-production employees such as guapds, office workers, and oftice area janitors.
Cause-specific mortality rates for seven causes of death were compared between
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the cohort and U.S. white males. Death certificates Weré coded by a qualified
nosologist according to the protocol of the veréion of.fhe InternatianaTﬂC1assifi-
cation of Diseases (ICD) in effect at the time of death. Expected deaths were
calculated using the 1ife-table system developed by NIOSH. The risk of lung
cancer (observed = 20, SMR = 265, P < 0.05) was significént]y in excess in
workers employed for 2 or more years before and after the cessatipn df arsenic
smelting in 1925. Prostate cancer was no longer excessive in ﬁheée workers.

From Table 16, it can be seen that air exposure measurements chronologically
decreased with the introduction of a mandatory respiratory program introduced
in the 1940s. The estimates in Table 16 are based on area monitoring data,
adjusted to reflect actual exposures during the wearing of respirators. The source
of the data--the plant's personnel records--provided enough detail so that broad
job categories could be assigned to each period of a worker's emp]oyﬁent.

The plant studied has produced cadmium metals and cadmium compodnds from
1925 to the present. It had been an arsenic smelter from 1918 to 1925, and a
lead smelter from 1886 to 1918. Urine‘cadmium data, which were available for
261 members of the cohort employed beyond 1960, suggested a highly exposed
population. Since arsenic is a known lung carcinogen, the authors separated
arsenic-exposed workers from the rest Sf the cohort by dividing their cohort
into two subgroups, those employed on or before January 1, 1926, and those
employed after that date. In the first group, 4 lung caﬁcer deaths were observed
versus 0.56 expected, while in those employed 2 years or longer after January
1, 1926, 16 observed lung cancer deaths were ohserved versus 6.99 expected, P
< 0.05. Directly standardized rate ratios (SRRs) for these data exhibit a
constant twofold increase in lung cancéer mortality with longer dufation of
employment (Table 17). The authdrs stéte that a similar pattern results when

the indirectly standardized mortality ratios are stratified for Tatency.
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TABLE 17. LUNG CANCER (ICD 162-163) MORTALITY BY DURATION OF EMPLOYMENT,
WHITE MALES HIRED ON OR AFTER 1/1/26
(Thun et al. 1984)

No. of Mortality : ‘

Duration of employment deaths rated SRRb
6-23 months 0 0 -

2-9 years 9 15.73 2.2

10-19 years 3 14.28 2.0

20+ years 4 16.28 B 2.2;
U.S. white males - 7.27 1

aRate x 10,000 person-years was directly standardized for age and calendar time
to the person-years distribution of the overall cadmium cohort.

bStandardized rate ratio (SRR) is the directly standardized mortality rate of
subgroup/summary rate for U.S. white males.

‘With respect to arsenic exposure, even after 1925, the author states that
a small and unspecified number of workers processed arsenic intermittently in
one area of the plant. This lasted into the 1930s. A second continuing source
of arsenic exposure came in the sampling, mixing, roasting, and calcine furnace
areas. Six industrial hygiene measurements in 1950 showed arsenic concentrations
ranging from 300 to 700 ug/m3 in the Qicinity of the roasting and calcine
furnaces, the highest measurement anywhere in the plant. The authoﬁs report
that later measurements by the compény and the U.S. Occupational Safety and
Health Administration (OSHA), in 1979, indicate a decrease in arsenic concentra-
tion to 100 ug/m3 in this area. However, the author points out thaﬁ a1though
air levels of arsenic in this specified area were 10 times the OSHA ‘threshold
of 10 ug/m3, the personal exposures of individuals in tﬁis‘area were lower

because of respirator usage--a practice that had been in effect since 1940. 1In
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fact, on the basis of a "most-likely-case" scenario, the authors estimate that
the average arsenic exposure of persons in this study would have been 25 ug/m3
undet the following conditions:

(1) the average airborne arsenic exposure was 500 ug/m3 in the
high-arsenic work areas;

(2) there was a respiratory protection factor of 75%; and

(3) 20% of the person-years of exposure were spent in such areas
(baseq on personnel and biological monitoring data).

Hence,.éccording to the authors, if the 586 workers hired after 1926 were
employed an average of 3 years, they would have acquired 1,758 person-years of
exposure to 25 ug/m3 of arsenic. Based on an OSHA risk assessment model for
arsenit,(OSHA 1983), such an exposure should have resulted in no more than
0.78 Tung cancers. The authors feel that the 25 ug/m3 figure overestimates
aétua1 exposures bgcause only a fraction of jobs in the "high-arsenic" areas
involved exposures as high as those in the furnace areas. High-exposure jobs
in the boaster area were frequently staffed by entry-level workers with less
thanv6 months' employment, who would for thaf reason never qualify for inc]usfon
in the study, although the authors included them in their estimatevthat 20% of
the person-years of exposure were in "high?arsenic" jobs. Furthermore, the
éqthors point out that urinary arsenic Ievels from 1960 to 1980 averaged 46
ug/L, which is consistent with an inhaled arsenic concentration of 14 UQ/m3.
If one assumes an average inhaled concentration of 125 ug/m3 (25% of 500
ug/m3) 6ver 3 years, a ninefold overestimate of exposure results, which more
than offsets the unquantified high exposures during the early years. Based on
thevaboye analysis, the authors concluded that arsenic alone could not explain
the observed excess of lung cancer deaths in this cohort.

| Wifh respect to cigarette smoking, information concerning the smoking

habits of 70% of the cohort was obtained from survivoers and next-of-kin.
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Some 77.5% for whom information was ayai]ab]e were current or former smokers.
This prevalence of "ever" smokers is close to the 72.9% prevalence noted among
white males over 20 in the 1965 Hea]th Interview Survey referred to previously.
The authors pointed out that even if the percentage of heavy smokers (25;
cigarettes/day) in the cadmium cohort were double that of the 20% white male
1965 population, the rate ratio would increase by only 1.25, according to
the method of Axelson (1978). Hence, the authors conclude that cigarette
smoking is unlikely to account for the twofold increase in lung cancer
deaths observed among workers in this cohort with 2 or more yéahs or employment.

The authoés also note the lack of a clear dose-response relatinnship--a
situation which they suggest c6u1d be an artifact of using length of employment
as a surrogate for dose. They point‘out that, in plants such as the one studied,
one of the privileges of seniority is that long-term workers can bid into more
desirable, less exposed jobs, and that for this reason, the use of Hata on
duration of employment can lead to overestimation of exposure in long~term
workers.

Of concern in this study is the possibility that the combined effect
of increased cigarette smoking and exposure to arsenic might have served to
produce the significant positive risk of lung cancer observed in this cohort.
This possibility is all the more distinct because the risk of lung cancer in the
study was not seen to be overwhe]mind. A subtle combination of factors such as
the ones mentioned above could conceivably have served to produce the excess
risks found, even though such an eventuality is unlikely. Thus, although this
study cannot be said to be conclusive with respect to risks of lung cancer from
exposure to cadmium, it constitutes the most clear-cut evidence yet leading to

this conclusion.
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Summary

0f the many epidemiologic studies of cancer in cadmium-exposed persons
reviewed by the CAG, on]y four (Kipling and Waterhouse 1967, Lemen et al. 1976,
Holden 1980, and Sorahan and Waterhouse 1983) provide evidence of a statistically
significant positive association (P < 0.05) of cadmium with prostate cancer.

Several other studies (Potts 1965; Kjellstrom et al. 1979; McMichae] et al.
1976a, b; Anderssen et al. 1982; Kjelistrom 1982; Varner 1983, unpublished; and
Thun et al. 1984, unpublished) provide the suggestion of an increasqd‘risk of
prostate cancer (although statistically nonsignificant) with expdsure to cadmium.

w1th respect to these studies, however, several comments are in order. |
The studies by Potts (1965), K1p11ng and Waterhouse (1967) Sorahan (1981), and
Sorahan and Waterhouse (1983) cannot be considered independently of one another.
The WOrkefs in the McMichael et al. (1976a, b) studies were subsequently shown not
to have had any exposures to cadmium, and the observed excéss of prostafe cancér
in this study was felt by Monson and Fine (1978) and Goldsmith et al. (1980)
to be due to other, unexplained factors at the companies studied.

Furthermore, the significant excess risk of prostate cancer in the Lemen et
al. (1976) study dropped to a nonsignificant excess risk in both,ofdthe updated
versions of that study (Varner 1983 and Thun et al. 1984). Kje]]strom's “corrected
healthy worker effect" risk ratio of 2.4 is nonsignificant because of the small
numbers -involved, although it approaches borderline éignificance at P < 0.09,
offering the suggestion of a possibie association of prostate cancer with
cadmium exposure. | 7

Two other studies (Humperdinck 1968 and Holden 1969) did not report evidence
of an'association df prostate cancer with cadmium exposure, chiefly because the

comparison population was either inadequate for the assessment of risk (Humperdinck)

or absent entirely (Holden).
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An update by Kjellstrom (1982) of his earlier 1979 study again failed to
demonstrate a significant risk of can¢er of the prostate due to cadmium. One
of the failings of this study was that members of the cohort were not‘observed
long enough to permit the evaluation 6f latent effects. More than ha1f of the
cohort had received no exposure to cadmium prior to 1959, and thus could not
have been followed even for 20 years.:

The study by Armstrong and Kazantzis (1983) of 6,994 workers also failed
to demonstrate an increased risk of pkostate cancer due to cadmium. ' This study
combined cohorts from 15 different plants, each with its own unique expoéure
history, and none of which were necessarily comparable. Exposures to cadmium in
most of these plants may have been be]ow the level at which the study design
could detect a risk. |

Kolonel (1976) found a statistically significant elevated risk of renal
cancer in persons occupationally expo%ed to cadmiuh, and an even greater risk
in occupationally exposed people who smoke, thus raising the possibility of
a synergism. The chance of selection bias and concurrent occupational
exposures to nickel, lead, zinc, and a variety of metals also mfnimﬁzes the
importance of the findings.

With respect to a risk of prpstate cancer from exposure to cadmium and
its compounds, the evidence is weak at best, and is considered by the CAG to
be insufficient to conclude that cadmium is a prostate carcinogen.

On the other hand, recent evidehce from the same studies seems to provide
better evidence of a lung cancer risk from exposure to cadmium. Stfong evidencé
is available from the Thun et al. (1984) study that the significant twofold excess
risk of lung cancer seen in cadmium smelter workers is probably not due to the
presence of arsenic in the plant or to increased smoking by such workers. Thun

et al. analyzed both factors as potential confounders and convincingly dismissed
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bbth in this updated and enlarged version of the earlier Lemen et al. (1976)
study, which also demonstrated a s1gn1f1cant1y elevated risk of lung cancer.‘

Varner (1983) also found a statistically s1gn1f1cant excess of 1ung cancer
in his ypdated enlarged version of the earlier Lemen et al. study. But unlike
Thun et:a1., Varner noted a dosé-response relationship for‘both'lung cahcer and
total malignant neoplasms with increasing cumulative exposure; Varner indicated
that the significant excess is probably due to the smoking factor or to the
presence of arsenic in the plant. However, he had not had a chance to analyze
their impact because his paper was preliminary. _

Sdrahan and Waterhouse (1983), using the SMR method, also noted a clearly
statistically significant risk of lung cancer in their study population. |
In addition; a signjficant]y high test-statistic was noted for excess Tung
cancer utilizing the "regreséion models in life tables (RMLT)" method in the
"high to moderate]j exposed” group but not in the "highest exposure" categony,
although the test-statistic was elevated. Sorahan suggested that the‘excess‘
might be due to exposure to fumes fromvoxyacety1ene welding. No significantly
high test-statistic was found in his "highest exposure" group,»however, possib}y
because of a Tack of sensitivity due to small numbers. _

In.his earlier paper, Sorahan (1981) found the risk of lung cahcer to be
nonsignificantly elevated through SMRs calculated in a retrospective/prospective
cohort study of worker; whé began emp]oyment hefore and after the amalgamation
of two factories into a nickel-cadmium battery plant.

-Armstrong and Kazantzis (1983) also demonstrated a significant risk of
1Ung cancer in workers designated by them as having worked in "low exposure"
jobs for a minimum of 10 yearé. ‘Litt1e sensitivity remained in the "high]y‘
exposed" gfoup with which to detect a risk after a minimum of 10 years'

employment, and such a significant risk was not shown. Furthermore, only a
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suggestion of an excessive risk was gvident in the "ever mediumly" i2xposed
group in workers with a minimum of 10 years' employment. This study, however,
did not deal with latent factors 15 dr 20 years after initial exposure in
combination with length of employment in sufficient detail. Also, 17 different
plant populations were combined to form one cohort study, thus raising the
possibility that very little exposure occurred to most members of the cohort.

Holden (1980) reported a significantly excessive risk of lung cancer in
"vicinity" workers, which he maintained could have been due to the ﬁresence of
other metals, such as arsenic. No excess risk was seen in the groub with the
highest exposure, however. Latent factors were not considered, nor was the
movement of workers from jobs with high exposure to jobs with low éxposure,
possibly because of seniority. ‘

Anderssen et al. (1982), in their update of the Kjellstrom et al. (1979)
study, noted a slight but nonsignificant lung cancer risk in alkaline battery
factory workers; however, this observation was based on only three lung cancer
deaths occurring to this cohort, and the study also suffers from a "small numbers®
problem. 1In the earlier study, Kjellstrom et al. (1979) observed 4 stight but
nonsignificant excess of lung cancer based on two éases in the same small group
of cadmium-nickel battery factory workers. |

Inskip and Beral (1982) noted a slightly increased but nonsignificant risk
of lung cancer among female residents of two small English vi]]ageé who presumably
were exposed to cadmium-contaminated soil via the oral route. However, again
only a small number of lung cancers were observed. ‘

Overall, the weight of human epidemiologic evidence is suggestive of a
significant risk of lung cancer from exposure to cadmium and/or cadmium oxide,

although the human evidence is not compelling with respect to finding cadmium
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to be a strong lung carcinogen. At best, the epidemiologic evidence of the
carcinogenicity. of cadmium must be described as limited, according 1“-0 v'trhe'

criteria of the IARC.
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QUANTITATIVE ESTIMATION

INTRODUCTION

This quantitative section deals with the unit risk for cadmium in air. and
the potency of cadmium relative to other carcinogens that the Carcinogen Assess-
ment Group (CAG) has evaluated. The unit risk estimate for an air pollutant is
defined as the lifetime cancer risk océurring in a hypothetical population in
which all individuals are exposed continuously from birth throughout their Tife-
times to a concentration of 1 ug/m3 of the agent in the air that they breéthe.
These calculations are done to estimate in quantitative terms the impact of the
agent as a carcinogen. Unit risk estimates are used for two purposes: 1) to
compare the carcinogenic potencies of several agents with each other, and 2) to
give a crude indication of the population risk that would be associated with
air or water exposure to these agents, if the actual exposures were khown.

The data used for quantitative estimation are taken from one or'both of
the following: 1) lifetime animal studies, and 2) human studies where excess
cancer risk has been associated with exposure to the agent. In anima] studies
it is assumed, unless evidence exists to the contrary, that if a carcinogenic
response occurs at the dose levels used in the study, then response will also
occur at all lower doses with an incidence determined by the extrapolation model.

There is no solid scientific basis for any mathematical extrapoTation.
model that relates carcinogen exposure to cancer risks at the extremely Tow
concentrations that must be dealt with in evaluating environmental h&zards.

For practical reasons, such low 1eve1s of risk cannot be measured directly either
by animal experiments or by epidemiologic studies. We must, therefore, depend
on our current understanding of the mechanisms of carcinogenesis for guidance

as to which risk model to use. At the present time the dominant view of the
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earcinOgenic process involves the cencept that.host cancer¥caﬁsihg agents also
cause irréversib]e démage to DNA. This pesition is'ref1ectedrby the fact that

a very large proportion of agents thaf'cause cancer are‘also‘ﬁutaéenic. There"
is reason‘to expect that the quantal type of bio]ogicai response; which is
characteristic of mutagenesis, is associated with a‘1inear nonthreshold dose-
response re1ationship. Indeed, there is subsfantié1 eVidehce fremAmutagenicity(
studies with both ionizing radiation and a wide variety of chemicals that this
type of dose-response mode1 is the approbriate‘one to uee. Thfs'fs pérticu]ar]y
true at the lower end of the dose-response curve; at higher doses, there can be
an upward cﬁrvature, probably ref]ecting the effects of multistage processes 6n
the mutagenic respohse. The linear nonthresho1d dose-response re]atibnéhip'is
also consistent with the relatively few epidemie1ogic studies of cancer respenses
to specific agents that contain enough informatipn to meke the evaluation
possib]e (e.g., radiation-indqced leukemia, breast end thyroid cancer, skin‘
canger induced by arsenic in.drinking water, liver cancer induced by aflatbxine
in the diet). Some supporting evidehce aleo exists from animal experiments (e.gey
the initiation stage of the two-etage carcinogenesis model in rat Tiver ahdﬁ
mouse skin). Linearity is aTso supported when the mode of action of the |
carcinogen in question 1svsfmi1er to that of the beckgreQEdlcancer occurfence

in the-exposed population.

';; Because its scientific basis, although Timited, is the best of any of the
cureent mathematical extrapolation models, a linear nonthre§ho1d model has been
adopted as fhe primary basis for estimating‘risk at low 1eve1s of expdéure.

The risk estimates made with this‘mode]vshou1d‘be hegerded as conseantive,
representing the mest plausible upper limit for the risk, i.e., the frue risk

is not Tikely to be higher than the estimate, but it Ceu1dvbe lower.
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For several reasons, the unit risk estimate based on animal bioassays is
only an approximate indication of the absolute risk in populations exposed to
known carcinogen concentrations. First, there are important speéies Hifferences
in uptake, metabolism, and organ distribution of carcinogens, as We11‘as species
differences in target site susceptibility, immunological responses, hormone
function, dietary factors, and diseasef Secohd, the concept of equivalent
doses for humans compared to animals oﬁ a mg/surface area basis is virtually
without experimental verification regarding carcinogenic response. Fﬁna11y,
human populations are variable with respect to genetic constitution and diet,
living environment, activity patterns, and other cultural factors.

The unit risk estimate can give‘a hough indication of the re]ative'potency
of a given agent as compared with other carcinogens. Comparative potency estimates
for different agents are more reliable when the comparisons are based on studies
in the same test species, strain, and éex, and by the same route of exposure,
preferably inhalation. | ‘

The quantitative aspect of carcinogen risk assessment is included Here
because it may be of use in the regulatory decision-making process, e.g., in
setting regulatory priorities, eva]uatﬁng the adequacy of techno]ogyfbased
controls, etc. However, it should be fecognized that the estimation;of cancer
risks to humans at low levels of exposure is uncertain. At best, the linear
extrapolation model used here provides a rough but plausible estihate of the
upper limit of risk. The risk estimates presented in subsequent sections
should not be regarded as accurate representations of the true cancer risks
even when the exposures are accurately defined. However, the estimates presented
may be factored into regulatory decisions to the extent that the concept of

upper risk Timits is found to be usefui.
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The mathematical formu]at1on chosen to descr1be the 11near nonthresho]d
dose-response relationship at low doses is the Tinearized mu1t1stage model.
This model employs enough arbitrary constants to be’ ab]e to f1t a]most any
monotonically increasing dose-response data, and it 1ncorporates a procedure for
estimating the largest possible linear slope (in the 95% conf1dence Timit sense)
at low extrapolated doses that is consistent with the data at all dose 1eve1s
of the experiment. '
' In addition to the nu1tistage nodel currently used bu the CAG for low~dose
extrapo1ationv(a detailed description of the procedure is given tn Appendix B),
three‘more models, the probit, the Weibu11, and the one-hit are employed for
purposes of comparison. These mode]s cover almost the entire spectrum of r1sk
estimates that could be generated from the ex1st1ng mathemat1ca1 extrapo]at1on
mode]s° The models are generally stat1st1ca1 in character and are not der1yed
from bio]ogica] arguments, except for the mu]tistage model, whichAhas been used
to support the somat1c mutation hypothes1s of carc1nogenes1s (Armitage and Do}1
1954, Whittemore 1978 Whittemore and Keller 1978). | |

The main difference among the above models is the rate at which the
response function P(d) approaches zero or P(0) as dose d decreases. For
1nstance; the probit model would usua]ﬁy predict a smaller risk at low doses
than the multistage model because of the difference of the.decreasing rate in
the low-dose region. However, it should be noted that the mu1tistage'mode1
could always be artificially made to have the‘same (or euen greater) rate of
decrease as the probit model, by making some dose transformation and/or by
assuming that some ofhthe parameters in the multistage model are zero. This,
of course, is not reasonab1e without knowing, abpriori, what the carcinogenic

process for the agent is.
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Although the multistage model appears to be the most reasonable or at
least the most general model to use, the point estimates generatéd frpm this
model are of limited value because of uncertainty as to the shape of the
dose-response curve beyond the experimental exposure levels. Furthermore, the
point estimates at low doses extrapolated beyond the experimental dose could be
extremely unstable and could differ drast1ca11y, depend1ng on the s1zp of the »
Towest exper1menta1 dose. Since the upper-bound estimates at 1ow doses from
the multistage mode] are relatively more stable than the po1nt est1mates the
CAG suggests that the upper-bound est1mate of the risk {(or the lower-bound
es%imates of the dose) be used in evaluating the carcinogenic potency of a
suspect carcinogen. The upper-bound estimate can be taken as a plausible
estimate if the true dose-response curve is actually linear at low doses. The
upper-bound estimate means that the ri§ks are not likely to be higher but could
be lower if the compound has a concaveiupward dose-response curve or a threshold
at low doses. Another reason th, at?best, only an upper-bound estimate of the |

risk can be obtained when animal data are used is that the estimated risk is no

more than conditional probability under the assumption that an anima]vcarcinogen
is also a human carcinogen. Therefore, in reality, the actual risk could range

from a value near zero to an upper-bound estimate.

PROCEDURES FOR DETERMINING CARCINOGENIC POTENCY

Description of the Low-Dose Animal Extrapolation Model

Let P(d) represent the lifetime risk (probability) of -cancer at dose d.

The multistage model has the form ‘ N

P(d) =1 - exp [-(qq + qd2 + ... + qd)]
where

@ > 0,1 =0,1,2, cu, k

130




Equivalently, ,
Pt(d) = 1 - eXp ["(qld + q2d2 + o se + qkdk)]

where
((4) = P(d)
is the'extra risk over background rate at dose d or the effect of treatment .

The point estimate of the coefficfents gi» 1 =0, 1, 2, ..., k, and
consequént]y the extra risk function Pt(d) at any given dose d, is calculated
by maximizing the l1ikelihood function of the data.

The point estimate and the 95% upper confidence 1imit of the extra risk
Pt(d) are calculated by using the computer program GLOBAL79, deve]ped‘by Crump
and watéon (1979). At low doses, upper 95% confidence Timits on the extra risk
and Tower 95% confidence 1imits on the dose producing a given risk are determined
from a 95% upper confidence limit, q;, on parameter ql. Whenever q1 S 0, at low
doses the extra risk Py(d) has approximately the form Pt (d) = q; x d. Therefore,
qi x d is a 95% upper confidence limit on the extra risk, and R/qI is a 95%
lower confidence 1imit on the dose producing an extra risk of R. Llet Lo be the
maximum:va1ue of the log-likelihood function. The upper Timit, qI, is calcula=-
ted by fincreasing q1 to a Va]ue of qIAshch that when the 1og-jike1jhood.is
remaximized subject to this fixed value q{ for the Tinear coefficient, the

resulting maximum value of the 1og-11ke11hood L1 satisfies the equation
2 (Lo - L1) = 2.70554

where 2.70554 is the cumulative 90% point of the chi-square distfibution with
one degree of freedom, which corresponds to a 95% upper-limit (one-sided).

This approach of computing the upper confidence limit for the extra risk Py(d)
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is an improvement on the Crump et al. (1977) model. The upper confidence limit
for the extra risk calculated at Tow doses is always linear. This is conceptually
consistent with the linear nonthreshold concept discussed earlier. The slope, q;g
is taken as an upper bound of the potency of the chemical in inducing cancer
at low doses. (In the section calculating the risk estimates, Py(d) will be
abbreviated as P.) In fitting the dose-response model, the numberiof terms in
the polynomial is chosen equal to (h-1), where h is the number of dose groups
in the experiment, including the coﬁtrol group.

Whenever the multistage model does not fit the data sufficiehi]y well,
data at the highest dose is deleted, and the model is refit to'thé rest of the
data. This is continued until an acceptab1e fit to the data is oHtained. To

determine whether or not a fit is acceptable, the chi-square statistic

h 2

2= g Kim NPy

o NiPy (1-Py)
i=1

is calculated where Nj is the number of animals in the ith dose group, X; is
the number of animals in the ith dose group with a tumor respohse; P; is the
probability of a response in the ith dose group estimated by fittfng the multi-
stage model to the data, and h is phe number of remaining grodps. The fit is
determined to be unacceptable whenéver X2 is larger that the cumuTative 99%
point of the chi-square distribution with f degrees of freedom, wﬁere f equals

the number of dose groups minus the number of non-zero multistage coefficients.

Selection of Data--

For some chemicals, a number of studies in different animal species, strains,
and sexes, each run at varying doses and routes of exposure, are available. A
choice must be made as to which of the data sets is appropriate for use with the
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model. It may»a]so be necessary to corréct for metabolism differences between
species and absorption factors via dif%erent routes of administration. The
fotlowing procedures are used by the CAG in evaluating thesé data; they are
consistent with the approach ofrmaking:a maximum-1likely risk estimate.

1. The data on tumor incidence are separated acéording to organ sites or
tumor types. The dose and tumor incidence data set used in the model is the
Set‘in which the incidence is statistically significantly higher than in controls ﬁ
for at least one test dose level, and/or where the tumor incidence rate shows a
statistically significant trend with respect to dose level. The data set that
gives the highest estimate of the 1ife£ime carcinogenic risk, qi, is $e1ected in
most cases. However, efforts are made to exclude data sets that produce
SpurTou§1y high risk estimates because of small numbers of animals. That is,
if two Qets of data show a similar dose-response relationship, and one has a
Veny éma11 sample size, the data set having the larger sample size is selected ?
for caicu1ating the carcinogenic potency.r

2. If there are two or more data.seﬁs of comparable size thaf are identiéé]

with respect to species, strain, sex, and tumor sites, the geometric mean of qI,

estimated from each of these data sets, is used for risk assessment. The

geometric mean of numbers A1, A2, «eo, Ay is defined as

3. If two or more significant tumor sites are observed in the same study, -
and if the data are available, the number of animals with at least one of the

specific tumor sites under consideration is used as incidence data in the model.

Calculation of Human Equivalent Dosages from Animal Data--

Following the suggestion of Mantel and Schneiderman (1975), it is assumed
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that mg/surface area/day is an equivalent dose between species. Since, to a
close approximation, the surface area is proportional to the two-thﬁrds power

of the weight, as would be the case for a perfect sphere, the ekpoéure in mg/day
per two-thirds power of the weight is also considéred to be equivalent exposure.
In an animal experiment this equivalent dose is computed in the following manner:

Let

Le = duration of experiment

1o = duration of exposure

m = average dose per day in mg during administration of the aqent
(i.e., during 1e), and

W = average weight of the experimental animal
Then, the lifetime average exposure is

_ 1e X m
2/3
Lexw/

Inhalation--When exposure is via inhalation, the calculation of dose can
be considered for two cases where 1) the carcinogenic agent is either a completely
water-soluble gas or an aerosol andlis absorbed proportionally to the amount of
air breathed in, and 2) where the carcinogen is a poorly water-soluble gas |
which reaches an equilibrium between the air breathed ahd the body compartments.
After equilibrium is reached, the rate of absorpﬁion of these agents is expected
to be proportional to the metabo]ic‘rate, which in turn is proporﬁiona] to the

rate of oxygen consumption, which in turn is a function of surface area.

Case 1--Agents that are in the form of particulate matter or virtually
completely absorbed gases, such as sulfur dioxide, can reasonably be expected
to be absorbed proportionally to the breathing rate. In this case the exposure |
in mg/day maybe expressed as ‘

=] xvxr
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where‘I = inhalation rate per day in m3, v = mg/m3 of the agent in air, and r
= the absorption fraction. |

The inhalation rates, I, for various species can be calculated from the
observations of the Federation of American Societies for Experimental Biology
(1974) that 25-g mice breathe 34.5 liters/day and 113-g rats breathe 105 liters/ -
day. ‘For mice and rats of other weights, W (in kilograms), the surface area

proportionality can be used to find breathing rates in m3/day as follows:

0.0345 (W/0.025)2/3 m3/day

For mice, I

]

For rats, I = 0.105 (W/0.113)2/3 n3/day

Fér humans, the value of 20 m3/day is adopted as a standard bréathing rate.
The equivalent exposure in mg/w2/3 for these agents can be derived from the air
intake .data in a way analogous to the food intake data. The empirical factors
for the air intake per kg per day; i = I/W, based upon the previously stated :

relationships, are tabulated as follows:

Species W i= 1M
Man 70 0.29
Rats 0.35 0.64
Mice 0.03 1.3

Therefore, for particulates or completely absorbed gases, the equivalent exposure

in mg/W2/3 §s

d= _m_ =Ive = iWvr = jyl/3yp
we/3  w2/3  y2/3

In the absence of experimental information or a sound theoretical argument to

the contrary, the fraction absorbed, r, is assumed to be the same for all species.

Case 2--The dose in mg/day of partia11y soluble vapors is proportional to
the 02 consumption, which in turn is proportional to w2/3 and is aiso proportional
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to the solubility of the gas in body fluids, which can be expressed as an
absorption coefficient, r, for the gas. Therefore, expressing the 0y consumption

as 0p =k w2/3, where k is a constant independent of species, it follows that

|

m:kw2/3
or ‘
d =_M_=kyr
we/3

As with Case 1, in the absence of experimental information or a sound theoretical
argument to the contrary, the absorption fraction, r, is assumed td be the same
for all species. Therefore, for these substances a cerfain concentration in

ppm or ug/m3 in experimental animals is equivalent to the same concentration in
humans. This is supported by the observation thatlthe minimum alveolar concen-
tration necessary to produce a given “"stage" of anesthesia is similar in man

and animals (Dripps et al. 1977). When the animals are exposed via the oral
route and human exposure is via inhalation, or vice versa, the assumption is
made, unless there is pharmacokinetic evidence to the contrary, that absorption

is equal by either exposure route.

Calculation of the Unit Risk from Animal Studies--
The 95% upper-limit risk associated with d mg/kg2/3/day is obtained from
GLOBAL79 and, for most cases of interest to risk assessment, can be adequately
approximated by P(d) =1 - exp(-qfd). A "unit risk" in units X is simply the
risk corresponding to an exposure of X =1. This value is estimated by finding
the numﬁer of mg/kgz/3/day that corﬁesponds to one unit of X and substituting
this value into the above re1ationship. Thus, for example, if X i5 in units
of ug/m3 in the air, we have that for case 1, d = 0.29 x 701/3 x 10-3 mg/kg?/3/
day, and for case 2, d = 1, when ug/m3 is the unit used to compute parameters
in animal experiments.
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If exposures are given in terms of ppm in air, the following caiculation
may be used:

1 ppm = 1.2 x molecular weight (gas) mg/m3
molecular weight (air)

Note that an equivalent method of calculating unit risk would be to use mg/kg
for the animal exposures and then increase the jtM" polynomial coefficient by an

amount

(u, u )73 i=1,2, vue, k
and use mg/kg equivalents for the unit risk values.

Model for Estimation of Unit Risk Based on Human Data

If human epidemiologic studies and sufficiently valid exposure infofmation
are available for the compound, they are always used in some way. If they
show a:carcinogenic effect, the data are analyzed to give an estimate of the
linear dependence pf cancer rates on 1ifetime average dose. - If they show no
carcinogenic effect when positive animal evidence is available, then it is
assumed that a risk does exist, but it is smaller than could have been observed
in the epidemiologic stﬁdy, and an upper limit to the cancer incidence is
caicu]ated assuming hypothetically that the true incidénce is just below the
Tevel of detection in the cohort studied, which is determined 1ar§e]y by the
cohort size. Whenever possible, human déta arerused in preference to animal
bioassay data. |

Very little information exists that can be used to extrapo1ate from high
exposure occupational studies to low environmental levels. However, if a number
of simﬁ]ifying assumptions are made, it is possible to construct a crude dose-
response model whose parameters can_be estimated_using’vi;a1 statistics,

.epidemio]ogic studies, and estimates of worker exposures.
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In human studies, the response is measured in terms of the relative risk
of the exposed cohort of individuals compared to the control group. The
mathematical model employed assumes that for Tow exposures the lifetime
probability of death from lung cancer kor any cancer), Pg, may be represented

by the linear equation
Pg = A + Byx

where A is the 1ifetime probability in the absence of the agent, and x is the
average lifetime exposure to environmental levels in units such as ppm. The
factor By is the increased probability of cancer associated with each unit
increase of x, the agent in air.

If it is assumed that R, the relative risk ofvcancer for exbOsed workers
as compared to the ‘general population, is independent of the length of exposure
or age at exposure and depends only on the average lifetime exposure, it follows

that

or

RPg = A ¥BH (x1 + x2)

where x1 = lifetime average daily exposure to the agent for the general population,

it

x2 = lifetime average daily exposure to the agent in the occupational setting, and

Pg = lifetime probability of dying of cancer with no or negligible exposure.

Substituting Pg = A + By x1 and rearranging gives
By = Pg (R - 1)/x2

To use this model, estimates of R and‘xz must be obtained from the epidemiologic

studies. The value Py is derived by means of the 1ife table methodology from
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the ége- and cause-specific death rates for the genera] populat1on found in the

1978 U. S V1ta1 Statistics tables.

UNIT RISK ESTIMATES FOR CADMIUM

Unit Risk Estimate Based on an Animal Study

The bioassay by Takenaka et al. (1983) using male Wistar rats and cadmium
chloride aerosol was chosen for estimating the quant1tat1ve unit r1sk of cadm1um.:
This was the only positive animal inhalation study with cadmium and/or cadmium
compounds that showed a dose-response trend of pr1mary Tung carcinomas to animals
continuous]y exposed to cadmium chloride aerosols for 18 months. The . primary
1ung carcinomas were histologically d1fferent1ated as adenocarcinomas, ep1dermoid
carc1nomas, combined epidermoid and adenocarcinomas, and mucoep1dermo1d carc1nomas,
but were combined for this unit risk analysis. The incidences of total primary
lung canc1nomas was 15% (6/39), 539 (20/38), and 71% (25/35) for the low (12'5:
ug/m3), medium (25 ug/m3), and high (50 ug/m3): exposure groups, respect1ve]y.

No tumors were found among 38 controls. ’

In arriving at an upper-limit unit risk estimate for humans, dose is
calculated on a lifetime continuous basis with 2 years considered a fu11 lifetime
exposure for rats. Thus, by multiplying by 0.75 the measured concentratlons
of 13.4 ug/m3, 25.7 ug/m3, and 50.8 ug/m3 for the three dose groups, the lifetime
continuous exposure can be estimated as 10.05 ug/m3, 19.3 ug/m3, and 38.1 ug/m3,
respectively. The corrections for animal to human weight differences are.given
below.

In transforming from animal exposure to human equivalence, the method for
treat1ng inhalation of an aeroso] (presented earlier in the section for calcula-
tion of human equivalent dosages from an1ma1 data [Case 11), assumes aerosols

to be absorbed proportionally to the breath1ng rate. The breathing rate for
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113-g rats is 0.105 m3/day. For the Wistar rats used in the Takenaka et al.
bioassay, the average weights at 18 months were 424.6 g (for the 13.4 ug/m3
group), 437.6 g (for the 25.7 ug/m3 group), and 424.3 g (for the 50.8 ug/m3

group). To adjust for these weights the foloowing formula is used:
I = 0.105 (W/0.113)2/3 m3/day | |

where I = the daily inhalation rate of a rat weighing W kilograms. For the
three groups the I values are 0.254 m3/day, 0.259 m3/day, and 0.254 m3/day,
respectively. Combining these with the lifetime continuous exposure pstimates
above, daily exposure is estimated to be 2.55 ug/day, 5.00 ug/day, and 9.68
ug/day, respectively. Equivalently, dose can be estimated on a ug/kg/day basis
as 6.0 ug/kg/day, 11.4 ug/kg/day, and 22.8 ug/kg/day.

Based on the above data for animals, the 95% upper-limit unit ri§k of cancer
resulting from cadmium chloride exposure is q; = 6.3 x 10-2(ug/kg/day')"1 using
the linearized multistage model. When transformed to equivalent human dose, the
CAG method requires multiplying q; by the weight ratio factor (W,/W,)/3, where

Wph = weight of a human, which is assumed to be 70 kg. Thus,
CH (/W) 1/3 = 6.3 x 10~2(70/0.429)1/3 = 3.4 x 10"Y(ug/kg/day) ™1

Thus, using the linearized multistage model, the 95% upper-]imiﬁ unit risk
estimate for induced cancers based on ;admium chloride exposure is q; = 3.4 x 10-1,
If it is assumed that the Cd** ion is the carcinogenic agent and not\the cadmium
chloride molecule, then an adjustment must be made for the weight of the two
chloride ions. In this case the molecular weight contribution of cadmium to
the total molecular weight is 112.4/18§+3 = 0.613. The interpretation in terms

of risk is that a q: for the cadmium ioh based on inhalation of cadmium chloride is
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q; = 3.4 x 10-1(ug/kg/day)=1/0.613 = 5.5 x 10'1(ug7k§/day)'1‘

This can be converted back to human exposure in terms of ug/m3 by assuming that

a 70-kg human bfeathes 20‘m3 air/day. Thus;

q* = 3.4 x 10-1(ug/kg/day)=l x 1 x 20 m3 = 9.7 x 10-2(ug/m3)-1
o h s 70 kg day ,

for cadmium chloride exposure, and

q; = 9.7 x 10-2(ug/m3)-1/0.613 = 1.6 x 10-1(ug/m3)-1

based on inhalation exposure to the cadmium ion. Therefore, the unit risk from
‘the inhalation of one microgram of elemental cadmium per cubic meter of air is-

approximately
R=1-exp -(0.16 x 1) = 0.15

This is an upper-bound estimate of risk based on the direct experimental
eVidence presently available. Using other dose-responsé models to estimate
risk (as shown in Appendix A) can give considerably lower estimates than those
obtained using the upper-bound multistage model. However, there is no direct
evidence suggesting that these alternative models provide a more rational basis
for estimating risk than the upper-bound mu]tistagé model. It must bé kept .in
mind that the alternative models have the potential for seriously ﬁnderestimating

the true risk at low levels of environmental exposure to cadmium.

Unit Risk Estimate Based on a Human Study

Data Base--
At the present time the strongest evidence in humans suggestihg a cadmium-

induced carcinogenic response is found'in the Thun et a1.‘(1984) study. This
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response was observed in a cohort of cadmium smelter workers who wera hired on
or after January 1, 1926, and were employed for at least 2 years in a production
capacity in the same plant from January 1, 1940, to December 31, 1969. This
cohort of white males had a total of 16 respiratory cancer deaths through
December 31, 1978, while only 6.99 would be expected based on calendar time age-
specific respiratory cancer death rates for U.S. white males. Assuming that |
the U.S. white male population is a valid control population for the cohort of
cadmium smelter workers, the probability of obtaining 16 or more‘respiratory ‘
cancer deaths if there was no effect due to cadmium is only 0.0024, based on the
exact Poisson Test. | |

A number of problems arise in using these data to obtain a quantitative
estimate of human respirétory cancer risk due to cadmium exposure. Among them
are the following: |

1. There is some evidence that the smoking rate for the cadmium workers

was higher than that of the general white male population.

2. The exposure to cadmium is confounded with exposure to arsenic, a known
respiratory carcinogen.

3. Very limited evidence exists concerning the exposure rate and the
duration of exposure for the members of the cohort.

4, No exposure estimates exist for individuals.
5. To obtain an estimate of risk, a mathematical model must be assumed

that cannot be evaluated for goodness of fit in any reasonable manner
using the available data.

In spite of these considerable shortcomings, the CAG nevertheless feels
that a risk estimate based on this limited and potentially biased data base
could be of use for the following reasons:
1. The observed human respiratohy cancer response corresponded to the animal

response in regard to site, which increases the likelihood that the
response was real.
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2. Most of the factors that are potentially biasing would work to increase
the apparent cadmium-induced cancer risk. Thus, such a risk estimate
- should be considered an upper-bound estimate. If this upper-bound
estimate is Tower than the one obtained in the animal experiment, it
should be used in preference to the animal estimate.
Estimation of the Factors Used in ‘the Calculation of By--

As noted, three factors need to be addressed in order to estimate the human
slope By: Pg, the lifetime background risk due to respiratory cancer for the
environmentally exposed population; R, the relative risk in the epidemiologic
study; and X, the average lifetime exposure for the cadmium-exposed cohort in
the epidemiologic study. '

Because of the rather limited information available at the present time,
.considerable uncertainty surrounds the estimation of these factors. Therefore
the most prudent approaéh seems to be to use this limited information to make
ah educated guess as to the best estimates of each quantity under consideration.
Where'appropriate, upper and lower bounds are given for each quantity, giving a

range of values that in each case is likely to include the true value. A

discussion of each of the terms follows.

Lifetime background respiratory cancer risk in the environmentally exposed

pépuTatibn (Pg)--The underlying mathematical model for human slope assumes that

the background rate for an environmentally exposed population is increased per
Sunit of,]ifetime exposure by thg same l-"perjcen'cage“ as the epidemiologically
sthdied population. - At present;‘there is no indication that the environmentally
exposed population differs in sex-race distribution from the general U.S.
population. As a result, thé value calculated from the 1978 vital statistics
fqr'the to£a1 U.S. population can be uéed for the lifetime respiratory cancer
béckground death rate. Using the techniques discussed by Gail (1975) the

value, Pg = 0.046, is calculated and used as the best estimate.
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Vital statistics for 1978 were used for the above ca]cu]atibn because
they are the most current avai]ab]e.‘ However, the most appropriate;rate to
use would be the future unknown value. Since smoking is the most.important
factor in determining the risk of re§p1ratory cancér; and the sﬁoking rate for
females is beginning to approach that of males, the value ca]cu1ated_for the
U.S. male population in 1978 is usedias an upper bound for the calculation of 3
Pg. This gives a value of Pgy = 0.068. The rate based on vital statistics :
of never-smokers during the 1960s is used as a lower limit. This gives a value

for PgL of 0.0082.

True relative risk of respiratory cancer due to cadmium in exposed cohort (R)=~-

The observed number is taken as a best estimate of the expectedinumber of cases

in the cadmium exposure group, so that Ey = 16. The expected number of cases
under the assumption of no cadmium effect is taken as the expected humber of cases
calculated by Thun et al. (1984) to be 6.99. Thus £he CAG's best estimate of
relative risk is R = Ey/E = 16/6.99 = 2.29.

With regard to the calculation of a lower bound for the re]ative risk, the
following should be noted. Based on a worst-case scenario and an arsenic risk
model from the National Institute for Occupational Safety and Healfh, Thun et al.
(1984) calculated that at most the number of expected cases of respiratory cancer
due to exposure to arsenic for the cadmium worker cohoft was 0.78.: Also, based
on a retrospective smoking survey of cadmium workers and their surviving rela-
tives, and using the smoking adjustment methods developed by Axelson (1978),

Thun et al. (1984) estimated that thé‘increase in the expected number of respira- .
tory cancers in the cadmium-exposed worker population due to excess over standard
U.S. smoking rates was less than 25%. |

Under the assumption that arsenﬁc‘is additive to backgfound, and smoking is

multiplicative, the upper bound for the expected number of cases, assuming no
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cadmium effect, is Ey = (6.99 + 0.78) x 1.25 = 9.71.
~ The 95% lower bound on the expected number of cases in the exposed

'popuiation where 16 were observed is calculated from the relationship

15 ;
0.95 = 5 e X /31
J=0

which has the solution Ey = 10.11.
Thus the CAG's lower bound estimate for the relative risk is

ExL

RL = === = 10,11/9.71 = 1,041

Ey
To cd]cu]ate an upper bound for the relative risk, the following approach is
. taken. The white male respiratory cancep rate is 10-25% lower for Co]orado%
Denver males than the U.S. rates used in the expected-value calculations. Since
Denver is the areé where the plant is located, a lower bound on the expected
number of cases under the assumption of no cadmium effect is EL = 6.99 x 0. 75

5. 24 The 95% upper bound for the expected number of cases in the cadmium- exposed

popu]at1on, given that 16 were observed, is calculated from the relationship

‘.-E lv
0.05= 5 e XI5
Jj=0
which has the solution
Exu = 23.23

Thus the upper bound for the relative risk is
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Eyu = 23.23 + 5.24 = 4,43

Lifetime average exposure for members of cadmium cohort (X)--To estimate

the average lifetime exposure on a continuous basis, a number of factors need to

be estimated. They are:

The average age, t, of the cohort at the end of the dbservatioh period.
The average duration, d, of exposure for the cohort in yéars.‘?

The average exposure rate, e, on the job.

The fraction, f, of time per year exposed on the job.

Given these factors, an estimaﬁe of the average exposure rate over the

cohort's lifetime is
X = def/t
A discussion of each of these factoré follows.

Average age at end of observation period (t)--No direcﬁ information is
available concerning the ages of the entire cohort at the end of tﬁe'observation
period. However, the average of the 51 individuals who died of causes thought
to be possibly cadmium-related can be used as an upper bound. ‘Thi$ results in
ty = 63.3 years. In calculating a lower bound, it is noted that 50% of the
population had 33 years or more of follow-up. Assuming that an average starting
age is 20 years and that the mean and median ages are equal, the result is a
Tower bound of t| = 20 + 33 = 53 years. For a best estimate, the midpoint of
the upper and lower bounds is used to yield an estimate of t = (63.3 + 53) * 2
= 58,2 years. |

Average duration of exposure (d)-FAs noted by Thun et al. (1984), the

standard rate ratios (SRRs) were closely related to the standard mortality

146




rat1os (SMRs) and v1rtua11y un1form over durat1on of employment. Thus, the
expected number of cases 1s pr0port1ona1 to the observed number of cases. As a
f1rsteorder approx1mat1on it is assumed that person-years of observation are
also proportional to the observed number of cases. Table 18 shows the weighted

average low, best, and high estimated durations as calculated using this approach.,

TABLE 18. ESTIMATED DURATIONS OF EXPOSURE

Duration of Assumed average in interval Number of

employment ~ Low Best High deaths
2-10 - 2 6 10 9
10-20 10 15 - 20 3
20+ - 20 30 - 40 : 4
Weighted

~average(d) . 8.00 13.69 19,38

Average exposure rate on the job (e)--Smith et al. (1980) estimated inhala-
tion'eiposures that oceurred in various work‘areas, as shown in Table 16.
These est1mated exposures were t1me-we1ghted w1th approporiate adjustments for
the use of resp1rators. ' ‘ _

Since information concerning the distribution of person-years of observat1on
assoc1ated with exposures over time and 1ocat1on is not present]y available,
the best estimate would he the average, g1v1ng equal weight to each t1me period
and product1on department. The resu1t1ng estimate is e = 0.53 mg/m3. For an
upper bound the average for the eight p]ant production departments during the
pre- -1950 period is ca]cu?ated as eU = 1.04 mg/m . The Tower bound is the
average for the e1ght product1on departments during the 1965 to 1976 time

per]od, or ef = 0.26 mg/m3.
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Fraction of the time per year exposed on the job (f)--It is assumed that
individuals worked 40 hours per week and were absent 20 days per year due to

vacation, holidays, and illness. This results in an estimate of

£ = 8y 240 - 0,22 | L

Calculation of Average Lifetime Exposure (X)--

The previous information concerning exposure is summarized in Table 19.

TABLE 19. SUMMARY OF EXPOSURE

Value Value giving Value
maximizing - best estimate minimizing
Factor average exposure - average exposure average exposure
t 53.0 ‘ 58,2 63.3
d 19.4 13.7 8.0
e 1.04 0.53 | 0.26
f 0.22 0.22 v ' 0.22
X = def/t_x 83.4 27.4 ' 7.2

103 ug/m3

Calculation of Human Slope (By)--

The values needed to calculate the estimated human slope for a constant
exposure of 1 ug/m3 are given in Table 20. The effects ofycompounding, especia]iy
multiplying together, a series of assumptions that consistently overestimates
or underestimates the true values of parameters used tb estimate risk leads to

very different estimates. This is true even when the mathematical model itself,

a major source of uncertainty, remains the same. However, it is highly unlikely
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TABLE 20. VALUES USED TO ESTIMATE HUMAN SLOPE AND ITS BOUNDS

Value Value giving - .. Value
maximizing best estimate minimizing
Factor : . slope : of slope ' s1ope
Py © 0.068 0.046 0.008
E | 5.24 | 6.99 . 9.71
E, 23.23 15 | 10.11
R = Ey/E 4,43 2.29 | 1.04 .
X | 7.2 ” 27.4 83.4 v
By = Po(R-1)/X = 3.3 x 102 2.0 x 1073 3.8 x 1076

that either extreme is close to the true value. The CAG takes as its estimate
the value obtained by compounding the serieé of best guesses. Although a
single term may not be conservative, the overall result is probably more
reasonable than either of the extremes.

One fina] correction is needed. The assumption is that human expoédfe
was to cadmium oxide (Cd0); thﬁs, the risk from elemental cadmium ié'fncreased

by the ratio

(Cdo/Cd) = (128.4/112.4) = 1.14

with a corresponding unit risk estimate of
By = 2.0 x 10> x 1.14 = 2.3 x 10°3 (ug/m3)-1
This estimate is two orders of magnitude Tower than the estimate based on

the rat inhalation study of Takenaka et al. .(1983), which was 0.156. The range
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js 4.3 x 10-6 to 3.8 x 10-2, so that the upper bound is also smaller than in the

rat study cited. Some of this difference might be due to variation 1n!bio1ogica1

activity between cadmium compounds (i.e.,‘cadmium chloride in rats versus cadmium’

fumes and dust in humans). For example,:in the Takenaka et al. (1983) study, it b *
may be that these concentrations tended to inhibit lung clearance by supbression
of macrophage activity. In any event, the final uniy risk estimate is based on
data from the human study (Thun et al. 1984), which is also used for calculating

the relative potency of cadmium.

RELATIVE POTENCY _ . .

One of the uses of the concept of unit risk is to compare the relative
potencies of carcinogens. For the purposes of the present analysis, pbtency is @
defined as the linear portion of the dose-response curve, and is used to calculate
the required unit risk factors. In thié section, the potency of cadmium is
compared with that of other chemicals that the CAG has evaluated as suspect
carcinogens. To estimate the relative pqténcy on a per mole basis, the unit
risk slope factor is multiplied by the molecular weight and the resulting
number, expressed in terms of (mMo1/kg/&ay)'1, is called the relatfve;potency
index. |

Figure 2 is a histogram representing the frequency distribution df relative
potency indices for 54 chemicals that h?ve been evaluated by the CAG as suspect
carcinogens. The actual data summarized by the histogram are presented in
Table 21. Where human data have been available for a compound, such data have
been used to calculate these indices. Where no human data have been availab1e,v
data from animal oral studies and animal inhalation studies‘have been used in
that order, since animal oral studies haVe been conducted for most of these
compounds, and the use of such studies provides a more consistent basis for
potency comparisons.
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LOG OF POTENCY INDEX

Histogram representing the frequency distribution of the potency
indices of 54 suspect carcinogens evaluated by the Carcinogen

Assessment Group.

151




TABLE 21.

RELATIVE CARCINOGENIC POTENCIES AMONG 54 CHEMICALS EVALUATED BY

THE CARCINOGEN ASSESSMENT GROUP AS SUSPECT HUMAN CARCINOGENS1»2,3

Order of
magnitude
Slope Molecular Potency (log

Compounds (mg/kg/day)~1 weight index index)
Acrylonitrile 0.24(W) 53.1 1x10+1 +1
Aflatoxin By 2924 312.3 9x10+D +6
Aldrin 11.4 369.4 4x10+3 +4
A1yl chloride 1.19x10-2. 76.5 9x10-1 0
Arsenic 15(H) 149,8 2x10%3 +3
BlalP 11.5 252.3 3x10+3 +3
Benzene 5.2x10-2(W) 78 4x100 +1
Benzidene 234(W) 184.2 4x10%4 +5
Beryllium 1.40(W) 9 1x10+1 +1
Cadmium 7.8(W) 112.4 9x10+2 +3
Carbon tetrachloride 1.30x10-1 153.8 2x10+1 +1
Chlordane 1.61 " 409.8 7x10+2 +3
Chlorinated ethanes

1,2-dichloroethane 6.9x10-2 98.9 7x100 +1
hexachloroethane 1.42x10-2 236.7 3x100 0

1,1,2,2-tetrachloroethane 0.20 167.9 - 3x10*1 +1

1,1,1-trichloroethane 1.6x10-3 133.4 2x10-1 -1

1,1,2~trichloroethane 5.73x10-2 133.4 8x100 +1
Chloroform 7x10-2 119.4 8x100 +1
Chromium 41 (W) 100 4x10+3 +4
DDT 8.42 354,5 3x10+3 +3
Dichlorobenzidine 1.69 253.1 4x10%+2 +3
1,1-dichloroethylene 1.47x10-1(1) 97 1x10*1 +1
Dieldrin 30.4 380.9 1x10+4 +4
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TABLE 21.  (cont

inued)

Order of
;o magnitude
, . Slope Molecular Potency (log10
Compounds (mg/kg/day) -1 weight index ‘ index)
Dinitrotoluene 0.31 182 6x10+1 . +2
Diphenylhydrazine 0.77 180 1x10+2 +2
Epichlorohydrin 9.9x10-3 92.5 9x10-1 0
Bis(2-chloroethyl)ether 1,14 143 2x10+2 +2
Bis(chloromethyl)ether 9300(1) 115 1x10+6 +6
Fthylene dibromide (EDB) 8.51 187.9 2x10%3 +3
Ethylene oxide 1.26(1) 44,1 6x10+*1 +2
Heptachlor 3.37 373.3 1x10+3 +3
Hexachlorobenzene 1.67 284.4 5x10+2 43
Hexachlorobutadiene 7.75x10-2 261 2x1otl. 41
Hexachlorocyclohexane ’
technical grade 4,75 290.9 1x10%3 +3
alpha isomer 11.12 290.9 3x10+3 +3
beta isomer 1.84 290.9 5x10+2 +3
gamma isomer 1.33 290.9 4x10+2 +3
Hexachlorodibenzodioxin 1.1x10%4 391 4x10+6 +7
Methylene chloride 6.3x10-4 84.9 5x10-2 -1
Nickel 1.15(W) 58.7 7x10+1 +2
Nitrosamines ' -
Dimethy Initrosamine 25.9(not by q¥)  74.1 2x10*3 +3
Diethylnitrosamine 43.5(not by q;) 102.1 4x10*3 +4
DibutylInitrosamine 5.43 158.2 9x10%2 +3
N-nitrosopyrrolidine 2.13 100.2 2x10%2 +2
N-nitroso-N-ethylurea 32.9 117.1 4x10%3 +4
N-nitroso-N-methylurea 302.6 103.1 3x10t+4 +4
N-nitroso=-diphenylamine 4,92x10-3 198 1x100 0
PCBs 4,34 324 1x10+3 +3
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TABLE 21. (continued)

Order of
magnitude
Slope | Molecular Potency (Tog1g
Compounds (mg/kg/day) -1 . weight index . index)
‘ 2
Phenols '
2,4,6-trichlorophenol . 1.99x10-2 197.4 4x100 o+l ,
Tetrachlorodibenzo-p-dioxin  1.56x10+5 322 5x10+7 +8
Tetrachloroethylene 3.5x10-2 165.8 6x100 S|
Toxaphene 1.13 i 414 5x10¥2 -+ +3
Trichloroethylene 1.9x10-2 131.4 2.5x100 . 0
Vinyl chloride 1.75x10-2(1) 62.5 1x100 S0
Remarks:

1. Animal slopes are 95% upper-limit slopes based on the linearized multistage
model. They are calculated based on animal oral studies, except for those
indicated by I (animal inhalation), W (human occupational exposure), and H
(human drinking water exposure). Human slopes are point estimates based on
the linear non-threshold model. '

2. The potency index is a rounded-off S]ORE in (mMol/kg/day)-l and is calculated by
multiplying the slopes in (mg/kg/day)' by molecular weight of the compound.

3. Not all of the carcinogenic potencies presented in this table represent the
same degree of certainty. A1l are subject to change as new evidence becomes
available. o
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The potency index for cadmium based on the Thun et al. (1984) study of
cadmium smelter workers is 8.8 x 10%2 (hMo]/kg/day)‘x. This 1is deri?ed as
f011owe' Assuming that an individual breathes 20 m3 of air per‘day and weighs
70 kg, the slope estimate from the human study, 2.3 x 10-3 (ug/m3) 1, is first

converted to units of (mg/kg/daly)‘1 or

2.3 x 10~-3(ug/m3)-1 x 1 day x _1ug 4 70 kg = 7.8 (mg/kg/day)=1
' o 20m3 10-3 mg

Muitip]ying by the molecular weight of 112.4 give e potency indeonf
8.8 x;10+2. Rounding off to the nearest order of magnitude givee a value of
‘ 10%3, which is the 3caie presented'on the horizonte1 axis of FighreYZ, The
1ndex of 8.8 x 10*2 Ties in the second quart11e of the 54 suspect carcinogens.
Rank1ng of the re]at1ve potency 1nd1ces is subJect to the uncerta1nty of
cohpar1ng est1mates of potency of d1fferent species using stud1es of d1fferent
qua11ty. Furthermore, a]] of the 1nd1ces are based on est1mates of low-dose
risk using the linearized mu1tjstage extrapo1at1on model f1tted to the data at
re1affye1y high doses. Thus, re]etive potencies could be different at high

exposures, where non-linearities in the dose-response curve could exist.
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APPENDIX A

COMPARISON OF RESULTS BY VARIOUS EXTRAPOLATION MODELS

The estimate of unit risk from animals. presénted in the body of this
document was calculated by use of the linearized multistage model. This non-- » j
threshold model is part of a methodology for estimating a conservative Tinear
slope at low extrapolation doses that is usually consistent with the data at
all dose levels in an experiment. Thé‘mode1 holds that the most plausible
upper limits of risk are those predicted by linear extrapolations td Tow levels
of the dose-response relationship. k

Other nonthreshold models that have been used for risk extrapolation are
the one-hit, the log-Probit, and the Weibull models. The one-hit model 1is
characterized by a continuous downward curvature, but is linear at Tow deses.
Because of its functional form, the one-hit model can be considered}thé linear
form or first stage ofrthe mu]tistagé model. This fact, together with the

dowinward curvature of the one-hit model, means that the model will always

yield low-level risk etimates that are at least as large as those obtained with

the multistage model. In addition, whenever the data can be fitted adequately

to the one-hit model, estimates based on the one-hit model and the multistage
model will be comparable. |
The log-Probit and the Weibull models, because of their general "S" curva-
ture, are often used for the interpretation of toxico]ogica] data in the observable
range. The low-dose upward curvatures of these two models usually yield Tower -
low~-dose risk estimates than those of the one-hit or multistage models. v
The log-Probit model was originally used in biological assay pfoblems such
as potency assessments of toxicants and“drugs, and is most often used to estimate

such values as percentile lethal dose or percentile effective dose; The log-
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Probit model was developed along stictly empirica]\]ines, in studies where it
- was observed that several log dose-response relationships followed the cumu1ative
nqhma1 probability distributjon function, g. In fitting thev1og-Probit model to

cancetr bioassay data, assumingvan independent background, this relationship becomes
- P(Dsa,b,c) =c + (1-c) ¢ (a+tblogip D) a,b >0 <c <l

Where P is the proportion responding at dose D, ¢ 15 an estimate of the back-
ground rate,va is an estimaterof the standardized mean of 1ndfvidua1‘to1erances,
and b is an estimatevof the log-Probit dose-response s]qpe.

The one-hit model arises from the theory that‘a single molecule of a
carcinogen has a quantifiable probability of transforming a single normal cell

~into a cancer cell. This. model has the probability distribution function

_P(D;a,b) = l-expf(a+bd) a,b >0

where a and b are the parameter estimates (a = the background or zero dose rate,
and b = the linear component or slope of the dose-response model). In consider-
ing the added risk over background, incorporation of Abbott's correbtion leads

to
" P(D;b) = l-exp-(bd) b > G

Fiﬁa]]y?va model from the theory of carcinogenesis arises from the multihit model
app1jed to multiple target cells. This model, known as the Weibull model, is

of the form
P(D;b,k) = l-exp-(bdk) b,k > 0

" For the power of dose only, the Eestriction'k > 0 has been placed on this model.

When k > 1, the model yields 10w¥dose‘estimates of risks that are usually
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significantly lower than either the multistage or the one-hit models, both of
which are linear at low doses. All three of these models--the mu1ti$tage, the
one-hit, and the Weibull--usually project risk estimates that are éighificantly
higher at low exposure Tevels than thése projected by the log-Probit model.

The estimates of added risk for low doses for these models are given in
Table A-1 for the cadmium chloride ratlinha1atjon studies by Takenaka et al. v N
(1983). Both maximum likelihood estimates and 95% Qppér confidence limits are
presented. The resulits show that the maximum 1ikelihood estimates of risk for
the log-Probit model are all less than those for the other models, and this
difference increases sharply at low doses. The one-hit model yields maximum
1likelihood estimates slightly higher than those obtained with the md]tistage

model, while those obtained with the Weibull model are somewhat Tower.

3
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APPENDIX B
INTERNATIONAL AGENCY FOR RESEARCH ON CANCER (IARC) CRITERIA FOR
EVALUATION OF THE CARCINOGENICITY OF CHEMICALS*

ASSESSMENT OF EVIDENCE FOR CARCINOGENiCITY FROM STUDIES IN HUMANS

The degrees of evidence for carcinogenicity from studies in humans are
categorized as: | : v .

1. Sufficient evidence of carcinogenicity, which indicates that there is a’
causal relationship between the agent and human'cancer.

2. Limited evidence of carcinogenicity, which indicates thgtra causal
interpretation is credible, but that alternative explanations, such as chance,
bias, or confounding, could not adequately be excluded.

3. Inadequate evidence, which indicates that one of three conditions
prevailed: (a) there were few pertiﬁent data; (b) the available studies, while
showing evidence of association, did not exclude chance, bias, or cdnfounding;

(c) studies were available which do not show evidence of carcinogenicity.

ASSESSMENT OF EVIDENCE OF CARCINOGENICITY FROM STUDIES IN EXPERIMENTAL ANIMALS

These assessments are classified into four gruops:

1. Sufficient evidence of carcinogenicity, which indicates that there is

an increased incidence of malignant tumors: (a) in multiple species or strains;

(b) in multiple experiments (preferably wjth different routes of administration
or using different dose levels); or (c) to an unusual degree with régard to

jncidence, site, type of tumor, or age at onset. Additional evidenﬁe may be o
provided by data on dose-response effects, as well aszinformation from short -

term tests or on chemical structure.

*International Agency for Research on Cancer. 1982, IARC Monographs: Evaluation
of the Carcinogenic Risk of Chemicals to Humans, Supplement 4. Lyon, France.
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2. Lihited evidence of carcinogenicity, which means that fhe data suggest
a carcinogenic effect but are limited because: (a) the'stUdieslinvo1ve a
sing]evspecies, strain, or experiment; (b) the experiments are restricted by
inadequate dosage levels, inadequate duration of exposufe,totthe agent, .
fnadéquate period of follow-up, poor survival, too few anima1s, or inadequate
reporting; or (c) the neoplasms produced often occur spontaneously and, in the
past, have been difficult to classify as malignant by histological crﬁteria
alone (e.g., lung and liver tumors in mice).

3. Inadequate evidence, which indicates that because of major qualitative
or quantitative limitations, thé studies cannot be interpreted as showing either
the presence or absence of a carcinogenic effect; or that within the limits of
the tests used, the chemical is not carcinogenic. The humber'of negative
studiesiis small, since, in gehera], studies that show no effect are less 1ike1y
to be published than those suggesting carcinogenicity.

4. No data, indicéting that data were not available to the wobking group.

EVALUATION OF CARCINOGENIC RISK TO HUMANS

At present, no objective criteria exist to interpret data from studies in
experimental animals or from short-term tests directly in terms of human risk..
Thus, in the absence of sufficient evidence from human_studies, evaluation of
the carcinogenic risk to humans was based on consideration of both the epidemio-
1091; and the experimental evidence. The breadth of the categories of evidence
defined above allows substantial variation within each category. The decisions
reached by the IARC Working Group regarding overall risk incorporate these
differences, even though the differences cannot always be reflected adequately

when placing exposures into particular categories.
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The chemical, group of chemicals, dindustrial processes, or occupational

exposures were thus put into one of three groups:

Group 1

The chemical, group of chemicals, industrial process, or occupational
exposure is carcinogenic to humans. This category was used only when there was
sufficient evidence from epidemio]ogicjstudies to support a causal association

between the exposure and cancer.

Group 2

The chemical, group of chemicals, industrial process, or occupational
exposure is probably carcinogenic to humans. This category includes exposures”
for which, at one extreme, the evidence of human carcinogenicity is almost
sufficient, as well as exposures for which, at the other extreme, it is
inadequate. To reflect this range, thé category was divided into higher (Group A)
and lower (Group B) degrees of evidencé. Usually, category 2A is reserved for
exposures for which there is at least Timited evidence of carcinogenﬁéity to
humans. The data from studies in expérimenta1 animals play an imporﬁant role
in assigning studies to category 2, and particularly those in Group B3 thUé,
the combination of sufficient evidence in animals and inadequate data in humans
usually results in a classification of 2B.

In some cases, the IARC Working Group considered that the known chemical
properties of a compound and the results from short-term tests allowed its

transfer from Group 3 to 2B or from 2B to 2A.

Group 3

The chemical, group of chemicals, ‘industrial process, or occupational

exposure cannot be classified as to its carcinogenicity to humans.
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