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finalization of the docunent are gratefully acknow edged.

L pPresent affiliation: Division of Environnental Health, World
Heal th Organi zation

ABBREVI ATl ONS

Page 7 of 201



Cadmium (EHC 134, 1992)

AAS atom ¢ absorption spectronetry
CcC critical concentration

a confidence interva

EEC Eur opean Econonic Comunity
ETA el ectrothermal atom zation

GESAMP Group of Experts on the Scientific Aspects of Marine

Pol | ution
G-R glomerular filtration rate
cor gl ut am c- oxal oaceti ¢ transam nase
GPT gl utam c- pyruvi c transam nase
| CD International C assification of Diseases
| DVB i sotope dilution mass spectronetry
U international units
LDH | act at e dehydr ogenase
LMV | ow nol ecul ar wei ght
MVAD mass nedi an aerodynam ¢ di anet er
PCVv packed-cel | vol une
PMR proportional nortality rate
PMSG preghant mare serum gonadot rophi n
RBP retinal binding protein
Rl A radi o-i mmuno assay
SMR standard nortality ratio
TRP tubul ar reabsorption of phosphate
XRF X-ray-generated atom c fl uorescence

PREFACE

The definitions of terns used in this nonograph were derived
fromthe meeting of the Scientific Conmmittee on the Toxicol ogy of
Met al s, Permanent Commi ssion and International Association on
Cccupational Health, in Tokyo in 1974 (Task Group on Metal Toxicity,
1976). The term"critical concentration” in an organ was defined as
"the concentration of a netal in an organ at the tine any of its
cells reaches a concentration at which adverse functional changes,
reversible or irreversible, occur in the cell". These first adverse
changes woul d be the "critical effect". The critical concentration
is thus established on an individual |evel and varies between
individuals. The term"critical organ" was defined as "t hat
particul ar organ which first attains the critical concentration of a
met al under specified circunmstances of exposure and for a given
popul ati on".
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The dose-response rel ati onshi p expressing the occurrence rate
(response) of the particular effect as a function of netal
concentration in the critical organ, displays the frequency
distribution of individual critical concentrations. In risk
estimations it is thus essential to define the variability of the
critical concentration anong a popul ation or specific group of
peopl e.

The termthat was chosen to predict the variability of the
critical concentration of cadmi umoccurring in a particular group of
people is the predicted preval ence of the critical concentration
For exanple, the critical concentration 5 (CG) would be the
concentration at which 5% of the popul ation had reached their
indi vidual critical concentrations, and the CGC, woul d be the
critical concentration occurring in 50% of a defined group of
people. The term"critical concentration" is synonynous with the
term "popul ation critical concentration" used in the WHO publication
on Eval uation of Certain Food Additives and Contam nants (1989).

The critical concentrations and the dose-response rel ati onshi ps
are very nuch dependent on the definition of critical effect. The
early effects of cadmi um on the kidney can be neasured as an
increased urinary excretion of |ow nolecular weight (LMN proteins.
An operational definition is needed to create a cut-off point above
whi ch the proteinuria indicates an "adverse functional change”
Different studies of cadm um effects have used different operationa
definitions, which has made it difficult to nmerge the data into a
dose-response rel ationship. Exanpl es of these problens are given in
section 8.3.2. The rel ationship between dose and di fferent types of
effect or different severities of the sane effect is called the
dose-effect rel ationship.

In animal studies, the individual critical concentrations have
not been cal cul ated. Both dose and effect data are based on groups
of animals, and these groups are usually rather small (section 7).
Few ani mal studies attenpt to quantitatively nmeasure the
dose-response rel ationships within the group (section 7.2.1.4). The
reports of effects occurring at a certain concentration of cadm um
in the kidney cortex may therefore best be interpreted as the
concentration at which 50%or nore of the animals suffered the
effect. A 5-10%response will occur at |ower cadm um concentrations.

The effects of cadmiumon the environment are discussed in
Envi ronnental Health Criteria 135: Cadnmium - Environnental Aspects
(WHO, in press).

1. SUMVARY AND CONCLUSI ONS

1.1 ldentity, physical and chemical properties, and anal ytica
nmet hods

Several methods are available for the determ nation of cadm um
in biological materials. Atonic absorption spectronetry is the nost
wi dely used, but careful treatment of sanples and correction for
interference is needed for the analysis of sanples with | ow cadni um
concentrations. It is strongly recomended that anal ysis be
acconpani ed by a quality assurance progranme. At present, it is
possi bl e under ideal circunmstances to determ ne concentrations of
about 0.1 pg/litre in urine and bl ood and 1-10 pg/ kg in food and
ti ssue sanpl es.

1.2 Sources of human and environmental exposure
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Cadmiumis a relatively rare elenent and current anal ytica
procedures indicate nmuch | ower concentrations of the netal in
environmental nedia than did previous neasurenents. At present, it
is not possible to deternine whether human activities have caused a
historic increase in cadmumlevels in the polar ice caps.

Conmer ci al cadm um production started at the beginning of this
century. The pattern of cadm um consunption has changed in recent
years with significant decreases in electroplating and increases in
batteries and specialized electronic uses. Mst of the najor uses of
cadm um enpl oy cadmiumin the formof com pounds that are present
at | ow concentration; these features constrain the recycling of
cadmi um Restrictions on certain uses of cadnmi uminposed by a few
countries may have wi despread i nmpact on these applications.

Cadmumis released to the air, land, and water by human
activities. In general, the two major sources of contanination are
the production and consunption of cadm um and ot her non-ferrous
nmetal s and the di sposal of wastes containing cadmum Areas in the
vicinity of non-ferrous mines and snelters often show pronounced
cadmi um cont ami nati on

I ncreases in soil cadm umcontent result in an increase in the
upt ake of cadm um by plants; the pathway of human exposure from
agricultural crops is thus susceptible to increases in soil cadm um
The uptake by plants fromsoil is greater at |low soil pH Processes
that acidify soil (e.g., acid rain) nmay therefore increase the
average cadm um concentrations in foodstuffs. The application of
phosphate fertilizers and atnospheric deposition are significant
sources of cadmuminput to arable soils in sone parts of the world;
sewage sludge can al so be an inportant source at the local |evel

These sources may, in the future, cause enhanced soil and hence crop
cadm umlevels, which in turn may lead to increases in dietary
cadm um exposure. In certain areas, there is evidence of increasing
cadm um content in food.

Edi bl e free-living food organi sns such as shellfish,
crustaceans, and fungi are natural accunulators of cadmium As in
the case of humans, there are increased |levels of cadmumin the
[iver and ki dney of horses and sonme feral terrestrial animals.
Regul ar consunption of these itens can result in increased exposure.
Certain marine vertebrates contain nmarkedly el evated renal cadni um
concentrations, which, although considered to be of natural origin,
have been |inked to signs of kidney danage in the organisns
concer ned.

1.3 Environnmental |evels and human exposure

The maj or route of exposure to cadmiumfor the non-snoking
general population is via food; the contribution from other pathways
to total uptake is small. Tobacco is an inportant source of cadm um
upt ake in snokers. |In contam nated areas, cadmi um exposure via food
nmay be up to several hundred pg/day. In exposed workers, |ung
absorption of cadnmiumfollow ng inhalation of workplace air is the
maj or route of exposure. Increased uptake can also occur as a
consequence of contam nation of food and tobacco.

1.4 Kinetics and netabolismin | aboratory aninmals and humans
Data from experinmental ani nals and humans have shown t hat
pul monary absorption is higher than gastrointestinal absorption

Dependi ng on chemni cal speciation, particle size, and solubility in
bi ol ogi cal fluids, up to 50% of the inhaled cadnm um conpound rmay be
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absorbed. The gastrointestinal absorption of cadmumis influenced
by the type of diet and nutritional status. The nutritional iron
status appears to be of particular inportance. On average, 5% of the
total oral intake of cadmiumis absorbed, but individual values
range fromless than 1%to nore than 20% There is a maternal -fetal
gradi ent of cadm um Al though cadni um accunul ates in the placenta,
transfer to the fetus is | ow. Cadm um absorbed fromthe [ungs or the
gastrointestinal tract is mainly stored in the liver and kidneys,
where nore than half of the body burden will be deposited. Wth

i ncreasi ng exposure intensity, an increasing proportion of the
absorbed cadmiumis stored in the liver. Excretion is nornmally slow,
and the biological half-tinme is very long (decades) in the nuscles,
ki dneys, liver, and whol e body of humans. The cadmi um concentrations
in nost tissues increase with age. Highest concentrations are
generally found in the renal cortex, but excessive exposures nay

| ead to higher concentrations in the liver. In exposed people with

renal dammge, urinary excretion of cadm umincreases and so the
whol e body half-tinme is shortened. The renal danmage | eads to | osses
of cadm um fromthe kidney, and the renal concentrations of cadm um
will eventually be lower than in people with simlar exposure but

wi t hout renal danmge.

Metal l othionein is an inportant transport and storage protein
for cadm um and other metals. Cadmi um can induce netall ot hionein
synthesis in many organs including the liver and kidney. The binding
of intracellular cadmumto nmetallothionein in tissues protects
against the toxicity of cadm um Cadmi um not bound to
netal | ot hionein may therefore play a role in the pathogenesis of
cadm umrel ated tissue injury. The speciation of other cadm um
conpl exes in tissues or biological fluids is unknown.

Urinary excretion of cadmiumis related to body burden, recent
exposure, and renal danage. In people with | ow exposure, the urine
cadmumlevel is miinly related to the body burden. Wen
cadm uminduced renal damage has occurred, or even w thout rena
damage i f exposure is excessive, urinary excretion increases.
Cadmi um exposed people with proteinuria generally have higher
cadm um excretion than such people without proteinuria. After high
exposure ceases, the urine cadmumlevel wll decrease even though
renal damage persists. The interpretation of urinary cadmumis thus
dependent on a nunber of factors. Gastrointestinal excretion is
approxi mately equal to urinary excretion but cannot be easily
neasured. Ot her excretory routes such as lactation, sweating or
pl acental transfer are insignificant.

The | evel of cadmumin faeces is a good indicator of recent
daily intake fromfood in the absence of inhal ation exposure.
Cadmiumin blood occurs mainly in the red blood cells, and the
pl asma concentrations are very low. There are at |east two
conpartments in blood, one related to recent exposure with a
hal f-time of about 2-3 nonths, and one which is probably related to
body burden with a half-tinme of several years

1.5 Effects on | aboratory manmal s

Hi gh inhal ati on exposures cause |ethal pul nbnary oedema. Single
hi gh- dose injection gives rise to testicular and non-ovul ati ng
ovarian necrosis, liver damage, and small vessel injury. Large ora
doses damage the gastric and intestinal nucosa.

Long-terminhal ati on exposure and intratracheal admi nistration

give rise to chronic inflammatory changes in the lungs, fibrosis,
and appear ances suggestive of enphysema. Long-term parenteral or
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oral adm nistration produces effects primarily on the kidneys, but
al so on the liver and the haemat opoietic, inmne, skeletal, and
cardi ovascul ar systemnms. Skeletal effects and hypertensi on have been
i nduced in certain species under defined conditions. The occurrence
of teratogenic effects and pl acental danage depends on the stage of
gestation at which exposure occurs, and may involve interactive
effects with zinc.

O greatest relevance to human exposure are the acute
i nhal ati on effects on the lung and the chronic effects on the
ki dney. Foll owi ng | ong-term exposure, the kidney is the critica
organ. The effects on the kidney are characterized by tubular
dysfunction and tubul ar cell damage, although gl omerul ar dysfunction
may al so occur. A consequence of renal tubular dysfunction is a
di sturbance of calciumand vitanmin D nmetabolism According to sone
studies, this has led to osteonnl acia and/ or osteoporosis, but these
effects have not been confirmed by other studies. A direct effect of
cadm um on bone mneralization cannot be excluded. The toxic effects
of cadm umin experinmental aninmals are influenced by genetic and
nutritional factors, interactions with other nmetals, particularly
zinc, and pretreatnent with cadnmium which nay be related to the
i nduction of netall othionein.

In 1976 and 1987, the International Agency for Research on
Cancer accepted as sufficient the evidence that cadm um chloride,
sul fate, sulfide, and oxide can give rise to injection site sarconas
in the rat and, for the first two conpounds, induce interstitial
cell tumours of the testis in rats and mice, but found oral studies
i nadequate for evaluation. Long-terminhalation studies in rats
exposed to aerosols of cadmium sul fate, cadm um oxi de funes and
cadmi um sul fate dust denmonstrated a high incidence of primary |ung
cancer with evidence of a dose-response relationship. However, this
has not so far been denobnstrated in other species. Studies on the
genotoxi c effects of cadm um have given discordant results.

1.6 Effects on hunans

Hi gh inhal ati on exposure to cadm um oxide fune results in acute
pneunonitis with pul nopnary oedema, which nay be lethal. High
i ngestion exposure of soluble cadm um salts causes acute
gastroenteritis.

Long-term occupati onal exposure to cadm um has caused severe
chronic effects, predomnantly in the |ungs and ki dneys. Chronic
renal effects have al so been seen anpong the general popul ation

Fol | owi ng hi gh occupational exposure, |ung changes are
primarily characterized by chronic obstructive airway di sease. Early
m nor changes in ventilatory function tests may progress, wth
continued cadm um exposure, to respiratory insufficiency. An
increased nortality rate fromobstructive |ung di sease has been seen
in workers with high exposure, as has occurred in the past.

The accunul ation of cadmiumin the renal cortex |leads to rena
tubul ar dysfunction with inpaired reabsorption of, for instance,
proteins, glucose, and amino acids. A characteristic sign of tubular
dysfunction is an increased excretion of |ow nol ecul ar wei ght
proteins in urine. In some cases, the glonerular filtration rate
decreases. Increase in urine cadmiumcorrelates with | ow nol ecul ar
wei ght proteinuria and in the absence of acute exposure to cadni um
may serve as an indicator of renal effect. In nore severe cases
there is a conbination of tubular and glonerular effects, with an
increase in blood creatinine in sone cases. For nost workers and
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people in the general environnment, cadm uminduced proteinuria is
irreversible.

Among ot her effects are di sturbances in cal ci um netabolism
hypercal ciuria, and formation of renal stones. Hi gh exposure to
cadm um nost probably in conbination with other factors such as
nutritional deficiencies, may lead to the devel opnent of
ost eoporosi s and/ or osteonal aci a.

There is evidence that |ong-term occupati onal exposure to
cadmi um may contribute to the devel opnent of cancer of the |ung but
observations from exposed workers have been difficult to interpret
because of confounding factors. For prostatic cancer, evidence to
date is inconclusive but does not support the suggestion from
earlier studies of a causal relationshinp.

At present, there is no convincing evidence for cadni um bei ng
an etiol ogi cal agent of essential hypertension. Mst data speak
agai nst a bl ood pressure increase due to cadm umand there is no
evi dence of an increased nortality due to cardiovascul ar or
cerebrovascul ar di sease

Data from studi es on groups of occupationally exposed workers
and on groups exposed in the general environnent show that there is
a rel ationship between exposure | evels, exposure durations, and the
preval ence of renal effects.

An increased preval ence of | ow nolecular weight proteinuria in
cadm um workers after 10-20 years of exposure to cadm umlevels of

about 20-50 pg/ n® has been reported.

In polluted areas of the general environnent, where the
estimated cadmi um intake has been 140-260 ug/day, effects in the
form of increased | ow nol ecul ar wei ght proteinuria have been seen in
sonme individuals followi ng | ong-term exposure. Mrre precise
dose-response estimates are given in section 8.

1.7 Evaluation of human heal th risks
1.7.1 Concl usions

The kidney is considered the critical target organ for the
general population as well as for occupationally exposed
popul ati ons. Chronic obstructive airway disease is associated with
| ong-term hi gh-1evel occupational exposure by inhalation. There is
sonme evi dence that such exposure to cadnmiummnmay contribute to the
devel opment of cancer of the lung but observations from exposed
wor kers have been difficult to interpret because of confoundi ng
factors.

1.7.1.1 Ceneral population

Food- borne cadmiumis the najor source of exposure for nost
peopl e. Average daily intakes fromfood in nost areas not polluted
with cadm um are between 10-40 pg. In polluted areas it has been
found to be several hundred pg per day. In non-polluted areas,
upt ake from heavy snoki ng may equal cadmi umintake from food

Based on a biol ogical nodel, an associati on between cadni um
exposure and increased urinary excretion of |ow nolecular weight
proteins has been estimated to occur in humans with a life-long
daily intake of about 140-260 pg cadmium or a cunul ative intake of
about 2000 ng or nore.
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1.7.1.2 Cccupationally exposed popul ati on

Qccupati onal exposure to cadmiumis mainly by inhalation but
i ncludes additional intakes through food and tobacco. The total
cadmiumlevel in air varies according to industrial hygiene
practices and type of workplace. There is an exposure-response
rel ati onshi p between airborne cadm umlevels and proteinuria. An
increase in the preval ence of |ow nol ecul ar wei ght proteinuria nmay
occur in workers after 10-20 years of exposure to cadm um|evels of
about 20-50 pg/nt. In vivo measurement of cadmiumin the liver
and ki dneys of people with different |evels of cadm um exposure have
shown that about 10% of workers with a kidney cortex |evel of
200 ng/ kg and about 50% of people with a kidney cortex |evel of
300 ng/ kg woul d have renal tubular proteinuria.

2. | DENTITY, PHYSI CAL AND CHEM CAL PROPERTI ES, AND
ANALYTI CAL METHODS

Thi s nonograph covers cadnium and its inorgani c conpounds
al one, since there is no evidence that organocadm um conpounds
(where the netal is bound covalently to carbon) occur in nature.
Al t hough cadmi um may bind to proteins and ot her organic nol ecul es
and formsalts with organic acids (e.g., cadm um stearate), in these
forns it is regarded as inorganic.

The nobility of cadmumin the environnent and the effects on
the ecosystem depend to a |l arge extent on the nature of its
compounds.

Si nce this nonograph evaluates only the health hazards for
humans (and not those for the environnent), only chenmical data on
cadm um compounds rel evant for such an evaluation are included. Data
on cadm um conpounds occurring in or toxic to | ower aninmals and
plants are reviewed in Environnmental Health Criteria 135:

Cadmi um - Environnental Aspects (WHO, in press).

2.1 Physical and chem cal properties

Cadm um (atoni c number 48; relative atomic mass 112.40) is a
netal that bel ongs, together with zinc and nercury, to group Ilb in
the Periodic Table. Naturally-occurring isotopes are 106 (1.22%,
108 (0.88%, 110 (12.39%, 111 (12.75%, 112 (24.07%, 113 (12.26%,
114 (28.86%, and 116 (7.50% (Weast, 1974).

Cadmium has a relatively high vapour pressure. Its vapour is
oxi dized rapidly in air to produce cadni um oxi de. When reactive
gases or vapour, such as carbon dioxide, water vapour, sulfur
di oxi de, sulfur trioxide or hydrogen chloride are present, cadni um
vapour reacts to produce cadm um carbonate, hydroxide, sulfite,
sul fate or chloride, respectively. These conpounds nay be forned in
stacks and enmitted to the environnment. An exanple of these reactions
during cadm um em ssions fromcoal-fired power plants is described
by Kirsch et al. (1982).

Sone cadmi um conpounds, such as cadmi um sul fide, carbonate, and
oxi de, are practically insoluble in water. There is, however, a lack
of data on the solubility of these conpounds in biological fluids,
e.g., in the gastrointestinal tract and |lung. These water-insoluble
compounds can be changed to water-soluble salts in nature under the
i nfluence of oxygen and acids; cadmiumsulfate, nitrate, and halides
are wat er-sol uble. Mst of the cadm umfound in manmal s, birds, and
fish is probably bound to protein nolecules.

The speciation of cadmumin soil, plants, animal tissues, and
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foodstuffs nay be of inportance for the evaluation of the health
hazards associated with areas of cadm um contanination or high
cadm um i nt ake. For example, although soil cadmiumlevels in

Shi pham United Ki ngdom were found to be very much higher than in
Toyanma, Japan, cadmi um uptake by edible plants in Shiphamwas only a
smal |l fraction of that in Toyana (Tsuchiya, 1978; Sherlock et al.
1983). Very few data on the occurrence and speciation of cadni um
conpounds in nature are avail abl e.

2.2 Analytical nethods

Only a few nanograns (or even |ess) of cadm um nmay be present
in collected sanples of air and water, whereas hundreds of
m crograns may be present in small sanples of kidney, sewage sl udge,
and plastics. Different techniques are therefore required for the
coll ection, preparation, and analysis of the sanples.

In general, the technique available for neasuring cadm umin
the environnent and in biological materials cannot differentiate
between the different conpounds. Wth special separation techniques,
cadm um contai ning proteins can be isolated and identified. In nost
studies to date, the concentration or amount of cadmiumin water
air, soil, plants, and other environnental or biological nmaterials
has been determi ned as the el ement.

2.2.1 Collection and preparation of sanples

The degree of uncertainty in any health risk assessnent of
cadm um based on the anal ysis of environnental or biological sanples
depends on how representative the sanples are. Each type of material
has specific problenms in this respect, and each study shoul d include
an eval uation of the sanpling procedures utilized. For exanple, the
neasur enent of cadmiumin workplace air can be nade with "static"
sanpl es or "personal" sanples. The l|atter supposedly gives a better
estimate of true exposure |levels. Wien both are neasured, persona
sampl es usually give higher results, indicating that static sanples
may underesti mate the exposure.

For the collection of sanples, standard trace el ement nethods
can generally be used (LaFleur, 1976; Behne, 1980). The anopunt of
mat eri al needed for analysis varies according to the sensitivity of
the anal ytical methods and the cadm um concentration in the
material. During recent years, nethods have inproved and usually
smal l er anpbunts (m or g) of biological materials are now needed
than those required previously.

In the handling and storage of sanmples, particularly liquid
sanpl es, special care nust be taken to avoid contam nation. Col oured
materials in containers, especially plastics and rubber, should be
avoi ded. Contam nation of bl ood sanpl es has been reported when bl ood
was collected in certain types of evacuated bl ood collection tubes
(Nackowski et al., 1977; N se & Vesterberg, 1978). Di sposable
col oured micropipette tips have been found to contani nate acid
solutions with cadm um (Sal nela & Vuori, 1979).

d ass and transparent cadm umfree pol yethyl ene, pol ypropyl ene
or teflon containers are usually considered as suitable for storing
samples. All containers and gl assware should be pre-cleaned in
dilute nitric acid and dei oni zed water. Water sanpl es or standards
with | ow cadni um concentrations should be stored for only a short
period of tine in order to avoid possible adsorption of cadm um on
the container wall. However, experinents carried out within the
UNEP/ WHO programe (Vahter, 1982; Friberg & Vahter, 1983) using

haerol ysed bl ood sanpl es spiked with 1°°Cd showed that, if
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properly handl ed, blood can be stored at roomtenperature for

several months w thout any change in the cadm um concentration. Sone
solutions, such as urine, should be acidified to prevent
precipitation of salts, thus ensuring that the cadm umrenmains in
sol uti on.

To prepare sanples for analysis, inorganic solid sanples (such
as soil or dust sanples) are usually dissolved in nitric acid or
ot her acids. Organic sanmples need to be subjected to wet ashing
(digestion) or dry ashing. Wet ashing, i.e. heating under refl ux
with nitric acid followed by the addition of sulfuric or perchloric
acid, is an adequate nethod for the digestion of nbst organic and
bi ol ogi cal sanples. Heating with perchloric acid is usually avoi ded
i n nodern net hods because of the explosive nature of the funes.
Bi ol ogi cal sanples may al so be dissol ved using tetranethyl amoni um
hydr oxi de (Kaplan et al., 1973).

Dry ashing can al so be used wi thout significant |osses of
cadm um provided that the tenperature is kept at or below 450 °C
(Kjellstrémet al., 1974; Koirtyohann & Hopkins, 1976).
Lowtenperature (about 100 °C) dry ashing at a high oxygen
concentration has al so been used successfully (deit, 1965).

2.2.2 Separation and concentration

Sone bi ol ogi cal sanpl es such as ki dneys contain relatively high
concentrations of cadmum this nakes it possible to anal yse without
significant interference fromother conpounds. Dry ashing, followed

by dissolving the ash in acid, is sonetinmes sufficient for analysis
by atomi c absorption spectronetry and ot her nodern nethods. Wen the
cadm um concentration is |l ow, special treatnent is sonetinmes needed.
The procedures for separating cadmiumfrominterfering conpounds and
concentrating the sanples are very inportant steps in obtaining
adequat e results.

One technique for the solvent extraction of cadnium which has
been wi dely used, is based on the APDC/ M BK system where anmoni um
pyrrolidine dithi ocarbamate chelate (APDC) is extracted into nethyl
i sobutyl ketone (MBK) (Milford, 1966; Lehnert et al., 1968). O her
chel ating agents that can be used to extract cadm uminto an organic
solvent are dithiozone (Saltzman, 1953) and sodi um di et hyl
di t hi ocarbamate (Bernman, 1967).

| on exchange resins have al so been applied for separating and
concentrating cadnmi um from di gested food sanpl es (Baetz & Kenner
1974) and fromurine and bl ood sanples acidified with hydrochloric
acid (Lauwerys et al., 1974c; Vens & Lauwerys, 1982).

2.2.3 Methods for quantitative determ nation

A nunber of met hods have been devel oped for cadm um anal ysi s,
but none of them are known to produce absolutely "true"
concentrations of cadmumin any material. The accuracy of a nethod
al so depends on how high the concentration is.

The nearest approximation to the "true" val ue when anal ysi ng
conpl ex organic materials with | ow cadm um concentration is probably
attained with the isotope dilution mass spectronetry (I DVS) mnethod
carried out in "ultraclean" facilities. However, IDM5 is extrenely
expensi ve conpared with other nethods, and has been used mainly for
quality control of other nethods and for certified reference
materi al s.
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The nost commonly used nethods, at present, are atonic
absorption spectronetry, electrochem cal nethods, and neutron
activation anal ysis. These three nmethods will be discussed in detail
bel ow. Gt her methods are colorinmetry with dithiozone, atonic
em ssion spectronetry, atomic fluorescence spectronetry, and
proton-induced X-ray em ssions (Pl XE) anal ysis. Analytical nethods
for cadm um have been reviewed by Friberg et al. (1986).

In addition, in vivo analysis of cadm umin kidney and |iver
has been carried out by certain investigators (Ellis et al. 1981a;
Roel s et al. 1981b; Roels et al. 1983a, 1983b). The nethod uses the
principles of neutron activation and is discussed in section 8.2.1.6
of this nmonograph.

The validity and accuracy of any nethod should ideally be
ascertai ned by adequate quality assurance data (section 2.3). In the
absence of such data, the results should at |east be acconpani ed by
intra-laboratory quality control data, results of analysis of
certified standard materials, or inter-laboratory conparison data
(section 2.3). Ader basic chem cal analysis methods nmay be as
accurate as newer nore conpl ex and expensive nmethods, at least in
the hi gher concentration range, and no anal ytical results should be
di sm ssed or accepted until the nethod used has been carefully
eval uat ed.

2.2.3.1 Atom c absorption spectronetry

The basic principle is to pass the sanple into a
hi gh-tenperature flame (burner) or furnace and neasure the
absorption fromthe atoms in the ground state. A lanp with a cathode
made up fromthe pure nmetal or an alloy of the desired el enent,
emitting the narrow |line spectrumof this elenent, is used as an
external |ight source. Atonic absorption spectronetry (AAS) is the
net hod nost commonly used at present for cadm um determ nation
because the procedure is relatively sinple and fast, and its
detection limt is sufficient for nost environnental and biol ogica
materials. The absorption is neasured at the cadm umline
(228.8 nm.

There are two main nethods for atonization of a sanple, the
flanme nmethod and el ectrotherrmal atomnization (ETA). The latter is
al so called the heated graphite atom zation, graphite furnace or
flanel ess nmethod. Fl ane nethods are generally used for liquid
sanpl es that can be aspirated into a flane, usually an air-acetyl ene
flane. The detection limt for cadmumin pure water is of the order
of 1-5 nmg/litre and, in biological materials, it is about 0.1 ng/kg.
At lower levels, it is usually necessary to increase the sensitivity
by some accessory or by preconcentration during sanple treatnent.
One inportant nodification of the flanme technique is the use of a
m cro-cruci ble or cup nade of nickel (Delves, 1970; Fernandez &
Kahn, 1971; Edi ger & Col eman, 1973). The atons are held nuch | onger
in the |ight beamthat passes through the tube, and this increases
the sensitivity considerably.

ETA net hods have undergone rapid devel opnent in recent years.
The sanple, usually in solution (1-100 M), is first inserted into a
graphite furnace, which is surrounded by a constant flow of inert
gas, such as argon or nitrogen. The tenperature is then increased in
order to dry, ash, and atom ze the sanple. During atonizing, the
speci fic absorption fromcadm umis deduced fromthe |ight beans
passi ng through or just above the furnace. The detection limt is
extrenely |l ow (of the order of a few pg). There have been several

detail ed reports describing the analysis, using ETA of cadmumin
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bi ol ogi cal sanpl es such as blood and urine (Lundgren, 1976; Castilho
& Herber, 1977; Stoeppler & Brandt, 1978, 1980; Vesterberg &

W angskogh, 1978; Gardiner et al., 1979; Delves & Wodward, 1981
Subramani an & Meranger, 1981; Jawaid et al., 1983). The | owest
det ect abl e concentration of cadnmiumin blood and urine using ETAis
of the order of 0.1-0.3 ng/litre (Delves, 1982).

Al t hough the atom ¢ absorption spectronetry for cadmumis
specific, the nethod is not free from problens when applied to
nmeasurenents in biological sanples. Several inportant sources of
interference exist, especially light scattering fromparticles and
nonspeci fic absorption fromthe broad nol ecul ar absorption band
fornmed by, for instance, sodium chloride and phosphate ions.

Pi scator (1971) showed that sodiumchloride, at a concentration of
0.5 nol/litre, gave a signal corresponding to a concentration of
0.1 ng cadmium |litre when using ordinary air-acetylene flane atonic
absor pti on equi prrent without background correction. The actua
concentration was less than 0.4 ng cadmiunilitre. Many probl ens
related to interfering salts may be conpensated by the use of a
background correction system A deuteriumor hydrogen lanp is

usual Iy used. The nonspecific absorption can thus be nmeasured and
the signal, neasured as the difference between the specific and
nonspeci fic absorption, is proportional to the actual cadm um
concentration (Kahn & Manni ng, 1972). Background correction for fine
structure nonspecific absorption can also be made by utilizing the
Zeeman effect on incoming light when it is nodulated by strong
magnetic fields (Koizunm et al., 1977; Alt, 1981; Pleban et al.
1981). Sone kind of background correction is necessary when the

m crocruci bl e or electrothermal atonization techni ques are used for
cadm um anal ysi s, since the nonspecific absorption increases as the
atoms are kept in the light for a relatively long period of tine.

2.2.3.2 El ectrochen cal nethods

Cadmi um can be determ ned by different types of
el ectro-chem cal nethods such as cl assic pol arographi c nmet hods or
the nore recently devel oped anodi c stripping voltanmetry and
cadm um sel ective el ectrodes. The basic principle behind the
el ectrochenical nmethods is the change in the el ectrochenica
potentials formed when el ectrons are transferred fromone netal to
another. A dropping nmercury electrode is placed in a solution where
the metal concentration is to be deternined. By changi ng the charge
of the electrode, different netals will be reduced and form an
amal gam (a solid solution of netal atons and nercury) with the
nercury el ectrode. Pol arographi ¢ waves can thus be recorded.
Different netals can be deternined sinultaneously in a liquid
sampl e, since they form amal gans at di fferent charges

Anodi ¢ stripping voltamretry is based on the reverse process,
i.e. the release of netals that have already been reduced and are
bound to the mercury el ectrode. During oxidation and rel ease from
the amal gam a peak current can be recorded at a potential that is
characteristic for the particular netal. Anodic stripping
voltametry is one of the nobst sensitive nethods for cadni um
determ nati on avail able. The nost crucial aspects are conplete
destruction of all organic materials and the transfer of cadnmi um
ions fromthe sanple into a non-contam nated el ectrol yte. The net hod
is especially suitable for water analysis, where no sanple treatnent
is necessary (Piscator & Vouk, 1979), but has al so been used for the
nmeasur enment of cadm umin various biological materials such as urine
(Jagner et al., 1981), foodstuffs, and tissues (Daniel sson et al.
1981). In urine, a detection limt of about 0.1 ng/litre was
obt ai ned when using a conputerized potentionetric stripping analysis
(Jagner et al., 1981).
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Speci fic cadm umsel ective electrodes are commercially
avail abl e, but their sensitivity is insufficient for cadnmi um
nmeasurenment in nost biological materials. Furthernore, the
el ectrodes are not ion specific, and problens can easily arise from
various contam nants in the solution used (H slop, 1980).

2.2.3.3 Activation analysis

Cadmi um has a nunber of stable isotopes. Irradiation with
neutrons yi el ds new radi oacti ve cadni um i sotopes, which can be
quantitatively nmeasured on the basis of their specific energy and
hal f-1ife. A procedure for determ ning cadniumin human |iver
sampl es by neutron activation anal ysis has been reported by
Hal vorsen & Steinnes (1975). The irradi ated sanple is usually
di gested before the radioactivity is nmeasured. Sonetinmes, it may be
necessary to concentrate cadm um by chem cal nethods and to separate
the cadmumions fromother isotopes that have an energy spectrum
overl apping the one for cadm um before measurenent can be carried
out. Non-radioactive cadm um can al so be added after irradiation to
enabl e nmeasurenent of the recovery after digestion and various
concentration steps. The detection limt for neutron activation
analysis is low, of the order of 0.1-1 ng cadm um kg or
0.1-1 ny/litre, in nost biological materials. However, the nethod is
expensi ve since the sanples have to be irradiated in a reactor, and
so it is not normally used for screening progranmmes. Neutron
activation anal ysis has been used as a reference nethod for accuracy
tests of other nmethods (Kjellstrémet al., 1975b; Kjellstrém 1979;
Jawai d et al., 1983).

Neutron activation analysis is not ideal for liquid sanples
such as blood and urine, where the detection linmt of the nethod is
very close to the nornmal values. Furthernore, anpoules filled with
liquid sanpl es soneti nes expl ode as gases are forned when the sanple
is irradiated in the reactor

Irradiation with protons, proton-induced X-ray enission (Pl XE)
can al so be used for activation analysis of cadmium Severa
el enents are neasured at the sane tinme. The nmmi n advantage of the
nethod is its ability to detect and quantify cadmiumin very snal
sampl es such as thin slices of tissues weighing |less than 1 ng
(Hassel mann et al., 1977, Mangelson et al., 1979).

2.2.3. 4 In vivo nethods

A non-invasive technique for in vivo determ nation of |iver
and ki dney cadm um has been devel oped (Biggin et al., 1974; Harvey
et al., 1975; MlLellan et al., 1975) using the principle of neutron
activation anal ysis and taking advantage of the very |arge capture
cross-section area for thermal neutrons of one of the
natural | y-occurring stable isotopes of cadnmium ('3Cd; natura
abundance, 12.26%. A portable system using a 2*®Pu-Be source of
neutrons (instead of the original, which was cycl otron dependent)
has made this technique nore easily avail able (Thonas et al., 1976).

The | owest detection limt for "field-work" techniques
currently in use for this nethod is about 1.5 ng/kg in liver and
15 mg/ kg in whole kidney (Ellis et al., 1981a). These linits are too
hi gh to neasure accurately tissue levels in people with "nornal"
envi ronment al exposure (section 6.4). In people with occupationa
exposure, cadmiumlevels of up to 100 ng/kg in liver and 400 ng/ kg
i n whol e ki dney have been reported (Ellis et al., 1981a; Roels et
al ., 1981b). The nethod is still not developed to its full capacity,
and the results are greatly affected by, for instance, the

Page 19 of 201



Cadmium (EHC 134, 1992)

variability in the location of the kidney (Al -Haddad et al., 1981).

An alternative method for in vivo determ nation of cadm um
concentration in kidney cortex using X-ray-generated atonic
fluorescence (XRF nethod) has been reported (Ahlgren & Mattson
1981; Christofferson & Mattson, 1983). Skerfving et al. (1987) found
the limt of detection to be 17 pg/g kidney cortex (three standard
devi ati ons above the background). The precision is 23%

The validity and accuracy of these in vivo neutron activation
and XRF net hods have not been studied sufficiently. A conparison of
the results obtained by in situ determ nation of |iver and ki dney
cadm umin deceased people with those found by chem cal analysis of
the sane tissues is needed.

2.3 Quality control and quality assurance
2.3.1 Principles and need for quality contro

There is a great need for strict quality control procedures in
the monitoring of trace elenents in biological materials. The
purpose of these is to ensure that published data are as accurate as
possible. Quality control involves intra-laboratory or
inter-laboratory procedures that check whether the nmethod gives
acceptable results on sanples with known concentrations. Quality
assurance is usually given a broader nmeaning to cover the whole
systemof activities that are carried out to increase the quality of
the operation. Thus, quality assurance includes not only the
chem cal analysis, but also the whole pre-anal ytical chain, data,
handl i ng, reporting, etc.

A review of published data (Vahter, 1982) showed that nean
bl ood cadm um concentrations in the general popul ation as high as
20-50 ng/litre have been reported. Such values are definitely
unrealistic (section 6.2). Furthermore, nost published reports |ack
quality control or quality assurance data. Valid conparisons of
cadm um exposure based on bl ood cadmi um | evels can, therefore,
sel dom be nmade. Results frominterlaboratory conparisons anplify the
need for quality control (section 2.3.3).

2.3.2 Conparison of nmethods and | aboratories

As indicated above, AAS (direct or conbined with a separation
procedure by organic solvent extraction or ion exchange) is the
common net hod and can be applied to ordinary environmental or
bi ol ogi cal sampl es. Each of the other nethods has its particular
characteristics and can be used effectively according to the need
for sensitivity and to the type of sanple. O special concern are
met hods used for the determination of cadmiumin, for instance,
food, blood, and urine, where cadm umconcentrations are generally
low and the matrices are conplicated. Attenpts to evaluate the
accuracy by conparing the proposed nethod with another nethod have
sel dom been nmade. When testing a new nethod for the deternination of
cadmi um or a new application of a nmethod to a different type of
sanple, it is advisable to conpare it with another nethod based on
quite different principles.

Since the principle of neutron activation analysis is quite
different fromthat of other nethods, it is a good nethod for
conparison. Thus, Linnman et al. (1973) and Kjellstromet al. (1974,
1975b) found good agreenent between a flanel ess atonic absorption
met hod and destructive neutron activation analysis (the sanple is
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irradiated and then treated chemcally so the original material is
"destroyed") for cadm umin wheat at concentrati ons down to around
20 nmg/ kg wheat. In the latter study (Kjellstromet al., 1975b), good
agreenment was al so found between cadm um concentrations in urine
(above 5 pg/litre), determ ned by AAS after extraction into organic
sol vent, and cadmi um concentrati ons deterni ned by neutron
activation. Because of technical problens of neutron activation
anal ysis of liquid sanples, K ellstromet al. (1975b) coul d not

eval uate the accuracy at urine concentrations of around 1 pg/litre.
However, Jawaid et al. (1983) have used neutron activation to
confirmthe accuracy of atom c absorption anal yses of urine in the
range of 0.2-4 pug/litre.

Furt her conparisons of destructive neutron activation analysis
and different AAS net hods conducted in different |aboratories have
been carried out for faeces, rice, wheat, liver, and nuscle
(Kjellstréom 1979). The best agreenent was found for liver, in which
the cadm um concentrati ons were the highest, but, there was al so
reasonabl e agreement between nmpost of the nethods in the case of
ot her materi al s.

Anot her possibility for testing a nethod is to add radi oactive
cadmumto the sanples (Kjellstrémet al., 1974) or to inject
radi oactive cadmiuminto aninals and then conpare results of
radi oactive neasurenents with those obtained by chem cal analysis.

Since there has been a need for conparing cadmiumlevels in
different areas of the world, studies anong | aboratories in
different countries have been undertaken to ensure that the
anal yti cal nethods give conparable results.

An intercompari son progranme involving several European
| aboratories, which used flane atonic absorption, flanmeless atonic
absorption, colorinetry, polarography, and anodic stripping
voltametry, indicated great variability in results (Lauwerys et
al ., 1975). Thus, reported concentrations in the sane sanple of
bl ood were from1l to 92 pg/litre in one case, fromO to 73 pg/litre
in another, and fromO to 110 ng/litre in a third. A wi de range of
val ues was al so reported in the case of aqueous solutions. Only 29%
of participating | aboratories neasured cadnmiumin blood with
sufficient precision. The conclusion fromthis study was that
several participating | aboratories had not yet adequately devel oped
the technique required for precisely neasuring cadm umin bl ood,
urine, and water.

2.3.3 (Qality assurance

An extensive quality assurance programe of cadmi um anal ysis
involving | aboratories in nine different countries has been carried
out (Vahter, 1982). This was a part of the UNEP/ WHO G oba

Envi ronmental Monitoring Programme and invol ved the anal ysis of
cadmi umin blood and kidney tissue as well as of lead in blood. A
series of quality control sanples (spiked specinens), the
concentrations being known or unknown to the participating

| aboratories, was used to check the accuracy of the nethods before
the popul ati on sampl es were anal ysed. This procedure was repeated up
to 12 times, devel opment work on the nethods being carried out in
between, in order to inprove the accuracy of the nethods. After

i mprovenent of the techniques and practice, the agreenent becane
excel lent. An overview of various aspects of quality assurance has
been presented by Friberg (1988).

2.4 Concl usi ons
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There are several nethods available for the determ nation of
cadmi umin biological materials. Atom c absorption spectronetry
(AAS) is the most widely used, but careful treatnment of sanples and
correction for interference is needed for the analysis of sanples
with | ow cadmi um concentrations. It is strongly recommended to
acconpany analysis with a quality assurance programe. At present,
it is possible under ideal circunstances to determ ne concentrations
of about 0.1 pg/litre in urine and bl ood and 1-10 pg/kg in food and
ti ssue sanpl es.

3. SOURCES OF HUVAN AND ENVI RONVENTAL EXPOSURE

The netal cadm um bel ongs, together with copper and zinc, to

group Ilb of the Periodic Table. It is arelatively rare el enent and
is not found in the pure state in nature. Cadmiumis minly
associated with the sulfide ores of zinc, |ead, and copper, although
purification first took place in 1817 from zinc carbonate.
Conmer ci al production only became significant at the begi nning of
this century. Cadmiumis often considered as a netal of the 20th
century; indeed, over 65% of the cumulative world production has
taken place in the last two decades (WIson, 1988).

Cadmiumis commonly regarded as a pollutant of worldw de
concern. The nmetal has been reviewed by the International Register
of Potentially Toxic Chemicals of the United Nations Environment
Programme. As a result, it has been included on the list of chem cal
subst ances and processes considered to be potentially dangerous at
the gl obal level (IRPTC, 1987).

3.1 Natural occurrence and cycling

Cadmiumis widely distributed in the earth's crust at an
average concentration of about 0.1 ng/kg. However, higher |evels may
accunul ate in sedinmentary rocks, and mari ne phosphates often contain
about 15 ng cadm um kg (GESAMP, 1984). Weathering also results in
the riverine transport of large quantities of cadmumto the world's
oceans and this represents a major flux of the global cadniumcycle;
an annual gross input of 15 000 tonnes has recently been estimted
( GESAMP, 1987).

Sone bl ack shal e deposits in parts of the United Ki ngdom and
USA contain el evated cadm um | evels, thus |eading to high soi
concentrations in these areas (Lund et al., 1981). High soi
concentrations are nore commonly found in areas containing deposits
of zinc, lead, and copper ores. |Indeed, such areas are often
characterized by both soil and aquatic contamination at the |oca
l evel . The mining of these ore bodies has further increased the
extent of such contam nation. In background areas away from such
deposits, surface soil concentrations of cadm umtypically range
between 0.1 and 0.4 ng/ kg (Page et al., 1981) while fresh water
contains < 0.01-0.06 ng/litre (Shiller & Boyle, 1987).

Vol canic activity is a major natural source of cadm umrel ease
to the atnosphere. Em ssions of cadm umtake place both during
epi sodi c eruptions and continuous |lowlevel activity. Difficulties
exi st in quantifying the global flux fromthis source but an
estimate of 100-500 tonnes (Nriagu, 1979) has been nade. Deep sea
vol canismis also a source of environnental cadm umrel ease, but the
role of this process in the global cadm umcycle remains to be
quantifi ed.

A der neasurements of cadm umin the atnosphere and nmarine
wat ers from background areas generally yielded much hi gher val ues
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than those obtained by nore recent studies. |nproved sanpling and
anal ytical techniques are considered to be responsible for these
changes. Recent measurements of atnospheric concentrations in renote
areas are typically in the range of 0.01-0.04 ng/n’ ( GESAMP

1985). Airborne cadm um concentrations around vol canoes can be

mar kedl y el evated; for exanple, the plune of Mount Etna, Sicily,

contai ns about 90 ng/m (Buatnenard & Arnold, 1978).

Current measurenents of dissolved cadnmiumin surface waters of
the open oceans give values of < 5 ng/litre. The vertica
distribution of dissolved cadmumin ocean waters is characterized
by a surface depletion and deep water enrichnent, which corresponds
to the pattern of nutrient concentrations in these areas (Boyle et
al ., 1976). This distribution is considered to result fromthe
absor pti on of cadnmi um by phytoplankton in surface waters, its
transport to the depths incorporated in biological debris, and its
subsequent release. In contrast, cadmumis enriched in the surface
waters of areas of upwelling, and this leads to elevated levels in
pl ankt on unconnected with hunman activity (Martin & Broenkow, 1975
Boyle et al., 1976). Cceanic sedinments under-lying these areas of
hi gh productivity can contain markedly el evated cadmi umlevels as a
result of inputs associated with biological debris (Sinpson, 1981).

I ce and snow deposits fromthe polar regions represent a unique
hi storical record of pollutants in atnospheric precipitation
However, the problens of contamination are great and no reliable
data are at present available fromhistoric sanples; this prevents
an insight into tenporal changes in the cycling of cadm um
Nevert hel ess, current ice sanples have been anal ysed; those fromthe
Arctic contain on average 5 pg/g, while correspondi ng val ues from
the Antarctic (0.3 pg/g) are nuch |lower (WoIff & Peel, 1985).

3.2 Production

Cadmiumis a by-product of zinc production. As a result, the
| evel of cadmi um output has closely followed the pattern of zinc
production, little being produced prior to the early 1920s. The
subsequent rapid increase corresponded to the comrercial devel opnent
of cadm um el ectroplating. Wrl dw de production reached a plateau in
the 1970s but in the 1980s output appeared to be increasing again
(Wl son, 1988b). The worl dwi de production of cadnmiumin 1987 was
18 566 netric tonnes (WIson, 1988b).

3.3 Uses

Cadm um has a linited nunber of applications but within this
range the netal is used in a large variety of consumer and
industrial materials. The principal applications of cadnium fal
into five categories: protective plating on steel; stabilizers for

poly-vinyl chloride (PVC); pignents in plastics and gl asses;

el ectrode material in nickel-cadmiumbatteries; and as a conponent
of various alloys. Detailed consunption statistics are only
available for a limted nunber of countries but fromthese it is
apparent that the pattern of use can vary considerably fromcountry
to country (W/Ison, 1988b).

Exam nation of the reported trends in cadm um consunption over
the last 25 years reveal s considerable changes in the relative
i mportance of the mmjor applications. The use of cadm um for
el ectroplating represents the nost striking decrease; in 1960 this
sector accounted for over half the cadm um consunmed worl dw de, but
in 1985 its share was | ess than 25% (W/Ison, 1988b). This decline is
usually linked to the wi despread introduction of progressively
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stringent effluent limts fromplating works and, nore recently, to
the introduction of general restrictions on cadm um consunption in
certain countries. In contrast, the use of cadmiumin batteries has
shown considerable growh in recent years fromonly 8% of the total
market in 1970 to 37% by 1985. The use of cadmiumin batteries is
particularly inportant in Japan and represented over 75% of the
total consunption in 1985 (WIson, 1988b).

O the remaining applications of cadnmium pignments and
stabilizers are the nost inportant, accounting for 22% and 12%
respectively, of the world total in 1985. The share of the narket by
cadm um pignents renained rel atively stable between 1970 and | 985
but the use of the nmetal in stabilizers during this period showed a
consi derabl e decline, largely as a result of economic factors. The
use of cadmiumas a constituent of alloys is relatively small and
has al so declined in inportance in recent years, accounting for
about 4% of total cadmiumuse in 1985 (WIson, 1988b).

3.4 Sources of environnental exposure

Nurer ous human activities result in the release of significant
quantities of cadmiumto the environnent. The relative inportance of
i ndi vi dual sources varies considerably fromcountry to country. The
maj or sources of anthropogenic cadnm umrel ease can be divided into
three categories. The first is made up of those activities involved
in the mning, production, and consunption of cadm um and ot her
non-ferrous netals. The second category consists of inadvertent
sources where the netal is a natural constituent of the material
bei ng processed or consuned. Sources associated with the di sposal of
materials that had earlier received cadm um di scharges or di scarded
cadmi um products nmake up the third category.

Table 1. Estimates of atnospheric cadm um em ssions (tonnes/year) from|
activities on a national, regional and worl dw de basis

Sour ce Uni t ed EECP VWor | dwi de®
Ki ngdonf
Nat ural sources ND 20 8004

Non-ferrous neta
producti on

m ni ng ND ND 0.6-3
zinc and cadni um 20 920- 4600
copper 3.7 6 1700- 3400
| ead 7 39-195
Secondary production ND 2.3-3.6
Producti on of cadmi um cont ai ni ng
subst ances ND 3 ND
Iron and steel production 2.3 34 28-284

Fossil fuel combustion

coal 1.9 6 176- 882
oi | 0.5 41- 246
Ref use i ncineration 5 31 56- 1400
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Sewage sl udge incineration 0.2 2 3-36
Phosphate fertilizer manufacture ND ND 68-274
Cement manufacture 1 ND 8.9-534
Wood conbusti on ND ND 60- 180
TOTAL EM SSI ONS 14 130 3900- 12800

a From Hutton & Synon (1986); data apply to 1982-1983

b From Hutton (1983); data apply to 1979-1980 (the EEC consisted, at
that tinme, of Belgium Denmark, Federal Republic of Germany, Italy,
Luxermbour g, The Netherlands, Republic of Ireland, and
the United Kingdom

¢ From Nriagu & Pacyna (1988); data apply to 1983

d From Nriagu (1979)

ND Not determ ned
3.4.1 Sources of atnospheric cadni um

Esti mat es of cadmi um emi ssions to the atnosphere from human and
natural sources have been carried out at the world-w de, regional
and national |evels; exanples of such inventories are shown in
Tabl e 1.

The nedi an gl obal total enission of the netal from human
sources in 1983 was 7570 tonnes (Nriagu & Pacyna, 1988) and
represented about half the total quantity of cadmi um produced in
that year. In conparison, the worl dw de enission of |ead from hunan
activities was about 10% of the total |ead produced in 1983 (Nriagu
& Pacyna 1988). In both the European Economic Conmunity (EEC) and on
a worl dwi de scale (Nriagu, 1979), about 10-15% of total airborne
cadmi um emi ssions arise fromnatural processes, the major source
bei ng vol canic action

Consi derabl e differences exist in the relative inportance of
different sources of atnospheric cadm um between the worl dwi de
situation and that in the United Kingdom and the EEC as a whol e.
This is particularly marked for non-ferrous netal production, which
accounts for about 75% of the total anthropogenic enissions
wor | dwi de but only 25%in the EEC. This partly reflects the
ext ensi ve em ssion controls operated by these industries in Europe
conmpared with nmany parts of the world. In addition, of the two basic
net hods of zinc production, thermal snelting and el ectrolyte
refining, only the forner rel eases significant atnospheric cadnium
em ssions. In recent years, electrolytic refining has assuned the
maj or share of the world's production of zinc and cadm um and has
| argely repl aced thermal processes in Europe. The once inportant
vertical and horizontal retort snelters, which enit large quantities
of at nospheric cadnmi um have been phased out in npst devel oped
countries, but are still in operation in several devel oping
countries (ILZSG 1988).

O her industries that enploy thermal processes, e.g., iron
production, fossil fuel conbustion, and cenment nanufacture, al
rel ease airborne cadmium the netal being a natural constituent of
the raw materials. The cadm um content of these materials is
generally relatively low but this is offset by the vast quantities
consunmed. Furthernore, in common with other thermal processes, the
el evated tenperatures enployed result in the volatilization of
cadmium It subsequently condenses in a preferential manner on the
smal | est particles in the stack gases, the size range | east
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efficiently retained by conventional particulate control neasures
(Smith, 1982). Despite nechani sns that enhance the rel ease of

cadmi um the quantities enmitted fromthe three processes are now
considered to be smaller than they were in the past, particularly in
the case of fossil fuel conbustion (Rauhut, 1980). Municipal refuse
is a waste-rel ated source, the cadm um being derived from di scarded

ni ckel -cadm um batteries and plastics that contain cadm um pi gnents
and stabilizers. The incineration of refuse, a practice generally
restricted to devel oped countries, is a major source of atnospheric
cadm umrel ease at the national, regional, and worl dw de | evels
(Table 1). Indeed, this activity accounts for about one third of the
total cadm umem ssions in the United Kingdom and the EEC as a
whol e. Cadmiumrel ease fromthis sector originates froma | arge
nunber of plants, while the emissions fromthe non-ferrous netal
industry are derived fromrelatively few facilities.

Sewage sl udge receives cadm um fromindustrial sources
particularly fromthe discharges of plating operations and pi gnent
wor ks. One di sposal option, the incineration of sewage sludge, is a
relatively minor source of airborne cadmium reflecting the smal
quantities of sludge disposed of in this nmanner (Table 1).

St eel production can al so be considered as a waste-rel ated
source, as large quantities of cadm umpl ated steel scrap are
recycled by this industry, at least in devel oped countries. As a
result, steel production is responsible for considerabl e eni ssions
of at nospheric cadm um

3.4.2 Sources of aquatic cadm um

Non-ferrous metal mnes represent a major source of cadnium
rel ease to the aquatic environnent. Contami nation can arise from
m ne drai nage water, waste water fromthe processing of ores,
overflow fromthe tailings pond, and rai nwater run-off fromthe
general mine area. The release of these effluents to | oca
wat er-courses can | ead to extensive contamni nati on downstream of the
m ni ng operation. The cadmi um content of the ore body and nine
managenent policies, as well as climatic and geographi ca
conditions, all influence the quantities of cadm umrel eased from
i ndividual sites. Flood and stormconditions, for exanple, will
enhance the nobilization of cadmi umcontained in particul ate
material. Aquatic inputs of cadmumare not restricted to active
m ne sites, and nines disused for nany years can still be
responsi ble for the continuing contam nation of adjacent
wat er cour ses (Johnson & Eaton, 1980).

At the global level, the smelting of non-ferrous netal ores has
been estimted to be the | argest hunan source of cadm umrel ease to
the aquatic environnent (Nriagu & Pacyna, 1988). Discharges to fresh
and coastal waters arise fromliquid effluents produced by gas
scrubbing together with the site drai nage waters.

Concerning the | ocations where environnental health effects of
cadm um have been reported, the water and air contam nation from
non-ferrous nmetal mning and production are the predom nant sources
of cadmum Al the major areas of Japan with el evated cadm um
| evel s have been affected by these sources (Tsuchiya, 1978),
al t hough contam nation through the natural nobilization of cadnium
fromore bodies nmay al so have been invol ved.

Cadmiumis a natural constituent of rock phosphates and

deposits from sonme regions of the world contain nmarkedly el evat ed
| evel s of the nmetal. The manufacture of phosphate fertilizer results
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in aredistribution of the cadmumin the rock phosphate between the
phosphoric acid product and the gypsumwaste. In nany cases, the
gypsumis di sposed of by dunping in coastal waters, which leads to
consi derabl e cadm um inputs. Some countries, however, recover the
gypsum for use as a construction material and thus have negligible
cadm um di scharges (Hutton, 1982).

The atnospheric fall-out of cadmumto fresh and nmari ne waters
represents a mgjor input of cadmiumat the global level (Nriagu &
Pacyna, 1988). Indeed, a CGESAMP study of the Mediterranean Sea
indicated that this source is conparable in nagnitude to the total
river inputs of cadmumto the region (GESAMP, 1985). Sinmilarly,
| arge cadmiuminputs to the North Sea (110-430 tonnes/year) have
been estimated, based on the extrapol ation from nmeasurenents of
cadm um deposition along the coast (van Aalst et al., 1983a,b).
However, anot her approach based on nodel sinmulation yielded a nodest
annual input of 14 tonnes (Krell & Roeckner, 1988).

Acidification of soils and | akes may result in enhanced
nmobi | i zation of cadmiumfromsoils and sedinments and lead to
increased levels in surface and ground waters (WHO, 1986). The
corrosion of soldered joints or zinc galvanized plunbing by acidic
wat ers can di ssol ve cadm um and produce increased | evels of the
netal in drinking-water. In one study from Sweden, cadmiumlevels in
tap water from areas susceptible to acidic deposition were doubl e
those froma control area (Svensson et al., 1987).

3.4.3 Sources of terrestrial cadm um

Solid wastes froma variety of human activities are di sposed of
inlandfill sites, resulting in large cadm uminputs at the nationa
and regional |evels when expressed as a total tonnage (Hutton, 1982;
Hutton & Synon, 1986). However, this sinple approach exaggerates the
significance of landfilled cadmumin certain high vol une wastes
with relatively | ow concentrations of cadm um Exanples include the
ashes fromfossil fuel conmbustion, waste from cenent manufacture
and the disposal of nunicipal refuse and sewage sludge. O greater

potential environnental significance are the solid wastes from both
non-ferrous nmetal production and fromthe nmanufacture of

cadm um containing articles, as well as the ash residues fromrefuse
incineration. Al three waste materials are characterized by

el evated cadnmium | evel s and as such require disposal to controlled
sites to prevent the nobilization of the cadmi umin ground water

Soil cadmi um contam nation is a characteristic feature around
non-ferrous metal mnes and snelters, particularly in the case of
those handling zinc ores. Contanmination frommnmining is generally
| ocal but nmay be wi despread in areas of high mineral content
(Tsuchiya, 1978). Soil contami nation fromsnelters is generally
greatest next to the source and decreases exponentially with
di stance, although cadm um concentrations can still be above the
background [ evel 20 kmfromthe source (Buchauer, 1972). Shipham
United Kingdom is a site of extrene soil cadni um contam nation
Bet ween 1650 and 1850 the village of Shiphamwas the site of a ngjor
zinc mne. Once the mning stopped the area was flattened and
devel oped for agriculture and housing. Cadmiumlevels in
agricultural and garden soils are sonme of the highest ever reported
wor | dwi de (Thornton, 1988).

The agricultural application of phosphate fertilizers
represents a direct input of cadmumto arable soils. The cadm um
content of phosphate fertilizers varies widely and depends on the
origin of the rock phosphate. It has been estinmated that fertilizers

Page 27 of 201



Cadmium (EHC 134, 1992)

of West African origin contain 160-255 g cadmi unitonne of phosphorus
pent oxi de, while those derived fromthe southeastern USA contain
only 35 g/tonne (Hutton, 1982).

The annual rate of cadmiuminput to arable [and from phosphate
fertilizers had been estimated for the countries of the EEC, taking
into account differences in application rates and the cadni um
contents of the fertilizers used (Hutton, 1982). The average cadni um
input (5 g/ha) only represents about 1% of the surface soil cadm um
burden. Despite the relatively small size of this input, |ong-term
conti nuous application of phosphate fertilizers has been shown to
cause increased soil cadm um concentrations (WIllians & David, 1973,
1976; Andersson & Hahlin, 1981).

The application of nunicipal sewage sludge to agricultural soi
as a fertilizer can also be a significant source of cadnmium In many
i ndustrialized countries, control measures have reduced the cadm um
content of sewage sludge and at the sane tine national and regiona
regul ations have limted the input of cadmiumfrom agricultura
sl udge applications (Davis, 1984). Nevertheless, large increases in
soil cadni um concentration have resulted in the past fromthe
application of contam nated sludge in both North America and Europe

(Davis, 1984). Even today, the high application rates used for
sewage sludge result in relatively large cadm uminputs, a value of
80 g/ ha having been estimated for the United Ki ngdom (Hutton &
Synon, 1986). On a national or regional basis, however, these inputs
are nmuch snmaller than those fromeither phosphate fertilizers or

at nospheric deposition (see section 4.2).

3.5 Concl usi ons

Cadmiumis a relatively rare elenent and current anal ytica
procedures indicate nuch | ower concentrations of the netal in
envi ronmental nedia than do ol der nmeasurenents. At present, it is
not possible to deterni ne whether human activities have caused a
historic increase in cadmumlevels in the polar ice caps.

Conmer ci al cadm um production started at the beginning of this
century. The pattern of cadm um consunption has changed in recent
years with significant decreases in electroplating and increases in
batteries and specialized electronic uses. Mst of the nmajor uses of
cadmumenploy it in the formof conpounds that are present at |ow
concentration. This nmakes it difficult to recycle cadmi umin order
to decrease the potential for environnental contami nation
Restrictions on certain uses of cadm uminposed by a few countries
may have w despread inpact on the applications of cadni um

Cadmiumis released to the air, land, and water by hunan
activities. In general, the two major sources of contanination are
the production and consunption of cadm um and ot her non-ferrous
nmetal s and the di sposal of wastes containing cadmum Areas in the
vicinity of non-ferrous mines and snelters often show pronounced
cadmi um cont ami nati on

4.  ENVI RONVENTAL TRANSPORT, DI STRI BUTI ON, AND
TRANSFORVATI ON

4.1  Atnospheric deposition
Cadmiumis renoved fromthe atnosphere by dry deposition and by
precipitation. Total deposition rates have been neasured at nunerous

localities worldw de and val ues have generally been found to
increase in the order: background < rural < urban < industrial
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In rural areas of Scandi navia, annual deposition rates ranged from
0.4 to 0.9 g/ha (Laamanen, 1972; Andersson, 1977). Simlarly, in a
rural region of Tennessee, USA, a deposition rate of 0.9 g/ha was
observed (Lindberg et al., 1982). Hutton (1982) concluded that

3 g/ha per year is a representative value for the atnospheric
deposition of cadmiumto agricultural soils in rural areas of the
EEC. This may be conpared with a correspondi ng i nput of 5 g/ ha per
year for these areas fromthe application of phosphate fertilizers
(see 3.4).

Many industrial sources of cadm um possess tall stacks, which
bring about the w de dispersion and dilution of particulate
em ssions. Indeed, it is often assumed that < 10% of such eni ssions
are deposited locally, the remai nder being avail able for |ong-range
transport (Krell & Roeckner, 1988). Neverthel ess, cadm um deposition
rates around snelter facilities are often narkedly el evated nearest
the source and generally decrease rapidly with distance (Hirata,
1981). This pattern of contami nation can be reflected in surface
soils and vegetation, and in the former case, contam nation wll
reflect the long-termhistory of netal inputs fromthe atnosphere.
As a result, soil cadm um concentrations in excess of 100 ng/kg are
commonly encountered close to | ong-established snelters (Buchauer
1972). In some urban areas, the high density of non-ferrous netal
works results in a city-w de el evation of cadni um deposition (Roels
et al., 1981a).

The possibility that cadm um deposition is enhanced around
at nospheric sources of cadnmium other than snelters has been
i nvestigated on a nunber of occasions. One assessnent of studies
conducted around coal -fired power stations concluded that this
source was unlikely to cause any marked | ocal accumul ation of
cadm um ( Chadwi ck & Lindman, 1982). In contrast, significant cadni um
contam nati on was found in surface soil downw nd of a phosphate
fertilizer processing plant in the USA, the levels being up to
40 mg/ kg (Hutchison et al., 1979). Little attention has been paid to
the pattern of cadm um deposition around refuse incinerators; one
study of a large facility in the United Ki ngdom observed noderately
el evat ed deposition rates downw nd of the plant (Hutton et al.
1988).

Crop plants growi ng near to atnospheric sources of cadm um may
contain el evated cadnmium|levels (Carval ho et al., 1986). However, it
is not always possible to distinguish whether the cadmiumis derived
directly fromsurface deposition or originates fromroot uptake,
since soil levels in such areas are generally higher than nornal
One study in Denmark has suggested that atnospheric deposition can
al so be an inportant direct source of cadmumin crop plants even in
background areas (Hovrmand et al., 1983).

4.2 Transport fromwater to soi

Ri vers contami nated with cadm um can cont ani nate surroundi ng
l and, either through irrigation for agricultural purposes, by the
dunpi ng of dredged sedi nments, or through flooding (Forstner, 1980;
Sangster et al., 1984). For exanple, agricultural |and adjacent to
the Neckar River, Germany, received dredged sedinents to i nprove the
soil, a practice that produced soil cadm um concentrations in excess
of 70 ny/ kg (Forstner, 1980).

Much of the cadm umentering fresh waters from i ndustri al
sources is rapidly absorbed by particulate natter, where it may
settle out or remain suspended, depending on |ocal conditions. This
can result in | ow concentrations of dissolved cadm umeven in rivers
that receive and transport large quantities of the netal (Yamagata &
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Shi gemat su, 1970). Rivers can transport cadmi um consi derabl e

di stances fromthe source of the input. In Japan, there are severa
areas where soils have been contanminated with irrigation water up to
50 kmfromthe source (Tsuchiya, 1978).

4.3 Uptake fromsoil by plants

It has been shown repeatedly that an increase in soil cadm um
content results in an increased plant uptake of the nmetal. This has
been denonstrated for soils with naturally el evated cadmi um | evel s
(Lund et al., 1981), those contam nated by non-ferrous netal mning
(Al'l oway et al., 1988), and those that have received cadm umvia
sewage sl udge applications (Davis & Coker, 1980). It is this basic
rel ati onship that makes the soil-crop pathway of human exposure
susceptible to increased levels of soil cadm um |Indeed, since the
maj or sources of cadmi um exposure for the general popul ation are
food and tobacco (see section 5), it is inportant to assess those
soil and plant factors that influence cadm um uptake by crop plants.

The nost inmportant soil factors influencing plant cadm um
accunul ation are soil pH and cadmi um concentration (Davis & Coker,
1980; Page et al., 1981). Soil cadmiumis distributed between a
nunber of pools or fractions, of which only the cadm umin soi
solution is thought to be directly avail able for uptake by plants.

Soil pHis the principal factor governing the concentration of
cadmumin the soil solution. Cadm um absorption to soil particles
is greater in neutral or alkaline soils than in acidic ones and this
| eads to increased cadmumlevels in the soil solution. As a
consequence, plant uptake of cadm um decreases as soil pH increases.

O her soil factors that influence the distribution of cadni um
between the soil and soil solution include cation exchange capacity
and the contents of the hydrous oxi des of nanganese and iron
organic matter, and cal cium carbonate. Increases in these paraneters
result in decreased availability of cadmumto plants owing to a
reduction of the level of cadmiumin the soil solution

A conparative study of cadm um contaninated soils from
different sources illustrates the inportance of the above soi
factors (Alloway et al., 1988). Soils from Shi pham United Ki ngdom
contai ned the highest total cadmiumlevels but the soil solution
concentrations were |lower than in other soils. The snmall proportion
of soluble cadm umin Shiphamsoils (0.04% was related to the high
pH (7.7) and hi gh cal cium carbonate and hydrous oxi de content of
these soils. In contrast, a paddy soil fromthe Junzu Valley, Japan
cont ai ned 4% sol ubl e cadm um and possessed a | ow pH (5), |ow cal cium
carbonate content, and very | ow hydrous oxi de concentration (Al | oway
et al., 1988).

Much attention has been paid to the plant availability of
cadmumin agricultural soils to which sewage sludge has been
applied. It has been observed that the repeated application of
sludge to soils can alter the availability of cadnmi um and although
soil cadmiumlevels may increase, crop |levels do not always reflect
this increase (Page et al., 1981). The long-termavailability of
cadmumto plants is uncertain, availability having been reported to
remai n constant, decrease, or even increase with tine (Tjell et al.
1983). In another study there were no clear changes in the plant
availability of cadm um over a period of five years after sewage
sl udge was applied to the soil (Carlton-Snith, 1987).

Concern over the long-terminplications of present-day cadm um
inputs to European arable soils has Ied to nodelling studies of the
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future cadm um exposure for the general population (Tjell et al.
1981; Hutton, 1982). It was estimated by Tjell et al. (1981) that
cadmi uminputs from phosphate fertilizers and atnospheric deposition
wi || cause an annual increase of 0.6%in Danish soil cadnmiumlevels.
The correspondi ng i ncreases in crop cadnmi um concentrations woul d
lead to a predicted 70% i ncrease in dietary cadm umintake 100 years
hence. Simlar soil and dietary cadm umincreases have been
predicted for the EEC as a whol e, although the precise values varied
according to the soil properties and crop consunption patterns

enpl oyed (Hutton, 1982).

I ndi rect support for these forecasts was provided by an
investigation of the time trends in soil and crop cadm umlevels
usi ng archived sanples. Jones et al. (1987) found that the cadni um
content of agricultural soils froma site in the United Ki ngdom had
i ncreased by 27-55% since the 1850s. Trends in the cadmi um
concentrations of wheat grain were |ess clear, possibly due to
confoundi ng factors such as changes in varieties grown and altered
soi | properties.

4.4 Transfer to aquatic and terrestrial organi sns

In general, cadm umconcentrations in terrestrial and aquatic
biota fromuncontam nated localities are |ow, corresponding to the
geochem cal abundance of this netal. However, in certain situations,
cadm um di spl ays a propensity for marked bi oaccunul ation, a feature
that has inplications for human dietary exposure and nay be of
t oxi col ogi cal significance for the organi sns concer ned.

It appears that cadmi um shows greatest mobility in certain
mari ne ecosystens. Phytoplankton in areas of oceanic upwelling
contain raised cadmium|levels (Martin & Broenkow, 1975), and
filter-feeding nolluscs can accunul ate significant concentrations of
cadmi um even in coastal localities that are only noderately
contam nated (Bryan et al., 1980). Oysters, in particular, are
wel | - known cadni um accurul ators, levels of up to 8 ng/ kg wet wei ght
havi ng been recorded in New Zeal and (Ni el sen, 1975). Certain edible
crustaceans such as crab and | obster also contain relatively high
cadm um concentrations, the netal being localized in the
hepat opancreas or "brown neat" (Buchet et al., [983).

Sone marine birds and manmal s contain remarkably el evated
cadm um burdens in the kidney and liver (Martin et al., 1976;
St oneburner, 1978; N chol son & Gsborn, 1983). In the case of oceanic
species, this accumulation is probably a natural process associ ated
with the feeding habits and | ongevity of the organismin question.
Even so, the high cadmium |l evels in pelagic sea-birds have been
linked in one study to norphol ogi cal signs of kidney danage
(Ni chol son & Gsborn, 1983).

Terrestrial nobsses and lichens display a high capacity for
retention of metals deposited fromthe atnosphere and these plants
have been used to nmap both | ocal contamnination from point sources
and regi onal patterns of cadm um deposition (MARC, 1986). The
fruiting bodi es of sone nacrofungi contain renmarkably high cadni um
concentrations even in areas uncontam nated with cadnm um ( MARC,
1986). Thi s phenonmenon has inplications for human dietary exposure
as some accunul ator species are edible.

In addition to humans, certain long-lived terrestrial mammals
such as the horse and npbose may possess consi derabl e cadm um burdens
in the kidney and liver (Elinder & Piscator, 1978; Frank et al.

1981; Jeffery et al., 1989). It has been shown that cadni um
accunul ates with age in horse kidney.
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4.5 Concl usions

I ncreases in soil cadm umcontent result in an increase in the
upt ake of cadmi um by plants; the pathway of human exposure from
agricultural crops is thus susceptible to increases in soil cadm um
The uptake by plants fromsoil is greater at |ow soil pH Processes
that acidify soil (e.g., acid rain) nmay therefore increase the
average cadm um concentrations in foodstuffs. The application of
phosphate fertilizers and atnospheric deposition are significant
sources of cadmuminput to arable soils in sone parts of the world;
sewage sludge can al so be an inportant source at the |local |evel
These sources may, in the future, cause enhanced soil and hence crop
cadm um levels, which in turn may lead to increases in dietary
cadmi um exposure. In certain areas, there is evidence of increasing
cadmi um content in food.

Edi bl e free-living food organi sns such as shellfish,
crustaceans, and fungi are natural accumul ators of cadmi um Regul ar
consunption of these items can result in elevated human exposure.
Certain marine vertebrates contain markedly el evated renal cadni um
concentrations, which, although considered to be of natural origin,
have been |inked to signs of kidney danage in the organisns
concer ned.

5. ENVI RONMENTAL LEVELS AND HUMAN EXPOSURE

Human upt ake of cadmi um occurs via the inhalation of air and
the ingestion of food and drinking-water. Accidental ingestion of
cadm um t hrough the contanination of foods in contact with
cadmi um contai ning materials has occurred in the past. Accidental
hi gh-1 evel inhal ati on exposure during wel di ng operations and cadni um
snelting is still a considerabl e hazard.

Chroni c exposure to cadmiumvia food or workplace air is the
mai n concern in assessing the health risks of cadm um

5.1 Inhalation route of exposure
5.1.1 Anbient air

Many countries carry out regular nonitoring programes for
cadmiumin the air. An assessnent of the available data from various
Eur opean countries showed that average val ues range from1l to
5 ng/nt in rural areas, 5 to 15 ng/nt in urban areas, and 15 to
50 ng/n? in industrialized areas (WHO, 1987). Exanination of some
i ndi vi dual national data (Table 2) suggests that urban values are
likely to occupy the I ower end of the range indicated above
(Mclnnes, 1979; RIVM 1988).

Much hi gher air cadm um concentrations are found in areas close
to maj or atnospheric sources of the netal. However, these val ues can
fluctuate widely as a result of changing emi ssion characteristics
and weat her conditions (Miuskett et al., 1979).

Studies of the particle size distributions of cadmi umin urban
aerosol s generally show that the netal is associated with
particulate matter in the respirable range (G eenberg et al., 1978).
The enrichnment of cadm umon these snaller particles can be |inked
to the behaviour of the netal in thernmal facilities that are sources
of airborne cadm um (see section 3.4.1).

An air quality study reveal ed no differences between indoor and
outdoor air cadm umlevels when the dwellings of non-snokers were
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exam ned (Moschandreas, 1981). However, significantly higher indoor
air cadmum |l evels were observed in those houses where snoking took
pl ace.

Table 2. Typical levels of cadmumin anbient air

Type of area Cadmi um concentration Sanpling Reference
range (ng/ nv) peri od®

Remote rura

Pacific atoll 0. 0025- 0. 0046 NR Duce et al. (1983)
Eur ope 0.1-0.3 NR Hei ndryckx et al. (19
Atlantic 3 x 105-6.2 x 10°* NR Duce et al. (1975)

Rur a
Bel gi um 12 24 h Janssens & Dans (1974)
Federal Republic
of Germany 0.1-1 < 24 h Neeb & Wahdat (1974)
Japan 1-4 24 h Japanese Envi ronnent

Agency (1974)

Ur ban
Bel gi um 50? 24 h Janssens & Dans (1974)
Federal Republic
of Germany 10- 150 < 24 h Neeb & Wahdat (1974)
Japan 3-6.3 1 year Japanese Envi ronnent

Agency (1974)

Pol and 2-51 1 year Just & Kelus (1971)
USA ( New Yor k) 3-23 1 year Kneip et al. (1970)

2 Mean val ue ® NR = not reported

5.1.2 Air in the working environnent

El evated air cadmumlevels arise in the snelting of
non-ferrous netals and in the production and processing of
cadmi um containing articles. The thermal operations associated with
these processes are mainly responsible for produci ng cadnm um dusts
and, if tenperatures are sufficiently high, cadnmi um fune.

Ai rborne cadmi um concentrations found in the occupationa
setting vary considerably according to the type of industry and the
specific working conditions in each plant. Markedly el evated val ues,
in the my/m range, were prevalent in the 1940s to 1960s (Friberg,
1950; Adans et al., 1969; Tarasenko & Vorobjeva, 1973). Considerable

i nprovenents in occupational hygi ene have taken place in devel oped
countries since then and these have led to progressive reductions in
anbient levels in the workplace. Table 3 illustrates the tenporal
decline in air cadmumlevels in a Swedish battery factory
(Adansson, 1979). The | owest val ues shown in Table 3 may not be
typical for all occupational facilities; levels of 1-5 ng/m were
reported for one pignent plant in the md 1970s (De Silva & Donnan
1981).
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Table 3. Average air cadnium concentrations in a Swedish cadm um
battery plant?

Ti me period Nunmber of Cadmi um concentration
observati ons (ug/ )

1946 10 5000
1947-1949 16 750
1950- 1960 94 650
1965- 1973 393 70
1973-1975 373 40
1975-1976 573 15

& From Adansson (1979)

In general, only total air cadm um concentrations are nonitored
in the working environnent; factors influencing respiratory
absorption, such as the speciation of cadmi um and the size
distribution of the collected particles, are not taken into account.
In one study of workplaces with high total airborne cadm umlevels,
Lauwerys et al. (1974b) found, in general, that |ess than 25% of the
total cadmiumin air was in the respirable range and that this
percent age decreased as the total value increased.

Cadmi um cont ai ni ng dust particles that are too large to be delivered
to the pul nmonary region of the lung can enter the gastrointestina
tract by mucociliary transfer

5.1.3 The snoki ng of tobacco

The tobacco plant naturally accunulates relatively high cadni um
concentrations in its leaves. As a result, this material represents
an inportant source of exposure for snokers. It has been reported
that one cigarette contains about 1-2 pg cadmium (Friberg et al.
1974) and that about 10% of the cadmiumcontent is inhaled when the
cigarette is snoked (Elinder et al., 1983). One study has suggested
that nodifications in cigarette construction and the increasing

popul arity of filter cigarettes have reduced cadm um exposure from
this source in recent years (Scherer & Barkeneyer, 1983). Regiona

di fferences exist in the cadm um concentration of cigarettes, and

| ower values (0.1-0.5 pg) have been found in sanples from Argenti na,
I ndia, and Zanbia (Nwankwo et al., 1977; Elinder et al., 1983).

Bi ol ogi cal monitoring surveys of the general popul ation have
shown that cigarette snoking can cause significant increases in the
concentration of cadmumin the kidney (Lewis et al., 1972; Vahter
1982).

Qccupational | y exposed workers who snoke tobacco may be subject
to higher exposure levels than their non-snoking coll eagues. This
may be because the original content of tobacco can be considerably
i ncreased when handl ed during work (Piscator et al., 1976). In
addition, the hand-to-nouth route of exposure nmay be nore inportant
in workers who are tobacco snokers (Adamsson, 1979).

5.2 Ingestion routes of exposure
5.2.1 Levels in drinking-water

Dri nki ng-wat er generally contains | ow cadm umlevels and a
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value of 1 pg/litre or less is often assuned to be a representative
value in nost situations (Meranger et al., 1981). Thus, cadni um
exposure from drinki ng-water and wat er-based beverages is relatively
uni nportant conpared with the dietary contribution

In a study of drinking-water in Seattle, USA, Sharrett et al
(1982) reported a nmedian cadmium | evel of 0.01 pg/litre in tap water
del i vered by copper pipes; the corresponding value fromhonmes wth
gal vani zed piping was 0.25 pg/litre. Water sanples left to stand in
bot h types of piping showed increases in cadniumlevels with nmedian
val ues of 0.06 and 0.63 pg/litre in copper and gal vani zed suppli es,
respectively. In a survey fromthe Netherlands, about 99% of
drinki ng-water sanples in 1982 contained less than 0.1 ug/litre
(RIVM 1988).

5.2.2 Levels in food

The cadm um content of agricultural crops varies according to
species, variety cultivated and season (Davis & Coker, 1980). The
results of an extensive nationw de survey of cadmiumin different
cl asses of raw agricultural crops fromuncontanmi nated localities
illustrate the range of val ues encountered within and between crop
classes (WInik et al., 1983, 1985). It is evident that cadmiumis a
normal constituent of nobst foodstuffs (Tables 4 and 5).

Tabl e 4. Cadmium concentrations in the major types of crop from
vari ous regions of the USA?

Cadmi um concentration (ng/ kg wet wei ght)

Crop Sanpl e si ze Medi an M ni mum Maxi mum
Rice 166 0. 0045 < 0.001 0.23
Peanut s 320 0. 060 0. 010 0. 59
Soybeans 322 0.041 0. 002 1.11
Wheat 288 0. 030 < 0. 0017 0. 207
Pot at oes 297 0. 028 0. 002 0.18
Carrots 207 0. 017 0. 002 0.13
Oni ons 230 0. 009 0. 001 0. 054
Lettuce 150 0. 017 0. 001 0. 160
Spi nach 104 0. 061 0.012 0.20
Tomat oes 231 0.014 0. 002 0. 048

& From Wlnik et al. (1983, 1985).

Meat, fish, and fruit generally contain simlar cadnmumlevels
and val ues of 5-10 pg/ kg fresh weight are representative for these
food classes. Most plant-based foodstuffs contain higher cadm um
concentrations and a value of 25 pg/kg fresh weight is considered
representative for the staple itenms, cereals and root vegetabl es.
Ofal fromadult animals and certain shellfish contain even higher
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concentrations (see section 4.4); values in excess of 50-100 ug/kg
fresh weight are considered normal. Food preparation can result in
cadm um | osses from plant-based itens. The mlling of wheat grain
results in a reduction of about 50%in the cadm um content of the
white flour produced (Linnman et al., 1973). The washing, peeling,
and cooki ng of vegetables can also |ead to reductions in the
concentrations of cadmumbut, in general, these are relatively
smal | .

The use of gl azed ceramic containers to store foodstuffs can
lead to significant cadm um contam nation, particularly in the case
of foods that are acidic liquids (Becknan et al., 1979).

Table 5. Cadmium concentrations in different food itens fromvarious Eu
countries (values in pg/ kg fresh wei ght)

Food Group Uni t ed Finl and® Sweden®  Denmar k¢ The
Ki ngdont? Net her | ands®

Bread and cereal s 20- 30 20- 40 31-32 30 25-35
Meat < 20-30 < 5-5 2-3 6- 30 10- 40
O fal

por k ki dney 450 180 190 1000

pork liver 130 70 50 100
Fi sh < 15 < 5-20 1-20 14 15
Eggs < 30 4 1 < 10 2
Gls and dairy
product s < 20-30 3-20 1-23 < 30 10- 30
Sugars and preserves < 10 < 10 3 30 5
Fresh fruit < 10 <2 1-2 11 5

Veget abl es

cabbage < 10 5 4 10

caul i f1 ower < 20 10 10

spi nach 120 150 43

broccol i 10 10

| egunes < 10-30 < 2-30 1-4 15

| ettuce < 60 50 29 43

pot at oes < 30 30 16 30 30
carrots < 50 30 41

From Bucke et al. (1983)
From Koi vi stoinen (1980)
From Jorhemet al. (1984)
From Andersen (1979)

€ From RI VM (1988)

Crops grown in cadm umcontam nated | ocalities have been shown
to contain elevated |levels of the netal conpared with nornal val ues.
The extent of enrichment depends on several factors (see section
4.3). The cadmium concentrations in selected vegetabl e crops grown
at three contam nated sites in the United Kingdomare shown in Table
6. Highest levels were generally found at Shi pham where soi

(o2

o
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cadm um concentrations are narkedly el evated, and the greatest
increase was noted in |leafy vegetables. Potato, a staple food item
showed simlar values at the three |ocations and these were about
five times greater than background

Large scal e surveys of cadmumin rice have been carried out in
areas of Japan where environnmental contam nation was suspected
(Japanese Environnent Agency, 1972, 1982). The results of the
earlier survey reveal ed that |arge nunbers of rice sanples contained
el evated cadmium | evel s; the corresponding data fromthe |ater study
i ndi cated that decreases had occurred over the intervening ten
years. More detailed investigations at specific localities have al so
been carried out in Japan, often as part of studies on health
effects of the general population (Table 7).

5.2.3 Oher sources of exposure

Young children may ingest household dust or garden soil. This
habit may be a source of cadm um exposure, as has been identified
for | ead (Duggan et al., 1985). The representative daily intake of
dust via the hands in young children is considered to be 100 ng
(Lepow et al., 1974). In an extensive survey of nmetals in household
dusts in the United Kingdom an average cadm um | evel of 6.9 ng/kg
was obt ai ned from over 4500 sanples (Cul bard et al., 1988). These
data suggest that the hand-to-nouth route is a mnor source of
cadmi um i ntake (about 0.7 pg daily).

The hand-to-nouth exposure pathway nay be a significant source
of cadm umin areas around point sources of the netal. In the
vicinity of a small lead refinery in the United Ki ngdom cadm um
| evel s in household dust were reported to be 193 ng/ kg (Miskett et
al ., 1979). The daily ingestion of 100 ng of this dust would result
in the intake of about 20 Bg cadmi um Buchet et al. (1983) observed
a correl ation between cadm umintake fromdust and the | evels of
bl ood and urinary cadmiumin children from areas of Bel gi um
subj ected to air contam nation. Despite nmarkedly el evated soi
cadmium |l evels in the gardens of Shipham United Ki ngdom Thornton
(1988) found that househol d dust concentrations were only four tines
greater (at an average of 27 ng/kg) than background.

Table 6. Mean cadmium concentrations (pug/ kg fresh weight) in selected v
in the United Ki ngdom

Locati on Sour ce of cadm um Cabbage Leafy Pot at o Carr ot
cont am nati on sal ad

Shi pham zinc mne 250% 680 130 340

Wal sal | at nospheric inputs 73 190 103 120
froma copper
refinery

Heat hr ow sewage sl udge 24 180 150 150

appl i cations

a Medi an val ue

5.2.4 Daily intake of cadmium from food

Three approaches are used for estimating the daily intake of
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cadmiumin food. The first is the total-diet collection method in
whi ch the foods are prepared for consunption and are anal ysed eit her
i ndividually or conmbined in one or nore food group conposites in
proportions based on avail abl e food consunption data. The total
cadm umintake is calculated as the product of the concentration and
the estinmated anmount of food eaten. In the second approach, a market
basket study, representative sanples of individual foodstuffs are
collected fromretail outlets and anal ysed. The cadni um
concentrations are then multiplied by the average anount of intake
of each foodstuff to give the cadm umintakes for each food item
The sum gives the total dietary intake. The third way of estinating
cadmumintake is the collection of a duplicate sanple of the neals
consuned. The conbi ned food sanple is honbgeni zed and t he cadm um
anal ysed. Table 8 presents sonme published estimtes of dietary
cadmiumintakes fromdifferent countries based on these three

nmet hods.

Anot her nethod for estimating the daily intake of cadmumis to
determne the daily faecal output, because only about 5% of ingested
cadm umis absorbed on average (section 6.1.2). In Table 9 the
avai |l abl e data on faecal cadnium are sunmarized. There is genera
agreenent with the data presented in Table 8, but in the USA the
estimated dietary exposure based on faecal analysis is considerably
| ower than direct estimates of dietary intake.

Tables 8 and 9 show that daily intakes of cadm umin Europe,
New Zeal and, and the USA are usual ly about 10-25 Rg. These are
average val ues, and | arge individual variations do occur due to
variability in dietary habits and age-dependent changes in energy
i ntake. The highest daily intake of cadmiumis likely to occur anong
teenagers, since they have the highest caloric intake (Kjellstrdm et
al ., 1978). Individuals fromthe general popul ation who are extrene
consuners of certain food items with el evated cadm um | evel s may
have exposure | evels above the average. It has been estinated that
10% of the popul ation consunme tw ce the average quantity of a
particul ar food class and 2.5% consune three tinmes the average
(Sherlock & Walters, 1983). Estimates of the daily cadmi umintake in
areas of Japan considered normal are consistently higher than in
other parts of the world and generally range from30 to 50 pug. In
areas of el evated exposure, average daily intakes range from 150 to
250 pg (Tables 8 and 9).

Table 7. Environnental cadmiumlevels in Japan: a sumuary of the survey:
heal th status of |ocal popul ations

Area Cadmi um Daily Source of cadm um
(prefecture) concentration cadmi um cont am nati on

inrice i nt ake

(ng/ kg fresh (ug/ day) ©

wei ght)
Fuchu, Toyama 0.6-2.0 600 zinc, lead, and cadm um

m ne and refinery

| kuno, Hyogo 0.2-1.0 silver, copper, and zinc
nm ne

Tsushi ma, 0.5-0.8 213- 255 | ead and zinc m nes

Nagasaki

Kakehashi , 0.2-0.8 160 copper m nes

| shi kawna
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Kosaka, Akita 0.2-0.6 185 silver and copper m nes

Yoshi no, Yamagat a 0.6 gold, silver, copper, and
zi nc mnes

Annaka and 0.4-0.5 281 zinc refinery
Takasaki, Gunma

Ugui suzawa, M yagi 0.6-0.7 180 | ead and zinc mnes
Wat arase, Gunna 0.3 copper nine

Table 7 (contd).

Area Cadmi um Daily Source of cadm um
(prefecture) concentration cadmi um cont am nation

inrice i nt ake

(ng/ kg fresh (ug/ day) ©

wei ght)
Shi noda, Shi zuoka 0.4-1.1 gol d and copper nmnine
Bandai, Fukushima 0.2-0.4 zinc refinery
Kur obe, Toyama 0.6 copper refinery
Ki yokawa, G ta 0.2-0.5 391 tin, copper, lead, zinc

and arsenic nine

Chnut a, Fukuoka 0.7 zinc refinery
a I ndi cat es the approxi mate nunber of people living in exposed area. The f

old considered to consune rice with nore than 0.4 ng cadm uni kg
NS denot es health exam nations were made, but effects were not significe
€ From Tsuchiya (1978)

O particular interest is the village of Shipham United
Ki ngdom where narkedly el evated soil cadmi umlevels are present.
Cadmium |l evels in locally grown vegetables have al so been found to
be el evated and ranged from5 to 20 tines above normal val ues (Table
6). Three dietary and crop sanpling surveys were performed to
estimate heavy nmetal intake fromboth fresh and cooked food
(Sherlock et al., 1983). A duplicate portion study and two narket
basket studies were perfornmed to coincide with periods of
significant consunption of hone-grown vegetables. The total cadm um
dietary intake estimated fromthe market basket studies averaged
36 ug per day, of which 14 pug per day was contributed by |ocally
grown fruit and vegetabl es. The duplicate portion study gave an
average total cadnmiumintake of 29 ug per day, of which 17 pg per
day was attributed to locally grown fruit and vegetabl es. Four
i ndividuals fromthe study popul ati on showed cadm um i nt akes greater
than 400 pg/ week. Both methods indicated that cadmiumintakes in
Shi pham wer e hi gher than the United Ki ngdom average. However
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exposures were not as high as woul d have been expected, considering
the extent of cadm um contani nation of the |ocal vegetables,
suggesting that nost inhabitants did not rely heavily on | oca
crops.

5.3 Total intake and uptake of cadmiumfromall environnental
pat hways

5.3.1 GCeneral popul ation, uncontam nated areas

Assuming an air cadm um concentration of 10 ng/n? for both
i ndoor and outdoor air and a daily inhalation rate of 15 n’ for an
adult, the average intake of cadm umfromthe atnosphere would be
0. 15 pg, of which about 25% (Friberg et al., 1974) or 0.04 pg wll
be absorbed. Snmoking a pack of 20 cigarettes daily can result in the
i nhal ati on of 2-4 pg cadmium the anount varying considerably
according to the country or origin of the tobacco. O this anpunt,
25-50% may be absorbed via the lungs, resulting in an uptake of
1-2 pg, a nuch larger anpunt than fromair alone. Those individuals
who snoke two or nore packs of cigarettes daily will absorb
correspondi ngly greater quantities of cadnmi um

Cadmi um i ntake from drinki ng-water based on a daily consunption
of 2 litres is usually less than 1 pug. Average daily intake from
food in nost countries is probably at the | ower end of the range of
10-25 pg. At an absorption rate of 5% daily uptake fromwater and
food would be 0.6-1.3 pg cadnmium Thus, heavy snokers fromthe
general popul ation in uncontam nated areas may absorb nore cadni um
fromthe inhalation pathway than fromdi etary sources

Table 8. Estinates of average daily dietary intake of cadm um based on
anal ysis in various countries

Country Met hod of Estimates (pg Ref erence
sanpling® cadmi um per day)

Areas of normal exposure

Bel gi um D 15 Buchet et al. (1983)
Fi nl and M 13 Koi vi st oi nen (1980)
Japan D 31 Yamagata & |washina (19
Japan D 48 Suzuki & Lu (1976)
Japan D 49 Ushi o & Doguchi (1977)
Japan D 35 lwao (1977)
Japan M 49 Chnmono & Sumiya (1981)
Japan

(mean of 3 areas) D 59 Iwao et al. (1981a)
Japan D 43.9 (nal es) Wat anabe et al. (1985)

37.0 (femal es)

New Zeal and D 21 Quthrie & Robi nson (197
Sweden D 10 Wester (1974)
Sweden M 17 Kjellstrédm (1977)
United Kingdom M D 10- 20 Walters & Sherlock (198
USA M 41 Mahaf fey et al. (1975)

Areas of el evated exposure
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Uni ted Ki ngdom
United Ki ngdom

USA

Cadmium (EHC 134, 1992)

211- 245
180- 391

136

36
29

O UOZ O OZL

33

Japan Public Health
Associ ation (1970)

Iwao et al. (1981a)

Sherlock et al. (1983)
Sherlock et al. (1983)

Spencer et al. (1979)

& M- Sanple of foodstuffs individually analysed; narket basket nethod
D - Duplicate portion study

Table 9. Estimates of average daily faecal cadmumelinmnation in vario
Country Subj ects investi gated Estimates (g Ref er:
cadmi um day)
Areas of nornmal exposure
Federal Republic
of Germany 23, sex and age of subjects 31 Essing et
not given
Japan 12 nmen, 50-59 years 81 Haga & Ya
Japan 13 wonen, 50-59 years 56 Haga & Ya
Japan 2 nmen, 35 and 37 years 36 Suzuki &
(60 speci nens)
Japan 7 men, 21-22 years 41-79 Tati et a
(35 speci nens)
Japan 64 nmen and wonen, 41 Koj i ma et
50- 69 years
Japan 24- 36 I wao (197
Japan (rural area) 30 nmen, 50 years and over 49 Tsuchi ya
Sweden 4 adults (2 nen, 23 years; 6-13 Wester (1
2 wonen, 28 and 31 years)
Sweden 70 nmen and 10 wonen 18 Kjiellstro
(3-day collect)
USA 216 (nmen and wonen) 10- 15 Kowal et
Areas of el evated exposure
Japan, Kosaka 40 men, 50-69 years 149 Haga & Ya
Japan, Kosaka 47 womren, 50-69 years 177 Haga & Ya
Japan, Kosaka 118 nmen and wonen 146 Koj i ma et
Table 9. cont'd.
Country Subj ects investigated Estimates (g Ref er:
cadm um day)
Japan, Kakehashi, 30 nmen, 50 years and over 149 Iwao et a

Kosaka, Tsushi ma
(rural areas)
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New Zeal and, 45 nmen and wonen, 50- 500 McKenzi e
Bl uf f 20-70 years

5.3.2 General popul ation, contam nated areas

Ai rborne cadmi umin contam nated areas may reach |evels of
0.5 pg/ n?, which would lead to a daily inhalation of 7.5 pg and an
absorption of about 2 pg. For smokers, the contribution fromtobacco
at 1-2 pg for every pack will not be changed, leading to a total
upt ake of 3-4 pg frominhalation in such individuals.

The intake of cadmium from food and water varies considerably
and is related to both the extent of contamination and the reliance
on locally grown food items or |ocal water supplies. Daily intakes
of 150-200 pg have been reported in contani nated areas where the
majority of the staple food itens were of local origin. At an
absorption rate of 5% the daily uptake fromdiet would be 8-10 pg.
The total daily cadm um uptake will depend on the nature of cadm um
contam nation, i.e. whether food, water, and air levels are
el evated, but is unlikely to exceed 20 pg.

Cadmiumintake in children via the ingestion of household dusts
is unlikely to be inmportant except in the nost contam nated
localities.

5.3.3 CQccupational exposure to cadm um

I nhal ati on of workplace air is the dom nant exposure pat hway.
Wth air concentrations of 10-50 pg/n? and the inhal ation of
10 n? air during a work-shift, the daily cadmi umintake would be
100-500 pg. An absorption rate of 25% would thus lead to daily
upt akes of 25-125 pg. Dust particles cleared fromthe |ungs nay be
swal | owed and dust-contam nated food items can al so make a
significant contribution to the ingestion pathway. At an absorption
rate of 5%this could lead to an additional uptake 10-15 pg cadmi um
to the total uptake.

Tobacco carried by workers can becone contam nated and nay
contribute up to 10 tines nore cadmumto the daily uptake than
under normal conditions (Piscator et al., 1976).

5.4 Concl usi ons

The maj or route of exposure to cadmi um for the non-snoking
general population is via food; the contribution from other pathways
to total uptake is small. Tobacco is an inportant source of cadm um
upt ake in snokers. |In contam nated areas, cadmi um exposure via food
may be up to several hundred pg/day. In exposed workers, |ung
absorption of cadmium follow ng inhalation of workplace air is the
maj or route of exposure. Increased uptake in workers can al so occur
as a consequence of contanination of food and tobacco.

6. KINETICS AND METABOLI SM I N LABCRATORY NMNAMVALS
AND HUNMANS

6.1 Uptake
6.1.1 Absorption by inhalation

Three processes in the lungs, i.e. deposition, mnucociliary
cl earance, and al veol ar cl earance, determ ne the absorption of
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i nhal ed particles (Task Group on Lung Dynam cs, 1966). Uptake into
epithelial cells, interstitiumor the systenic circul ation depends
on physi cal and biochenical processes in the respiratory tract after
deposition (e.g., mechanical clearance, solubilization, and
transport). The retained or accunul ated dose at the local or
systemc target site resulting fromthe deposited dose may
eventually lead to biological effects. Length of exposure is of
maj or i nportance for chronic effects, particularly lung cancer
Therefore, chronic effects m ght be expected to correlate with

retai ned or accunul ated dose rather than deposited dose.

Extrapol ati on nodel s of inhal ed cadni um dosage from ani nal
nodel s to humans and from hi gh exposures (experinental) to | ow
(environmental ) must incorporate the above variabl es. \Wen
extrapol ating fromone species to another, specific pul nonary
retenti on nust be taken into account. In both acute and chronic
i nhal ati on exposures, a dose-response relationship is best described
wi th accunul ated rat her than deposited dose (COberdorster, 1988).

The absorption of cadm um conmpounds may vary greatly. As
di scussed in section 5.1.2, the proportion of particles in
industrial air that are respirable, i.e. up to 5 um MVAD, nay vary
widely (Materne et al., 1975). These particles will be deposited in
the alveoli (Task Group on Lung Dynanics, 1966).

There are sone enpirical data on the overall absorption of
cadmium In various acute and chronic aninmals experinents, 5 to 20%
of inhal ed cadm um has been found to be deposited in the |ungs
(Friberg et al., 1986). Actual absorption may vary between 50 and
100% of the anount deposited and may continue for weeks after the
deposition of a single dose. The absorption of an aerosol of cadnium
chloride is higher than that of cadmi um oxide, and al veol ar
absorption is higher after intratracheal instillation than after
i nhal ati on of an aerosol (Friberg et al., 1985).

If the particles are deposited in the alveoli, then the
majority will sooner or |ater be absorbed, regardl ess of solubility.
Cadmi um chl ori de passes the alveol ar-bl ood barrier with ease,
al t hough inhal ed cadm um sul fide has a greater tendency to be

retained in the lungs, indicating slower absorption. Three weeks
after exposure of Syrian hamsters to cadni um chl oride aerosol, about
25-35% of the initial lung burden was present in the liver, kidneys,
and skull. The lungs still contained 50%of the initial |ung burden
at this tinme (Henderson et al., 1979).

Data on the respiratory absorption of cadm umin humans cones
| argely from conpari sons of snokers and non-snokers. On the basis of
data on organ burdens of cadm um and snoking history, Elinder et al
(1976) cal cul ated that about 50% of the cadmi uminhaled via
cigarette snoke coul d be absorbed.

6.1.2 Absorption via the intestinal tract

Factors affecting the absorption of ingested cadni um i nclude
ani mal species, type of conmpound, dose, frequency of adm nistration
age of experinmental animals, pregnancy and | actation, presence or
absence of drugs, and interactions of cadmiumw th various nutrients
(Nomi yama, 1978). A study in which cadm um chloride was given in
drinking-water to rats over a period of 12 nonths showed retention
in the kidney and liver of less than 1% of the total anobunt ingested
(Decker et al., 1958). There have been many reports of single
exposure studies. These may be summarized as follows: the individua
absorption of cadmumnitrate or chloride after single exposure
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ranges fromO0.5 to 8% (Friberg et al., 1974). Limted observations
in humans gi ven radi oactive cadm um i ndi cate that the average
absorption is about 5% (Kitamura, 1972; Rahola et al., 1972;
Yamagata et al., 1974; Flanagan et al., 1978).

Met al | ot hi onei n-bound cadmi umin food does not appear to be
absorbed and/or distributed in the same way as inorganic cadnmi um
conpounds. M ce exposed to cadm umthionein (Cherian et al., 1978)
had | ower bl ood and liver cadmium | evels but a higher kidney |eve
than m ce exposed to the sane anount of cadnium as the chloride
Simlar results were reported by Sullivan et al. (1984) in mce fed
i norgani c or oyster-incorporated radiol abell ed cadmi um Cadmi umin
New Zeal and Bl uff oysters is to a great extent bound to a
nmet al | ot hi onein-1i ke protein (Nordberg et al., 1986). However, in
ot her species of oysters, nost of the cadmiumis bound to proteins
with relative nmol ecul ar masses above 50 000 and | esser anmounts to
smal | proteins (< 3000) (Casterline & Yip, 1975; Kodama et al.
1978). Bluff oyster fishernen with an extrenely high cadm um i ntake
(up to 500 pg per day) from oyster consunption were found to have
i ncreased bl ood and urine cadmiumlevels (Sharma et al., 1983), but
the increase was not as great as expected fromthe total cadm um
ingested. This indicates that in humans, as in other animl species,
net al | ot hi onei n-bound cadmumin food nay be dealt with in a
different way from other cadm um conpounds.

There are no data from humans studi es showing a rel ationship
bet ween gastroi ntestinal absorption of cadni um and age. Studies on
nm ce reported by Matsusaka et al. (1972), however, show
approxi mately 10% whol e body retention 2 weeks after ingestion for
young nice, while the corresponding figure for adult mce was 1%
Kello & Kostial (1977) and Engstrom & Nordberg (1979b) al so
denmonstrated that neonatal m ce absorbed cadmiumto a nuch greater
extent than adult m ce.

Diets with low levels of calciumand protein pronmpte increased
absorpti on of cadmiumthrough the intestinal tract, up to 3 tines
the absorption having been noted in several studies in experinental
animals (Friberg et al., 1974, 1975). It has al so been shown that
iron-deficient animals may have a hi gher absorption of cadni um
(Ham I ton & Val berg, 1974), and these findi ngs have been confirned
in humans (Fl anagan et al., 1978). Wnen with | ow body iron stores,
as reflected by low serumferritin |l evels, had on average, a
gastrointestinal absorption rate twice as high (about 10% as a
control group of wonen. The hi ghest individual absorption rate was
about 20% Interrel ationshi ps between cadm um exposure and the
absorption of copper, zinc, and calciumw |l be discussed in section
7.5.

6.1.3 Absorption via skin

Limted skin penetration (1.8%per 5 h) of sol uble cadm um
compounds can take place when they are applied as a solution to the
skin (Skog & Wahl berg, 1964). The dermal absorption rate was
estimated by Kimura & Gtaki (1972) in shaved rabbits and nude nice
pai nted with an aqueous sol ution of cadni um chloride. Rabbits
painted 5 tines in 3 weeks showed a conbi ned cadmi um accunul ati on of
0.4-0.6% of the anpbunt applied, and mce painted 1-4 tinmes in one
week showed an accunul ation of 0.2-0.8% of the applied dose.

6.1.4 Transpl acental transfer
The noverent of cadm um through the placenta is limted. It has

been shown that cadm um given to pregnant mice and hansters during
early pregnancy reaches the yolk sac and the primtive gut of the
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enbryo, which are connected by the vitelline duct (Dencker et al.
1983). However, after closure of the vitelline duct during the later
stages of pregnhancy, very little cadm umreaches the fetus (Ahokas &
Dilts, 1979). Sonawane et al. (1975) found that |ess than 0.02% of
the total dose of cadm uminjected intravenously into rat dans
reached the fetus

The cadm um concentration of the human placenta is usually
about 5-20 pg/ kg wet weight (Thiene et al., 1977; Copi us-Peereboom
et al., 1979). The placentas of wonen who snoke during pregnancy
have hi gher |evels than those of non-snokers (Copi us-Peereboom et
al ., 1979).

Fetal (unbilical cord) blood cadmi um |l evels are about 40-50%
| ess than those of maternal bl ood. However, levels of the
netabolically related essential netals zinc and copper in fetal
bl ood are simlar to or higher than those in maternal blood, this
resulting in a fetal-maternal gradient (Lauwerys et al., 1978; Roels
et al., 1978; Kuhnert et al., 1982; Korpela et al., 1986). The
ef fecti veness of the gradient or its nmechanism as well as the
potential toxicity of cadmumto the fetus, is not really known.
Transpl acental transport of cadmiumis ninimzed in the nornal
heal thy placenta presunmably by the binding of cadmumto
metal | ot hi onein. Metallo-thionein also serves as a site for
intracellular zinc and copper sequestration. These observations
suggest that there is a selective barrier to transplacental
transport of cadmum This is not the case with | ead or mercury
where fetal blood levels are simlar to nmaternal |evels (Lauwerys et
al ., 1978; Korpela et al., 1986).

6.2 Transport

Human data on the transport of cadmumfromthe site of
absorption to the various organs are not available. This section is,
therefore, based on animal studies, although there are sone
indications that simlar nechani sns operate in humans. For instance,
nmet al | ot hi onei n has been isolated fromhuman tissues (section 6.8)
and has been neasured in human plasnma (Nordberg et al., 1982), where
it binds cadm um being transported between tissues.

A study on dogs showed that, imedi ately after parentera
adm ni stration, nost of the cadmi umwas present in the plasma (Wl sh
& Burch, 1959). This has been verified in a |arge nunber of aninmal
studies (Friberg et al., 1974). Plasnma concentrati ons decrease
rapidly during the first hours after injection, reaching a | evel
that is less than 1% of the initial value at 24 h, and this |eve
then decreases much nore slowy. During the early, fast-elimnation
phase, cadnmiumin nmouse plasma is mainly bound to plasna proteins
with a nol ecul ar wei ght of 40 000 to 60 000 (probably al bunin),
whereas in the slower phase (nore than 24 h after injection), it is
partly bound to a | ow nol ecul ar weight (LMN protein of the sane
size as netall othionein (Nordberg, 1978). After rats were repeatedly
exposed by subcutaneous injection (up to 14 weeks), the cadmiumin
pl asma was partly bound to proteins with a nol ecul ar wei ght of
40 000 to 60 000 and partly to a LMVWprotein with a nol ecul ar wei ght
simlar to that of netallothionein (Cherian & Shai kh, 1975; Shai kh &
Hi rayama, 1979). The proportion of plasma cadni um bound to
nmet al | ot hi onein and | arger proteins, respectively, is considered to
vary with the length and type of exposure. It is likely that the LMV
cadm um binding protein is in fact netallothionein, since it was
shown by Vander Mallie & Garvey (1979) by a radi oi munol ogi ca
techni que that the netall othionein concentration increased in the
pl asma of rats given 40 intraperitoneal injections of cadm um
chloride in saline (0.12 ng/day, five days/week).
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The concentration of cadmumin blood cells increases rapidly
after a single intravenous injection (1 ng/kg body wei ght) and,
within a few hours, reaches a first peak concentrati on exceeding
that of the plasnma. Al though the |evels of cadnmiumper cell may be
10 tines higher in |leucocytes than in red cells, the total cadm um
in the | eucocyte portion of the blood is negligible conpared to that
inthe red cells (Garty et al., 1981).

Cadmiumin erythrocytes may partly be bound to haenopgl obin
(Carlson & Friberg, 1957; Nonmiyama et al., 1978a). However, during
the first hour after a single subcutaneous injection, a large
proportion of the cadmumin erythrocytes is bound to proteins with
a mol ecul ar wei ght | arger than haenogl obi n (Nordberg, 1972). Between
96 and 196 h after a single injection (1 ng/ kg body weight), it has
been shown in mce (Nordberg, 1972), as well as in rats (Garty et
al., 1981), that cadmiumis also bound to a LMWV protein. Wether
this proteinis identical with netallothionein is uncertain
(Nordberg, 1984). A part of the erythrocyte cadmiumin rats was al so
found in erythrocyte ghosts (nenbranes) (Garty et al., 1981). Wen
m ce were exposed by subcutaneous injection to cadnium chloride
(0.25 ng/ kg body weight) for periods of between 6 days and 5 nonths
(Nordberg et al., 1971), nost of the erythrocyte cadm um was bound
to a LMWprotein simlar to netall othionein.

Si nce netal | ot hi onei n-bound cadm umis quickly cleared fromthe
pl asma by the kidneys (Nordberg & Nordberg, 1975; Vostal, 1976),
this LMWfraction may be of great inportance for the transport of
cadmumfromliver to kidney during | ong-term exposure. Hepatic
nmet al | ot hi onein may be rel eased into the blood in the same manner as
hepati c enzynes and transported to the kidney and urine in sone
types of hepatic disorders (Tanaka, 1982).

6.3 Distribution
6.3.1 In animals

The hi ghest cadmium |l evels in exposed aninals are generally
found in the liver and renal cortex. However, the distribution in
the body varies according to the route of adm nistration

6.3.1.1 Single exposure

St udi es on various species have shown that, after a single
adm ni stration of cadm umby the oral or parenteral routes, the
hi ghest organ burden of cadmiumis initially found in the Iiver
However, kidney |evels of cadm umincrease for up to 8 nonths after
exposure and may then exceed the liver levels (Gunn & Gould, 1957).
The pancreas and spl een also show rel atively high concentrations
(Nordberg & Ni shiyama, 1972). This topic has been revi ened by
Friberg et al. (1974) and Nomi yama (1978).

6.3.1.2 Repeated exposure

The literature on the fate of cadmiumin aninmals after repeated
exposure via various routes has been reviewed by Friberg et al
(1985) and, with enmphasis on Japanese studi es, by Nom yama (1978).
Li ver cadmiumlevels increase rapidly, and a re-distribution of
cadm umto the kidney occurs over a period of tine. The higher the
intensity of exposure, the higher the initial l|iver-to-kidney
concentration ratio. The route of administration has been shown to
be an inportant variable affecting the distribution of cadm um When
cadm um was adm ni stered subcutaneously, 11 tinmes nore was deposited
inthe liver than in the kidneys, whereas orally adm nistered
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cadmi um was distributed al nost equally between these two organs
(Nom yama et al., 1976).

When rabbits were injected subcutaneously with 0.5 ng cadm um
chloride daily, concentrations of cadmumin the Iiver and rena
cortex reach a peak after about 10 and 15 weeks exposure,
respectively. In cases of renal dammge, urinary excretion increases
(section 6.5.1.1) and the renal and |iver concentrations decrease
(Bonnell et al., 1960; Nom yama et al., 1982b).

6.3.2 In humans

Cadmiumis stored to the greatest extent in the liver and
ki dneys, the renal cortex showi ng the highest concentration in
peopl e who have not been exposed to excess cadm um (Friberg et al.
1974). The | owest concentrations (wet weight) are found in the
brain, bone, and fat (Sumino et al., 1975; Cherry, 1981). Cadm um
| evels in the organs of second and third trinester fetuses (Chaube
et al., 1973) and in newborn babi es and young children (Henke et
al., 1970) are lower by three orders of magnitude than in adult
fermal es. The placenta contai ns somewhat hi gher concentrations than
mat ernal bl ood, brain or fat (section 6.1.4).

It has been calcul ated that about a third of the body burden in
a non-smoking male fromthe USAis in the kidney and about a quarter
in the liver and nuscles. These are the tissues with the | ongest
bi ol ogi cal half-time of cadm um (section 6.6.2). In spite of the | ow
cadmi um concentration in the nmuscles, the contribution to the total
body burden is great due to the |large weight of the nuscles. Oher
tissues that contribute significantly to body burden are bone, skin,
and fat (Kjellstrém (1979).

I n cadnmi um wor kers and people in the general environnment
exposed to high levels of cadmum the liver or kidneys show the
hi ghest concentrati on, dependi ng on exposure tine, exposure |evels,
and the level of renal function (Friberg et al., 1974, 1985).

6.4 Body burden and ki dney burden in humans

The newborn baby is practically free of cadm um (section
6.1.4), and the concentrations of cadmiumin the organs increase
with age (Schroeder & Bal assa, 1961; Anke & Schneider, 1974; Elinder
et al., 1976; Tsuchiya et al., 1976; Kowal et al., 1979; Chung et
al ., 1986). The accumul ation in human liver and nuscles is shown in
Figs. 1 and 2, respectively. These data and those of Vahter (1982)
(Fig. 3) reveal inportant differences between people fromdifferent
countries. Geat individual variation also exists, even anpbng people
fromthe sane area (Tsuchiya et al., 1976). For exanple, the
geonetric nmean concentration of cadmumin the renal cortex of 117
adul ts aged between 30 and 59 in Stockhol mwas 19 ng/ kg (Elinder et
al ., 1976). The individual concentrations followed a | og-nor nal
distribution with a geonmetric standard deviation of 2.0. This neans
that about 15% of the popul ati on woul d have val ues hi gher than
38 nog/ kg, and 2.5% val ues higher than 76 ng/kg. Similarly shaped

distributions were found for the kidneys, liver, pancreas, and
nuscl e (Tsuchiya & Iwao, 1978; Kowal et al., 1979; Vuori et al.
1979).

The critical organ in long-termexposure to | ow concentrations
of cadmumis the kidney (section 6.7). Initial cadm uminduced
effects occur mainly in the proximl tubules, situated in the cortex
of the kidney. Therefore, cadm um concentrations in the renal cortex
and the distribution of cadm umw thin the kidney are of key
i nportance. The weight of the renal cortex is about 2-3 tines
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greater than the weight of the renal nedulla, and early estinmates of
renal cortex cadm um concentrations (Friberg et al., 1974) were 1.5
ti mes higher than the whol e ki dney concentrations. A recent study
specifically aimed at neasuring this concentration ratio
(Svartengren et al., 1986) vyielded an average val ue of 1.25 for
peopl e aged 30-50. This figure will be used in this docunment when it
is necessary to recal cul ate whol e kidney concentrations fromrena
cortex concentrations for that age group. This is the best estinate
avai |l abl e at present, although the ratio may vary dependi ng upon the
age groups and racial types studied.

Tabl e 10 shows the average cadni um concentrations in rena
cortex and liver for the 20-59-year age group, and includes the
maj or studies that have reported age-specific data. Unfortunately,
no i nformati on on snoking habits was given in nost studies. It has
been shown that snoking cigarettes may significantly increase the
body burden of cadmum (Lewis et al., 1972). Elinder et al. (1976)
showed that Swedi sh snokers have, on average, about twice the tissue
cadm um concentrati on of non-snokers. Except for the data fromlIndia
(Fig. 3), there appears to be a constant difference (10 ng/kg)
bet ween snokers and non-snokers in the cadmi um concentrations of the
renal cortex. Fig. 3 also shows that the 90th percentile is usually
about twice the geonetric nean value. In nost countries referred to
in Table 10, the average cortex cadm um concentration was in the

bl

Fig. 1. Average liver cadmium concentrations in men from Japan, UZA, and Sweden
[95% confidence intervalzs of mean indicated) From: Kjellstrdm (1979)
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Fig. 2. Average muscle cadmium concentrations in men from Japan, US4, and
Sweeden (95% confidence intervals of mean indicated) From: Kjelstedm (1979)
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Fig. 3. Concertration of cadmium in kidney cortex (geometric mean values with 1.23
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range 10-40 ng/ kg, while in Japan val ues of between 50 and 100 ny/ kg
were reported. In workers highly exposed to cadm um but wi thout
functional inpairnment of the kidney, concentrations in the renal
cortex may range from 180 to 450 ng/ kg wet weight. In cases where
there is severe renal dysfunction, the cadm um concentrations are

generally lower and range between 20 and 120 ng/ kg wet weight, i.e.
they are of the sane nagnitude as those of the general popul ation
(Friberg et al., 1974). This seem ngly paradoxical relationshipis
di scussed in nore detail in section 6.
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I f exposure to cadm umthroughout life renmains constant and | ow
in anobunt, the concentrations in the kidneys becone hi gher (by about
10-20 tinmes) than those in the liver. Average liver cadni um
concentrations are about 1-2 ng/kg wet weight at age 50 in sone
Eur opean countries and the USA, but in Japan average concentrations
are between 5 and 10 ng/kg (Table 10). Al though renal concentrations

generally decrease after age 60 (Fig. 4), liver concentrations reach
a plateau but do not show a clear decrease in aged popul ations
(Fig. 1). In exposed workers, liver concentrations from20 to about

300 ng/ kg have been recorded and in ltai-itai patients they are

bet ween 63 and 132 ng/kg (Friberg et al., 1974). In people with
severe cadmi umi nduced renal dysfunction, kidney cadm umlevels are
| ow, but the liver levels nay be very high (Ishizaki, 1972).

Table 10. Cadm um concentrations in the renal cortex and liver of peopl:

Country Nunber Sex Age group Snoki ng Renal cort:
cat egory cadmum |l e
(mg/ kg wet
wei ght)
Bel gi um (Li ege) 51 M F 40- 59 m xed 46°
Gernman Denocratic 20 M 40- 59 m xed 22°¢
Republ i c
20 F 40- 59 m xed 11°¢
| ndi a 26 M F 40- 59 m xed 24>
| srael (Jerusal em 11 M F 40- 59 m xed 28P
Japan ( Kobe) 6 M F 50-59 m xed 54
Japan ( Kanazawa) 9 M F 40- 59 m xed 95
Japan (Tokyo) 17 M F 40- 59 m xed 99
Japan (Tokyo) 23 M F 40- 59 m xed 76°
Sweden (St ockhol m 83 M F 40- 59 m xed 20
45 M 40- 59 m xed 18
38 F 40- 59 m xed 23
7 M F 40-59 non- snoker 11
28 M F 40-59 snmoker 23
USA (North Carolina) 19 M 40- 59 m xed 27¢
10 F 40- 59 mi xed 23¢
10 M 40-79 non- snoker 144
18 M 40-79 smoker 28¢
Table 10 (contd).
Country Nurnber Sex Age group Smoki ng Renal cort:
cat egory cadmum |l e
(mg/ kg wet
wei ght)
USA (Dal | as) 58 M 40- 59 m xed 29
47 M 20-59 non- snoker 13
115 M 20-59 snmoker 24
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USA (Bal tinore) 10 M F 40-59 m xed 30°
Yugosl avi a (Zagr eb) 28 M F 40- 59 m xed 38P

8 The cadnium concentrations are arithnetic nmean val ues and have been rounde
b

Oiginal data were geonetric nmeans. Adjusted according to the findings of
Oiginal data were for whole kidney (dry weight). Data adjusted for whole
Oiginal data were based on ash weight. Data adjusted for ash weight (x O.

o

In vivo neutron activation analysis (see section 2.2.3.3) has
recently been used to neasure kidney and |iver cadmi um
concentrations in exposed workers. In one study, the detection
l[imts were about 15 ng/kg for kidney and 1.5 ng/kg for liver (Ellis

et al., 1981a), while in another study detection Iimts were higher
by a factor of 2 for kidney and 5 for liver (Roels et al., 1981hb).
Thus, this nethod is still not sufficiently sensitive to neasure

invivo tissue levels in a "normal" popul ation. Liver levels of up
to 120 ng/ kg and ki dney cortex levels of up to 600 ng/ kg have been
found anong cadnmi umworkers (Ellis et al., 1981a). A decreasing
trend of the kidney levels after a maxi mum at about 300 ng/kg in

ki dney cortex was evident. At this point, the liver |evel was about
30 ng/ kg (Fig. 5). Avery simlar situation was found in anot her
factory (Roels et al., 1981b); npst workers with high liver cadm um
| evel s had | ow ki dney | evels, and then al so showed el evated urinary
excretion of RB,-mcroglobulin. In exposed workers, the average
ratio of the cadm um concentration in the renal cortex to that in
the liver has been reported to be about 8 (Ellis et al., 1981a) or 7
(Roel s et al., 1981b), values that are Iower than for the genera
popul ation (Table 9). This corresponds to aninmal data (section
6.3.1.2) showing a greater proportion of accunulated cadm umin the
liver when the exposure |evel increases.

The total body burden of cadmiumin a niddle-aged person wthin
the general population is about tw ce the amount in kidneys and
liver together (Table 10), i.e. 5-7 ng in a non-snoker in Europe or
the USA and 8-13 ng in a snoker (Kjellstréom 1979). |In Japan, higher
body burdens have been reported (Tipton et al., 1960; I|shizaki et
al ., 1971; Sumino et al., 1975; Tsuchiya et al., 1976). An extensive
revi ew of data from several countries (Cherry, 1981) found total
body burdens to lie within the range 5-20 ng.

In conclusion, the average total body burden of a person of 50
years of age, living in an area not subject to pollution, varies
within the range 5-20 nmg in different regions of the world, and the
average cadm um concentration in the renal cortex varies within the
range 11-100 ng/ kg wet weight. There is a great individua
variation, and the 90th percentile in those groups studied is about
twi ce the nmedi an val ue.

Smoki ng i ncreases the body burden. After long-terml|owleve
exposure, about half the body burden of cadmumis localized in the
ki dneys and liver, a third of the total being in the kidneys. At
hi gher | evels of exposure, a greater proportion of the body burden
is found in the liver. After the devel opment of severe
cadm uminduced renal dysfunction, cadniumis lost fromthe rena
tissue.
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represents the two components of a linear model fit to the data)

6.5 Elimnation and excretion
6.5.1 Uinary excretion
6.5.1.1 In aninals

Nordberg (1972) denonstrated that after subcutaneous injection
for up to 24-25 weeks, the average daily urinary cadm um excretion
(on a group basis) in mce, prior to the onset of tubular
proteinuria, represented about 0.01-0.02% of the body burden
(section 6.7.1). Elinder & Pannone (1979) showed that one nonth
after repeated subcut aneous exposure ceased, the excretion was only
0.001% of the body burden

Simlar | ow excretion rates have been found in rabbits given
subcut aneous i njections (Nom yanma, 1973a; Noni yana & Nomi yansa,
1976a), and in rabbits (Nom yama & Nonmi yama, 1976a,b) and nonkeys
(Nom yana et al., 1979, 1982a) given cadmumorally. In addition, it
has been reported that, over a range of doses, an increase in
urinary excretion of cadmiumis associated with an increase of
cadmiumin the renal cortex (Nomi yama & Nomi yana, 1976a; Suzuki
1980; Bernard et al., 1981).

St udi es on several mammalian species, mainly involving repeated
subcut aneous injection of cadm umsalts, have shown that urinary
excretion of cadmi umincreases slowy for a considerable tine but,
as ki dney dysfunction devel ops, a sharp increase in excretion occurs
in rabbits (Friberg, 1952; Axelsson & Piscator, 1966a; Noniyama &
Nom yamm, 1976a), mce (Nordberg & Piscator, 1972), and rats
(Suzuki, 1980). This leads to a decrease in renal and liver cadm um
concentrations (Axel sson & Piscator, 1966a; Suzuki, 1980; Nom yama &
Nom yama, 1976a).

When renal tubular |esions were induced by uranyl acetate
injections in animls previously exposed to cadnmi um there was no
increase in urinary cadni um excretion (Nom yama & Noni yama, 1976a)
or decrease in the level of cadmiumin the renal cortex. This
contrasts with the increase in cadm um excretion brought about by
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cadm um i nduced tubul ar | esions.
6.5.1.2 In hunans

Several studies have shown that in the general popul ation
urinary cadm um excretion increases with age (Katagiri et al., 1971
Tsuchiya et al., 1976; Elinder et al., 1978; Kowal et al., 1979)
(Fig. 6), this increase coinciding with the increased body burden.
Smokers have hi gher urinary excretion than non-snmokers (Elinder et
al ., 1978; Kowal et al., 1979). The nmean concentration of urinary
cadmi umin such groups of people not exposed to high cadnmiumlevels
is <0.5-2.0 pg/litre or approximately 0.01% of the total body
bur den.

I ncreased urinary cadm um excretion occurs when tubul ar
protei nuria devel ops (Lauwerys et al., 1974a; Kojinma et al., 1977).
I n cadnmi um exposed workers, high urinary cadmi um concentrations in
the absence of proteinuria can be found after only short exposures
(Lauwerys et al., 1976, 1979a,b) (section 6.7.1).

Most of the cadmumin urine is probably transported bound to
netal | ot hi onein. The urinary netall ot hi onein concentration can now
be neasured quantitatively with a sensitive radi oi munoassay (Vander
Mallie & Garvey, 1979). Using this techni que, Tohyana et al. (1981b)
found good correl ati on between urinary mnetall othionein and cadm um
in 67 people exposed in the general environnent, and Roels et al
(1983b) confirmed this correlation in 94 cadnmi um worKkers.

6.5.2 Gastrointestinal and other routes of excretion

It is extrenely difficult to study gastrointestinal excretion
after oral exposure, since it is not possible to distinguish net
gastroin-testinal excretion fromunabsorbed cadmi umin faeces.

Ani mal studies of gastrointestinal excretion follow ng
injections of cadm um (sunmmarized by Friberg et al., 1974) generally
show that a few percent of the dose is excreted in the faeces within
the first few days after injection. The faecal excretion is
initially higher than the urinary excretion after either single or
repeat ed exposure (Nom yamn, 1978). The nechani smfor such excretion
probably involves a transfer of cadm umvia the intestinal nucosa,
but biliary excretion may al so be involved. The biliary excretion in
the first 24 h after intravenous injection of cadnmiumis dependent
on the dose (G rkt & Tichy, 1974; Nom yama, 1974; Kl aassen &
Kotsonis, 1977). In rats given 67, 90 or 120 Bg cadmium (Cikrt &

Ti chy, 1974), the cumul ative 24 h excretion reached 0.83% at the

| owest dose and 5.68% at the highest dose. The hi ghest excretion
rate was detected between 15 and 30 nmin after dosing. It has been
reported that after the initially rapid excretion the biliary
excretion is 0.015-0.04% of the body burden per hour over three
consecutive days (Nordberg et al., 1977; Elinder & Pannone, 1979).
Biliary cadm um has been partially characterized as a gl utathi one
compl ex (Cherian & Vostal 1977).

Both during and after parenteral exposure to cadnmium the total
gastrointestinal cadm um excretion is considerably higher than the
urinary excretion (Nordberg, 1972; Elinder & Pannone, 1979). A large
proportion of the gastrointestinal excretion is directly related to
the daily dose. After chronic exposure of rats, faecal excretion
anounted to about 0.03% of the body burden, which was considerably
nore than the urinary excretion (Elinder & Pannone, 1979).
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Fig. &. Average urine cadmium concentrations in men from Japan and USL (zmokers
and non-smokers) and fram Sweden (non-smokers only) (95% confidence intervals of
mean indicated)

There are no available quantitative hunman data to indicate the
net gastrointestinal excretion

Cadmiumis also elimnated through hair (Anke et al., 1976) and
breast m |k (Schroeder & Bal assa, 1961), but these routes are of
l[imted inportance for total excretion and do not significantly
alter the biological half-tine

6.6 Biological half-tine and netabolic nodels
6.6.1 In animals

Several studies have been carried out in order to assess the
bi ol ogi cal half-times of cadmiumin experimental animals. Various
ani mal s species, including mce, rats, rabbits, dogs, and nonkeys,
have been studi ed, and single exposures have nornally been used. The
reported half-times have varied fromweeks to two years (or as |long
as half the life-span of the aninmal). The devel opnent of netabolic
nodel s has shown that the body contains several conpartments for
cadm um accunul ation, each with a different half-time. Thus, in
whol e body hal f-time neasurenents, one may find several different
hal f-tinmes. In order to observe the slowest half-tine conponents, it
is necessary to study the animals for many nonths.

Page 56 of 201



Cadmium (EHC 134, 1992)

The biological half-tine of cadmiumin the kidney and whol e
body decreases when renal tubul ar dysfunction occurs because of
increased urinary excretion (section 6.5.1). However, sonme studies
have indicated that the biological half-tine nay change with dose
and body burden of cadmi um even before renal danmage occurs. For
i nstance, Engstrom & Nordberg (1979a) reported that in nice
hal f-tinme increased with increasing single or repeated oral dose. In
these studi es, body burden and renal burden were considerably | ower
than the maxi num that can be reached in | ong-term exposure. Nomni yana
(1978) reported that half-tine decreased with increasi ng dose when
animals with the shortened half-tine had reached the maxi mum rena
burden. Even shorter half-tines were reported when renal tubular
dysfunction occurred after exposure to high doses (Nom yama, 1978).

A nunber of studies on biological half-tinme and netabolic
nodel s for aninmals have been reviewed by Friberg et al. (1974) and
Nom yama (1978).

The wide difference in the results obtained by investigators
may be expl ai ned by variations in exposure |level and type, the
different animal species used, and interactions between cadni um and
ot her exposure factors. Reported half-tines range fromseveral weeks
in mce to 22 years in nonkeys (Friberg et al., 1974; Nom yama et
al ., 1979; Nomiyama et al., 1984). The variations in half-times in
specific tissues between different species or individuals rmay be due
to variations in the production of metallothionein, which binds
tissue cadmi um and contributes to its retention

6.6.2 In humans

Experi mental and epi demni ol ogi cal evidence indicates strongly
that the biological half-time in the whole body is extrenely |ong
(many years). Experinental evidence fromone study (Shai kh & Snith,
1980), in which one subject was given radi oactive cadm um and

exam ned periodically for the next 2 years, showed a biol ogi ca

hal f-tinme of 26 years. In three sinilar studies, in which a small
nunber of subjects were followed up for a limted period (about 100
days), half-tines of 93-202 days were reported (Rahola et al., 1972;
Fl anagan et al., 1978; MlLellan et al., 1978). Only one of these
studies (Rahola et al., 1972) gave confidence limts for the
estimated biological half-time (130 days to infinity).

Anot her approach to estinate the half-tine used invol ves
comparing total daily excretion with total body burden, applying a
one-conpartnent nodel to the body as a whole (Friberg et al., 1974;
Task Group on Metal Toxicity, 1976). A further approach analyses the
accunul ation in the kidney using a one-conpartnent nodel taking into
consi deration age-related variations in daily cadm um exposure and
ki dney wei ght (Tsuchiya & Sugita, 1971; Kjellstréom 1971). More
recently, an el aborate nodel has been devel oped that includes
separate conpartnments for, for instance, kidney, liver, and bl ood,
and incorporates age-related variations in daily intake, tissue
wei ghts, and renal function (Kjellstrém & Nordberg, 1978).

These nodels rely on many assunptions concerning the cadni um
concentration in food, calorific intake, absorption rates, and other
factors. Inevitably, the data produced by these nodels are only
tentative, but they are inportant for future research. Using data
from Japan on the accunul ati on of cadm umw th age, Tsuchiya et al
(1976) used a series of one-conpartnment mathematical nodel s
devel oped by Tsuchiya & Sugita (1971) to estimate biol ogica
hal f-times of cadmiumin various organs. These authors estimated the
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bi ol ogical half-time in the kidneys to be about 17 years and that in
the liver 7 years

Elinder et al. (1976) used autopsy data from non-snokers in
Sweden and a one-conpartnment nodel (Kjellstrém 1971) to estinate
the biological half-time in the renal cortex. They assuned that the
daily intake of cadm um had doubled in 50 years (Kjellstromet al.
1975a) and estimated the half-time to be 20-50 years (30 years being
the best estimte).

Usi ng an 8-conpartnent nodel (Kjellstréom & Nordberg, 1978), the
bi ol ogical half-times of cadmiumin the liver and ki dney were
estimated to be 7.5 and 12 years, respectively (Kjellstrém &

Nor dberg, 1978). The longest half-tinme was cal cul ated for the "other
ti ssues" conpartnent. This included nmuscle tissue, which was found
to have the longest half-tinme in an autopsy study (Kjellstrom

1977). However, it should be pointed out that when using this type
of model to sinulate the chenobi o-kinetics of cadmium the

i ndividual half-times of different tissues are |l ess inportant than
the dynam cs of the nodel as a whol e.

After high cadm um exposure, as occurs anong certain industrial
workers, the biological half-time my not be the sanme as that during
normal exposure in the general environnent. Current nodels, however,
do not consider this factor. If the exposure level is very high, the
rati o of rapid conmponents to sl ow conponents nay be altered. An
exanple of this is the very high urinary excretion found after only
a short exposure to high air cadm umlevels (Lauwerys et al., 1976,
1979b). The biological half-tinme is also shorter if there is rena
tubul ar dysfunction. Fletcher et al. (1982) carried out

in vivo neutron activation analysis of the liver of 13 cadmni um
workers twice within a period of 3 to 4 years (the occupationa
cadm um exposure of these workers had ceased before the first
anal ysis). Three workers showed proteinuria and an average cadni um
hal f-time in the liver of 2 years. The other 10 workers had an
average half-time of 6.4 years, nine of whom had an average
half-time of 13.5 years and no proteinuria.

Jarup et al. (1983) studied the half-tinme of cadm umin bl ood
of five snelter workers who had previously experienced high cadm um
exposure. Repeated bl ood analysis carried out over a 10-to 13-year
period reveal ed short-term (75-128 days) and a long-term (7.4-16
years) half-time conponents. The |ong-term conponent in two workers
with proteinuria was shorter than in the other workers.

6.7 Biological indices of cadm um exposure, body burden, and
concentrations in kidneys

There is no easy way to neasure directly the whol e body burden
or concentrations of cadmumin different tissues of a living
person. In vivo neutron activation nethods have been used in
special circunstances (Ellis et al., 198la; Roels et al., 1981b
Tohyama et al., 1981la).

At present, it is necessary to study concentrations in easily
avail abl e indicator media in order to eval uate exposure and
accunul ation of cadm um The suitability of certain indicator nedia
for such purposes is supported by studies on both aninals and
humans; urine, blood, faeces, and hair have all been used as
i ndi cator nmedi a. Methods for the biological nonitoring of cadm um
| evel s in bl ood and urine have been revi ewed by Nordberg & Nordberg
(1988) and WHO (1980).

6.7.1 Uine
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The human and ani mal studies summarized in section 6.5.1 all ow
the following interpretation of the significance of cadm umin urine
(Lauwerys et al., 1980b). In the absence of episodes of high-Ieve
exposure to cadm um and provi ded that cadni umbinding sites in the
organi smare not saturated and cadnmi umi nduced nephropathy has not

yet occurred, the urine cadm um |l evel increases in proportion to the
anount of cadmium stored in the body. In such situations, which
prevail mainly in the general population and in workers noderately
exposed to cadmum there is significant correlati on between urinary
cadm um and cadm umin ki dney. Episodes of high exposure to cadmi um
however, may lead to a transient increased urinary excretion

| f exposure to cadmi um has been excessive, the cadni um bi ndi ng
sites in the organi smbeconme progressively saturated and, despite
conti nuous exposure, the cadm umconcentration in the renal cortex
tends to plateau. Once this point is reached, the cadmiumthat is
still absorbed cannot be further retained in the kidney and is
rapidly excreted in the urine. Under these conditions, urinary
cadmumis also influenced by the recent intake. The relative
i nfluence of the body burden and the recent exposure on urinary
cadm um depends on the exposure intensity. If exposure continues, a
certain percentage of individuals may devel op renal damage. This is
associated with a progressive | oss of cadm um accurmul ated in the
ki dney, which gives rise to a further increase in urinary cadmi um
Eventual |y, the anmount of cadmiumthat can be rel eased fromthe
ki dney decreases progressively and the urinary cadni um concentration
follows the same trend. The changes in the urinary netall othionein
| evel parallel those of cadm um (section 6.8.2).

In summary, several factors (duration and intensity of exposure
to cadnmium the presence of renal dysfunction and its duration) nust
be taken into consideration when interpreting urinary cadnm um (and
nmet al | ot hi onei n) | evels.

6.7.2 Bl ood

Pl asma cadmium | evels are considered to be related to recent
exposure but are often so |low that they cannot be neasured routinely
(section 6.2). Most of the cadmumin the blood is in the
eryt hrocytes.

Cadmium |l evels in whole blood mainly reflect the exposure
during recent weeks or nonths. In cadm umworkers, the |eve
increases markedly within the first few nonths after occupationa
exposure starts (Kjellstrdm & Nordberg, 1978; Lauwerys et al.
1979b). It is probable that a portion of the blood cadmiumleve
refl ects body burden rather than present exposure in view of the
known transport of cadmumvia blood fromthe liver to the kidneys
and other tissues (section 6.2) and the long-termhalf-tine
component denonstrated by Jarup et al. (1983). Wrkers with
relatively |l ong exposure durations but whose cadnm um exposure has
ceased have el evated bl ood cadnium | evels for several years (Friberg
et al., 1974; Jarup et al., 1983).

Reports of blood cadmumlevels in the general popul ati on have,
in the past, often been unreliable, owing largely to the
difficulties encountered in the analysis of blood cadm um (Lauwerys
et al., 1975). However, inprovenents in analytical techniques have
since been achi eved through biol ogi cal standards for bl ood and
systematic quality assurance progranmmes (Stoeppler et al., 1979;
Vahter, 1982). Average bl ood cadnmi um values up to 10 pg/litre or
nore have been reported in the past, but the analytical procedures
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used nmean that the accuracy of these data is in doubt (Vahter, 1982;
Friberg & Vahter, 1983).

Various aspects of bl ood cadm um anal ysis have been di scussed
in a UNEP/ WHO st udy, which also included a quality assurance
programe and data from 10 countries (Vahter, 1982; Friberg &
Vahter, 1983). It was found that even in the countries with the
hi ghest bl ood cadm um |l evels, the average was less than 4 pg/litre.
Furt hernore, snokers were found to have hi gher val ues than
non- snokers, and non-snokers, in nost countries, had nmean | evels
below 1 pg/litre. Athough only slightly above 1 pg/litre, the
| evel s for non-snokers in Japan were about twice as high as the
levels in the USA, which probably reflects the difference in average
daily cadmi umintake via food (section 5.2.2).

Reported cadm um concentrations in the blood of exposed workers
are generally between 5 and 50 pg/litre, but levels of between 100
and 300 pg/litre have resulted fromextreme exposures (Roels et al.
1982; Hassler et al., 1983).

6.7.3 Faeces

Gastrointestinal absorption anounts to only a few percent of
the cadm umingested daily (section 6.1.2), and the quality of
cadm um excreted gastrointestinally is small conpared to the
unabsorbed portion of ingested cadmi um Thus, daily faecal cadnium
can serve as a good indicator of the daily anmount of cadni um
i ngested via food and water or cleared fromthe lungs after
occupati onal exposure to large dust particles. Faecal cadmi um
correlates very closely with daily energy intake (section 5.2.4),
and average cadmiumintake estimates for different countries agree
well with reported average faecal cadnm um anounts.

A portion of the cadmumin hunman faeces is related to the body
burden (section 6.5.2). In workers with high body burdens but | ow
daily cadm umintakes via food, this portion mght be greater than
the unabsorbed part of ingested cadnium because the faeca
excretion is simlar to the urinary excretion

6.7.4 Hair

Cadmiumin hair is not a reliable indicator of either recent
exposure or body burden. The main problemis external contamni nation
of the hair, which cannot be distinguished fromthe endogenous
cadm um (Ni shi yama & Nordberg, 1972). However, a correlation was
found between air cadm umlevels of cities in the USA and cadni um
levels in the hair of 10-year-old children living in these cities
(Hammer et al., 1971). In a study of cadmi umworkers (Ellis et al.
1981b), a hi gher average hair cadm umlevel was found anbng exposed
wor kers than anobng controls, but there was a poor relationship
bet ween hair cadm um and cadmiumin the blood, urine, liver or
ki dney. Cadmi um concentrations in the hair of people wthout
excessive exposure are usually between 0.5 and 2 ng/ kg.

6.8 Metallothionein
6.8.1 Nature and production

Metal | ot hi onein is a nmetal -binding protein of |ow nol ecul ar
wei ght, which has a key role in the netabolismof cadnmium It is
rich in cysteine but contains no aronmatic amino acids or histidine
(Kagi & Vallee, 1960, 1961).

This protein was identified for the first time by Margoshes &
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Val | ee (1957) in horse kidney cortex. Its nolecular weight is about
6600 (6000 for the apoprotein noiety, thionein), and it has a
non- gl obul ar shape. On gel filtration, however, it noves like a
spherical protein with a nol ecul ar wei ght of about 10 000 (Kagi &
Nor dberg, 1979). There have been several reports dealing with the
function and biochenistry of netallothionein (Kagi & Nordberg, 1979;
Brady, 1982; Foul kes, 1982; Webb & Cain, 1982; Kagi & Kojina, 1987).

Pi scator (1964) suggested that netallothionein played a role in
cadmi um transport and detoxication, and it has subsequently been
identified in human ki dney and liver (Pulido et al., 1966; Chung et
al., 1986) as well as in those of various experinental animls (Kagi
& Nordberg, 1979).

The structure and genetic expression of nobuse and human
nmet al | ot hi onei n have now been identified. Two major forns of
netal | ot hionein are present in nbst mamual i an tissues, particularly
liver and kidney, i.e. netallothionein | (M-1) and netall othionein
[l (M-11). Induction of synthesis is under the control of a large
group of genes and is stinulated by glucocorticoids and the

essential netals zinc and copper, as well as by the toxic netals
cadm um and nercury (Karin et al., 1981; Karin & Richards, 1982).

In vitro binding affinities have been denbnstrated for a nunber of
other toxic nmetals, including bisnmuth, cobalt, silver, and gold
(Cherian & Nordberg, 1983). Metall othionein binds seven netal ions
per nol ecul e between two separate netal -cysteine clusters, and a
single nolecule may contain nore than one netal, e.g., cadmi um and
zinc, nercury and copper

6.8.2 The role of nmetallothionein in transport, netabolism and
toxicity of cadm um

Pi scator (1964) suggested that sone of the cadm um binding
metal lothionein in the liver may migrate into the bl ood stream As
di scussed in section 6.2, part of the plasma cadmi umin aninals
exposed for a long time to cadmiumis bound to a protein with the
sanme nol ecul ar wei ght as netal |l ot hi onei n. When netal | ot hi onei n- bound
cadmumis present in the plasma, it is quickly cleared by
glonmerular filtration and reabsorbed in the renal tubules or
excreted in the urine (Cherian & Shai kh, 1975; Nordberg et al.

1975; Webb & Etienne, 1977; Fow er & Nordberg, 1978).

At low levels of cadmumnetallothionein in the plasm, tubular
reabsorption is al nost conplete, whereas the uptake in the tubul ar
cells fromthe tubular fluid is saturated in the presence of high
concentrations (Nom yama & Foul kes, 1977; Foul kes, 1982). Thus, high
urinary excretion of cadmi um netallothionein occurs shortly after
the adnministration of |arger doses, i.e. doses exceedi ng about
0.1 ng cadmi um kg body wei ght (Cherian & Shai kh, 1975; Nordberg &
Nor dberg, 1975).

It has been denobnstrated in animal and in vitro tissue
studies that netallothionein provides a protective role for cadm um
toxicity (Cherian & Nordberg, 1983). Mce pretreated with cadni um
have increased tol erance to subsequent cadnm um exposure (Nordberg et
al ., 1971), and exposure to cadm um may protect from subsequent
mercury toxicity (Piotrowski et al., 1974). In addition, the
i nhibition of certain m xed-function oxidases by cadnmiumis reduced
by prior induction of netallothionein by cadmiumin i mature nice
(Asokan et al., 1984). Pre-exposure of cultured kidney cells to
cadm um protects from subsequent exposure (Cherian, 1980; Jin et
al ., 1986).
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Nordberg et al. (1975) showed that netall ot hionein isolated
fromrabbit and nouse |iver produced acute renal tubular cel
toxicity when injected subcutaneously into mce. Further study
(Cherian et al., 1976; Fow er & Nordberg, 1978; Squibb et al., 1982,
1984) suggested that parenterally adm nistered
cadm um netal | ot hionein enters proxinmal renal tubular Iining cells

in pinocytotic vesicles that fuse with | ysosones. The
nmetal | ot hi onein is degraded, releasing cadnmiuminto the cytosol and
produci ng cel l ul ar degeneration and necrosis within 8-24 h. The
renal tubular cell toxicity produced by netallothionein with
different ratios of cadmiumand zinc is proportional to the cadm um
content of the nmetallothionein (Suzuki, 1982). Zi nc-thionein does
not have a sinilar effect.

The pat hogenesis of renal tubular cell toxicity is thought to
be related to non-netall ot hi onei n-bound cadm um which becones
rapidly bound to existing netallothionein sites or induces the
synthesis of new netallothionein (section 7.2.1.4).

The preval ence of nephrotoxicity rather than hepatotoxicity in
chroni ¢ cadm um exposure nay be due to several factors. Firstly, the
rel ease of hepatic cadmumnetallothionein or its presence in the
bl ood can result in preferential accunulation of cadmiumin the
ki dneys. Secondly, it has been shown in experinmental aninals that
the kidney can accunul ate metal | othionein nRNA in response to
cadm um exposure to only about half the level of the liver
(Koropatnick & Cherian, 1988). Thus, the kidney nmay not be able to
synt hesi ze netallothionein as efficiently as the liver in response
to cadmi um exposure, resulting in an accumnul ati on of
non- netal | ot hi onein cadmiumin the kidney but not in the liver

Nom yama et al. (1982a) studied the concentrations of total
cadm um netal | ot hi onei n-cadmi um and non-net al | ot hi onei n-cadm um in
the renal cortex of nonkeys fed diets containing 30 ng cadm uni kg
food for 12 nonths. They found that the concentration of
non- net al | ot hi onei n-cadmi um i ncreased with dose of cadnmi umto about
35 ng/ kg tissue and total cadmiumto about 200 ng/ kg tissue when the
total dose of cadmumwas 0.4 g. Sinmlar neasurenents were nmade in
rabbits given cadm um chloride (0.5 ng cadm unf kg body wei ght)
subcut aneously every day for 21 weeks. There were parallel increases
of total cadni um and non-netal | ot hi onei n-bound cadnmi um during the
initial 4 weeks of dosing; these renmai ned unchanged until the 14th
week when striking renal dysfunction appeared. At that tine, total
cadm um and non-net al | ot hi onei n-bound cadm um | evels fell despite
the continued adm nistration of cadm um (Noni yama & Nom yama, 1982).
I ncreased know edge of the intracellular binding or speciation of
non- net al | ot hi onei n- bound cadmni um shoul d i nprove our understandi ng
of the relative roles of netall othionein-bound and
non- net al | ot hi onei n-bound cadm um

VWhen Cherian et al. (1978) exposed mice by injection and
feeding to both cadni um chl ori de and cadni um netal | ot hi onei n, both
conmpounds were absorbed and distributed in the body. However, in the
short term cadmi um netallothionein was selectively accunulated in
the kidney and cadmumchloride in the liver

Most cadmi umin human urine is bound to netall othionein
(Tohyarma et al., 1981b), and good correlati on has been found between
the urinary cadm um and netal | ot hi onein concentrations both in
el derly wonen exposed in the general environment (Tohyana et al.
1981b) and in mal e cadm um workers (Nordberg et al., 1982; Roels et
al ., 1983b). Measurement of urinary netallothionein thus provides a
good indication of the urinary cadmumlevel and offers the
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advant age over cadmi um anal ysis of avoiding the possibility of
external contam nation. Wrnen were found to have nuch higher urinary
nmet al | ot hi onei n concentrations than nen, even at similar cadni um

| evel s.

6.9 Concl usi ons

Data from experimental ani mals and humans have shown t hat
pul ronary cadm um absorption is greater than gastrointestina
absor pti on. Dependi ng on chemi cal speciation, particle size, and
solubility in biological fluids, up to 50% of the inhaled cadm um
conmpound nay be absorbed. The gastrointestinal absorption of cadnium
is influenced by the type of diet and nutritional status, iron
status appearing to be particularly inportant. On average, 5% of the
total oral intake of cadmiumis absorbed, but individual values
range fromless than 1%to nore than 20% Cadnium nmay al so be
transported to the fetus. However, although cadm um accunul ates in
the placenta, little is transferred to the fetus.

Cadmi um absorbed fromthe Iungs or the gastrointestinal tract
is stored principally in the liver and ki dneys where nore than half
of the body burden is deposited. Highest cadm um concentrations are
generally found in the renal cortex, but as exposure |evels
increase, a greater proportion of the absorbed cadnmumis stored in
the liver. The cadm um excretion rate is normally |low, and the
bi ol ogical half-time is very long (decades) in the kidneys, nuscles,
liver, and total body of humans. The cadm um concentrations in nost
tissues increase with age. In exposed people with renal danage,
urinary excretion of cadm umincreases and, thus, the whol e body
hal f-time is shortened. The renal damage |eads to | osses of cadni um
fromthe kidney, and the renal concentrations are eventually | ower
than in people with sinilar exposure but w thout renal danage.

Metal | othionein is an inportant transport and storage protein
for cadm um and other metals. Cadmium can induce netall ot hionein
synthesis in many organs including the liver and ki dney. The bi ndi ng
of intracellular cadmumto nmetallothionein in tissues protects
agai nst cadm um toxicity. Non-netall othionein-bound cadni um nmay,
therefore, have a role in the pathogenesis of cadnmiumrelated tissue
injury. The speciation of other cadm um conplexes in tissues or
bi ol ogi cal fluids is unknown.

Urinary excretion of cadmiumis related to body burden, recent
exposure, and renal danage. In people with | ow exposures, cadm umin
urine is mainly related to body burden. Cadm um exposed people with
proteinuria generally exhibit greater cadm um excretion than such
peopl e wi thout proteinuria. After high exposure ceases, urinary
cadmi um decr eases even though renal danage persists. The
interpretation of urinary cadmiumis thus dependent on a nunber of
factors. The magni tude of gastrointestinal excretion is simlar to
that of urinary excretion, but it cannot be easily nmeasured. QO her
excretory routes such as lactation, sweating or placental transfer
are insignificant.

Cadmiumin faeces is a good indicator of recent daily intake
fromfood in the absence of inhalation exposure. Cadmi umin blood
occurs mainly in the blood cells, and the plasnma concentrations are
very low. There are at least two bl ood conpartnents, one being
related to recent exposure with a half-time of about 2-3 nonths, and
the other probably related to body burden with a half-tine of
several years.

7. EFFECTS ON LABORATORY MAMVALS AND | N VITRO TEST SYSTEMS
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7.1 Single exposure
7.1.1 Lethal dose and |l ethal effects

LDso i nhal ation values are in the range of 500 to
15 000 ng/n?.min for different species (Barrett et al., 1947;
Harrison et al., 1947; Hadley et al., 1979). The cause of death is
pul nonary oedena.

The LDsg after the injection of soluble cadm um conmpounds is
in the range of 2.5-25 ng/kg body weight (Friberg, 1950; Eybl &
Sykora, 1966; Comm ssion of the European Comrunities, 1978). Shortly
after | arge doses are injected, severe endothelial damage is seen in
the small vessels of the peripheral nervous system (Gabbi ani, 1966)
and in the testis (Parizek, 1957). If the animal survives for sone
hours, the npbst pronounced changes are found in the liver (Dudley et
al., 1982), and liver damage is probably the lethal effect of a
singl e high parenteral exposure.

For nost cadmi um conpounds, the LDsg after oral
adm nistration is about 10-20 tinmes higher than after parenteral
adm ni stration, and the readily sol ubl e conpounds have a | ower
LDso val ues than the insoluble ones (Table 11).

Nom yama et al. (1978b) showed that the LDsg in mce was
| ower at cold tenperatures (+8 °C) than at hi gher tenperatures
(+22 or +37 °C), both after oral and peritoneal exposure.

7.1.2 Pathol ogi cal changes affecting specific systens in the body

The chronic effects of |ong-term exposure to | ow doses of
cadm um constitute the main problemfor non-occupationally exposed
humans. Therefore, the effects of single exposure in animals will be
dealt with only briefly, and the main enphasis will be on chronic
ef fects.

Specific effects froma single high dose of cadm um have been
descri bed by several investigators and have been revi ewed by Friberg
et al. (1974, 1986), Comm ssion of the European Comrunities (1978),
and Kawai (1978). One of the npst pronounced effects seen was in the
gonads (testis and ovary).

Table 11. LDsp val ues for cadnmi um conmpounds given to nmice and rats by in

Speci es Conpound Mol ecul ar fornula Relative nol ecul ar
mass? I

Mouse cadmi um (el enent) Cd 109

cadm um oxi de CdO 128. 4

cadm um sul fate CdSOy 208.5

cadm um chl ori de cdd » 183. 3

cadm umnitrate Cd( N3B) » 236. 4

cadm um i odi de Cdl 5 366. 2

cadm um capryl ate Cd( GH;5C00) 2 394. 8

cadm um car bonat e CdCO; 169

cadm um st earate Cd( C17H35CQ0) , 679. 4

cadm um sul fi de cds 144.5

cadm um sul f osel eni de CdSe. CdS 335.8

bari um cadni um stearate BaCd( C;7H;5CO0) 4 1383. 7
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Rat cadmi um capryl ate Cd( GH;5C00) » 394. 8
cadm um st earate Cd( C17H35CQ0) , 679. 4
bari um cadm um stearate BaCd( C;7H;5CQO0) 4 1383. 7

&  From Weast (1974)

b

From Tarasenko et al. (1974), Vorobjeva & Sabalina (1975), and Vorobj eve

7.1.2.1 Acute effects on testes and ovaries

Testicul ar necrosis occurs in experinmental animals given single
injections of salts corresponding to 2-4 ng cadm unm kg body wei ght
(Parizek & Zahor, 1956; Parizek, 1957). At a later stage, Leydig
cells regenerate (Parizek, 1957, 1960; Allanson & Deanesly, 1962).
Gabbi ani et al. (1974) detected dilation of interendothelial clefts
in the small blood vessels of the testis as early as 15 min after an
i ntravenous injection of cadmiumsalts. Effects on the testis have
been extensively reviewed by Gunn & Gould (1970).

The marked effects on the testis after cadmiuminjection are
probably the result of endothelial damage. In the small vessels this
damage gives rise to increased capillary perneability. This leads to
vascul ar escape of fluids and bl ood pl asna substances into the
interstitium which results in oedema, decreased capillary blood
flow, ischaem a, and testicular cell necrosis (Aoki & Hoffer, 1978;
Francavilla et al., 1981).

A single injection of cadmumsalts at a dose that induces
testicul ar haenorrhagi c necrosis has been shown to induce
haenorrhages and necroses in the ovaries of prepubertal rats (Kar et
al., 1959), and in the ovaries of adult rats in persistent oestrus
(Parizek et al., 1968a). The effect of cadmiumon the testis was not
dependent on the presence of the hypophysis (Parizek, 1960). Ovarian
effects can be prevented by the admi nistration of PMSG hor nones
(Parizek et al., 1968a). Numerous studies on the effects of cadni um
on the testes and other reproductive organs were revi ewed by Barl ow
& Sullivan (1982).

7.1.2.2 Acute effects on other organs

A single inhal ation exposure to cadnmi um at concentrations of
5-20 g/ nt for 50-120 min gives rise to pul nobnary oedenma in rats
and rabbits (Hayes et al., 1976; Bouley et al., 1977; Bus et al.
1978; Dervan & Hayes, 1979; Boi sset & Boudene, 1981; Fukuhara et
al ., 1981). The norphol ogi cal changes seen in the |lung have been
described in detail by Strauss et al. (1976).

After the parenteral adm nistration of cadm um at dose | evels
simlar to the LDsg, pronounced effects were seen in the snal
bl ood vessels of, for instance, the nervous system (Gabbi ani et al.
1974). Hoffrman et al. (1975) noted profound norphol ogical effects in
the liver of rats given 6 ng cadm uni kg body wei ght, and Dudl ey et
al. (1982), examning liver effects froma single injection of
cadm um (3.9 ng/ kg body weight), concluded that |iver was the nmajor
target organ in rats for acute cadm umtoxicity. Changes in blood
pressure shortly after the acute admi nistration of cadnm um have al so
been recorded (Dal haitm & Friberg, 1954; Perry et al., 1970).

Oral adm nistration of cadm um conpounds induces epithelial
desquanati on and necrosis of the gastric and intestinal nucosa,
together with dystrophic changes of the liver, heart, and ki dneys
(Tarasenko et al., 1974; Vorobjeva & Sabalina, 1975).
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Since the kidney is the critica
| ong periods to relatively small
results fromrelevant aninmal studies will be dealt with in sone
Even though it
information fromthe findings in animals,
val uabl e i nformati on concerni ng nechani sns of cadni umi nduced
nephropat hy and t he significance of various biol ogica
and have supported the findings in humans. For
experinments that exposure

exposure and effect,
Friberg (1950) verified in animal
to cadnmium caused a type of proteinuria simlar to the one he had
found i n exposed workers.

the correspondi ng rena
Table 12. An eval uati on of organ dose-effect and dose-response
relationships is included in section 7.2.1.4.

7.2.1.1 Oal
| esions were first

cadm um for severa
of desquanation in proxinal

nmonth. WIlson et al. (1941)

Stowe et al.
(160 mg/litre) for 6 nonths.
but hi st opat hol ogi ca
changes in the proxinal
cadmi umwas 170 ng/ kg wet wei ght,

210 ny/ kg wet weight in the rena

16 weeks. At this stage,
cortex was 200 ng/ kg wet weight.
appeared at a |ater stage, 37 and 42 weeks, respectively, after

exposure had started. The cadm um concentration in the renal cortex

was 300 ng/ kg wet weight after 40 weeks.
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| ong-term exposure

7.2.1 Effects on the kidneys

organ in humans exposed for
anmounts of cadm um (section 8.2.1),

is difficult to extrapolate quantitative

studi es that have given data on rena

experinents have provided

i ndi cators of

effects as well as

cadm um concentrations are summari zed in

tubul es. The nean rena

reported by Prodan (1932) and W son
(1941) after cats and rats were given |arge oral doses of
mont hs. Prodan (1932) reported varyi ng degrees
tubul ar epithelium (and no changes in
the glonmeruli) after feeding cats 100 ng cadm um per day for one
reported slight tubular changes in rats
after they were exposed for 3 nonths to a diet containing 62 ng
cadmi uni kg.

Studies utilizing high exposures have al so been perforned by
Ten rabbits received cadm umin drinking-water
Ki dney function was not
exami nation reveal ed pronounced nor phol ogi ca
concentration of

whi ch woul d correspond to about
cortex (section 6.4). Still higher
doses (300 ng/kg diet) were given to rabbits for 54 weeks by

Nom yama et al.

i nvesti gated,

who observed ani noaci duria and enzynuri a

the cadmi um concentration in the
Proteinuria and gl ycosuria

Table 12. Summary of aninmal studies with data on both renal cadm umlewv
Exposure Dur ati on Aver age cadmi um R
admi ni stration | evel (rmont hs) | evel in kidney
cortex (ng/kg
wet wei ght)
subcut aneous 0. 25 nmy/ kg 6 110- 1702 no ¢
body wei ght
subcut aneous 0.5 ng/ kg 6 1702 t ubt
body wei ght in
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Rat i ntraperitoneal 0.75 ng/ kg 3 200% no e
body wei ght
Rat i ntraperitoneal 0.75 ng/ kg 4 300% hi st
body wei ght 60%
Rat subcut aneous 0. 65 ng/ kg 3 200 hi s
body wei ght
Rat wat er 10 ng/litre 8.5 112 no
Rat wat er 50 nmy/litre 8.5 35% slic
Rat wat er 100 ng/litre 8.5 90% hi st
Rat wat er 200 ng/litre 8.5 1452 hi st
Rat wat er 200 ng/litre 11 200 t ot
nol
Rat wat er 50 ng/litre 3 100% decr
cle
cha
Table 12 (contd).
Speci es Rout e of Exposur e Dur ati on Aver age cadm um R
adm ni stration | evel (mont hs) [ evel in kidney
cortex (ng/kg
wet wei ght)
Rat wat er 50 mg/litre 2.5 235 sli
in
Rabbi t subcut aneous 0. 25 ngy/ kg 2.5 235 sli
body wei ght in
Rabbi t subcut aneous 0. 25 ng/ kg 4 460 nor
body wei ght cha
pho
cor:
Rabbi t subcut aneous 0.5 ng/ kg 2.5 300 tot:
body wei ght
Rabbi t subcut aneous 0.5 ny/ kg 0.7 200 pro
body wei ght am |
(O
Rabbi t subcut aneous 0.5 ny/ kg 1 120 By-r1
body wei ght
Rabbi t subcut aneous 1.5 ng/ kg 1 50- 200 dec
body wei ght rea
Rabbi t subcut aneous 0.5 nyg/ kg 2 1602 slig
body wei ght
Rabbi t wat er 160 ng/litre 6 1702 ext ¢
cha
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Table 12 (contd).

Speci es Rout e of Exposur e Dur ati on Aver age cadm um R
admi ni stration | evel (rmont hs) | evel in kidney
cortex (ng/kg
wet wei ght)
Rabbi t wat er 50 ng/litre 10 58 slii
Rabbi t wat er 200 ng/litre 10 200 sev
tub
Rabbi t di et 300 ny/ kg 4 200 am |
Rabbi t di et 300 ny/ kg 10 300 pro
Pi g di et 50-350 ny/ kg < 122 equ
in
Pig di et 50- 350 ny/ kg 782 decr
am |
Hor se di et no cadm um lifel ong 75 ren
added (up to 240) cha
25%
Bird subcut aneous 0. 16 ngy/ kg 1.5 20P° hi st
body wei ght
a These val ues are whol e ki dney concentrations; about 0.8 times kidney cor
b

Mor phol ogi cal changes of the renal tubules were reported by
Kawai et al. (1976) in rats given 50 ng cadmiumlitre drinking-water
for 8.5 nonths. The average renal cadm um concentration was about
38 nmg/ kg wet wei ght which corresponds to about 50 ng/kg in the rena
cortex.

Hi stol ogical lesions in the proximl renal tubules were al so
found in rats exposed to 200 ng cadmiunilitre for 2 nonths (Itokawa
et al., 1978). Hi stochem cal exam nation of the kidney showed t hat
the proximal tubular epitheliumhad particularly high cadm um
concentrations. The average renal concentrations were 48 ng/ kg and
80 ng/ kg, respectively, inrats with sufficient and defi cient
cal ciumintakes. These |l evels would correspond to about 60 and
100 ng cadmuni kg in the renal cortex (section 6.4). Inulin
cl earance was reduced to about a third of the control values in the
cadm um exposed groups, indicating considerable functional damage to
the glonmeruli. The only reported change in renal tubular function
was that the fractional excretion of calciumwas increased about 50%
in the cadm um exposed groups.

In a study of 50 rats exposed to 200 ng cadmiunlitre in
drinking-water for up to 11 nonths (Bernard et al., 1981), there was
an increased preval ence of total proteinuria in the 8th nonth, when
the average cadm um concentration in the renal cortex was about
200 ny/ kg.

Kaj i kawa et al. (1981) also reported norphol ogi cal changes in

Denot es concentrations (wet weight) calculated as 0.2 tines dry wei ght ¢
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the ki dneys of rats given drinking-water containing 200 ng cadni um
chloride/litre for 91 weeks. Histologically, they found degenerative
changes in the proximal convol uted tubul es and, using el ectron

m croscopy, proliferation of snmooth endoplasmic reticul um
vacuol i zation, and coagul ati ve necrosis of the tubular cells. No
significant changes were observed in the gloneruli or interstitial
tissue.

VWhen Cousins et al. (1973) gave | arge amounts of cadm um
chloride to pigs (50, 150, 450, and 1350 ng/kg diet), there was a
decrease in the activity of |eucine am nopeptidase in the kidney
cortex at a renal cadm um concentration of 78 ng/kg wet weight,
corresponding to a renal cortex concentration of about 100 ng/ kg wet
wei ght (section 6.4).

An extensive data base on the renal effects of cadmiumin
nonkeys has been devel oped in Japan. Several of these studies are
summari zed in Table 13.

Study I (Nomiyama et al., 1979) was carried out using ten male
rhesus nonkeys (three years of age). The nonkeys were given 100 g of
solid feed containing 0, 3, 30, or 300 ng cadmi um kg daily for 37
weeks, followed by 130 g of feed for 18 weeks. Even the solid feed
given to the control group contained cadm umat a concentration of
0. 13 ng/ kg.

In study Il, Nomyana et al. (1987) used 36 nal e rhesus nonkeys
(three years of age) and gave them 100 g of solid feed containing O,
3, 10, 30, or 100 ng cadm um kg daily for 52 weeks. During the
foll owi ng 52 weeks 150 g was given, and then for the remai ning 358
weeks 200 g was given. The solid feed given to the control group
cont ai ned cadmium at 0.27 ng/kg and zinc at 30 ng/ kg.

Study Il (Nomura et al., 1988) was perfornmed with 40 fenal e
rhesus nonkeys given 150 g of solid feed for nine years (Table 14).

In study 1V, Nom yana & Nom yama (1988) used nine nale
crab-eating nonkeys. Two of the aninmals were used as controls, and
three were given a diet containing cadm um concentrations of 3 ng/kg
(190 pg/day) as cadmiumchloride (the pelleted food al so contained
(30 ng zinc/kg)). The remaining four were fed 80 pg cadmi um day in
the formof contaminated rice

In studies | and Il, nonkeys that had been given feed
contai ning cadm um at 300 ng/kg and 100 ng/ kg showed i ndi-cations of
renal dysfunction, such as proteinuria, glucosuria, and
am noaci duria, after 15-16 and 48-91 weeks, respectively. The
appear ance of increased R,-m croglobulin was delayed until the
30th and 138th weeks, respectively. However, no definite disturbance
of proximal renal tubular function, such as reduced tubul ar
reabsorpti on of phosphorus, hypophosphataenia or acidosis, was noted
during the one-year foll owup. The dose-effect relationship for
renal dysfunction was simlar to those which have been observed in
rabbits and rats, and thus the hypothesis that the susceptibility of
nonkeys to cadmi um may be exceptionally | ow was not corroborat ed.

In study 11, the group of monkeys given feed containing
30 ng/ kg devel oped urine findings (e.g., proteinuria, glucosuria,
am noaci duria) indicative of renal dysfunction in the sixth year
Post nort em exami nati on reveal ed degeneration of the proximal renal
tubul es, but there was no reduction in tubular reabsorption of
phosphorus. Wen the adninistration of cadnmi um was di scontinued in
the fifth year, no abnornality of renal function devel oped during
the followup period of four years.
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Table 13. Renal effects of cadmi umin nonkeys?

Study Duration Sex No. of Exposure | evel Average cadmi um Ren;
(weeks) monkeys (ng/ kg diet) I evel in renal in
cortex (ng/kg)

| 55 mal e 2 0 163
2 3 202 no
3 30 596 no
3 300 380° rene
757" B,-n
| 462 mal e 6 0 328
8 3 700 no
8 10 1070 no
8 30 1170° rene
[32- [
6 100 635° rene
82- r
in
111 See Table 14.
IV 308 mal e 2 0 18
3 3 570 no
4 contanminated rice 230 no
(1.33 ng/ kg)

a From Nomyama et al. (1979), Nomiyanma et al. (1987), Nonura et al. (19¢
The nunbers with asterisks are the critical concentrations of cadmumir

Table 14. Bone and renal effects of cadmiumin fenmal e nonkeys?

G oup No. of Exposure Low protein, Low vitanin D Average rena
nonkeys | evel cal ci um and diet® cortex cadm um

(mg/ kQ) phosphorus diet® | evel (ng/kg)

1 5 0 - - 58

2 4 0 + -

3 4 0 - +

4 4 0 + +

5 5 30°¢ - - 1511

6 4 30° + -

7 4 30¢ - +
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8 10 30¢ + +

From Nomura et al. (1988); duration of experinment was 463 weeks (9 year
1l4% protein instead of 20% O0.3% cal ciuminstead of 0.9% 0.3% phosphort

T o

¢ No vitamin D; was added (240 11U was added to the nornal diet)

d In Goup 5 to 8, as depressed age-related increase in blood pressure was
€ 3 ng/kg for the first 52 weeks

f Non- progressive lesion, reversibility uncertain; renal effect noted afte
9 Reversible by normal diet and vitanmin D; treatnent; renal effect noted a

The nonkeys in study IIl (Table 14) given the low nutrition
feed plus 30 ng cadm unl kg devel oped renal function abnornalities
after the fourth year. In addition to reduced phenol sul fonphthal ei n
(PSP) clearance and a variable increase in urinary
3,- m crogl obul i n concentrati on, many of the nonkeys showed mld
degenerative changes of the proximal tubular epithelia, but there
was no decrease in the tubular reabsorption of phosphorus. However,
el evated urinary R,-mcroglobulin did not progress further with
continued adnministration of cadmium M1 d degenerative changes of
the proximal tubular epithelia were also noted in the groups of
nonkeys that had been given a normal diet, lowvitanmin D diet or |ow
nutrition plus low vitamn D diet, each supplenmented with 30 ng
cadmi uni kg. However, the elevated urinary R,-mcroglobulin |eve
soon returned to normal in those animals fed a nornal diet,
regardl ess of continued cadm um adm nistration. This may indicate
that the elevated urine B,-microglobulin in this group was not
caused sol ely by cadm um exposure.

In study Il, some of the monkeys given feed containing 3 ng/kg
or 10 nyg/ kg of cadmi um showed cadm um concentrations in the rena
cortex as high as 760 ng/ kg and 1070 ng/ kg, respectively. However,
no effect upon renal function was observed during the nine-year
period, nor was there any increase in urinary B,-mcroglobulin
concentration.

The above data suggest that mld renal dysfunction
(proteinuria, glucosuria, and am noaciduria, but no decrease in the
tubul ar reabsorption of phosphorus) was produced i n nonkeys exposed
to high concentrations of cadm um (30 ng/kg diet or nore). It seens,
however, that no effects on renal function occur with | owleve
exposure (10 ng/kg or less). The devel opnent of renal dysfunction is
assuned to depend upon the ampunt of cadm um absorbed per day rat her
than the total anount absorbed in the body.

In study 1V, the urinary cadnmium| evel occasionally exceeded
10 pg/litre, but no clinical chem stry changes were reported.
Cadmi um concentrations in the renal cortex increased proportionally
to the dose level and duration of exposure, reaching an average of
450 ng/ kg in the group given cadm um chloride and 290 ng/kg in the
group fed contam nated rice. This suggests that the chemical form of
cadm um does not affect the severity of health effects.

7.2.1.2 Respiratory route

Princi & Geever (1950) could find no evidence of renal
nor phol ogi cal changes in the kidney of dogs after prol onged
i nhal ati on exposure (up to one year) to cadm um oxi de or cadni um
sul fide dust (average concentration of 4 ng/nt). Routine analysis
was performed, but neither the methods used nor the results obtained
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were described. Friberg (1950) exposed rabbits for about 8 nonths

(3 h per day, about 20 days per nonth) to cadm um oxide dust with an
average concentration of about 8 ng/n? . After 4 nonths of

exposure, noderate proteinuria was detected by the trichloroacetic
acid test. Histol ogical exam nation of the kidneys after 8 nonths
revealed interstitial infiltration of |eucocytes in the majority of
the exposed rabbits; this was not found in the control group

7.2.1.3 Injection route

Friberg (1950) detected proteinuria in rabbits given
subcut aneous i njections of cadnium sul fate (0.65 ng cadm um kg body
wei ght) 6 days per week. El ectrophoretic analysis of urine proteins
reveal ed that the proteinuria differed fromthat caused by
injections of uraniumsalts. Mirre recently, nmany studies utilizing
parenteral administration (with doses generally in the range of
0.25-1.5 ng/ kg body weight), different routes of exposure
(subcut aneous and intraperitoneal), and a duration of 1-12 nonths
have been performed in mce, rats, and rabbits (Table 12). These
experinments have confirned the nephrotoxic effects of cadnmi um

When rabbits were exposed for 16 weeks by subcutaneous
injection of either 0.25 ng or 0.5 ng cadm uni kg body weight 3 tines
a week, there was a significant increase in urinary
3,- m crogl obulin excretion indicative of renal tubular dysfunction
in the high-dose group after 7 weeks. There was only a slight
increase in the serum R,-m crogl obulin/creatinine ratio. Urinary
Bo-m croglobulin levels were not related to serum
B,-m croglobulin levels (Piscator et al., 1981).

Rats dosed intraperitoneally, five days/week with 0.6 ng
cadm um kg body wei ght, showed no abnornal effects after 5 or 6
weeks when renal cadmiuml evel s reached about 100 ng/kg. However, in
renal tubular lining cells an increase in |ysosones, nicrobodies,
and snooth endopl asm ¢ reticulumwas noted. After 8 weeks rena
cadm um | evel s had reached about 200 ng/kg of tissue and tissue
necrosi s was observed. The early changes (with a renal cadni um
concentration of up to 100 ng/kg) were considered to be adaptive and
possi bly reversi bl e, whereas norphol ogi cal changes after 8 weeks
with a renal concentration of 200 ng/ kg were considered to be
irreversible (Goyer et al., 1984).

Nom yama et al. (1982a) found that non-netall othi onei n- bound
cadm umincreased up to about 35 ng/kg tissue in parallel with total
cadmium At that stage, the total cadmi umconcentration in the rena
cortex was in the range 200-800 ng/ kg, the total dose of cadm um
havi ng been approximately 1 g.

7.2.1.4 Pathogenesis of cadni um nephrotoxicity

Vari ous hypot heses have been proposed to explain the
pat hogenesi s of cadm um nephrotoxicity, particularly the role of the
nmet al - bi nding protein netallothionein (see section 6.8). This
protein is inducible by a nunber of essential netals (Cherian &
Goyer, 1978) and may have as its primary function the intracellular
storage of zinc and copper (Panemangal ore et al., 1983; Tenpleton et
al., 1985). It is also induced follow ng exposure to cadmium It is
now t hought that metallothionein protects against cadmiumtoxicity
and that intracellular cadm um bound to nmetallothionein is nontoxic
(Nordberg, 1971; Goyer et al., 1989). There is considerabl e support
for this hypothesis. Pre-treatnent of experinmental aninmals with
smal | doses of cadmium prevents the acute toxic effects of a |large
dose of cadm um (Nordberg et al., 1975). Parenteral adninistration
of cadm um netal |l ot hi onei n causes acute tubular toxic effects in the
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ki dney (Nordberg, 1971; Nordberg et al., 1975; Cherian & Nordberg,
1983). By treatnent of aninals with repeated doses of cadm um

nmet al | ot hi onein synthesis in the renal cortex can be induced. This
prevents agai nst subsequent renal toxicity by parentera

cadm um et al | ot hi onein at dose levels that norrmally give rise to
renal damage (Jin et al., 1987a). Rat renal cortical cells isolated
fromaninmals pretreated with cadmiumwere resistant to nornally
toxic concentrations of cadmum in vitro (Jin et al., 1987h).
Simlar protective effects were observed in kidney cells pretreated
with cadmium in vitro (Jin et al., 1987b). Human cells in tissue
cul ture, where netall othionein has been induced by pre-treatnent
with cadm um becone resistant to previously |ethal exposure to
cadm um (d ennas & Rugstad, 1984).

Wth this evidence for the protective role of intracellular
nmet al | ot hi onei n, several theories have been proposed to explain the
nephrotoxicity of cadmium One hypothesis attributes the
nephro-toxicity to that fraction of intracellular cadm um not bound
to netall ot hionein (Nordberg et al., 1975; Nom yanma & Noni yama
1982; Squibb et al., 1984). Another hypothesis is that
extra-cel lular cadmi um bound to netallothionein is toxic (Cherian et
al ., 1976). Cadmi umnetall othionein derived from cadni umi nduced
synthesis in reticulocytes (Tanaka et al., 1985) or released from
liver cells is filtered by the renal gloneruli and reabsorbed by the
proximal tubular lining cells where it is catabolized, releasing
cadmi umions that cause renal damage (Dudley et al., 1985). This
hypot hesis i s supported by the fact that parenterally adninistered
cadmi umnetal l othionein is very toxic to renal tubular cells and
that the plasma netallothionein | evel increases with cadni um
exposure (CGoyer et al., 1984; Shai kh & Hirayama, 1979).

Still another hypothesis is that intracellular cadmi um
interacts with cell nenbranes resulting in |ipid peroxidation
(Stacey et al., 1980) and that cadm um nmay displace essential netals
fromnmetallothionein (Petering et al., 1984), thereby depriving

i mportant netall oenzymes of essential netal cofactors.

These hypot heses are not nutually exclusive and the relative
significance of each of these nechanisns may differ under particular
ci rcunst ances of exposure.

Coering et al. (1985) reported the devel opment of calcuria in
rats injected with cadm um netal | ot hionein, using the nodel
described by Squibb et al. (1984). Jin et al. (1987a) confirned
their observations, which suggest that this biological effect may be
an early event in the devel opment of renal tubular damage. Data from
the above studies further validate the use of the
cadm um et al | ot hi onein injection nodel for studying the nmechani snms
of cadm uminduced tubular injury, since calcuria is also observed
in people with chronic el evated cadm um exposure.

7.2.1.5 General features of renal effects; dose-effect and
dose-response rel ati onshi ps

The avail abl e data show that |ong-term exposure to cadni um
| eads to renal tubular lesions with proteinuria, glucosuria, and
am noaci duria, and to histopathol ogi cal changes (Table 12).

It has been reported that cadm uminduced proteinuria differs
fromglonerular proteinuria (Friberg, 1950) and invol ves | ow
nol ecul ar weight proteins in particular (Axel sson & Piscator, 1966a;
Nom yama et al., 1982b). Thus, this type of proteinuria resenbles
the "tubul ar proteinuria”™ seen in humans. M croscopi c examni nation
reveal s typi cal tubular nephropathy, i.e. atrophy and degeneration
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of tubular cells, especially proximl tubular cells, and
interstitial fibrosis (Bonnell et al., 1960; Axelsson et al., 1968;
Kawai et al., 1976).

El ectron mcroscopi c changes are characterized by interstitial
fibrosis and thickening of the basenment nenbrane of the proxinal

tubular cells (Kawai et al., 1976). The snooth endoplasm c reticul um
is dilated or undergoes proliferation, and there is apical cyst
formation (Stowe et al., 1972). An increase in the nunber of

| ysosonmes and swelling of the mitochondria have al so been observed.
In addition to tubular findings, there have been reports of

pat hol ogi cal changes in 30% of the nesangiumcells of the gl onerul
of dogs (Miurase et al., 1974) and increased thickness of the

gl omerul ar basement nmenbrane in rats (Scott et al., 1977).

I nvestigations into renal function have al so reveal ed
substantial changes, mainly in tubular function, e.g., reabsorption
of glucose (Axel sson & Piscator, 1966a), whereas the changes in
glomerular filtration are relatively small (Axel sson & Piscator
1966a). Effects have generally been seen at average renal cortex
concentrations of 200-300 ng/kg wet weight, but sonme studies have
reported effects at considerably | ower concentrations.

Hi st opat hol ogi cal changes in rats, rabbits, horses, and birds have
been reported at renal cortex concentrations bel ow 100 ng/ kg (Tabl e
12). However, in chronically exposed nonkeys, signs of renal tubular
changes were reported at around 400-1200 ng cadni um kg (Table 13).

After renal cortex concentrations of cadmi um have reached a
| evel of 200-300 ng/kg wet weight, they level off or decrease. No
further increase is seen even with continued exposure (Axelsson &
Pi scator, 1966a; Nom yanma & Nomi yana, 1976a; Bernard et al., 1981).
It has al so been shown (Friberg, 1952; Axel sson & Piscator, 1966a;
Nordberg & Piscator, 1972; Nonmi yama & Nomi yamm, 1976a) that urinary
excretion of cadmumis low during the initial exposure period but a
mar ked i ncrease in the excretion of cadm um occurs subsequently,
whi ch coincides with an increase in protein excretion (Friberg,
1952; Axel sson & Piscator, 1966a; Nordberg & Piscator, 1972)
(section 6).

Ani mal studi es have shown that, as the cadmi um concentration in
the renal cortex increases, the first effects to appear are the
hi st opat hol ogi cal changes in the renal tubular cells. The | ow
nol ecul ar wei ght proteinuria and ani noaci duria devel op at sonewhat
hi gher cadm um concentrations in the renal cortex and, at even
hi gher concentrations, glucosuria, total proteinuria, and other
i ndi cati ons of damaged renal function devel op. The diagnosis of
these effects depends greatly on the sensitivity of the nethod for
anal ysing the effect. For instance, a nethod for anal ysing | ow
nol ecul ar wei ght proteinuria that can accurately neasure |evels
considered normal (0.1 ng/litre or less) will be able to diagnose
proteinuria at an earlier stage than a nethod with a detection linit
of 7 mg/litre.

Most of the studies referred to in Table 12 included no data on
the preval ence of renal effects in the aninmals. The results were
given in a qualitative way, stating the average cadm umlevel in the
renal cortex at which effects were seen

Sone dose-response data are avail able from ani mal studies.
Bernard et al. (1981) produced proteinuria in rats exposed to
cadmumin drinking-water (200 ng/litre) for up to 11 nonths. After
8-9 nonths, a significant increase in group-average proteinuria was
seen, coinciding with a 25% preval ence of increased individua
proteinuria. The renal cortex cadm um concentration at that tine was
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about 200 ng cadmium kg (Bernard et al., 1981). Elinder et al

(1981a) studied horses exposed to cadm um present in their nornal
food. Histopathol ogi cal changes in the renal cortex were classified
and coded in a blind manner, and the preval ence of different degrees
of change was cal cul ated for subgroups of horses with different

renal cortex cadm um concentrations. The "background" preval ence was
25-30% and there was an increased preval ence (up to 60-75% with

i ncreased average renal cadmumlevel. At a renal cortex cadni um
concentration of about 75 ng/kg, there was a significant increase in
the preval ence of histopathol ogi cal changes.

7.2.2 Effects on the |iver

Friberg (1950) denonstrated fibrotic changes in the liver of
rabbits exposed to repeated subcutaneous injections of cadnium
Peri portal and interlobular collagen deposition was found in the
liver of rabbits given 160 ng cadmumlitre in drinking-water for 6
nmonths (Stowe et al., 1972). Liver function tests, however, remained
within normal Iimts. The cadm um concentration in the |liver was
188 ny/ kg wet weight. Tarasenko et al. (1974) denonstrated by
hi st ol ogi cal techniques that dystrophic changes occur in the liver
of rats after repeated intragastric adninistration of cadm um
caprylate in a total dose corresponding to 47 ng cadni unm kg body
wei ght per day. These authors al so noted an increased |evel of
lactic acid in the blood serumof the aninmals. Larionova et al
(1974) detected decreased activity of alanine transam nase in |iver
ti ssue and depl etion of glycogen in rats given barium cadm um
| aurate by gavage for 8-10 days at a dosage of 169 ng/ kg body wei ght
per day (as the laurate). After intraperitoneal injection of cadm um
(up to 1.25 ny/ kg body weight for periods of up to 6 weeks),
decreased gl ycogen content and increased daily activity of
gl uconeogeni c enzynes in rat liver were reported by Merali et al
(1974) and Chapatwal a et al. (1982).

In long-term studies, rabbits given 300 ng cadm um kg diet for
54 weeks (Kawai et al. 1976) showed sonme anyloid deposition in the
liver. Studies on rats after exposure for 335 days to 1 ng
cadmumilitre in drinking-water (Sporn et al., 1970) reveal ed
changes in liver enzynme activities. Rhesus nonkeys exposed to 300 ng
cadm um kg in the diet for 12 weeks (Nom yama et al., 1979)
devel oped increased | evels of plasma enzynes (GOI, GPT, and LDH).

7.2.3 Effects on the respiratory system

Interstitial pneumonitis and enphysema were found in rabbits
exposed to cadmiumiron oxide dust (approximately 8 ng/nt) for 4-8
nmont hs (Friberg, 1950) and in rats observed for 4-7 nonths after a
single intratracheal adm nistration of cadm umiron oxide dust

(3.5 nmy/ kg body wei ght) (Vorobjeva, 1957). However, only very slight
pul nronary effects were detected in rabbits and rats exposed to

ni ckel -graphite dust at dose |levels several tines higher than the
concentrations of cadm umiron oxide dust.

Yoshi kawa et al. (1975) exposed rats to cadni um oxi de fumes
(0.1 or 1.0 ng cadmiunn?) for up to 3 nonths. There were 10 rats
in each group, and three of the rats in the high exposure group died
after about 7 weeks. Lung fibrosis and the first stage of enphysenm
were observed at the end of the experinent in the hi gh-dose group
Free nmacrophage cells in the alveoli were nore numerous in both
groups, and there was an increased surface tension of the
surfactants.
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Snider et al. (1973) observed signs of enphysema in rats 10
days after 5-15 daily 1-h periods of exposure to cadm um chloride
aerosol (10 nmg/n?). Also, |ong-term exposure to conparatively |ow
air concentrations of cadnium oxide (24-50 pg cadni um n?) gave
rise to pathological changes in the lungs simlar to enphysena as
well as to cell proliferation in the bronchi (Prigge, 1978). A
| ong-term study (14 nonths), in which nmice and gol den hansters were
exposed to different concentrations of cadm umchloride (30 and
90 upg/ n’), cadmumsulfate (30 and 90 pg/nt), cadmi um sul fide
aerosol s (90-100 pg/n?), cadmi um oxi de fune (10-90 pg/n?), and
dust (10-270 pg/n?), revealed a significantly increased incidence
of alveolar hyperplasia and interstitial fibrosis in nost of the
exposed groups (Heinrich et al., 1989).

Single intratracheal adm nistration of several cadmi um
conmpounds (e.g., oxide, sulfide, carbonate, sulfosel enide,
caprylate, stearate, cadm umbariumlaurate, and cadni um bari um
stearate) in doses fromO0.5 ng (as the oxide) to 15 ng (as the
sul fide) caused the devel opnent, over 6 nmonths, of chronic
i nfl ammat ory changes, enphysema, and atel ectasis |leading to
fibrosis. Exposure to cadmi um oxi de and caprylate gave rise to the
devel opment of nodul es of hyaline connective tissue; these resenbled
silicotic nodul es (Vorobjeva & Sabalina, 1975).

7.2.4 Effects on bones and cal ci um net abol i sm

Male rats fed a normal diet and exposed to cadmium sul fate by
inhalation (3 and 0.3 nmg/n?, 4 h daily for 4 nonths) showed
decreased serum and urinary cal ciumconcentrations conpare to
controls. Female rats simlarly exposed to cadnium sul fate
(2.8 nmy/n¥, 3 h/week) during pregnancy showed radi ol ogi ca
evi dence of osteoporosis in addition to hypocal caem a (Tarasenko et
al., 1975).

In a study by Kogan et al. (1972), cadmi um chloride and cadmni um
sul fate were admi ni stered subcutaneously to rats at a daily dose of
1 ng/ kg body weight for up to 12 nonths. At 12 nonths, X-ray
anal ysis of the bones indicated osteoporosis and osteoscl erosis.
Subsequent hi st opat hol ogy showed an increase in osteoclasts and a
bone structure described by the authors to be indicative of
ost eonal aci a.

Oral admi nistration of cadmumchloride in drinking-water to
male rats (1 or 4 pg/ kg body weight daily for six nonths) resulted
in changes in cal cium nmetabolismand bone structure characteristic
of osteonal aci a, which were not observed in the control group. No
effects were noted in a group of animals given a daily dose of
0.01 pg/ kg body wei ght (Likutova & Bel ova, 1987).

Rats given 50 ng cadmiumllitre in drinking-water for about 9
nont hs showed reduced cal ci um and phosphorus absorption fromthe
intestine (Sugawara & Sugawara, 1974). In addition, some of the
ani mal s showed hi stol ogi cal changes in the duodenal nucosa, a
finding also reported in Japanese quail (R chardson & Fox, 1974).

Several mneral bal ance studi es have been nade on aninmals fed
cadmi um Simnul taneous adninistration of cadmiumw th a | ow protein,
lowcalciumdiet led to a decrease in the calciumand zinc content
of bone (Itokawa et al., 1973). Furthernore, Kobayashi (1974)
reported that cadmumfeeding led to a negative cal ci um bal ance in
rats.

The decreased cal ci um absorption and negative cal ci um bal ance

Page 76 of 201



Cadmium (EHC 134, 1992)

in cadm um exposed rats could result fromthe inhibitory effects of
cadm umon the activation of vitamin Din renal cortical cells

(Fel dman & Cousins, 1973). The renal conversion of

25- hydr oxychol ecal ci ferol to 1,25-di hydroxychol ecal ci ferol has been
found to be inhibited by high dietary cadnmi um exposure in rats fed a
normal calciumdiet, but this effect was not seen on a | ow cal ci um
diet (Lorentzon & Larsson, 1977). The netabolically active form of
vitam n D (1, 25-di hydroxychol ecal ciferol) is necessary for the
normal absorption of calciumfromthe intestine. Ando et al. (1981)
found that the stimulation of calciumabsorption by 1-al pha-hydroxy
vitamin D3 was inhibited in rats exposed to cadm um by gastric

i ntubation. Furthernore, the concentration of cal ci um bindi ng
protein in intestinal nucosa may be decreased by cadni um exposure
(Fullmer et al., 1980).

Admi ni stration of drinking-water containing 10 ng cadm um per
litre to rats fed a nornal diet over a 9-nonth period gave rise to
decal cification and cortical atrophy in the skeleton (Kawai et al.
1976). Ot her workers have al so reported effects in the bones of rats
foll owi ng several nmonths exposure to cadm umin drinking-water

(lItokawa et al., 1974; Kawarmura et al., 1978) and in the diet
(Takashima et al., 1980; Nogawa et al., 1981a), and foll ow ng

subcut aneous injection (Nogawa et al., 1981a). In these studies, the
bones were reported to show nore or |ess severe osteoporosis and
osteonml acia. On the other hand, Kajikawa et al. (1981) did not find
ei ther osteoporosis or osteonml acia after rats were exposed for 2
years to cadmiumin drinking-water (200 ng/litre).

Ander son & Danyl chuk (1979) found that exposure of Beagl e dogs
for six months to cadm um (25 nmg/litre in drinking-water) reduced
bone turnover rate, a netabolic abnormality consistent with cal ci um
deficiency or osteonul acia. Kawashinma et al. (1988) found that
feeding a cadm umcontam nated rice diet or a diet containing 3 ng
cadm um chl oride/ kg for six years to crab-eating nonkeys did not
produce any change in vitanmin D netabolism and there was no
evi dence of renal dysfunction. In another series of experinents
rhesus nonkeys were fed diets containing 3, 10, 30 or 100 ngy
cadm um kg for 9 years. Serumvitamn D netabolites and rena
production of vitamn D remmi ned unchanged, but in aninals fed 30 or
100 nmg cadm uni kg of diet there was slight but not statistically
significant depression of renal 25-hydroxy vitam n Di- hydroxyl ase
activity. No skeletal abnornmalities were found in any of these
ani mal s.

Bhatt acharyya et al. (1988) studied the effects of 0, 0.25, 5
or 50 ng cadm unm kg diets on fenale mce bred for six consecutive
42-day cycl es of pregnancy and |l actation and on non-pregnant
controls. The nmultiparous mce exposed to 50 ng/ kg experienced
significant decreases in body weight (3-11% and fenur cal ci um
content (15-27%, and the fenur calciumto dry weight ratios
decreased by 5-7% These results were thought by the authors to
provi de evi dence that the conbinati on of cadni um exposure and
nultiparity has a synergic effect on bone netabolism

In the Japanese nonkey study Il (section 7.2.1 and Table 14),
ost eonal aci ¢ changes were found in the lownutrition plus
lowvitanm n-D diet group (group 4) after 77 weeks. These effects
were not further exacerbated by feeding cadm um (group 8). These
changes were found to be reversed by the adm nistration of vitamn
D. Renal effects were found in group 8 after 154 weeks. Therefore,
the osteomal acia found in group 8 was di agnosed as not being rena
ost eonal aci a.
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Most of the findings discussed above indicate a direct effect
of cadm um on bone mneralization, possibly related to cal ci um
deficiency, and an indirect effect on cal cium absorption via vitamn
D hydroxyl ation, perhaps |eading to osteonal acia. The direct effects
devel op after |ong-term cadni um exposure, whereas the indirect
effect on vitamin D nmetabolismoccurs only when renal danage is seen
in the animals. Osteomml acia only occurred in nonkeys fed a diet |ow
in protein, phosphorus, calcium and vitam n D. Cadm um
adm nistration did not increase these effects.

7.2.5 Effects on haenmatopoiesis

Anaemia is a comon finding in animals after both dietary
(Wlson et al., 1941) and parenteral (Friberg, 1950) exposure to
cadmi um After dietary exposure, decreased haenopgl obin concentration
(Decker et al., 1958) and decreased haematocrit (PCV) (Prigge et
al ., 1977) are anong the early signs of cadmumtoxicity.

Fox & Fry (1970) and Fox et al. (1971) reported that the
cadm um i nduced anaeni a coul d be prevented by sinultaneous feeding
with iron or ascorbic acid. Decreased gastrointestinal absorption of
iron due to cadnmi um nay be one nmechanismfor this anaenia

After parenteral exposure, iron adm nistration has a benefici al
effect on the anaemi a (Friberg, 1955). Berlin & Friberg (1960)
showed that cadmi uminjections caused erythrocyte destruction, but
there was no indication of an interference w th haenogl obin
production. Haenolytic anaemia in rabbits was al so reported by
Axel sson & Pi scator (1966hb).

7.2.6 Effects on blood pressure and the cardi ovascul ar system

Chroni c oral admnistration of cadm um conpounds to rats (Perry
& Erlanger, 1974) induced statistically significant elevation of
bl ood pressure. However, the systolic pressure changes were nuch
smal | er than those previously reported by Schroeder & Vinton (1962)
and by Schroeder (1964). Furthernore, a different effect was
obtained with | ower, as conpared with higher, doses of cadmi um Rats
given 1, 2.5, or 5 ng cadmiunilitre in drinking-water for one year
had significantly higher blood pressure values than controls. Six
nont hs after the begi nning of exposure, a statistically significant
increase in blood pressure was al so observed in rats given 10 or
25 ng/litre, but the increase was not statistically significant
after one year of exposure. In rats receiving 50 ng/litre, a
statistically significant increase in systolic blood pressure was
observed after 12 nonths of exposure. As discussed in section 8.2.4,
these results may be of basic inportance in evaluating data on the
possi bl e effects of cadm um on the human cardi ovascul ar system

Several nechani sns have been postul ated (Perry & Erl anger
1974) to explain the effects of chronic cadni um exposure on the
cardi ovascul ar system Oal adnminstration of cadm um doses that
i nduce hypertension (and al so parenteral administration of cadmi um
was shown to increase circulatory renin activity (Perry & Erl anger
1973). Injection of cadmuminto the renal artery of dogs increased
sodi um r eabsorption by the exposed ki dney (Vander, 1962), and
repeated intramuscul ar (Perry et al., 1971) or chronic ora
admi ni stration of cadm um (Lener & Miusil, 1971) was reported to
increase sodiumretention in the body. By norpho-netric methods,
Fow er et al. (1975) denonstrated effects on the renal blood vessels
of rats exposed to various concentrations of cadm um (up to
200 ng/litre in drinking-water) for several weeks. Significantly
smal ler arteriolar dianeters were found in the exposed animals than
in the controls.
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Perry et al. (1977) studied the influence of exposure duration
(from3 to 24 nmonths) and cadmi um dose levels in water (fromO0.1 to
10 mg/litre) on the blood pressure of Long-Evans rats. A small
increase in bl ood pressure occurred even at the | owest exposure
| evel after 3 nonths exposure. The greatest increase in blood
pressure (3.2 kPa; 24 mmtHg) occurred after 24 nonths exposure to
1 ng/litre, when the average renal cortex cadm um |l evel was 12 ny/ kg
wet weight. At higher dose levels, the blood pressure increase was
| ess and, at the highest dosage (10 ng/litre for 24 nonths), the
bl ood pressure did in fact decrease.

Perry et al. (1976) found hypertensive effects in
Sprague-Dawl ey as well as Long-Evans rats. Petering et al. (1979)
reported that nmale rats were nore susceptible to these effects than
femmal e rats after exposure via drinking-water, but GChanian & | wai
(1980) found the opposite for rats exposed parenterally. In severa
studies (e.g., Kotsonis & Kl aassen, 1977; \Whanger, 1979; Fingerle et
al ., 1982), there was no increase in blood pressure after various
cadm um doses were given via drinking-water. The type of diet
appears to be crucial for the devel opment of hypertension (Wanger
1979); it can usually only be produced in rats fed a rye-based di et
(Perry & Erlanger, 1982). N shiyana et al. (1986) postul ated that
cadm um exposure increases sodiumand water retention, which are
important factors controlling the devel opnent of hypertension

A detailed review of factors influencing the effects of cadni um
on the cardi ovascul ar systemwas reported by the Task Group on Meta
Toxicity (1976), with particular reference to those factors that
m ght nmodify the dose-effect and dose-response rel ati onships.

Rats exposed to cadmium (5 ng/litre) in drinking-water (Kopp et
al ., 1980a, b, 1983) devel oped el ectrocardi ographi c and bi ochem ca
changes in the myocardium and inpairnent of the functional status
of the myocardium These effects could be related to (i) decreased
hi gh- ener gy phosphate storage in the nyocardium (ii) reduced
nmyocardi al contractility, or (iii) dininished excitability of the
cardi ac conduction system Jamall & Sprowls (1987) found that rats
fed a diet supplenented with copper (50 ng/kg), selenium
(0.5 my/ kg), and cadm um (50 ng/kg) had marked reductions in heart
cytosolic gl utathione peroxi dase, superoxide desnutase, and
catal ase. They suggested that heart nitochondria are the site of the
cadm um i nduced biochem cal |esion in the myocardi um

Revi ews of all aspects of the cardiovascul ar effects of cadm um
on experinental animls have been reported by Perry & Kopp (1983)
and Jamall & Smith (1986).

7.2.7 Effects on reproductive organs

Cadmi um i nduced testicular necrosis (section 7.1.2.1) generally
results in permanent infertility (Barlow & Sullivan, 1982). Ramaya &
Ponerant zeva (1977) found narkedly reduced testis weights 1, 3, and
6 nonths after nice were administered 4 ng cadm unikg. The aninals
were sterile and microscopi c exani nation reveal ed norphol ogi cal
changes in the testis. Krasovskii et al. (1976) noticed decreased
spermat ozoa notility and spermatogenesis index in rats continuously
exposed via food to 0.5-5.0 ng cadmi um kg body weight. In rmale mnice
exposed repeatedly by daily subcutaneous injection of cadmi um
chloride (0.5 ng/ kg per day) for 6 nonths (Nordberg, 1975), there
was a decrease in normal testosterone-dependent proteinuria.

Mor phol ogi cal exam nation of the sem nal vesicles revealed a smaller
wei ght and size as well as histological indications of |ower
secretory activity, this being consistent with decreased
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testosterone activity in these ani nals.
7.2.8 QOher effects

Ef fects on the i mmune system have been reported after both
chroni ¢ and acute cadm um exposure. A decrease in the nunber of
anti body-formng cells in the spleen as well as a decrease in
anti body production was seen in mce after |ong-termexposure to
cadmi umin drinking-water (Koller et al., 1975). An inhibition of
the cell-medi ated i nmune response occurred in nice after repeated
i ntraperitoneal injections (Bozel ka & Burkhol der, 1982). However, no
data are available linking these effects to increased susceptibility
to infection or other secondary dysfunctions.

Gest ati onal exposure to cadmum (4.2 and 8.4 pg/m in
drinking-water) results in decreased birth weight, retarded growth,
del ayed devel opnent of the sensory notor coordination reflexes, and
increased notor activity. Cadm um exposure during critical periods
of devel opment mght result in devel opnental and behavi oura
deficits with long-terminplications for adult behavi our (Mhd et
al., 1986).

7.3 Fetal toxicity and teratogenicity

In several species of |aboratory rodents, |arge doses of
cadm um salts induce severe placental damage and fetal deaths when
given at a |late stage of pregnancy, and teratogenic effects, such as
exencephal y, hydrocephaly, cleft |ips and palate, mcrophthalma
m crognat hia, clubfoot, and dysplastic tail, when given at early
stages of gestation.

A singl e subcutaneous injection of cadnmi um chloride, acetate,
or lactate (4.5 ng cadm uni kg body weight) given to Wstar rats from
the 17th to the 21st day of pregnancy (Parizek, 1964) led to the
rapi d devel opment of severe placental damage in all rats and to
fetal death. Placental damage was not dependent on the presence of
fetuses, but it was not possible to decide whether fetal lethality
resulted fromthe placental lesion or froma direct effect of
cadmi umon the fetuses (Parizek, 1964). Sinmilar effects were
observed at a dose |level of 3.3 ng cadm uni kg body wei ght (Parizek
et al., 1968b). Placental damage and fetal deaths were al so observed
after cadm um admi nistration to pregnant Swi ss al bino nice
( Chi quoi ne, 1965).

Ter at ogenic effects can be observed when doses close to the
LDso (Table 11) for cadmumsalts are admi nistered to pregnant
femal es at critical stages of enbryogenesis. These effects were
denonstrated with intravenous injections of cadmumsulfate in
hansters (Ferm & Carpenter, 1968; Miulvihill et al., 1970; Ferm
1972) and with intraperitoneal (Barr, 1973), subcutaneous (Chernoff,
1973), or dietary (Scharpf et al., 1972) adnministration of cadm um
chloride in rats. Teratogenic effects induced by cadm um salts have
al so been denonstrated in nmice (Ishizu et al., 1973).

The character of the changes induced is dependent on the
speci es and on the stage of enbryogenesis. As little as 123 pg/litre
in mouse enbryo cultures produced exencephaly apparently by
re-opening the closed neural tube (Schnmid et al., 1985). Either
facial defects or linb abnornmalities were i nduced by cadnmi um when
adm ni stered to pregnant hansters on day 8 or 9 of gestation (Ferm
1971). Both jaw defects and cleft palate were observed in the
of fspring of rats given daily subcutaneous cadm um chl oride

injections (8 ng/ kg body weight) on days 13-16 or 14-17 of
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pregnancy, but cleft palate was not observed when this dosage was
gi ven on days 15-18 or 16-19 of pregnancy (Chernoff, 1973).
Anopht hal m a or m crophthal mia and dyspl astic ears were induced by
approximately 2 mg of cadnmium as the chloride given
intra-peritoneally to pregnant rats on the 9th but not on the 11th
day of pregnancy (Barr, 1973). O her effects observed in these
studi es included decreased |ung weight in the offspring of rats
subj ected to cadm um during pregnancy (Chernoff, 1973) and
deficiencies in bone formati on and del ays in bone ossification
(Mulvihill et al., 1970; Scharpf et al., 1972).

The dose-dependent fetal nortality and teratogenicity response
was established in studies with subcutaneous admi nistration of
cadm umchloride to rats (Chernoff, 1973) and nice (lshizu et al.
1973). The no-observed-effect level with respect to nalformations
was found in the latter study to be 0.33 ng/kg body wei ght.

Al the teratogenic effects nentioned above were induced by
parenteral adm nistration of very high doses of cadm um salts.
However, in a rat study by Scharpf et al. (1972), very high perora
doses (20, 40, 60, or 80 ngy/kg body weight given by gavage daily
fromdays 6 to 19 of pregnancy) of cadmi umchloride were used with
the simultaneous administration of sodiumchloride, and interna
teratol ogi cal exam nations were perfornmed. Heart and ki dney
abnormalities were the major internal defects, but their incidence
was not directly related to the dose of cadnium chloride
adm ni stered. At the | owest dose |level, heart abnornmalities were
detected in 19. 7% of the 127 fetuses (abnornalities in the contro
group were seen in 6.6%of 107 fetuses) and teratona of the kidney
was observed in 15. 7% of these fetuses.

Cvet kova (1970) exposed pregnant fermale rats via the
respiratory route to cadmiumsulfate (2.8 ng/nt, 4 h daily) and
on the 22nd day, killed half of themto exanmine the enbryos. The
nunber of enbryos in exposed rats was the sane as in a contro
group, but the nmean weight was | ower in the exposed group. In the
exposed rats, where pregnancies were allowed to proceed to ful
term the average weight of the offspring was | ower than in the
controls both at birth and after 8 nonths. The rats born to the
exposed group al so had increased nortality during the first 10 days
after birth.

When m ce were exposed for several generations to cadmiumin
drinking-water (10 mg/litre), fetal nortality, runting, and
mal f or mati ons were observed (Schroeder & Mtchener, 1971). The
external nal formations, consisting of sharp angul ation of the dista
third of the tail, were observed in 16.1% of 255 offspring (F; and
F.a generation), and 87 deaths before weaning (30.5% were
recor ded.

Ferm & Carpenter (1968) showed that zinc injected
simul taneously with cadm um coul d protect against the teratogenic
effects of cadmum and a simlar protective action was found for
sel enium (Hol mberg & Ferm 1969). Maternal zinc deficiency can
produce congenital malformations (Hurley et al., 1971). This was
confirnmed by Parzyck et al. (1978), who also found that
intraperitoneal injection of 1.5 ng cadm unf kg body weight to
preghant rats increased the preval ence of nalfornmations. The
increase was greater at this cadm umdose than the increase due to
zinc deficiency. Conbined zinc deficiency and cadmi um exposure
caused a very high incidence of fetal deaths

Further experinental data on rats provided by Sanmaraw ckrama &
Webb (1979) indicate that maternal cadmi um exposure gives rise to a
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fetal zinc deficiency and that this is one cause of the teratogenic
effects observed. |Intravenous cadm uminjections to pregnant rats at
doses ranging fromO0.25 to 1.25 ng/ kg body wei ght on day 12 of
gestation produced a dose-rel ated decrease in fetal uptake of a dose
of 65 ng zinc given 4 h later. Maternal cadni um exposure (1.25 ng/kg
body wei ght) was shown to result in decreased activity of a fetal

zi nc-dependent enzyne thyni di ne ki nase, which is responsible for the
i ncorporation of thymdine in DNA. Additional evidence that

cadm uminduced fetotoxicity is related to a cadm uminduced fetal
zinc deficiency was reported by Daston (1982), who found that
co-administration of zinc (12 ng/ kg body weight) alnobst totally
elimnated severe fetal lung | esions when pregnant rats were given
cadm um (8 ng/ kg body wei ght) on gestation days 12-15.

7.4 Mitagenicity

St udi es on Drosophila (Ranel & Friberg, 1971; Vorobjeva &
Sabal i na, 1975) failed to show any chronbsonmal abnornalities after
exposure to various cadm um conpounds. Sone in vitro studies of
cul tured human | ynphocytes and fi brobl asts were al so negati ve (Paton
& Allison, 1972; Deknudt & Deminatti, 1978; Kogan et al., 1978).
Shiraishi et al. (1972) reported a nmarked increase in the frequency
of chromatid breaks, translocations, and dicentric chronbsones in
| eucocytes, fromone person, cultured in a nedium containing 62 ng
cadmunilitre (as the sulfate) for 4-8 h.

Andersen et al. (1983) found that the average chronosone | ength
in human | ynphocytes was initially reduced when they were cul tured
in a medium containing cadmumchloride (1.1 ng cadmunmlitre), but
subsequently returned to normal. This effect was probably related to
the synthesis of netall othionein and conpl exi ng with cadmi um
Wat anabe et al. (1979) observed aneuploidy in rat oocytes with
cadm um accunul ation in the ovary after exposure to cadni um chloride

in vivo.

Rohr & Bauchi nger (1976) found a reduced mitotic index in
hanster fibroblasts cultured in 100 pg cadnmiunlitre (as the
sul fate) and chronobsone damage at concentrati ons above 500 ug
cadmum litre. Deaven & Canpbell (1980) showed that the effects on
cul tured hanster cells depended on the type of nedi um used.

There appears to be an acute effect of cadmiumfollow ng the
injection of 0.6-2.8 ng cadm um kg body wei ght (Felten, 1979). After
6 h, there was an increased frequency of chromatid breaks in bone
marrow cells and chronosone gaps and breaks in spernatocytes, which
coul d be associated with the acute effects on haemat opoi esi s
(section 7.2.5) and on the testis (section 7.1.2.1).

A sunmmary and graphical presentation of the avail abl e evidence
on genetic and related effects of cadmumin various in vivo and
invitro test systems has been presented by | ARC (1987a). Al though
prokaryote test systems reveal no effects, variable results have
been observed in | ower eukaryotes, mammalian cells in vitro, and
manmal s i n vivo.

7.5 Carcinogenicity

I ntranuscul ar or subcutaneous administration of netallic
cadm um or cadm um conpounds can i nduce sarcomata at the site of
injection. This local effect of cadm umwas denonstrated with
intramuscul ar administration of nmetallic cadmi um (cadm um powder in
fow serum to hooded rats (Heath et al., 1962), subcutaneous
adm nistration to Chester Beatty rats of cadm um as the sul fide and
oxi de (Kazantzis, 1963; Kazantzis & Hanbury, 1966) or sulfate
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(Haddow et al., 1964), intranuscular injection of cadni um chloride
to Wstar rats (Gunn et al., 1967), and subcutaneous injection to
Sprague-Dawl ey rats (Nazari et al., 1967). Transplantability of
turmours induced in these studies (Heath & Webb, 1967) and net astases
into regional |ynmph nodes and into lungs (Kazantzis & Hanbury, 1966)
were reported. Intratesticular injection of cadmi umchloride to

Wi te Leghorn cockerels was reported to induce teratona at the site
of injection (Guthrie, 1964).

After Hoffman et al. (1985) injected 1.9 ng cadmi um chl oride
(1.2 nmg/ kg body weight) directly into the ventral prostatic | obe of
100 12-nonth-old rmale rats, sinple hyperplasia was found in 38 of
the rats, atypical hyperplasia in 29, atypical hyperplasia with
severe dysplasia in 11, and invasive prostatic cancer in 5 animals.
Hof fman et al. (1988) reported changes in the ultrastructure of
prostate epithelial cells in rats injected into the ventral prostate
with 2.2 or 3.3 ng cadm unf kg body weight. In aninals given ora
treatnment via the drinking-water (29.9 or 115 ng cadm um kg body
wei ght), there were changes ranging in severity up to dysplasia but
no evi dence of carcinoma

A single parenteral administration of cadnmiumsalts can induce
necrosis of the testis (see section 7.1.2.1). After one year, the
remants of the necrotic testis were shown to contain nmasses of
cells showing the typical structure of Leydig cells (Parizek, 1960).
This regeneration of testicular Leydig cells damaged by cadni um can
result in Leydig cell neoplasia (Gunn et al., 1963, 1965; Lucis et
al ., 1972). The ultrastructural features of cadmi uminduced Leydig
cell tumpurs correspond in nost respects with the fine structura
features of normal Leydig cells (Reddy et al., 1973).

O her injection studies and peroral studies did not denonstrate
i ncreased nal i gnancy (Schroeder et al., 1964, 1965; Loser, 1980),
but the doses were | ow conpared to those necessary to induce rena
damage. In one peroral study (Kanisawa & Schroeder, 1969), rats were
exposed to 5 ng cadmunilitre in drinking-water for up to 2 years.
There were 7 malignant tunours anong 47 cadm um exposed nale rats
and 2 tumours anong 34 nale control rats. This indicates a doubling
of the tunour rate, but because of the |low statistical power of the
study, the increase was not statistically significant and the
aut hors concl uded that ingestion of these cadm um doses was not
car ci nogeni c.

Sone studi es have been specially designed to investigate the
possible role of cadmumin cancer of the prostate. The prostate
gland, like the testis, is of particular interest with respect to
cadmi um toxicity because these organs contain greater concentrations
of zinc than any other tissues and it has been suggested that
cadmi um may affect prostate growmh by conpetition with zinc (Gunn et
al ., 1961). Levy et al. (1973) gave three groups of rats weekly
subcut aneous injections of cadmium sul fate at concentrations of
0.022, 0.044 or 0.087 ng cadm um per rat (average wei ght 220 g at
the start and 410 g at the end of the 2-year exposure). Wekly
injections of water were given to the 75 control rats. The liver
cadm um |l evel was 80 ng/kg in the highest-dose group, but no
mal i gnant changes were found in the prostate. No difference was seen
bet ween exposed and control rats with respect to nalignant changes
in other organs.

Levy & O ack (1975) and Levy et al. (1975) conducted 2-year
studies in rats and m ce designed to detect carcinogenic effects in
the prostate. The aninmals in both experinents were given weekly
adm ni strations of cadm um sul fate by stomach tube. The rats were
given fromO0.08 to 0.35 ng/ kg body weight and the mice 0.44 to
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1.75 ng/ kg. Extrenely low | evels of cadm umwere found in the kidney
after 2 years (5 ng/kg wet weight in rats), but no nacroscopic or
m croscopi ¢ changes were seen in any tissue at these | ow doses.

In a long-termstudy on Fisher rats, Sanders & Mahaffey (1984)
adm ni stered cadmi um oxide (25 pg) in single or repeated doses by
intratracheal instillations. There was no evidence for pul nonary or
prostate carcinogenicity, but increases in manmary tunours and in
tumours at nultiple sites in nale rats were reported.

It has been reported that inhalation of a cadm um aeroso
causes lung cancer in Wstar rats (Takenaka et al., 1983). Three
groups of 40 rats were continuously exposed to cadm um chl ori de
aerosols for 18 nmonths, the air cadm um concentrations being 12.5,
25, and 50 pg/nt. A control group of 41 rats was al so studied. The
study was termnated after 31 nonths, and no |ung cancers were seen
in the control group. However, in the exposed groups, the incidence
was 15% b53% and 71% respectively, at increasing exposure |evels.
Even at these relatively | ow exposure |levels, there was a cl ear
dose-response rel ationship. Histologically the experinentally
i nduced tunmpurs were adenocarci nonas, epidernoid carci nomas,
mucoepi dernoi d carci nomas, and conbi ned epi dernoi d and
adenocar ci nonas.

In a subsequent study, rats were exposed to inhal abl e aerosols
of cadm um sul fate and cadm um oxi de and fune and dust at > 30 pug
cadm uni n? and to cadnmium sul fide at > 90 pg cadmi um per n? for
periods of up to 18 nonths. Bronchoal veol ar beni gn and nal i gnant
adenomas, squanous cell carcinomas, and conbi ned forns devel oped at
high primary tumour rates with all four forms of cadmi umtested even
after discontinuous exposure for 40 h/week for 6 months. No primary
tumour was found with cadm um oxide fume at a concentration of 10 ug
cadm uni n? or cadmi um oxi de dust (at 30 pg cadmi um nt) when
conbined with a zinc oxide aerosol (A diges et al., 1989).

In a further study, male and feral e Syrian gol den hansters and
femal e NVRT mice were exposed to cadmiumchloride, sulfate, oxide
and sulfide at concentrations of between 10 and 270 pg cadni um n?.
The exposure was continuous (19 h/day, 5 days/week) for 50 to 70
weeks and was foll owed by a 50-week observation period. No increase
in the lung tumour rate was observed in either the mice or hansters
(Heinrich et al., 1989), but in both species exposure to cadni um
caused mul tifocal bronchoal veol ar hyperpl asia, the extent of which
varied with the conmpound used, its concentration, and the |ength of
exposure. The nost severe changes were found after cadm um oxi de
i nhal ati on (Aufderheide et al., 1990).

A synergistic effect has been shown in rat renal tunours
i nduced by di met hyl nitrosam ne when foll owed by cadm um chl ori de
given by intranuscul ar injection. In this study, cadm um appeared to
enhance the initiation of dinmnethylnitrosam ne-induced cancer (Wde,
1987).

7.6 Host and dietary factors; interactions with other trace
el enent s

The toxic effects of cadmiumin experinental aninmals have been
shown to be dependent on genetic factors, stage of ontogenic
devel opnment, functional state of the organism and sinultaneous or
previ ous exposure to certain environnental influences, including
exposure to certain nutrients.

Resi stance to cadm uminduced testicular necrosis is determ ned
by a single autosomal recessive gene (cdm) in inbred nmice (Taylor et
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al ., 1973). The teratogenic effects of cadnmi um are dependent on the
stage of enbryogenesis (section 6.3). The stage of postnatal

devel opment of certain organs may be of inportance for the toxic
effects of cadm um as has been shown for the testis (Parizek, 1957,
1960), ovaries (Kar et al., 1959), and central nervous system
(Gabbi ani et al., 1967).

Pretreatnent with small, non-toxic doses of cadmium salts has
been shown to induce resistance to testicular or lethal effects
(Terhaar et al., 1965; Ito & Sawauchi, 1966). The probabl e nechani sm
is induction of netall othionein synthesis by the pretreatnent. This
enabl es the subsequent dose of cadmiumto be bound rapidly to
net al | ot hi onein, which renders it |ess acutely toxic (Nordberg,
1971). Simlarly, the protective effect of zinc against cadm um
toxicity could also be, at least in part, dependent on the induction
of an increased synthesis of nmetallothionein-like proteins (Wbb
1972; Davies et al., 1973).

Sel eni um conmpounds are known to be highly effective in
preventing the reproductive toxic effects of cadm um (Kar et al.
1960; Mason & Young, 1967; Parizek et al., 1968a,b), lethality to
rats (Parizek et al., 1968b) and mce (Qunn et al., 1968), and
teratogenicity (Holnberg & Ferm 1969). Fetal lethality (Parizek et
al ., 1968b) and teratogenic effects (Holnberg & Ferm 1969) can be
prevent ed when sel eni um conpounds are given at the same tinme as
cadmi um

Si nul t aneous adni ni stration of nercuric and cadni um conpounds
has been shown to have an additive effect (Gale, 1973). Oal
admi nistration of nitrilotriacetate with | arge oral doses of cadni um
chl oride provided protection against the lethality of cadm um and
had no potentiating effect on the teratogenicity and fetal
accunul ati on of cadm um (Scharpf et al., 1972). This was confirned
by Engstrém (1979), who al so showed that sinultaneous oral exposure
to cadmi um and sodi umtri pol yphosphate decreased the nortality
expected at the cadm um |l evel used. However, when nitrilotriacetate

or sodiumtripol yphosphate was gi ven subcutaneously w th cadni um
the nortality rates were increased (Engstrdém & Nordberg, 1978;
Andersen et al., 1982). The chelation of cadmumin the
gastrointestinal tract decreased the uptake of cadm um whereas
parenteral exposure to cadm um and chel ati ng agents caused a hi gher
renal cadm um concentration than cadm um al one.

The interaction of cadmumw th certain trace el ements can
produce synptonms characteristic of trace elenent deficiencies. As a
result, chronic cadmumtoxicity in certain animl species closely
resenbl es zinc and/or copper deficiency and can be prevented by
admi ni stering higher doses of the salts of these trace el enents
(Petering et al., 1971, 1979; MIls & Delgarno, 1972). Cadmi um
calciuminteractions are discussed in section 7.2.4.

An increased toxicity of cadm umwas reported in animals on
| owprotein diets (Fitzhugh & Meiller, 1941), this being due partly
to rapid intestinal absorption of cadm um (Suzuki et al., 1969).
Lack of dietary calciumseens to play a role simlar to | ack of
dietary protein in increasing the toxicity of cadm um (Suzuki et
al ., 1969). Supplenents of dietary ascorbic acid al nost conpletely
prevented cadni uminduced anaem a and inproved the growh rate (Fox
& Fry, 1970).

Anbi ent tenperature (Nom yama et al., 1978b) and the energy or
protein level in the diet have been reported to influence the LDsg
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of cadmumin mce

Various aspects of the interactions between cadm um and ot her
trace elements were discussed in greater detail by the Task G oup on
Metal Interactions (1978).

7.7 Concl usions

I nhal ati on exposure at high |l evels causes | ethal pul monary
oedenma. Single high-dose injection gives rise to testicular and
non-ovul ati ng ovari an necrosis, |liver damage, and snall vesse
injury. Large oral doses damage the gastric and intestinal nucosa.

Long-terminhal ati on exposure and intratracheal adninistration
give rise to chronic inflamuatory changes in the lungs, fibrosis,
and appear ances suggestive of enphysema. Long-term parenteral or
oral adm nistration produces effects primarily on the ki dneys, but
also on the liver and the haematopoietic, inmune, skeletal, and
cardi ovascul ar systemnms. Skeletal effects and hypertensi on have been
i nduced in certain species under defined conditions. Teratogenic
effects and pl acental damage occur, depending on the relation
bet ween the exposure and the stage of gestation, and may involve
interactive effects with zinc.

O greatest relevance to human exposure are the acute
i nhal ati on effects on the lung and the chronic effects on the
ki dney. Foll owi ng | ong-term exposure, the kidney is regarded as the
critical organ. The effects on the kidney are characterized by
tubul ar dysfunction and cell damage, although glonerul ar dysfunction
may al so occur. A consequence of renal tubular dysfunction is a
di sturbance of calciumand vitamin D nmetabolism According to sone
studies, this has |led to osteonunl aci a and/ or osteoporosis, but these
ef fects have not been confirmed by other studies. A direct effect of
cadm um on bone mineralization cannot be excluded. The toxic effects
of cadm umin experinmental aninmals are influenced by genetic and
nutritional factors, interactions with other nmetals, in particular
zinc, and pretreatnent with cadnium which may be related to the
i nduction of netall othionein.

| ARC (1976, 1987b) accepted as sufficient the evidence that
cadm um chl oride, sulfate, sulfide, and oxide can give rise to
injection-site sarcomata in the rat and that the chloride and
sul fate can induce interstitial cell tunoburs in the testis of rats
and nice, but found oral studies inadequate for evaluation. One
recent life-time study (18 nonths), in which rats were subjected to
continuous inhalation of a cadnmi um chl ori de aerosol at |ow
concentration, showed a high incidence of primary lung cancer wth
evi dence of a dose-response rel ationship. Studies on the genotoxic
ef fects of cadm um have given di scordant results, nost of the
positive results indicating chronosonal effects after short-term
hi gh-1 evel exposure.

8. EFFECTS ON HUMANS

Most of the avail abl e epi deni ol ogi cal studies or group
observations, as well as the clinical studies, have been perforned
ei ther on occupationally exposed workers or on Japanese popul ations
in cadm um pol luted areas. A great deal of epidem ol ogical data has
resulted fromstudies in polluted areas of Japan (Cooperative
Research Committee on ltai-itai D sease, 1967; Shigenatsu et al.
1978; Japan Cadm um Research Conmmittee, 1989) and, nore recently,
fromsmaller studies in other countries (Drasch et al., 1985;

Phil'i pp, 1985; Hahn et al., 1987; Roels et al., 1989; Thun et al.
1989; Likutova, 1989). Comprehensive sumuaries of these studies have
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al so been published (Tsuchiya, 1978; Friberg et al., 1986; Nom yang,
1986) .

Many of these studies have focused on the detection of early
signs of kidney dysfunction. Qthers have investigated clinical signs
of disease such as renal stones and pul nonary inpairnment. Until the
m ddl e of the 1970s, particular attention was given in Japan to the
detection of and screening for bone disease (e.g., ltai-ita
di sease). More recently the role of cadm umin human carci nogenesi s
and nortality has al so been studied.

Exposure to cadm um produces a wide variety of effects
i nvol ving many organs and systens. Fromthe point of view of
preventive medi cine, the detection of early effects on the kidneys
is of particular inportance in order to prevent nore serious rena
effects and those on the lungs or bones. Recent studies indicating
that chronic exposure to cadmumnmay give rise to cancer will be
reviewed in sone detail

8.1 Acute Effects
8.1.1 Inhalation

Acut e cadm um poi soning and, in sone cases, death have been
reported anmong workers shortly after exposure to funes when cadm um
nmetal or cadm um containing materials have been heated to high
tenperatures (Beton et al., 1966; Blejer, 1966; Dunphy, 1967). The
principal synptomin acute cases, both fatal and non-fatal, is
respiratory distress due to chem cal pneunpnitis and oedena
(MacFarl and, 1979; Lucas et al., 1980). At an early stage, the
synmptons nay be confused with those of "netal fune fever"

I n working environments where cases of acute poi soning
occurred, cadm um concentrations were usually very high. For
instance, in one case the fatal air concentration of cadmi um oxide

fume froma furnace was approximately 50 ng/nt for a period of

about 1 h (a dose of 2900 ng/n?.nin) (Barrett & Card, 1947). In
anot her case, the lethal dose was 2600 ng/n?.nin (Beton et al.
1966), i.e. a 5-h exposure to 8.6 ng/n?. Friberg et al. (1974)

estimated that an 8-h exposure to 5 ng cadmiunm n? may wel | be
| et hal .

8.1.2 Ingestion

During the period 1940-50, cases of acute food poisoning
occurred nainly due to the substitution of cadmi umfor scarce
chromiumin the plating of many cooking utensils and contai ners.
Food contam nation arose when acid foods and drinks were prepared
and stored in contact with cadm um pl ated surfaces. Rapid onset with
severe nausea, voniting, and abdom nal pain were characteristic
symptons (US Public Health Service, 1942; Cole & Baer, |1944; Lufkin
& Hodges, 1944). Effects also occurred follow ng the consunption of
drinks with a cadnmium concentration of approxinmately 16 ng/litre
froman automati ¢ vendi ng machi ne i n which drinking-water was cool ed
in a tank constructed with cadm um containi ng sol der (Nordberg et
al ., 1973). Recovery from acute poisoning appears to be rapid and
conmpl ete. The ampunt of cadm um absorbed is probably very linited
due to vonmiting and the consequential short presence of cadmiumin
the gastrointestinal tract. However, no foll ow up studi es of people
who have experienced acute cadm um poi soni ng have been reported.

8.2 Chronic Effects
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Lower cadmi um concentrations with | onger periods of exposure
than those described above will cause chronic cadm um poi soni ng.
Ful Iy devel oped poi soni ng anong i ndustrial workers shows two main
effects: renal dysfunction and enphysena (Friberg, 1948a, b, 1950).
The kidney is nost frequently the critical organ, but under certain
conditions (short-term peak exposures) it may be the lung (Bonnell,
1955). For people in the general environnment, exposure is usually by
the oral route and the kidney is the critical organ

8.2.1 Renal effects and | ow nol ecul ar wei ght proteinuria
8.2.1.1 In industry

Renal dysfunction is one of the characteristic signs of cadm um
poi soni ng, and nmany cadm um wor kers have devel oped proteinuri a,
renal glucosuria, and aminoaciduria. In working environments with
hi gh cadnmi um exposure | evels, workers have al so devel oped
hypercal ciuria, phosphaturia, and polyuria (Friberg, 1950; d arkson
& Kench, 1956; Kazantzis et al., 1963; Tsuchiya, 1967; Lauwerys et
al ., 1974a, 1979b), and some have suffered fromrenal colic due to
recurrent stone formation (Friberg, 1950; Ahlnmark et al., 1961

Adans et al., 1969; Scott et al., 1976; Kanzantzis, 1979). The
polyuria is due to loss of urinary concentrating ability (Kazantzis,
1979), and, in addition, the kidneys of cadm um poi soned workers
lose their ability to handle an acid | oad after a standard

NH,Cl -1 oadi ng test. These are signs of distal tubular danmage, and

in a few severe cases, the renal damage progresses to a reduction in
glonmerular filtrations (see section 8.2.1.5).

Renal function, as neasured by inulin or creatinine clearance
and urine concentrating capacity, was depressed in several poisoning
cases (Friberg, 1950; Bonnell, 1955; Bernard et al., 1979). Thus, in
the nmore advanced cases, there is a conbination of tubular and
glonmerul ar effects. In nmost of the early cases, only proteinuria,
mld in conparison with the proteinuria in nmany ot her renal
di sorders, has been reported as a sign of renal dysfunction, and
ot her signs of kidney dysfunction were not evident (Piscator
19664, b) .

Since Friberg first observed the urinary proteins of cadm um
wor kers (Friberg, 1950), the proteinuria has proved to involve
proteins with a nol ecul ar weight of 10 000 to 40 000 and is the
so-cal l ed tubular proteinuria (Butler & Flynn, 1958). Table 15
contains data on proteins in urine useful for the diagnosis of
cadm uminduced proteinuria. The increased excretion of |ow
nol ecul ar wei ght proteins in urine from cadni um exposed workers has
been found to apply to B,-mcroglobulin, |ysozyme (nuram dase),
ri bonucl ease, i mmunogl obi n chains, retinol-binding protein, and
al pha;-mcrogl obulin (Piscator, 1966a; Peterson et al., 1969;

Pet erson & Berggard, 1971; Lauwerys et al., 1974a; Bernard et al.
1976, 1982b). In groups of exposed and unexposed workers, the
urinary R,-m croglobulin concentrations follow | og-nornma
distributions, and an operational definition for what is an
"increased" |evel should be established for each popul ati on studi ed
(Kjellstrémet al., 1977a).

Proteinuria is known to be an early sign of cadm um poi soni ng,
but the degree of proteinuria varies with tine. In a group of 40
wor kers wi th heavy exposure to cadmum it was found that
proteinuria was persistent and even increased several years after
cessation of exposure, as evaluated by qualitative nethods (Friberg
& Nystrom 1952; Piscator, 1966a). Tsuchiya (1976) examni ned five
cadm um exposed workers who showed proteinuria. Ten years after
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cessation of exposure, three of themno |onger reveal ed proteinuria,
but two of these showed a high urinary B,-mcroglobulin |evel, as
did the two workers with persistent total proteinuria. Four workers
in a British pignent factory still had grossly el evated

B>-m croglobulin levels despite renoval from exposure nmany years
earlier (Stewart & Hughes, 1980).

Table 15. Excretion of urinary proteins in healthy people and

n cases

Protein type Nor mal pl asnma Nornmal filtered Urinary
concentration anount in prinmary Heal t hy
(my/ M) urine (ng/24 h) peopl e

excretio
d omrer ul
di sorder:

Total protein 43-127 3
Al bum n 50 500 3.9-24
Ret i nol - bi ndi ng 0.11

protein
0. 04

10-54 10

88-48 80!

3,- m crogl obul i n 0. 002 300 0.06-0.21 0.06-4.7

0.073

Lysozyne 0- 28
0.07-1.1%

Ri bonucl ease 0.24-1.5%

Val ues reported as ng/litre

According to recent observations using quantitative proteinuria
net hods (Roels et al., 1982), total proteinuria in 19 workers had
not changed 4 years after exposure ceased. In those 11 workers for
whom urinary B,-m crogl obulin was neasured before and after
cessation of exposure, an increase was invariably seen. Eight of the
wor kers had abnormal (,-nicrogl obulin | evels before exposure
ceased, whereas three had normal |evels before and devel oped
abnormal |evels after cessation. It can be concluded that
cadm uminduced tubular proteinuria is irreversible in nost workers,
at | east for several years

A marked increase in urine cadm umlevel may reflect
cadm um i nduced nephropathy if exposure has been chronic and
correlates with | ow nmol ecul ar wei ght proteinuria (section 6.5.1.2).
Lauwerys et al. (1979b) proposed a biological threshold of 10 pug
cadmi umi ug urinary creatinine for nmal es occupationally exposed to
cadmum Smith et al. (1980) found that workers with | ow exposure to
ai rborne cadm um had an average urinary cadm um | evel of
13.1 pg/litre, whereas workers with long histories of work in areas
with substantial airborne cadm um had an average | evel of
45.7 pg/litre. The hi gh-exposure group showed a significant
reduction in urinary clearance and increased [,-mi crogl obulin
excretion. Buchet et al. (1980) found increased excretion of both
| ow and hi gh nol ecul ar wei ght proteins and tubul ar enzynes in
wor kers excreting nore than 10 pug cadmiunig creatinine or with a
bl ood cadm um | evel above 10 pg cadmium per litre.
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Retinol binding protein (RBP) has been shown to correlate well
with B-mcroglobulin in urine with a pH value greater than 5.5.
and is equally sensitive for detection of tubular proteinuria
(Bernard et al., 1982a,b). This protein occurs in serum conplexed to
preal bumin and retinol, but, after retinol is delivered to target
cells, RBP rapidly dissociates fromprealbunin, is filtered through
the glomerulus, and is reabsorbed by the tubule (Peterson, 1971).

Renal tubul ar brush border enzynes nay al so be excreted in
chroni ¢ cadm um poi soning. In patients with Itai-itai disease,
urinary trehal ase activity correlates inversely with tubul ar
resorption of phosphorus (Nakano et al., 1987) and there is a
statistical correlation between urinary trehal ase and ot her urinary
i ndi cators of renal tubular dysfunction, such as gl ucose,

B,- m crogl obulin, cadm um and al pha-am no nitrogen, in
i nhabi tants of chronic cadm umpolluted areas in Japan (Nogawa et
al ., 1980).

O her renal effects in cadm um workers include glucosuria,
am noaci duria, inpaired concentrating abilities, and hypercalciuria
(Kazantzis et al., 1963; Scott et al., 1976), which may cause
di sturbances in bone and cal ci um net abolism (section 8.2.2). The

hypercalciuria leads to renal stone formation in sone workers
(section 8.2.2.1). An increased excretion of am no acids,
particularly of serine and threonine, has been shown in industrial
wor kers (C arkson & Kench, 1956), but the ami no acid excretion
pattern was not consistent. In a cadnium worker with osteonal aci a
(Kazantzis, 1979), there was an increase excretion of

hydr oxyprol i ne, which could be an effect of changes in collagen
nmetabolismrelated to the bone disorder (section 7.2.4).

The renal effects of cadmumthat lead to proteinuria nay
progress and, in sonme cases, wi th high exposures, lead to an
increase in blood creatinine. This has contributed to a
hi gher -t han-expected nortality rate anong hi ghly exposed workers
(Kjellstromet al., 1979). In a Swedish battery factory, there were
four deaths fromnephritis or nephrosis anong 185 workers, all of
whom had been exposed to cadmiumfor nore than 15 years. The
expect ed nunber of deaths due to these causes in this group of
workers was 0.4 (P = 0.05) (Andersson et al., 1984). In a study of
about 6995 cadm um exposed British workers (Arnstrong & Kazantzis,
1983), there were 10 deaths due to nephritis or nephrosis, whereas
15. 3 deaths were expected. In the subgroup with the hi ghest exposure
(211 workers), one death occurred (0.3 expected). A 5-year follow up
of this study (Kazantzis et al., 1988) confirned no excess nortality
fromnephritis and nephrosis (1CD 580-584), the nunber of observed
deat hs now having increased to 16 (18.9 expected). Arnstrong &
Kazant zi s (1985) conducted a case control study of this cohort in
which a nore detail ed assessnent of the past exposure of workers was
obtai ned. There was a marginally increased, but not statistically
significant, risk fromnephritis and nephrosis (ICD 580-584) in
workers with "ever high" or "ever mediunt exposure to cadm um

Exi sting studies of nortality from nephritis/nephrosis have
been based upon epi deni ol ogi cal studies of renal failure given as
the underlying cause of death on death certificates. Wth the advent
of kidney dialysis and transplantation, patients with kidney failure
frequently survive and die of other causes. |If kidney failure is
indicated at all on their death certificates, it is frequently given
as a contributing rather than underlying cause of death.

No studi es on the contribution of cadm uminduced renal effects
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to norbidity, absence fromwork, etc., have been published, although
one study (Vorobjeva & Ereneeva, 1980) reported increased

cardi ovascul ar di sease and rel ated increased work absence anong
cadm um workers (section 8.2.4).

8.2.1.2 In the general environnent

I n Japanese cadm um pol luted areas, signs of renal dysfunction
very simlar to those in cadm um exposed industrial workers have
been found. Proteinuria and glucosuria were found to be comon
(30-80% anong the exposed people in one area (Ishizaki, 1969) and
| ess commopn anobng people living in control areas and areas bordering
a polluted area. In the exposed groups, a positive correlation
bet ween age and the preval ence of signs was al so seen (section
8.3.2). Due to the cunulative nature of cadmium the total dose is
directly correlated to age.

Wth the | arge nunber of elderly people and wonen included in
the groups exposed in the general environment, factors other than
cadmi um that can affect renal function rmay nake direct conparisons
with industrial workers difficult. Nevertheless, the tubular
proteinuria (Shiroishi et al., 1977), ami noaciduria, and other signs
of renal tubular damage (Saito et al., 1977; Nogawa et al. 1984)
were very simlar to the findings for industrial workers. In
addition, as in the case of exposed workers, elevated urinary
excretion of metallothionein occurs as a result of environnental
cadm um exposure (Tohyanma et al., 1981b).

Anmong cadm um exposed people in the general environnment, the
mean urine B,-m crogl obulin excretion was hi ghest (Shiroishi et
al., 1977) in patients with Itai-itai disease (section 8.2.2.2).
Many of the Itai-itai patients also have signs of decreased
glonmerular filtration, as indicated by decreased urea cl earance
(Nakagawa, 1960) and increased serum creatinine (Nogawa et al.
1979).

8.2.1.3 Methods for detection of tubular proteinuria

Determ nation of total protein and el ectrophoretic analysis of
concentrated urinary protein were originally the common nethods for
the detection and diagnosis of tubular proteinuria. Quantitative
i mmunol ogi cal nmethods (detection limt, 0.002-0.003 ng/litre) for
the nmeasurenent of B,-microglobulin (Evrin et al., 1971) and RBP
(Bernard et al., 1982b) in urine ("normal" level about 0.1 ng/litre)
are avail abl e, and these nethods facilitate the detection of tubular
dysfunction. An el ectrophoretic nethod with reasonabl e sensitivity
(0.8 ny/litre) for nmeasuring specific proteins in the urine utilizes
staining of proteins in sodium dodecyl sulfate acryl am de ge
el ectrophoresis (Nom yama et al., 1982b). More recently, radio-,
| atex-, and enzyne-|inked i nmunoassays have been devel oped (Evrin et
al ., 1971; Bernard et al., 1982a; Carlier et al., 1981). However,
the di sadvantage with B,-mcroglobulin as a marker for rena
tubul ar dysfunction is that this protein is unstable if urinary pH
is less than 5.5.

RBP has an advant age over [(,-nicroglobulin, particularly for
screeni ng purposes, in that serumlevels and, hence, excretion are
not affected as readily by concom tant inmunol ogi cal di sease and are
nore stable at an acidic pH (Bernard et al., 1982b). An enzyne-

I i nked i nmmunosorbent assay (ELISA) for urinary RBP has al so been
descri bed (Topping et al., 1986).

Conmon tests for qualitative determ nation of proteinuria, such
as paper tests (dip sticks), the nitric acid test, and the boiling
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test, should not be used for screening cadm uminduced proteinuria,
since positive readings will be obtained only at fairly high urine
protein concentrations (Piscator, 1962). Trichloroacetic acid (TCA)
or sulfosalicylic acid (SA) can be used for qualitative tests, but a
negative result does not exclude a noderate increase in |ow

nol ecul ar wei ght proteinuria.

8.2.1.4 Significance of cadm uminduced proteinuria

More than 70% of proteins with a nolecul ar weight |ess than
15 000 but Il ess than 5% of those with a nol ecul ar wei ght greater
than 40 000 pass through the gl onerul ar nenbrane (Squire et al.
1962). The glonerular filtrate contains relatively |large anounts of
pl asma proteins, which are normally al nost conpletely reabsorbed in
the proximal tubules and only small anounts are found in the urine.
The increased excretion of tubular proteins in cadm um nephropat hy
is thought to be due mainly to a decreased tubul ar reabsorption
capacity. This provides early evidence of renal tubular dysfunction

The concentration of albunmin in normal serumis about 25 000
times higher than the concentration of R,-m croglobulin (Table
15). In spite of the fact that very little of the al bumi n but about
80% of the R,-microglobulinis filtered through the gl omerul
(Maack et al., 1979), the filtered anount of albunin is still higher
than the amount of [,-m croglobulin (Table 15).

Only a small fraction of the albumin or the other proteins is
excreted in normal urine due to the nornally efficient (nore than
999% tubul ar reabsorption of all proteins (Table 15). The urinary
al bumi n excretion is about 100 tinmes greater than the
B,- mi crogl o-bulin excretion (Table 15).

B-Mcroglobulin is a subunit of a major inmunogl obulin

conplex with a nol ecul ar weight of 12 000 and normally occurs in
serum at a concentration of approximately 2.0 ng/litre. In the case
of a decreased glomerular filtration rate, the serum concentration
of Bp-mcroglobulin will also increase. In certain conditions, for
exanpl e, where excessive production occurs as in sone cancers and
aut oi mune di sorders, serumlevels increase, the tubular capacity
for reabsorption may be exceeded, and the concentration in the urine
will rise. In tubular dysfunction, the capacity for absorption is

inmpaired and, again, this is reflected by an increased excretion in
the urine. Such renal disorders include the congenital and acquired
Fanconi syndrome, diabetic nephropathy, certain cases of reflux
nephr opat hy, and advanced gl onerul ar di sease (Squire et al., 1962).
A raised urinary excretion of [,-microglobulin or other |ow

nol ecul ar weight protein is not, therefore, specific to rena
dysfunction induced by cadmum and a differential diagnosis should
be considered in all cases where this occurs.

The "normal " average urinary excretion of R,-m croglobulin
nmeasured in several populations was in the range 0.05-0.1 ng/24 h
(or ng/litre or ng/g creatine) (Kjellstrém & Piscator, 1977). Bel ow
age 65, there was very little or no change with age in the urinary
Bo-mcroglobulin (Kjellstréom & Piscator, 1977), a fact confirnmed
by later studies (Tsuchiya et al., 1979; Kowal & Kraener, 1982). In
all of the studies, sone high individual values were found in the
age group above 65 years, and the studies of Tsuchiya et al. (1979)
and Kowal & Kraener (1982) reported age-regression coefficients
i ndicating an increase with age. However, there was w de variation
with age and the average urinary B,-mcroglobulin levels in the
ol dest age groups (above 65 years) were only 10-20% hi gher than in
the ot her age groups (Kowal & Kraener, 1982). The preval ence of
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i ncreased | ow nol ecul ar wei ght proteinuria (above 0.5 ng/litre) was
| ess than 5% in these studies, but in a control group of people
above age 80 from a Japanese cadm um polluted area (section 8.3.2.2)
the preval ence was about 15%

8.2.1.5 donerular effects

Al t hough renal tubular dysfunction with its acconpanying | ow
nmol ecul ar wei ght proteinuria is thought to be the npbst prom nent
renal effect of cadmium the B,-mcroglobulinuriais sonetines
acconpani ed by the excretion of high nolecular weight proteins such
as al bumi n (nol ecul ar wei ght, 69 000). This al bum nuria may
occasionally occur as a result of cadm um exposure w thout any
concomitant increase in the urinary excretion of |ow nol ecul ar
wei ght proteins (Bernard et al., 1976, 1979); this indicates that
cadmium in sone cases, may produce a change in the glonerul ar
permeability to | arger proteins.

Cadm um may al so affect the glonerular filtration rate (GFR)
Friberg (1950) reported decreased inulin clearance in
cadm um exposed battery workers. Elinder et al. (1985a) neasured GFR
by chrom um EDTA in 17 workers previously exposed to cadm um funes.
They found a significant negative correlation between decreasi ng GFR
and tubul ar reabsorption | oss, and reported that GFR decreased with
i ncreasing cunmul ati ve exposure to cadmi um funmes. The urinary
cl earance of R,-m croglobulin increased with decreasing G-R

Several other occupational studies have reported increased
serum concentrations of creatinine and/or R,-m croglobulin,
i ndi cating reduced GFR, in cadm um exposed workers (Thun et al.
1989; Roels et al., 1989).

Thun et al. (1989) found a small increase in nean serum
creatinine in a group of 45 cadm um exposed wor knen. Serum
creatinine also increased with cadm um dose, suggesting decreased
gl omerul ar function. Cadmi um dose renmined the inportant predictor
of serumcreatinine even after controlling for age, blood pressure,
body size, and other extraneous factors.

Roel s et al. (1989) neasured the serum creatinine and serum
Bo-m crogl obulin levels of 23 workers, renoved from cadni um
exposure, on several occasions over a period of six years. The
average yearly decrease in GFR was estinated to be 6 m/mn per
1.73 nf, which is considerably nore than the nornal val ue

(<1 m/ninper 1.73 nf) and significantly nore than that of a
control group exanmi ned at the sane tine.

There is al so evidence of glonmerular effects in people exposed
to cadmiumin the environment. Nogawa et al. (1980) suggest that a
reduction in creatinine clearance nay be detected at the early stage
of cadm um poisoning in a polluted area. In addition, Nogawa et al
(1984) reported a significant correlation between decreased tubul ar
reabsorpti on of phosphate and decreased GFR in farmers living in a
cadm um pol | uted ar ea.

The nechani smfor the gl onerular effects fromcadnmumis
uncertain. It has been suggested that cadm uminduced tubul ar damage
| eads to a certain degree of interstitial nephritis which in turn
results in a decreased G-R (Elinder et al., 1985a). It has al so been
proposed that cadm um exerts a direct toxic effect on the gl onerul us
(Roels et al., 1989).

8.2.1.6 Relationship between renal cadnmium|levels and the
occurrence of effects
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The nunber of reports of renal pathol ogy in autopsy cases and
renal biopsies that contain data on kidney cortex concentrations of
cadmumis small. Thus, it is difficult to establish a dose-response
rel ati onshi p between cadm um content and pat hol ogy or dysfunction

Nom yama (1977) sunmmarized data from 26 cadmi um exposed workers
and 16 cadmi um exposed people fromthe general environnment. The
criteria for choosing the subjects were that they possessed high
renal and/or high liver concentrations of cadni um norphol ogica
studi es on the kidney had been perforned, and data were avail able on
the occurrence of proteinuria while the person was alive. Anong the

42 cases reviewed, those exhibiting slight or no proteinuria and no
nor phol ogi cal alterations had hi gher concentrations of cadm umin
the renal cortex than non-exposed people. Mst cases with

nor phol ogi cal changes plus proteinuria had | ower renal cadni um
concentrations that those w thout proteinuria and/ or norphol ogi ca
changes. In nore recent studies, Ellis et al. (1985) found that in
cases of renal dysfunction the nmean liver and ki dney cadm um val ues
for retired workers were | ower than those for active workers. These
findings are simlar to those fromanimal studies (section 6.5.1.2),
where ki dney concentrations |levelled off or even declined in the
presence of ki dney damage

The use of in vivo neutron activation analysis has
facilitated the study of the relationship between renal cadni um
| evel s and occurrence of effects (Ellis et al., 198la; Roels et al.
1981b). However, the data nust be assessed with caution as the
accuracy of this nethod has not yet been fully determ ned. For
i nstance, the exact |ocation of the kidney needs to be known.
Erroneously |l ow renal cadmiumlevels were reported by Roels et al
(1981b) due to an error in adjusting for the distance between skin
and kidney (Roels et al., 1983a). Data fromEllis et al. (198la) and
Roel s et al. (1983a,b) have shown that few cases with increased
urinary B-mcroglobulin concentrations are seen when the |evel of
renal cortex cadmumis less than 150 ng/ kg tissue and that of Iiver
cadmumis less than 40 ng/kg. There is a pattern of liver and
ki dney cadm um | evel s increasing simultaneously until the average
renal cortex cadm um concentration is about 300 ng/kg and the
average liver level is about 60 ng/kg. At higher liver levels, the
renal cortex level is disproportionately |ow in nost cases, and, in
addition, many of these workers have increased urinary
3,- m cr ogl obul i n.

Skerfving et al. (1987) neasured kidney cortex cadm uml evels
by X-ray fluorescence in a group of 20 workers froma factory
produci ng al kaline batteries and found an average val ue of 147 ng/ kg
(range 53-317). Wien conpared to a control group, these workers had
hi gher average urine levels of cadmium (5.4 vs 0.8 nnol/ ol
creatinine) and R,-mcroglobulin (14.6 vs 6.6 pg/ mmol creatinine).
Si x workers had RB,-mcroglobulin | evels exceeding 22 ug/ mol
creatinine. Due to selection procedures the results are, however,
not predictive for cadm um exposed workers in general. Neverthel ess,
it is clear that there are no significant correl ati ons between
| evel s of cadmi um or B,-microglobulin in urine and cadm um | evels
in the kidney. These results suggest that there is a relationship
bet ween renal cadm um and occurrences of effects on a group basis
but renal cadnmiumlevels per se are not always predictive of
pat hol ogi cal effects on an individual |evel

8.2.1.7 Reversibility of renal effects

The potential for reversibility of renal effects has been
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studied in popul ations of workers with occupationally induced
cadm um nephropathy as well as in residents of cadm um poll uted
ar eas.

a) Cccupational exposures

In a group of 40 workers heavily exposed to cadmum it was
found, using qualitative nethods, that proteinuria was persistent
and sonetimes even increased several years after cessation of
exposure (Friberg & Nystrom 1952; Piscator, 1966a).

Tsuchiya (1976) studied a group of 13 workers who had been
exposed to cadmium fumes (133 pg/ nt) and who had proteinuria
(determined by the trichloroacetic acid nethod) and abnor nal
el ectrophoretic urine patterns (R,-mcroglobulin |evels above
40 000 pg/litre). A 10-year followup study of five of these
patients was carried out after inprovenents had been nade in their
wor ki ng environment (cadmi um funmes, 20 pg/ nt). The proteinuria was
reversed (nmeasured using a single radial inmmuno-diffusion nethod) in
three of the five patients: R,-mcroglobulin values were 3500,

2600 pg/litre, and not detectable (linit of detection

2000 pg/litre), and retinol-binding proteins (RBP) were not
detectable (Iimt of detection 500 pg/litre). In addition, there
were inprovenents in the remaining two patients (R,-m croglobulin,
9700 and 5500 pg/litre; RBP, 34 000 and 120 000 pg/litre). Tsuchiya
(1976) suggested that the difference in the period of exposure to
cadm umwas the reason for this difference in the degree of recovery
fromthe effects of cadm um

Stewart & Hughes (1981) reported on sinmilar cases froma
British pigment factory. Despite the fact that exposure ceased nany
years earlier, grossly elevated RB,-mcroglobulin levels were stil
det ect ed.

Using quantitative nmethods to detect proteinuria, Roels et al
(1982) found that total proteinuria in 19 workers was unchanged 4
years after exposure had ceased. In those 11 workers for whom
urinary B,-m crogl obulin was measured before and after cessation
of exposure, levels were invariably increased. Ei ght of the workers
had abnormal |evels of R,-mcroglobulin even before cessation of
exposure, whereas three had nornal |evels before cessation and
devel oped abnormal | evel s afterwards.

Roel s et al. (1989) exam ned 23 workers once a year for 5 years
after renmoval from exposure to cadmi um These workers had been
exposed to cadm um for periods of 6 to 41.7 years (nean 25 years),
and their first foll owup exam nation took place when they had been

renoved from exposure for an average of 6 years. Their mean age at
that time was 58.6 years (range 45.5-68.1 years). Cadmiunuria in
these workers had been assessed three years previously by measuring
the cadmumlevels in liver and ki dney using neutron activation

anal ysis. The cadmi um concentrations (ng/kg wet weight) in the liver
and ki dney cortex ranged from 24 to 158 (nean 61) and from 133 to
355 (mean 231), respectively. Although cadm um concentrations in the
bl ood and urine decreased significantly over the five-year period,
urine concentrations of al bunin, B-mcroglobulin, and RBP did not
change significantly.

Harada (1987) conducted studies on the health status of seven
wor kers exposed prior to 1972 to high cadmiumlevels in a cadnium
sul fide dye manufacturing factory. These workers were exani ne for 15
years, inprovenents having been nade to working conditions in 1974
which led to markedly decreased cadm um exposures. The cadni um
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content of the blood and urine declined after the inprovenents in
wor ki ng condi tions but increased again when production rose. The
wor ki ng condition inprovenments resulted in a marked reduction in
urine By-mcroglobulin level in five workers (e.g., from 1272 to

520 pg/ g creatinine in 1 year in one worker and from 2090 to

503 pg/ g creatinine in 6 nonths in another), but there was el evated
urinary B,-m crogl obulin excretion when production increased. One
worker had fairly constant near-normal urinary |evels of

3,-m crogl obulins (55 to 183 pg/g creatinine) regardl ess of
wor kpl ace i nprovenments or production levels. Initially, four workers
had | ow GFR val ues, but none of the seven workers showed any
decrease in glonerular filtration during the 15-year follow up
period. TRP rates decreased in three workers but remained relatively
unchanged in the other four. These changes in GFR and TRP seened to
be independent of cadni um exposure |evels.

Elinder et al. (1985b) found that urine cadm um excretion
decreased in 14 out of 19 workers re-exam ned at |east once five
years or more after exposure to cadmium but renal tubular function
as neasured by urinary B,-microglobulin excretion, had
deteriorated or not inproved in nearly all of the workers. Thun et
al . (1989) concluded that "time since |ast exposure to cadm unf was
not an inportant determ nant of renal outconme whether considered on
its own or together with the cadnmiumdose. In their study of 45
workers at a plant that recovered cadm umfromindustrial waste, 9
out of 15 workers with the hi ghest R,-m crogl obulin excretion had
not been exposed to cadmiumfor at |least five years and one for 45
years. This study suggested that if cadm um nephropathy is
reversible, the recovery is so slow as to be indiscernible after
decades of non-exposure.

Ellis et al. (1985) showed that the liver cadmiumlevels in
wor kers no | onger exposed to cadmi um gradually declines. Persistence
of renal tubular dysfunction after cessation of exposure may reflect
the | evel of body burden and the transfer of cadmiumfromliver to
ki dney.

b) Residents of cadm umpolluted areas

Reversibility of renal tubular dysfunction has been
investigated in residents of cadm umpolluted areas in Japan. Kasuya
et al. (1986) carried out a conparative study of urine
Bo-m crogl obulin determnati ons made in 1975 and 1985 for 93
people with Itai-itai disease and their famly nenbers. Urine
B,-m croglobulin levels inproved in the group with
B,-m croglobulin levels of 1000 ug/g creatinine or |ess but
wor sened in the group with B,-mcroglobulin levels of 3000 pg/g
creatinine or nore. Most of the people who recovered were aged 39
years or | ess and had been resident for 30 years or less. It was
considered that mld renal dysfunction anong young i ndividual s was
reversi bl e.

Saito (1987) neasured the urine RBy,-mcroglobulin | evels of
residents of cadmiumpolluted areas for 3 years after inprovenents
had been nmade in the level of soil contani nation and conpared the
results with determ nations obtained 7 years previously. During this
3-year period, the urine B,-mcroglobulin levels tended to renmain
unchanged in people with a concentrati on of around 1000 pg/litre.

The reversibility of R,-m croglobulinuria, glucosuria, and
am noaci duria was examined in 74 inhabitants (32 males and 42
femal es) over 50 years of age who lived in a cadmi um polluted area.
Exam nati ons were conducted just after the cessation of cadm um
exposure and 5 years later. The geonetric nean concentrations of
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B,- m crogl obul i nuria, glucosuria, and am noaci duria indicated a
significant increase in excretion during the 5-year period. In cases
where the level of B,-mcroglobulinuria exceeded 1000 pg/ g
creatinine at the time cadm um exposure ceased, evidence was found
indicating significant increases in proteinuria after 5 years,
whereas in cases where the excretion of [,-mcro-globulin had been

| ess than 1000 pg/ g creatinine no significant changes were observed
(Kido et al. 1988).

8.2.2 Disorders of cal cium netabolismand bone effects
8.2.2.1 In industry

Friberg (1950) observed 7 cases of renal stones anong 43
cadm um workers and drew attention to the possibility of rena
stones being associated with exposure to cadm um Ahlmark et al
(1961) found that 44% of a group of 39 cadm um workers exposed to

cadm um oxi de dust for more than 15 years had a history of rena
stone formation. N ne stones fromsix workers were analysed, and in
four workers the stones were conposed of basic cal ci um phosphate
(Axel sson, 1963). There was an increase in the nean cal ci um
excretion rate in the cadm um exposed group as conpared to a contro
group. Kidney stones were also found in 12 out of 43 British workers
at an accumul ator factory (Adans et al., 1969). It is noteworthy
that in both of these studies (Axelsson, 1963 and Adans et al.

| 969) there was a hi gher preval ence of renal stones in workers

wi thout proteinuria than in those with proteinuria. The nen with
proteinuria had, as a group, increased urinary excretion of calcium
and phosphate, whereas in the group without proteinuria there were a
few cases with hypercal ciuria. Hypercalciuria (81% and renal stones
(19% were also reported anong 27 coppersniths exposed to cadm um
(Scott et al., 1976, 1978).

Elinder et al. (1985a) found an increased preval ence of rena
stones anong cadni um workers with tubular proteinuria, and Mason et
al . (1988) observed decreased renal reabsorption of cal ci um anong
cadm um al | oy workers

Seven of the 12 workers in a cadm um pigment factory
investigated by Kazantzis et al. (1963) were found to have a urinary
cal cium excretion rate greater than 300 ng/day (at least in 1 of 2
speci nmens). There was no evidence of excessive calciumintake in
these nen. Five of these seven workers had been exposed to cadni um
conmpounds for nore than 25 years and al so had tubul ar proteinuria.
The remai ni ng two, who had been exposed for 2 and 12 years,
respectively, had no other abnormality except for a urinary cal cium
excretion of 308 and 403 ng/day. Foll ow up was possible with six of
the twelve nen, including all five with hypercalciuria and
proteinuria (Kazantzis, 1979). Six of the seven who had
hypercal ciuria when first exanm ned continued to have a raised
urinary cal ci umexcretion, and one further worker devel oped
hypercal ciuria during the followup period. Al those with
hypercal ciuria al so had tubul ar proteinuria, although this was
marginal in one of the workers. Blood calciumlevels renmained within
normal limts in all cases (Kazantzis, 1979). The occurrence of
di sordered cal ciumnetabolismin all seven nen followed-up for a
nunber of years makes it very likely that a comon environnent al
factor, such as occupational exposure to cadm um conpounds, was
causati ve.

The data of Kazantzis (1979) agree with the findings of

hypercal ci uri a anong 27 coppersmiths w th high cadm um exposure
(Scott et al., 1976, 1978). Scott et al. (1980) reported that in 15
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cadm um exposed nen the anount of calciumin the whol e body was

| ower than that of controls and decreased with duration of an

i ncreased exposure to cadm um The cadm uminduced hypercal ciuria
coul d be reduced by thiazide treatment (Scott et al., 1979).

In a study by Thun et al. (1989) of workers at a plant that
recovered cadmumfromindustrial waste, 8 of 45 exposed workers had
experienced kidney stones, in contrast to one of 32 unexposed
workers. Increase in the urinary excretion of R,-mcroglobulin and
RBP was acconpani ed by decreased renal tubular reabsorption of
cal ci um and phosphat es.

In contrast to the above findings, a |ow urinary cal ci um
excretion was detected in 47 out of 81 workers with exposure to a
vari ety of cadm um conpounds and al so cadni um oxi de funes (Tarasenko
& Vorobjeva, 1973; Tarasenko et al., 1975). The 24-h excretion of
calciumin these workers was bel ow 100 ng, conpared with 115-210 ng
in a control group of 21 people. Blood cal cium val ues were within
the normal range in all cases.

Radi ol ogi cal exam nation was performed on 32 workers exposed
for 4-20 years to cadm um conmpounds (concentrations ranging from?O0.1
to 5.5 ng/nt). Al of them conplained of pains in the bones.
Pseudofractures suggestive of osteonml acia were seen in two workers
exposed for 16 and 19 years, but no histological confirmation of
ost eonal aci a was obt ai ned. Radi ol ogi cal appearances descri bed as
enostosis were reported in five cases and periosteal proliferation
and consolidation in a further three cases (Tarasenko & Vorobjeva,
1973; Tarasenko et al., 1975).

Horstowa et al. (1966) perforned radi ol ogi cal exam nation of
the skeleton in 26 al kaline battery workers with signs of chronic
cadm um intoxication out of 80 workers exposed to 0.13-1.17 ngy
cadmium n? for 1-12 years. Seven of these workers had proteinuria
detected by sul fosalicyclic acid; pseudofractures were found in 3
workers, sclerotic foci in 13, and osteoporosis in 10. In another
al kaline battery factory, where a nunber of cases of severe cadm um
poi soni ng were di agnosed (Friberg, 1950), X-ray exam nations
reveal ed no signs of bone disease.

One of the workers with rmultiple tubular defects studied by
Kazantzis et al. (1963) devel oped osteonal aci a confirnmed by
hi st ol ogi cal exami nation 10 years after the initial investigation
(Kazantzis, 1979). He previously displayed hypercal ciuria but, at
the time of diagnosis, his urinary cal ci umexcretion was | ow.
Extensive investigation failed to reveal any of the other generally
accepted causes of osteonml acia such as nal absorption or nutritiona
defici ency.

In a study of 43 workers at a battery plant, one worker
devel oped osteomal acia wit hout evidence of nal absorption or
nutritional deficiency but with nmultiple renal tubular defects
(Adans et al., 1969). Another case of osteonmalacia fromthe sane
factory was subsequently detected in a man who had been a cadni um

battery worker for 40 years (Adanms, 1980). Eight years before
retirement he had a partial gastrectony due to a duodenal ulcer
Proteinuria was first diagnosed 6 years before retirenent, but

ot herwi se he was in "apparent good health" and "on a bal anced diet"
until 8 years after retirement. He was then frail, had pains in his
l egs, and a "waddling gait". His serum al kal i ne phosphat ase | eve
was increased, X-rays showed generalized osteoporosis, and a bone
bi opsy showed osteonml acia. After 1 year of treatnent with |arge
doses of vitamin D, he could wal k well again.
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It also seens likely that the six workers exposed to cadni um
oxi de dust described by N caud et al. (1942), who had pains in the
back and |inbs and showed multiple pseudofractures on radiol ogica
exami nation, suffered from osteonal acia. Mre detailed data on these
wor kers was presented by Val etas (1946), who al so pointed out that
"massi ve doses" of vitamin D were needed to inprove the synptons. It
took several nonths for inprovenent to occur and the vitamn D
treatment had to be maintained for several years to keep the workers
in stable health. Val etas (1946) concluded that this bone di sease
was caused by occupational exposure to cadm um Eight workers with
8-30 years of exposure to | ead dust and cadm um oxi de funme and dust
(Gervais & Del pech, 1963) were also found to have nultiple
pseudofractures and pains in the back, thorax, and |egs. Very
limted biochemical investigations were carried out, but in four
cases proteinuria was found. The authors suspected that |ead
exposure led to the observed effects.

8.2.2.2 In the general environnent

Bone di sease and abnornalities of cal ci um netabolismfrom
exposure to cadmiumin the general environment have only been noted
in people in Japan with the clinical syndrone referred to as
Itai-itai disease. The main characteristics of the disease are
ost eormal aci a! and osteoporosis? with a tendency to fractures
acconpani ed by severe pain and renal tubular dysfunction. The
results of epidem ol ogical and clinical investigations indicate an
associ ation with cadm um exposure, although the Co-operative
Research Committee on ltai-itai D sease (1967) stated that
"mal nutrition (low protein, low calciumdiets) and multiple
pregnanci es may al so be invol ved"

Osteomal acia is characterized by inadequate nineralization of
bonematrix, resulting in an increase in the relative anount
of osteoid tissue. It represents the adult counterpart of

chi | dhoodri ckets (Robbins et al. 1984).

Ost eoporosi s is defined as an excessive but proportiona

reduction in the amobunts of both the mineral and matrix phases of
bone unacconpani ed by any abnormality in structure of the residua
bone (Robbins et al., 1984).

Itai-itai disease is an endenic bone di sease prevalent in the
basin of the Jinzu river, which runs through the central part of
Toyama Prefecture in Wst-Central Japan (Kono et el., 1956). It is
characterized by osteonal acia in conbination with renal tubular
dysfunction in nost cases. Patients al so have osteoporosis and one
of the npbst characteristic synptons is severe bone pain. Hagino &
Yoshi oka (1961) reported that high concentrations of cadnium | ead,
and zinc were present in autopsy tissues frompeople with Itai-ita
di sease and in the everyday foods of the endemi c area.

Systemati ¢ epi deni ol ogi cal investigations, which included
extensive mass health exam nations as well as case control studies
on both patients and controls, started in 1962 (Cooperative Research
Conmittee on ltai-itai Disease, 1967). It was reported that
Itai-itai disease in Toyama Prefecture was restricted to a linited
area (Fuchu area) irrigated by the Jinzu river, the geographica
distribution of the patients being consistent with the |evels of
cadm um concentration in the paddy fields, and that the
concentrations of cadmumin urine were higher in patients than in
controls. The total nunber of patients was estimated in 1955 by the
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Toyana Prefecture to be 41 out of a total of 1666 residents (849
worren) (Cooperative Research Committee on Itai-itai Disease, 1967).
The maj or source of cadmumpollution in the area was a mne 50 km
upstream from the endemi c area (Japan Public Health Association
1968) .

The age and sex distribution of the patients displayed a very
distinct pattern. Cinically apparent cases were limted to wonen
over 40 years of age who had given birth to many children (6 on
average) and had lived in the area for nore than 30 years. No
detail ed data on past patients were available, but it was estinated
that the age of onset of the di sease was probably between 35 and 65
years, and that al nost 100 deaths had been reported up to the end of
1966. The incidence was presumably very high from 1936 to 1950 and
at its highest in 1946 and 1947, but decreased thereafter even
though the sane cadni um exposure | evels had been mai ntai ned. By
March 1989, 150 cases of Itai-itai disease had been officially
recogni zed as pollution-rel ated di sease. Wereas all cases have been
reported in the Fuchu area, there have been a few suspected cases in
2 out of 12 cadmi um contam nated areas of Japan other than the Fuchu
area (Table 7). dinical features of five suspected cases fromthe
| kuno area matched those of Itai-itai disease and urine cadmi um
| evel s were very high (Nogawa et al., 1975). In one of these cases
an autopsy was perfornmed; the liver cadnmiumlevel was very high
(75 ng/ kg) but the renal cortex cadmumlevel was | ow (53 ng/kg)
(Nogawa et al., 1975).

Takebayashi (1980a,b, 1983a,b, 1984) and Takebayashi et al
(1985, 1987a,b,c, 1988a,b,c,d) reported pathol ogical findings in
ki dney and bone from autopsi es of eleven elderly nmen and wonen (3
mal es and 8 fenal es; 72-95 years of age) from Tsushina |Island. The
average levels of cadmumin the liver and ki dney cortex were
92.4 nmg/ kg and 44.0 ng/ kg, respectively. The authors considered the
hi st ol ogi cal osteonal acia and renal tubul opathy noted in eight cases
(Takebayashi, 1980, 1983a, 1984, Takebayashi et al., 1985, 1987a, b,
1988c,d) to be simlar to Itai-itai disease from Toyama Prefecture.

However the Japan Cadni um Research Conmittee (1989), supported
by the Japanese Environnent Agency, concluded, after these eight
cases had been exam ned by the expert group, that it was clinically
difficult to diagnose them as osteonal aci a.

According to the Japan Cadm um Research Conmittee (1989),
di agnosed cases of Itai-itai disease were reported only in the Fuchu
area of Japan. It denied the presence of osteonalacia in five cases
in the I kuno area, and stated that osteonal acia had not been
observed "clinically" in Tsushinma Island.

A study by Kido et al. (1989) indicates that exposure to
cadm um coul d cause osteopenia, particularly in wonen. Bone density
was nmeasured in 28 wonen with ltai-itai disease, 92 nmen and 114
worren Wi th cadm umi nduced renal dysfunctions, and 44 nen and 66
worren living in three different non-polluted areas using a
m crodensitoneter. The val ues of indices corresponding to both
cortical width and bone mineral content were significantly lower in
Itai-itai disease patients than in cadm um exposed wonen with rena
dysfunctions or in non-exposed subjects. The cadm um exposed wonen
al so showed a decrease in bone density conpared with the non-exposed
subj ects. A significant decrease in bone density was al so observed
in cadm um exposed nmen conpared with non-exposed subjects, although
the difference was not as clear as it was in wonen.

Reviews (in English) of Itai-itai disease have been produced by
Tsuchiya (1969), Friberg et al. (1974), Tsuchiya (1978), and Nogawa

Page 100 of 201



Cadmium (EHC 134, 1992)

(1981).
8.2.2.3 Mechani smof cadm uminduced bone effects

The avail abl e data show that cadni um can affect cal ci um
phosphorous, and bone netabolismin both industrial workers and
peopl e exposed in the general environnent. These effects nay be
secondary to the cadm umeffects on the kidneys but there have been
few studies of calciummetabolismin people with excess exposure to
cadmi um The increased preval ence of renal stones reported from
certain industries is probably one nmanifestation of the
cadm uminduced kidney effects. It is not known if factors other
than cadm umplay a role.

Nogawa et al. (1987) reported that serum 1, 25-di hydr oxy-
vitamin D levels were lower in Itai-itai disease patients and
cadm um exposed subjects with renal danage than in non-exposed
subj ects. The reduction in these levels was closely related to serum
concentrations of parathyroid hornmone and R,-m cro-globulin and to
the percentage tubul ar reabsorption of phosphate (% TRP), suggesting
that cadm uminduced bone effects were mainly due to a disturbance
invitamn D and parathyroi d hornone netabolism

Cst eomal aci a has been reported in a few heavily exposed
i ndustrial workers and people with Itai-itai disease. The industrial
cases are mainly nale, whereas ltai-itai patients are al nost
excl usively female. However, the clinical features and biochem ca
findings are simlar, except that Itai-itai patients nay al so suffer
from ostoporosis.

A possi bl e nechani sm for the devel opnent of osteonal aci a has
been proposed (Kjellstréom 1986). It is known that nornal cal ci um
absorption in the intestines and normal bone mneralization is
dependent upon 1, 25-di hydroxychol ecal ciferol. Vitam n D; taken
into the body is converted to 25-hydroxy-vitanmin D; in the liver,
and then to 1, 25-di hydroxy-vitamin D; in the mtochondria of rena
proxi mal tubular cells, this being the biologically active speci es.
Cadmi um accunul ates in the proximal tubular cells, depressing
cellular functions, and this may result in reduced conversion of
25- hydroxy-to 1, 25-di hydroxy-vitanin D;. This is likely to lead to
decreased cal ci um absorption and decreased mneralization of bone,
which in turn may result in osteomal aci a.

8.2.3 Respiratory systemeffects

Cadmi um wor kers nmay devel op chronic injury to the respiratory
system depending on the | evel and nature of exposure. The
devel opment of such effects is often quite slow, so that they are
apparent only after several years of exposure. The rate of
devel opment and severity appear to be roughly proportional to the
time and | evel of exposure.

8.2.3.1 Upper respiratory system

Chronic inflammation of the nose, pharynx, and | arynx have been
reported by Vorobjeva (1958) and Horstowa et al. (1966). Anosmia is
a frequent synmptomin cadnm um workers after prolonged exposure. This
has been reported by, for instance, Valetas (1946), Friberg (1950),
Baader (1951), Vorobjeva (1958), Tarasenko & Vorobjeva (1973), and
Apostol ov (1979), but was not observed by Tsuchiya (1967) or Suzuki
et al. (1965).

8.2.3.2 Lower respiratory system
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Chroni ¢ obstructive |ung di sease of varying degrees of severity
is frequently seen in cadm um workers. Friberg (1950) reported
dyspnoea, inpaired lung function with increased residual volune, and
reduced working capacity in a group of 43 cadm um workers. Sinmlar
studi es, which included the use of pul nonary function nmeasurenents,
by Bonnell (1955), Buxton (1956), Kazantzis et al. (1963), and Adans
et al. (1969) all showed inpairnent of respiratory function in
groups of workers with prolonged exposure. The synptons and fi ndings
were nore suggestive of enmphysema than bronchitis in these cases
they were commonly di agnosed as enphysema but pat hol ogi ca
confirmation of this was rare (Smth et al., 1960).

Tar asenko & Vorobjeva (1973) reported the presence of increased
lung markings in the chest X-rays of 17 out of 72 cadm um workers,
whi ch were interpreted as being due to diffuse interstitial
fibrosis. Similar |ung changes were observed in 21 out of 26 workers
studi ed by Horstowa et al. (1966).

The presence of chronic obstructive respiratory disease in
cigarette snokers exposed to an additional harnful environnental
agent presents difficulties in deternmining the contribution rmade by
the latter. Studies on the chronic respiratory effects of cadmumin
the past have not al ways been standardi zed for snoking. Lauwerys et
al . (1974a) did take snoking habits into consideration by matching
hi s cadm um exposed and control groups for snoking habits. They
reported the presence of inpaired lung function in a group of
cadm um wor kers exposed for over 20 years, but not in those with
shorter exposure. The degree of |ung inpairnent found was snall.

The effects on the lung increases the nortality of cadmi um
workers with high exposures (Kjellstréomet al., 1979; Arnmstrong &
Kazantzis, 1983). In the latter study, the nortality for diseases
coded as bronchitis (1CD 490-491) was related to the intensity of
exposure, the group with the highest exposure having a highly
significant (almst 4-fold) excess risk (observed 13 expected 3.4).
A 5-year followup of this study (Kazantzis et al., 1988) confirned
the earlier finding, the marked excess nortality being related to
both intensity and duration of exposure. The follow up reveal ed an
excess nortality from enphysema, but this was seen only in the
| ow exposure group.

8.2.4 Hypertension and cardi ovascul ar di sease

Despite the abundance of data showi ng that under certain
exposure conditions cadm um i nduces hypertension in aninals, there
are very few results available from studi es of cadm um exposed
wor kers. Friberg (1950) exanm ned 43 workers with a nmean period of

exposure to cadm um oxi de dust of 20 years (air concentration

3-15 ng/ nt) and 15 workers with a nmean exposure period of 2 years.
The study included physical and roentgenol ogi cal exam nations of the
heart, el ectrocardi ographic exam nation at rest and after exercise,
and neasurenent of bl ood pressure. No increased preval ence of
cardi ac di sease or pathol ogi cal el ectro-cardi ographic changes were
found. The najority of subjects had conpletely normal bl ood
pressure, but since Friberg did not exanine bl ood pressure in the
control group, it is not possible to draw definite concl usions.

Chest exam nation and bl ood pressure measurenents have al so
been reported in other studies (Bonnell, 1955; Bonnell et al., 1959;
Kazantzis et al., 1963; Holden, 1969), but in no cases were there
findi ngs of cardiac di sease or hypertension due to cadm um exposure.
Hamrer et al. (1972) found no rel ati onship between exposure to
cadm um and bl ood pressure in superphosphate workers.
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Vor obj eva & Ereneeva (1980) exanined 72 female and 20 mal e
workers at a battery factory exposed to cadnm um oxi de dust at
concentrations ranging fromO0.04 to 0.5 ng/nt. Bl ood pressure was
nmeasured and el ectrocardi ograns taken, but there was no contro
group. The authors reported increased preval ence of hypertension and
absence fromwork due to hypertensive and i schaem ¢ heart disease
anong the exposed workers conpared to what was consi dered nornal .
Furthernore, several types of abnornalities in the el ectrocardi ogram
of the exposed workers were observed: 39% showed tachycardi a,
between 11 and 13% were regarded as normal, and 26% had changes in
the "R' spi ke (conpared to the normal 7-9% . Increased QRS period
was observed in 45% of the workers conpared to the normal val ues of
14-16% The data presented in this report are especially interesting
in view of the evidence in rats (section 7.2.6) that suggests
nyocardi al effects from cadm um exposure. The results of the study
are, however, presented in a very condensed formand it is therefore
difficult to draw cl ear-cut concl usions.

In a retrospective study of 311 nale workers in an al kaline
battery factory it was found that hypertensive workers had a | onger
enpl oynent time than an age-matched control group fromthe sane work
envi ronment (Engvall & Perk, 1985). Again it is difficult to draw
conclusions fromthis study. In a study of cadm um exposed workers
in the United Kingdom (Kazantzis et al., 1988), nortality from
hypertensi ve di sease (I CD 400-404) over the total study period from
1943 to 1988 was el evated but not significantly (49 deaths occurred
as opposed to 41.3 expected). There was no relationship with
intensity of exposure. However, nortality from cerebrovascul ar
di sease (1 CD 430-438) was significantly |lower (178 deaths occurred
as opposed to 230.3 expected). These findings do not suggest any
associ ati on between cadm um exposure and t he devel opnment of
hypert ensi on.

In contrast, Thun et al. (1989) found that nean systolic and
diastolic blood pressures were higher in 45 cadm um workers (134 and
80 mmHg, respectively) than in 32 male controls (120 and 73 nmHg
respectively). Blood pressure was nmeasured systematically by a
singl e exam ner on the right arm of subjects who had been seated for
at least 15 min. Systolic but not diastolic blood pressure was
significantly associated with cadm um dose in nultivariate anal yses.

Schroeder (1965, 1967) observed that people in the genera
popul ati on dyi ng from hypertensive and/or cardi ovascul ar di sease had
somewhat hi gher cadm um concentrations in liver and ki dney tissues
than peopl e dying fromother causes. He suggested that cadm um could
be a causative factor for these diseases. Unfortunately, snoking
habits were not accounted for and it is likely that this was a
confoundi ng factor. The sanme problemexists with a nunber of
subsequent studi es on hypertension and cadmiumin tissues, blood,
and urine.

A correl ation between average air cadmumlevels in cities in
the USA and nortality associated with hypertension and heart di sease
has been reported (Carroll, 1966; Hickey et al., 1967). Again,
several confounding factors such as snoking habits, air pollutants
ot her than cadm um and other environmental factors make it
difficult to draw concl usions concerning the effects of cadmum In
a study by Staessen et al. (1984), the confounding variabl es age,
sex, body weight, and cigarette snoking were considered in a
mul tiple regression analysis of systolic and diastolic bl ood
pressure and the urinary excretion of cadm um and
B,-m cro-globulin. Negative correl ations between bl ood pressure
and urinary cadmi um or R,-m crogl obulin were found in some groups.
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As there was a very strong age effect on both bl ood pressure and
urinary cadm um the nmeaning of the negative correlations is not
clear. In any case, these data do not support cadm um exposure as a
cause of hypertension.

Shigematsu et al. (1979) could find no evidence that bl ood
pressure was higher in polluted areas (1611 peopl e sanpl ed) of Japan
conpared with control areas (1826 people). In a conparison of blood
pressure by prefecture (13 570 in the cadm um polluted areas and
7196 in the control areas), the preval ence of hyper-tension was
found to be high in the polluted area of one of the eight
prefectures investigated. However, in the other seven prefectures,
the preval ence of hypertension tended to be lower in the polluted
areas (Japan Cadm um Research Conmittee, 1989).

In a study on cadmi umpolluted areas in Japan by Nogawa et al
(1981b), the cerebrovascul ar disease nortality rate anong peopl e who
had had cadm um i nduced proteinuria was twi ce as high as that of
people in the same area w thout proteinuria. However, the difference
was not statistically significant. The nunmber of nmen in the cohort
with proteinuria was 81 and the number w thout proteinuria was 1109.
Anot her study conparing adm nistrative units containing polluted
areas with those w thout such areas (Shigematsu et al., 1981, 1982,
1983) found no difference in the cerebrovascul ar disease nortality
rates.

Data on a total population of 333 000 from both
cadm um pol | uted and non-pol |l uted areas were coll ected
retrospectively for a period of 6-30 years, based on vita
statistics or death certificates (Shigematsu et al., 1982). The
nortalities fromall causes, including cardiovascul ar di sease such
as cerebrovascul ar and hypertensive di sease, in the genera
popul ation in the cadm umpolluted areas were no higher than, or in
sone cases even |lower than, those in the non-polluted areas.

A nortality study of Shiphamresidents and of a nearby contro
village was reported by Inskip et al. (1982). The study popul ati on
consi sted of 501 Shiphamresidents of whom 278 had di ed over a
40-year followup period. Overall nortality was low in both villages
conpared generally with Engl and and Wal es. There was a snmall| but
statistically significant excess nortality rate in Shipham from
hypertensi ve and cerebrovascul ar di sease. The highest ratio of al
was for genito-urinary disease in Shiphamnen (but, with only eight
observed deaths, the result was only significant at the 10% Il evel).
The Standardi zed Mortality Ratios (SMR) for nephritis and nephrosis
in both sexes were also slightly elevated, but there were only two
deaths for each sex fromthis cause. In nmen, the nunbers of
prostatic and lung cancer deaths were approxinmately equal to the
expected nunbers, and in neither case was the SMR in Shiphamgreatly
different fromthat in the control village.

8.2.5 Cancer
8.2.5.1 In industry

A nunber of epidem ol ogi cal studies have been published. In
order to facilitate the interpretation of published data on the
rel ati onshi p between cadm um exposure and cancer, the studies have
been grouped according to the types of industrial plants in which
they have been conducted. In sone cases, nore than one study has
been conducted at the sane plant.

a) Nickel -cadm um battery plants
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In an early study, Potts (1965) found that three out of eight
deaths in a small cohort of nickel-cadnmiumbattery workers in the
United Kingdomwi th at | east 10 years of exposure to cadm um oxi de
dust were from carcinoma of the prostate. This study was extended by
Ki pling & Waterhouse (1967) to include 248 men with at |east one
year of exposure to cadm um oxi de dust. Four deaths from carci nona
of the prostate, including the three cases previously reported by
Potts (1965), were observed as opposed to an expected nunber of
0. 58.

Sorahan & Waterhouse (1983) carried out a further investigation
of the sane plant using a cohort of 3025 enpl oyees who started work
bet ween 1923 and 1975 and had a m ni num enpl oynent period of one
nmont h. The met hod of regression nodels in life tables was used to
conpare duration of exposed enploynment in those dying fromrel evant
causes with that of matched survivors in the same year of follow up
No new evi dence of an associ ation between occupati onal exposure to
cadm um and cancer of the prostate was found. However, there was an
excess nortality fromcancer of the respiratory system significant
at the 5%l evel (89 cases, SMR = 127). As in other studies, data on
smoki ng habits were not avail abl e and confounding factors were
present in the form of exposure to nickel hydroxi de and wel di ng
fumes so that no firm concl usions about the pul nonary
carcinogenicity of cadm um could be drawmn fromthis study.

Sorahan & Wat erhouse (1983) reported on the incidence of
prostatic cancer in a subgroup of 458 workers enployed for at | east
1 year in a job involving high exposure to cadni um oxi de dust. Ei ght
cancers were observed conpared to two expected (SMR 400, P < 0.01).
However, exclusion of the four cases previously reported by Kipling
& WAt er house | eaves a non-significant excess incidence (P = 0.21),
fromwhich the investigators concluded that if cadnmiumoxide is
potentially carcinogenic current risks are likely to be snall.

In the nost recent update of the nickel-cadni um battery plant
wor kers ( Sorahan, 1987), the earlier findings were confirmed and
there was sone evidence of an association between risk of death from
| ung cancer and duration of enploynent in jobs with high or noderate
exposure anong workers first enployed in the period 1923-1946.
However, anong workers first enployed from 1947 to 1975 (the group
with the higher SMR for |ung cancer), there was no evidence of such
an associ ation. The authors concluded that the findings do not
suggest these nickel -cadm um battery workers had experienced an
el evated | ung cancer risk as a consequence of exposure to cadm um
oxi de dust.

In Sweden, Kjellstrdém (1979) investigated the incidence of
cancer anong 269 nal e ni ckel -cadni um battery workers. Al workers
had been heavily exposed (on average about 1 ng cadm um nt) for
five years or nmore to cadm um dust or fume, and were alive in 1959
Fifteen workers were found to have cancer between 1959 and 1975. It
was cal cul ated from national incidence rates that 16.4 new cases
woul d have occurred; only 2 were prostatic cancers while 1.2 were
expected. In a re-examnation of the same cohort, there were 8
deaths fromlung cancer with a non-significantly raised SMR of 133.
The SMRs increased progressively with increasing | atent periods
wi t hout reaching statistical significance (Elinder et al., 1985c).

b) Copper-cadm um all oy pl ants
Copper-cadnium all oy workers in the United Ki ngdom who had
heavy past exposure to cadnmi um oxi de fune on two sites, one urban

the other rural, were studied by Holden (1980a). There was an
i ncreased lung cancer nortality at the urban site (8 observed versus
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4.5 expected) and a significant deficit at the rural site (2
observed; 7.8 expected). Vicinity workers in the urban plant, where
the mean cadni um concentration averaged no nore than 60 pg/ n?),

al so experienced a significantly increased |ung and prostatic cancer
nortality (36 observed; 26.1 expected).

A case control study was perfornmed (Kazantzis et al., 1989) in
the sane copper-cadnium all oy plants where workers had experienced
heavy past exposure to cadm um oxi de fune and dust, which had given
rise to a nunber of deaths coded as chroni c cadm um poi soni ng.

Bef ore and during the period 1939-1945, cadmi um oxide fune |evels
had been estimated to be up to 4 ng/n’. Cases and controls were

sel ected fromthe cohort previously studied by Hol den (1980a).
Personal interviews conducted with a small nunber of |ong-term

enpl oyees reveal ed that arsenical copper had been additionally
produced by addi ng bags of arsenic trioxide to the nolten copper and
stirring manually; this resulted in the evolution of dense white
clouds of arsenic fume. The case control study showed no evi dence of
an increased risk of lung cancer associated with past cadmnmi um
exposure but an approximately two-fold excess risk associated with
ar seni c exposure.

Kjellstrom (1979) al so investigated a cadm um copper all oy
pl ant in Sweden where workers had been exposed to cadmi um oxi de
fumes and included 94 workers enployed in 1940 or who started work
after that year. Four cases of prostatic cancer occurred as opposed
to 2.7 expected.

c) Cadm umrecovery plant in the USA

An increase in prostatic cancer incidence was also found by
Lenen et al. (1976) in a study of 292 nale snelter workers heavily
exposed to cadm um oxi de dust or funes. Air cadm um concentrations
in 1973 were up to 24 ng/nt but generally below 1 ng/nt. There
were four deaths fromcancer of the prostate (1.15 expected). There
were al so 12 deaths fromlung cancer (5.1 expected); the difference
was statistically significant.

Thun et al. (1985) expanded the Lenen et al. (1976) cohort to
i nclude 602 workers who had been enpl oyed at this cadm um production
pl ant between 1940 and 1969 for at |least 6 nonths. Exposure was to
cadm um i n baghouse dust, a by-product of zinc snelting which was
processed to produce cadnmi um nmetal and cadmi um oxi de. The pl ant
functioned as an arsenic snelter up to the end of 1925, and snall
quantities of |ead, arsenic, thalliumand i ndiumwere subsequently
produced at intervals. The vital status of the workers was
determned in 1978. A dose-response rel ationship was observed
bet ween lung cancer nortality and cunul ati ve exposure and was
statistically significant for workers whose exposure exceeded
2920 ny/ nt. days. The SMR for this group was 280. The lung tunours
were, as far as can be determned, nostly of bronchogenic origin.
The aut hors accounted for snoking habits by obtaining questionnaires
fromsurvivors or next-of-kin in 50% of the cohort nenbers and for
arseni ¢ exposure by measuring arsenic in certain parts of the plant.

d) Cadm um processing plants in the United Ki ngdom

Kazantzis & Arnstrong (1982) and Arnstrong & Kazantzis (1983)
investigated a | arge cohort of workers in England at 17 plants with
processes using cadm um The cohort conprised 6995 cadnm um exposed
mal e wor kers born before 1940, first exposed before 1970, and not
included in any previous nortality study. Jobs were assessed for
each rel evant year involving high, nediumor |ow exposure to cadni um
on the basis of discussions with hygienists and enpl oyees with
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know edge of past working conditions, taking into account
environnmental and biological nmonitoring data (e.g., cadm umurine
data > 20 ng/litre in the high-exposure group. The periods at risk
of the study popul ation were classified on the basis of these
categories and recorded job histories into three groups: (i) those
wor kers conti nuously enpl oyed for nore than one year in a job
assessed as entailing high exposure - "ever high"; (ii) those

wor kers continuously enployed for nore than one year in a job
assessed as entailing nedi umexposure, but who were never for nore
than one year in a high-exposure job - "ever nediunt, and (iii) al
others. Actual deaths were conpared with expected nunbers cal cul ated
fromnortality rates for the popul ati on of England and Wl es
corrected for regional variation. The 8th revision of |ICD codes was
used and results were expressed as SMRs.

Only 3% of the workers (about 200) were assigned to the "ever
hi gh" category. The nean duration of exposure was 11 years and the
nean interval frominitial exposure to the end of the foll ow up was
27 years. The SMR (all causes) for the entire popul ati on was 97.
There were no prostatic cancer deaths in the "ever high" and "ever
medi uni’ exposure categories (0.4 and 2.5, respectively, expected),
and t he nunber of deaths (23) in the "always | ow' group was close to
the expected value. There was a snmall, but not statistically
significant, excess of lung cancer in all categories, but in those
with more than 10 years exposure in the "always | ow' category this
excess was significant at the 5% evel (100 observed, SWMR 126).
Since there was no correlation between increase in |ung cancer risk
and intensity of exposure, the authors concluded that it was
unlikely that the excess in the "always | ow' group was due to
cadm um

A 5-year update of this study (Kazantzis et al., 1988)
confirmed no excess risk fromprostatic cancer over the total study
period from 1943 to 1984 and no cases of prostatic cancer in the
medi um or hi gh-exposure groups. The SMR was 99 as opposed to the
value of 90 in the initial study. However, there was now a
significant excess lung cancer nortality (277 observed deaths, 240.9
expected), giving a SMR of 115 (95% confi dence interval, 101-129).
This excess risk was related to intensity of exposure, there being
12 deaths in the snmall high-exposure group as opposed to 6.2
expected (SMR 194; 95% Cl, 100-339), 41 deaths in the
medi um exposure group and 224 deaths in the | ow exposure group (SMR
121 and 112, respectively; not significant). Wile there appeared to
be evidence of a dose-response relationship, it was not
statistically significant. The increased cancer risk mainly invol ved
those enpl oyed before 1940, rising with I ength of enploynment and
with length of follow up.

Furt her studies have been conducted on workers at these 17
plants (Arnstrong & Kazantzis, 1985; Ades & Kazantzis, 1988). A case
control study on lung cancer was carried out on workers in a |arge
| ead- zi nc- cadmi um snel ter. These workers fornmed 64% of the cohort of
6995 nen, and the study included 70% of the |ung cancer deaths
observed in the cohort as a whol e (Ades & Kazantzis, 1988). There
was a significant excess lung cancer risk anong the snelter workers,
and a significant trend with increasing duration of enploynent,
particul arly evident anong those enployed for nore than 20 years
Quantitative estinmates of exposure to cadmi um and ordi nal rankings
for lead, arsenic, zinc, sulfur dioxide and dust were used to
cal cul ate cumul ative exposures fromjob histories. However, matched
| ogi stic regression anal ysis showed that the increasing risk of |ung
cancer associated with increasing |ength of enploynent could not be
accounted for by cadm um exposure and did not appear to be
restricted to any particul ar process or departnent.
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e) Summary of industrial studies

Increased nortality fromlung cancer has been observed in
several occupational cohorts exposed to cadmi um and there is sone
evi dence of dose-response relationships in two of the exani ned
popul ati ons. Case control studi es have not given support for such a
relationship. It is difficult to reach a firm conclusion about
causality, because in all of the occupational cohorts there has been
si mul t aneous exposure to other potential carcinogens (e.g., nickel
arseni ¢, pol yaromati c hydrocarbons) or other environnental
pollutants (e.g., sulfur dioxide). Information on tobacco snoking is
i nadequate or entirely absent in all except two studies.

I nvestigations of the rel ationships between cadm um exposure and
prostatic cancer are inconclusive.

8.2.5.2 In the general environnent

El evat ed cadmi um | evel s have been found in the liver and
ki dneys of patients with bronchogenic carcinoma (Mrgan, 1970;
Morgan et al., 1971). However, the authors stressed the possibility
that differences observed could reflect the effect of snoking
(section 5.1.3) or could represent a non specific association

A study of the causes of death in areas of high cadm um
exposures in Japan (Shigematsu et al., 1982) reveal ed no difference
in age-adjusted cancer nortality rates between polluted and control
areas of the same prefecture. The nortality rate due to prostatic
cancer was elevated in two areas but only achieved statistical
significance (P < .01) in one area. It was not significant in two
areas including Toyama prefecture, which has the | argest area of
pol I ution.

8.2.6 Mitagenic effects in human cells

An increased frequency of chronmpbsomal aberrations in somatic
human cells is considered to be evidence of some exposure to
nmut ageni ¢ agents. Shiraishi (1975) noticed an increased frequency of
chronosomal aberrations in | ynphocytes obtained from12 Itai-ita
patients conpared to 9 female controls. However, this observation
was not confirmed by Bui et al. (1975) who exanmined cells from4
Itai-itai patients and 4 controls.

Anmong cadmi um wor kers, an increased preval ence of chronosonal
aberrations, conpared to controls, was reported by Deknudt & Leonard
(1975) and by Bauchinger et al. (1976), whereas no such effect was
seen by O Riordan et al. (1978). In none of these occupationa
studi es was the actual exposure to cadm um neasured, and the
possi bl e confoundi ng effect fromother industrial chenicals and
snoki ng was not consi der ed.

Nogawa et al. (1986) did not find evidence for increased sister
chromati d exchange in people exposed to cadmumin the genera
environment. | ARC (1987a,b) reviewed the avail abl e evi dence for
nmut ageni c and related effects and noted the differences in results
reported fromdifferent industrial environnments.

In conclusion, it is not yet possible to say whet her cadni um
causes mutagenic effects in humans.

8.2.7 Transplacental transport and fetal effects

There have been few studies on the fetal toxicity of cadmi um
transported across the placenta. Maternal hypertensi on and decrease
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in birth weight have been associated with elevated | evels of cadm um
in the neonate (Huel et al., 1981). In addition, it is

wel | -establ i shed that the babies of nothers who are cigarette
snokers are smaller at birth than are those of non-snokers. The
rati o of placental zinc to cadmumis positively related to infant
birth weight in the case of pregnant snokers, and ol der pregnant
snokers are at higher risk for inpaired fetal growth than are
younger ones (Cnattingius et al., 1985; Kuhnert et al., 1987a,
Kuhnert et al., 1987b). Multiparity is related to an increased

pl acental cadnmiumlevel in snmokers and to a decreased placental zinc
level in both snokers and non-snokers. These results have been
interpreted as consistent with a depletion of zinc with increasing
nunber of births and a progressive increase in cadnmumin snokers
because of the long half-life of cadm um (Kuhnert et al., 1988).

The cel lul ar mechani sms and factors that influence
trans-placental transport of cadmiumare not known. Metall othionein
has been identified in the human placenta and in fetal nenbranes at
term and nmetallothionein synthesis is inducible in cultured
trophobl asts by treatnent with cadm um (\Waal kes et al., 1984). This
effect is seen with cadmium concentrations in the culture nedium as
low as 52.2 ug/litre (0.5 punmol/litre) (Lehman & Poi sner, 1984).

Hi gher | evels of exposure to cadm um nmay have a direct toxic effect
on the placenta. In a test systeminvolving perfusion of naterna

and fetal blood vessels in the isolated human placenta, it was shown
that perfusion of the maternal circulation with cadnmiumat a
concentration of 1.12 ng/litre (10 pnol/litre) resulted in the
deposition of 2.5 pg cadm um per g placenta (22 nnoles/g), but very
little of it was detectable in the fetal circulation. Perfusion of
the maternal circulation with higher concentrations of cadni um
produced placental cadm um concentrations of 11.2-16.8 pg/g

(100- 150 nnol es) with stromal oedemm, syncytiotrophoblastic
vesi cul ati on and vacuol i zati on of Hof bauer cells within 6-8 h

foll owed by placental necrosis. These changes were associated with a
decrease in human chorioni c gonadotropin rel ease and decreased
nmoverment of zinc into the fetal circulation (MIler, 1986).

8.2.8 Oher effects

Many other different synptons and signs have been reported in
humans exposed to cadnmium These include |oss of appetite, |oss of
wei ght, fatigue, and increases in the erythrocyte sedinentation rate
(ESR). Val etas (1946) reported details of the poisoning cases in a
French accumul ator factory, which were first described by Nicaud et
al. (1942). In addition to the bone effects and the pains (section
8.2.2.1), Valetas nmentioned that several workers experienced
par aest hesi a and i nvoluntary muscul ar contractions. This could be an
effect resulting fromabnormal changes in the |evels of serum
el ectrol ytes, such as cal cium or potassium which may in turn be
caused by severe ki dney danmge.

M1 d anaem a has been nore frequently observed anong
cadm um exposed workers than anong controls (Friberg, 1950; Bonnell
1955; Bernard et al., 1979).

More specific effects fromcadm umare the yell ow di scol oration
of the proximal part of the front teeth (Barthelemy & Moline, 1946;
Val etas, 1946; Princi, 1947; Friberg, 1950; Apostolov, 1979) and
anosni a (Friberg, 1950). Anosmia was found by Friberg (1950) in
about one third of a group of workers with a nmean exposure tine to
cadm um oxi de dust of 20 years. Baader (1951) in Gernmany and
Apostolov (1979) in Bulgaria also noted that anosm a was common
anong wor kers exposed to cadm um oxi de dust for |ong periods of
time. Suzuki et al. (1965) and Tsuchiya (1967) in Japan, found no
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increase in the preval ence of anosmia in workers exposed to cadni um
stearate and cadm um oxi de funes.

Ner vous system synptons were reported by Vorobjeva (1957), who
i nvestigated 160 workers at an accunul ator factory in the USSR
Subj ective synptons included headache, vertigo, and sleep
di sturbance. Physical exanm nation reveal ed i ncreases in knee-joint
refl exes, trenor, dernographia, and sweating.

Cadmium sulfide is sonmetines used as a yell ow tattoo pignent,
which is deposited intradermally. Local phototoxic reactions nay
take place when the skin is exposed to ultraviolet light and are
probably connected with the marked phot oconducti ng properties of
cadmumsulfide. O 24 patients with yellow tattoos who were
exam ned by Bjornberg (1963), 18 experienced skin swelling when
exposed to sunlight.

8.3 dinical and epidem ol ogical studies with data on both exposure
and effects

There are several clinical and epideniol ogical studies with
data on occupational or general environnment exposure |levels, but the
data concerning effects are restricted to the |ungs and ki dneys.

8.3.1 Studies on respiratory disorders

Friberg (1950) studied 43 nale workers exposed to cadmi um oxi de
dust, with an average period of enploynent of 20 years (range 9-34
years), and 15 workers who had been enployed for only 1-4 years.
They were conpared with a group of 200 sawri ||l workers. Shortness of
breath was the common synptom anong the workers with | ong exposure,
and an inpairment of lung function (increased residual capacity in
relation to total lung capacity and a decreased worki ng capacity)
was denonstrated. The lung function of the group with short exposure
(less than 5 years) was found to be normal. The cadm um
concentration in air varied from3 to 15 ng/ n®, measurenents
havi ng been made at five places on only one occasion. |n another
battery factory (where air cadm um concentrations were
0.05-5 ng/nt, Adams et al. (1969) found a slight average decrease
in forced expiratory volune in a group of 27 male workers.

Twel ve out of 96 cadm um workers exposed for up to 27 years to
cadm um oxi de funme in two cadm um copper alloy factories were found
to suffer fromenphysemn, as evaluated from a conprehensive | ung
function test (Bonnell, 1955; Buxton, 1956; Kazantzis, 1956). These
workers were conpared with a simlar size control group. The average
air cadnmium concentrations in the two factories were 40-50 pg/ n?,
and 90% of the particles were less than 0.5 pmin dianeter (King,
1955).

Lauwerys et al. (1979a) studi ed pul nonary ventilatory function
in three groups of workers exposed to cadm um oxi de dust and in
mat ched control groups (the matching included snoking habits). A
slight but significant reduction in forced vital capacity, in forced
expiratory volume in one second, and in peak expiratory flow rate
was found in 22 nen. These were all snokers and had been exposed for
nore than 20 years to a tine-weighted average air concentration of
66 pg/ n? (21 pg/ n? respirable cadmiun). In another group of
wor kers (snmokers and non-snokers) exposed for 1-20 years to an

average concentration of 134 ug/n? (the respirable cadnm umleve

at the nost polluted work site was 88 ug/nt), the pul monary
i ndices were on average |lower than in the control group, but the
differences were not statistically significant. A nore thorough
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exam nation of a subgroup of the workers with | ong exposures carried
out by the sanme research group (Stanescu et al., 1977) found nore
respiratory synptons in the cadnmi um exposed group than in a contro
group and al so inpaired lung function (not statistically
significant). However, Lauwerys et al. (1979a) reported nore
extensive data fromthe sane plants and found that the workers with
| ess than 20 years of exposure (average 7.5 years) showed
significant effects in the lung function tests.

Reduced forced vital capacity was al so found at a cadmni um
production plant in the USA (where the air concentrations were
"comonly greater than 200 pg Cd/ n#) anmong 17 workers exposed for
nore than 6 years (Smith et al., 1976). De Silva & Donnan (1981)
provi ded evi dence that insoluble cadni um conpounds may i nduce
enphysemat ous changes after nore than 7 years exposure to a
ti me-wei ght ed average cadni um concentration of 700 pg/ nt.

Edling et al. (1986) found no lung function differences between
an exposed group of workers using cadmi um containing solders and a
control group. The |evel of exposure, which |asted for severa
years, was estimated to be 0.05-0.5 ng cadmi unm’ n¥, but the workers
had not been exposed to cadmi um for several years. O the 57 workers
exam ned, 42% had cadm uminduced renal tubular dysfunction

Davi son et al. (1988) exam ned 101 nmal e workers, who had worked
for 1 year or nore manufacturing copper-cadni um all oys, and found,
conmpared with a reference group, inpaired lung function. They al so
conpared certain paraneters (transfer coefficient: KCO wth the
estimated cumul ative exposure index for cadni umworkers with 95%
confidence limts for the regression |line. Anong 35 workers exposed
for more than five years and with a cumnul ative cadm um exposure
index up to 14 ng/nt.years, there was no evidence of a threshold.
The aut hors concl uded that inhal ed cadm um fumes caused changes in
lung function and in chest radi ographs consistent wth enphysena.
This could also explain the increased nortality reported. The
inmpaired lung function was also related to liver cadmumlevels as
measured with neutron activation in vivo.

Sone studies on respiratory disorders have yiel ded negative
results. However, sone of these studies did not use lung function
tests (Hardy & Skinner, 1947; Princi, 1947; Tsuchiya, 1967; L'Epee
et al., 1968) and another did not use a control group (Tecul escu &
St anescu, 1970). Suzuki et al. (1965) exam ned a group of workers
exposed for a short period (average 3.3 years) to 30-690 pg
cadm uni n? (as cadni um stearate) and found no changes in |ung
functi on when conpared to a control group

In summary, it is clear that exposure to cadm um dust and fune
over prolonged periods can give rise to inpaired lung function and
enphysema. Such effects have been seen predoninantly at high air

cadmi um concentrations (above 100 pg/ nt), but one study showed
effects after nore than 20 years of exposure to respirable cadni um

oxi de dust concentrations of 21 pg/nt.

Cadmi um wor kers sonetimes suffered fromsynptons such as
coughing and throat irritation, but did not show abnormal chest
X-ray findings when exposed to cadm um oxi de fume at a concentration

of 100 pg/nt for 4-8 years (Hardy & Skinner, 1947) or
40- 1440 pg/ n? for 8 years (Princi, 1947), or to cadm um oxi de dust

at a concentration of 64-241 pg/nt for up to 15 years (Tsuchiya,
1967).

8.3.2 Studies on renal disorders in industry
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Friberg (1950) reported that prol onged exposure gave rise to
renal damage anong a | arge group of workers exposed to cadmi um oxi de
dust at concentrations of 3-15 ng/n? in an accunul ator factory. In
one group of 43 workers with a mean exposure period of 20 years
(range 9-34 years), a high preval ence of proteinuria was
demonstrated by the nitric acid and trichloroacetic acid test. In
several of the workers, the renal damage was al so mani fested by a
decreased inulin clearance and decreased concentrating capacity.

Anot her group of 15 workers with a nean exposure period of 2 years
(range 1-4 years) showed no positive reactions.

Si nce 1950, there have been nany studies on proteinuria anong
workers in various industries. This type of proteinuriais
characterized particularly by a great relative increase in the
excretion of |ow nolecular weight (LMAN proteins (section 8.2). In
nost of the early studies, qualitative tests for detecting
proteinuria were used, but, nore recently, specific nmethods for the
quantitative determinati on of LMW proteins have been devel oped.

Table 16 contains data on the preval ence of proteinuria from
several epidem ol ogi cal studies on cadmi um workers. It nust be
recogni zed that, in nost studies, the dose neasurenents are based on
short sanpling periods (hours or a few days), whereas exposure may
have been for decades. Information on sanpling nethod (static or
personal) and the use of respirators is usually inadequate, which
makes accurate dose estimates difficult (section 2.2.1).

It is evident that the preval ence of proteinuria in cadm um
wor kers increases with exposure intensity duration. The study by
Kiellstromet al. (1977a) presents frequency distributions of
urinary B,-mcroglobulin excretion for 240 exposed workers and a
control group. There is a general shift to higher excretion levels
anong the exposed workers, and a | arge proportion of them have
excretion levels far outside the control distribution. Any cut-off
poi nt (operational definition) for "abnornmal" proteinuria is
arbitrary. If a cut-off point of 290 ug/litre (corresponding to the
97.5 percentile of the control group) is chosen, 26% of the whole
group of exposed workers woul d be classified as having LMV
proteinuria. If higher cut-off points are used, the preval ence of
proteinuria will obviously be | ower.

Tabl e 16 provi des evidence of a dose-response rel ationship. The
| owest "dose" that gave rise to a statistically significant increase
in urinary RB,-mcroglobulin, as defined above, was a 6-to 12-year
exposure to 50 pg cadmi um n? (based on personal sanpling)
(Kjellstrémet al., 1977a).

Jarup et al. (1988) recently nmade a reassessnent of
dose-response in the sanme battery plant (Table 16). A pattern very
simlar to Kjellstrémet al. (1977a) was observed with a preval ence
of B,-microglobulinuria of 4% at a cumul ative dose of 0.5 ng/n?
(corresponding to 10 years of exposure to 50 pg cadni um nt).
Lauwerys et al. (1979a,b) studied the preval ence of increased
Bo-m crogl obulin clearance (cut-off point: 97.5 percentile of
controls) and found a 21% preval ence after nore than 20 years of
exposure to 66 pg cadmunin? total dust (static sanples) or 21 ug
cadmi unm n? respirabl e dust (Table 16).

Hol den (1980b) neasured urine |levels of B,-mcroglobulin and
found dose-response rel ati onshi ps using cut-off points of
200 pg/litre, 1000 pg/litre, or 10 000 pg/litre. The cut-off point
of 200 pg/litre gave a 16% LMW protei nuria preval ence rate after
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6- 10 years of exposure (Table 16).

Table 16 al so shows that an increased preval ence of total
proteinuria, as measured by sulfosalicyclic acid, trichloroacetic
acid, or quantitative determ nation of total proteinuria, occurs
after 5-10 years exposure to approximately 100 ug cadmi um n¥. An
i ncreased excretion of LMWprotein (e.g., B,-mcroglobulin) occurs
at much | ower doses

The in vivo nmeasurenment of cadmiumin the liver and ki dneys
of people with various |evels of cadnmi um exposure provi des a neans
for relating organ dose to effects and response rates (section

6.4.2). Sone questions still remain regarding the accuracy of the
anal ytical nethod (section 2.2.3.4) and the mat hemati cal -stati stica
nmet hodol ogy (Kjellstréomet al., 1984). Neverthel ess, Roels et al

(1983a) and Ellis et al. (1984) suggested that renal tubular danmage
woul d be experienced by about 10% of people with a kidney cortex

| evel of 200 ng cadm unmi kg, and by about 50% of people with a kidney
cortex level of 300 ng cadm um kg

Table 16. Preval ence of proteinuria in cadm um workers

Cadmi um Estimated air Exposur e No. of Preval en
compounds concentrations peri od exam nees proteinu
(ug/ ) 2 (years)”®
Cadmi um oxi de 40- 50 control 60 2
fume 1-9 37 24
> 9 63 46
64- 241° control 11 0
<1 4 0
1-4 4 50
123¢ > 5 4 100
(time-weighted
aver age
Cadni um oxi de 3000- 15 000 1-4 15 0
dust 9-15 12 33
16- 22 17 41
23-34 14 64
31 (1.4)°¢ control 31 0
1-12 (4) 31 0
control 27 4
134 (88)° 0.6-19.7 (9) 27 15
control 22 0
66 (21) 21-40 22 68
66 (21) > 20 42 21

Table 16 (contd).

Cadmi um Estimated air Exposur e No. of Preval en
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conpounds concentrations peri od exam nees proteinu
(Mg/ nB)® (years)®
Cadm um oxi de
dust
control 87 3.4
50°¢ 0-3 50 6.0
50°¢ 3-6 30 6.6
50°¢ 6-12 21 19.0
Cadm um st earate 30-690 control 24 17
dust (3) 19 58
Cadmi um sul fi de 1149 < 1-5 12 17
dust 5-21 7 100
< 1-5 12 8
5-21 12 43
control 203 1
80 0-5 105 0
100 6-11 41 0
100- 600 11-19 13 7.7
100- 600 20+ 14 57.0
M xed exposures; not reported, control s 642 0 (0.8)
12 factories; but nean bl ood < 18 nont hs 121 0 (10)
mai nly zinc cadm um | evel 19 nonths-5 years 168 1.8 (8.3
snelters after 1 year 6- 10 170 1.8 (16)
exposure was 11-15 82 7.3 (22)
about 16- 20 33 24 (45)
15 pg/litre
20+ 68 25 (56)
Table 16 (contd).
Cadmi um Estimate of cumul ative Nurmber of Preval ence (% Pr ot el
compounds dose (ng/ nt.year) exam nees of proteinuria charac
det ec
Cadm um f une <1 16 18 By-m ¢
(oxi de) 1-2 22 32 > 0.0
2-3 9 44
3-5 8 62
> 5 5 100
<1) 6
1-15) 67
1.5-3) 75 58
3-5) 86
> 5) 100
Cadmi um oxi de <0.4 264 1.1
0.4-1.7 76 9.2
1.7-4.6 43 23.3
4.6-9.6 31 32.3
9.6-15 16 32.2
> 15 10 50
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Nunbers in parentheses refer to average concentrations of the respirable
Nunbers in parentheses are average val ues

Measured in breathing zone by personal sanpler

Cal cul at ed average exposure for the worker with the npbst pronounced effe
€ SA = sulfosalicyclic acid nethod (qualitative); TCA = trichloroacetic ac
TA = tungstate nethod (quantitative); EP = el ectrophoresis; RIA = radio
Val ues for preval ence of proteinuria refer to a B,-mcroglobulin level o
Val ues in parentheses refer to a level of > 200 pg/litre.

T o

(]

Ellis et al. (1985) correlated tinme-wei ghted exposure indices
(TVE), based on enpl oynent records, area nonitoring techniques and
personal sanpling, with body burden of cadmi um neasured by

in vivo neutron activation analysis of the liver and left kidney
in 82 nmen exposed to cadmiumdust in a snelter. The workers were
grouped as follows: production workers (40 active, 21 retired);
office and | aboratory workers (8 active, 4 retired); and

non- producti on workers (3 active, 6 retired). Fromthese
nmeasurenments the authors were able to estimate the probability of
devel opi ng ki dney dysfunction based on the workers' cumnul ative
exposure index. Wen the exposure linit was 400-500 ug/nt.years,
the preval ence for renal dysfunction was about 32% it was 22-40%
with a wider exposure index (300-600 pg/nt). Kjellstrémet al
(1977a) reported a preval ence of 19%at a battery factory at a |l eve
of 50 pg Cd/ n?, which resulted in a simlar exposure index.

Lauwerys et al. (1974a) observed proteinuria in 68% of workers with
| ong-term exposure (20 years at 66 ug/nt), whereas the |ogistic
nodel developed by Ellis et al. (1985) would have predicted 65%
under these exposure conditions.

For exposures of 250 pg/nt.years there is a 19% probability
of experiencing renal dysfunction. In the case of workers with
nornmal renal function, an exposure index of 400 ug/nt predicts a
nmean cadm um concentration of 28 ng/kg in liver and 288 ng/ kg of
renal cortex. The nodel would predict that a 10-year exposure to
25 pg/ n? would result in a nmean renal cortex concentration of
252 ng/ kg, which is simlar to the critical concentration defined by
Fri berg.

Thun et al. (1989) assessed the quantitative relationship
bet ween exposure to airborne cadm um and various narkers of rena
tubul ar and glonerular function in 45 male workers at a plant that
recovered cadm um fromindustrial waste. The dose was estimated from
historical air sampling data. In this study, the "critical dose" of
cadm um necessary to i nduce nephropathy was based on the 5th or 95th
percentile of test results in the unexposed popul ation. Using this
definition, renal tubular dysfunction sharply increased as
cunul ative exposure to cadm um rose above 300 ng/ n?. days
(corresponding to about 0.8 ng/n?.years). Very sinmlar
dose-response curves with an increased preval ence of
B>-m crogl obulinuria at cunul ative exposure | evel s exceedi ng about
0.5-1 ng cadmi uni nt. year have been reported from exami nations of
wor kers exposed to cadm um funes (Elinder et al., 1985b; Mason et
al ., 1988). These findings are consistent with the reconmendati ons
by a working group of the Wrld Health O ganization (WHO 1980) to
limt workplace exposures to 10 pg/n? in order to prevent tubular
proteinuria after life-tine occupational exposure to cadm um

Cunul ati ve cadm um exposure indices have been cal culated for 75
cadm um al | oy workers enpl oyed for periods of up to 39 years,
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together with the in vivo liver and ki dney cadm um burden (Mason
et al., 1988). Several indicators of both tubular and gl onerul ar
dysfunction correlated significantly with both cunul ati ve exposure
i ndex and |iver cadm um burden. Using these estimtes of dose, a
two- phase linear regression nodel was applied to identify an
inflection point of the order of 1100 pg/n?.years above which
changes in renal function occurred. A nunber of biochenica
variables fitted this nodel, including total protein, albumn, and
B,-m crogl obulin. Sinple dose-response anal ysis showed a greatly

i ncreased incidence of tubular proteinuria when the cunul ative
cadm um exposure index was greater than this value. The cumul ative
exposure index was equated to about 20 to 22 years of exposure to a
cadmi um | evel of 50 ug/nt.

Evi dence of tubul ar damage was investigated in a group of 91
cadm um wor kers subjected to yearly estimtion of cadm um
concentration in blood and urine over a period of eight years. In
workers with bl ood and urine cadmium | evels constantly bel ow t he
Biological Limt Value of 10 pg/litre, the preval ence of tubul ar
damage, as indicated by an increased excretion of R,-m croglobulin
above 260 pg/litre, was below 3% RBP excretion confirnmed this
pattern.

8.3.3 Studies on renal disorders in the general environnent
8.3.3.1 Health surveys in Japan

Fol I owi ng the recognition of the association between Itai-ita
di sease and exposure to cadm um (Japanese Mnistry of Health and
Wel fare, 1968), additional general surveys of cadm um pollution were
performed in Japan, and further areas were found to be invol ved.
Health effects were studied first anong the population in the area
where Itai-itai cases had occurred and later in other areas found to
be contam nated. The original studies were designed to find cases of
Itai-itai disease, but it was possible also to estimate the
preval ence of proteinuria and glucosuria in the exam ned popul ati on
A detail ed description of the nmethods used in these cadm um
pol lution surveillance programmes has been reported by Shigematsu et
al . (1979).

At the time of the first surveillance programes (1969-71),
nmet hods were devel oped for estinmating the degree of contam nation
with cadm umand the total daily intake. At the early stage of the
i nvestigations, the nbst comobn index of cadnmi umintake neasured in
all areas was the cadmi um concentration in rice. Fromdata of the
Japan Public Health Association (1970), it was estinmated that, in
areas with different exposure |evels, an average of al nost 50%
(range 14-71) of the daily cadm umintake cane fromrice. In one
area, the proportion was estimted to be 85% (Kawano & Kato, 1978).

The average cadm um concentration in rice from non-pol |l uted
areas has been reported to be 0.066 ng/kg in polished rice
(Moritsugi & Kobayashi, 1964) and 0.09 ng/kg in unpolished rice
(Japanese Mnistry of Agriculture and Forestry, 1973) (section
5.2.1). The national average consunption of rice was 364 g per
person in 1961, 308 g in 1971, and 222 g in 1981 (Japanese Mnistry
of Health and Wl fare, 1983).

Proteinuria was generally estimated with qualitative nethods
such as the sulfosalicylic acid nethod or the trichloracetic acid
net hod according to standardi zed techni ques (Japanese M nistry of
Health and Welfare, 1971). More recently, enphasis has been placed
on the identification of the urinary protein pattern, in particul ar
to detect early evidence of tubular dysfunction. The nethods
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currently used are el ectrophoresis and the quantitative

determ nation of |ysozyne, RBP, and B,-m crogl obulin. Severa
studi es have been published, and there are extensive reviews in
English (Tsuchiya, 1969; Yanmgata & Shigematsu, 1970; Friberg et
al ., 1974; Tsuchiya, 1978; Shigematsu et al., 1979, 1980).

From 1976 to 1984, epideniol ogical health surveys of residents
in areas with environmental cadmi um pollution were perforned by the
Japan Environnment Agency using net hods including i munol ogi cal tests
for the detection of |ow nolecular weight proteinuria in eight
prefectures (Akita, Fukushisuma, Gunnma, Toyanm, |shi kawa, Hyogo,
Nagasaki, G ta). Mre than 13 000 inhabitants of polluted areas and
nore than 7000 inhabitants of non-polluted areas, aged 50 years or
nore in both areas, were subjected to these surveys.

The foll owi ng screening nmethod was adopted for health
exam nations. The urine of those people with proteinuria
(dermonstrated by a sem quantitative nethod) and/or glucosuria (by a
paper test) was anal ysed for B,-microglobulin (> 10 ng/litre),
RBP (> 4 ng/litre), lysozyme (> 2 ng/litre), total amno acid
nitrogen (> 20 mmol /litre), and cadm um (> 30 pg/litre). Those
who exceeded the above levels in nore than one itemwere tested for
renal function by urine and bl ood analysis. Finally those for whom
the TRP was | ess than 80% were subjected to detailed health
exam nation, including skeletal radiography, in order to nake a
clinical diagnosis (Fig. 7).

Wth the exception of Ota prefecture, the nunber of
i ndi vi dual s who had or were suspected of having proxinmal rena
tubul ar dysfunction (as defined by the Japanese Cadmi um Research
Conmittee) or related findings tended to be greater in the polluted
areas than in the non-polluted areas, and this was often
significantly related to the degree of pollution (see Table 16).
Thi s suggests that environnmental cadm um pollution is associated
with the occurrence of proxinmal renal tubular dysfunction.
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Fig. ¥. The revized method of health examination in Japanese-cadmium-paliuted areas
Frarm; Shigematsu et al. (1930).

Five areas in which significantly increased
B,-m crogl obul i nuria was found are reviewed in detail below In
addition there is a description of some other Japanese poll uted
areas and three European pol |l uted areas.

8.3.3.2 Toyamm prefecture (Fuchu area)
This is the area where the Itai-itai disease was first

described (Kono et al., 1956). Exposure levels in polluted villages,
as neasured by cadm um concentrations in rice during the 1960s,
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varied greatly but in sone villages the |evel was as high as 2 ng/kg
(I'shizaki et al., 1969). A zinc and |ead mne was the major source
of pollution, and cadm um concentrations in soil were el evated
(Japan Public Health Association, 1968). Mny studi es have been
performed with sulfosalicyclic acid and trichloroacetic acid for the
identification of proteinuria. Both proteinuria and glucosuria were
common findings in the polluted area (Ishizaki et al., 1969;
Fukushima et al., 1974). There was a strong rel ationship between the
degree of proteinuria and age, and a greatly increased preval ence in
the ol der age groups conpared with controls. The proteinuria was
simlar to that seen in cadm um workers as eval uated by

el ectrophoresis (Piscator & Tsuchiya, 1971) or gel filtration
(Fukuyanma, 1972). Quantitative estimation of the LMNurinary
proteins R,-mcroglobulin (Shiroishi et al., 1975, 1977) and
retinol-binding protein (Kanai et al., 1971) confirned that the
proteinuria was tubul ar.

Fukushima et al. (1973) reported on the cadm um concentration
in rice and the preval ence of renal effects in various hamets in
the Fuchu and control areas. In control hamlets situated outside the
Jinzu river basin, the cadm um concentration in rice varied between
0.05 and 0.2 ng/ kg wet weight, and the preval ence of concurrent
proteinuria and gl ycosuria varied between 0 and 9% In the polluted
vill ages, where cadnmium |l evels in polished rice were 0.5-1.0 ny/kg,
the preval ence was 15-20% and, in all the 20 hamets, the
correlation coefficient between cadmumin rice and preval ence of
renal effects was 0.68 (P < 0.05) (Fukushima et al., 1973). The
preval ence had a tendency to be somewhat higher in the hanlets where
Itai-itai disease was endemic, as conpared with the ham ets where it
did not occur, even though the latter ham ets had similar cadm um
concentrations in rice.

Using a disc el ectrophoresis technique (Shiroishi et al., 1972)
in the age groups over 40 years, a tubular urinary protein pattern
was found in about 25% of exposed persons but not found at all in
the control group. Quantitative determ nation of R,-m croglobulin
in the urine of patients with Itai-itai disease and so-called
observation patients (people in polluted areas with likely
cadm uminduced renal damage) showed a marked difference between the
exposed and control groups (Shiroishi et al., 1977).

The | evel of urinary R,-microglobulin in patients with
Itai-itai disease was on average 43 ng/litre, i.e. 100 tines higher
than in the controls, and the | evel in observation patients was on
average 65 tinmes higher than it was in the controls.

A conparison by Kjellstréomet al. (1977b) of 138 cadm um
exposed wonen in the age-group 51-60 and 40 controls reveal ed
| arge di fferences. The exposed worren were sel ected on the
basis of their consunption of polluted rice (average cadm um
concentration above 0.7 ng/kg); no health data influenced the
sel ection. On average, the urinary (,-m crogl obulin excretion was
10 tines greater anobng the exposed wonen than anong the controls,
and the individual urinary |levels increased as a function of the
cadm um dose. Additional data fromthe sanme area for wonen in the
age-group 40-45 (Kjellstréom 1977) al so showed an increase
preval ence of high R,-mcroglobulin levels in urine.

Nogawa & |shizaki (1979) reported a significant increase in the
preval ence of both proteinuria and concurrent proteinuria and
glucosuria at an average rice cadnmum|level of 0.41 ng/kg. In a
further study (Nogawa et al., 1979), the preval ence of proteinuria
was anal ysed as a function of urinary cadmumlevels. The
correl ation between the two variabl es was good, but urinary cadm um
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may not be a suitable neasure of dose as it also increases as a
consequence of renal dammge (section 8.2.1).

A mat hermati cal dose-response anal ysis was carried out by Hutton
(1983) based on the data of Shiroishi et al. (1977) on urinary
B,- m crogl obulin excretion. For each individual the cadm um dose
i ndex (pg/day.years) was based on the estimated daily cadnmi um i ntake
via rice and other foodstuffs and the nunber of years the person had
lived in the polluted area. The age-groups 51-60 and 40-45 were both
divided into three sub-groups with different dose index levels. In
the analysis of Hutton (1983), three groups from Kosaka area were
i ncluded (section 8.3.3.4) for whomthe same type of data was
avail able (Kojima et al., 1977). Fig. 8 shows that the preval ence of
increased LMWV proteinuria (response rate) increased with dose. These
preval ences were adjusted for a control group preval ence of 2.5%
(Kjellstrém 1977), giving an expected "background"” preval ence
wi t hout cadm um exposure of 0% The 95% fiducial limts were quite
wi de. For instance, at a cadmiumintake of 55 pg/day (95% fi duci al
limts 25-123), there would be a 1%increase of proteinuria in the
popul ation. At a dose index of 5000 pg/day.years (or 50 years at
100 pug cadm uniday intake), the expected response rate was within
the range 2-12%

% Probit ™
ok .

25

y= 250 -4.35
[z =453 155

Percentage of population showing increazed oo -m levels

-2

T T T T 1
1,000 2,000 5,000 10,000 20,000 50,000

Cadmium dose index [ g 471 ]
Fig. 8. Dose-response relationship for cadmium-induced incresses in urinary B -microglobulin
[ 4 afg crestinine], with upper and loweer 95% fiducial limits. Fram: Hutton (19830, bazed on data
fratm Kjellstram (1977

8.3.3.3 Hyogo prefecture (lIkuno area)

In the I kuno area of Hyogo prefecture, an inactive zinc and
copper mne is the probable source of pollution of the Ichi river
basin. The average cadm um concentration in rice in the nost
polluted part was found to be 0.69 ng/kg in one study and 1.10 ng/kg
i n another (Hyogo Prefectural Governnent, 1972).

In 1972, urine from 1560 people (of both sexes, over 30 years
of age) fromthe polluted area and groups of 1574, 2002, and 638
peopl e (over 30) fromthree control areas were exani ned (Tsuchiya,
1978). The preval ence of proteinuria, as nmeasured by the
sul fosalicyclic acid methods was 58% and 33% respectively, a
statistically significant difference. The reason for the high
preval ence in the control area is not known.
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In a study by Watanabe & Murayana (1975), a search was made for
LMW prot ei ns anong 39 people in a polluted area and 56 in a contro
area (all the people were above 70 years of age). Urinary
3,- mi crogl obul i n excretion exceeding 10 000 pg/litre was found in
41% of the exam ned people in the polluted area and 4% of those in
the control area

Kitamura & Koi zum (1975) used disc el ectrophoresis to study
tubul ar-type proteinuria anong 224 peopl e (above 50 years of age)
froma polluted area and conpared the results with those froma
study of old bedridden people. Fig. 9 denobnstrates the considerably
hi gher preval ence of tubul ar proteinuria anong people fromthe
pol luted area. There was also a definite increase in the occurrence
of tubular proteinuria with age in the exposed and bedri dden contro
groups.

8.3.3.4 Ishikawa prefecture (Kakehashi area)

In the Kakahaski river basin of Ishikawa prefecture, severa
m nes had polluted the river with cadni um and copper (Tsuchiya,
1978). Rice sanples were studied in a nunber of villages along the
river, and vill age-average levels of up to about 0.7 g/kg were
found. Val ues were higher in paddy fields on the shores of a narrow
river valley close to the nine.

In 1974-1976, health examinations of 2805 inhabitants over the
age of 50 were carried out using test tape for proteinuria and
gl ucosuria exam nation as well as single radial imunodiffusion
anal ysis for RBP in urine (Tsuchiya, 1978). Based on the findings,
sonme people were selected for secondary and tertiary exam nations,
and 39 were considered to require consultation for renal tubular
dysfunction. However, no cases with severe bone disease were found
at that tinme.

This area is the only one where quantitative neasurenent of LMV
protein in urine was carried out in the first screening (Nogawa et
al ., 1978). The preval ence data in Table 17 are therefore of
particular interest. None of the other LMNproteinuria studies
mentioned in Table 16 were carried out on such a large group using a
broad epi demi ol ogi cal approach. A scatter in the preval ence val ues
anong the villages is seen in Fig. 10, but there is no doubt that
the villages with the highest rice cadm um val ues had an i ncreased
preval ence of high urinary RBP. This is al so evident when the data
fromdifferent villages with the same rice cadmumlevels are
conbined (Table 17). In all of the exposed groups with different
rice cadmium|levels (Table 17), the preval ence of tubul ar
proteinuria increases with age, but that is not seen in the contro
group. It is not known whether the age effect reflects increased
cadm um dose rather than age itself.

Further analysis of these data using a nathenmatica
dose-response approach (Hutton, 1983) clearly showed the effect of
cal cul ated cadm umintake on the preval ence of proteinuria
(Fig. 11). The fiducial limts are narrower than in Fig. 8 because
of the Il arger nunber of people studied.
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Fig. 9. Prevalence of tubular proteinuria among cadmium-exposed people and ald
people confined to bed in Hyogo prefecture From: Kitamura & Koisumi (1975,

In a study by Nogawa et al. (1978), |laboratory determ nations
related to proximal renal tubular function, etc., were conpared by
age group. The findings in the nost polluted areas hardly differed
fromthose in the non-polluted areas in the age-group 50-59
(Table 17). At age 60 and over, however, the frequency of findings
tended to increase with age, except in the case of total
am noaciduria. The difference in the age-adjusted rates for these

determ nati ons between the polluted and non-polluted areas tended to
be enhanced by agi ng. Table 18 shows how the preval ence of tubul ar
proteinuria varies according to age and average rice cadm um
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concentration. O the 438 participants in the final detailed

exam nations (426 in the polluted areas and 12 in the non-polluted
areas), findings of "possible proxinmal renal tubular dysfunction”
were noted in 334 people (333 in the polluted areas and 1 in the
non- pol | uted areas). Anong these cases, 202 in the polluted areas
were determned to have proximal renal tubular dysfunction and 116
of themwere considered to require nedical supervision in view of
the severity of the dysfunction. The urinary B,-m crogl obulin

level in ltai-itai disease patients was on average 43 ng/litre, 100
times higher than that in the controls, and the patients

i nvestigated by Nogawa et al. (1978) had an average urinary |evel of
3,-m croglobulin 65 times the controls.

Table 17. Age-adjusted prevalence rate (% of renal tubular dysfunction

Prefecture Year of Pol luted (P) or No. of exam nees R-M
st udi ed” i nvestigation non-polluted mal e fermal e (>
(NP) area® mal e
Toyama 1979- 1984 P 3432 4099 6.5
(Fuchu area) NP 944 1205 0. 44
Hyogo 1977 P 230 280 12. 8
(1 kuno area) NP 212 251 2.7¢
| shi kawa 1976 P 260 306 7.6
(Kakehashi area) NP 200 275 1.1¢
Akita 1976 P 179 247 6.4
(Kosaka area) NP 168 234 0.0¢
Nagasaki 1976 P 143 191 3.4
(Tsushi ma area) NP 210 291 1.9
Fukushi ma 1977 P 307 425 0.4
NP 246 396 0.0
Gunma 1976- 1978 P 937 1160 1.6
NP 620 786 0.8

Table 17 (cont'd).

Prefecture Year of Polluted (P) or No. of exam nees 3,- M
st udi ed® i nvestigation non-polluted mal e fermal e (>
(NP) area® mal e
Gta 1978 P 169 194 1.7
NP 182 215 1.7
a From Japan Cadm um Research Conmittee (1989). The response rates for tt

popul ati on. The age conposition (50-59, 60-69, 70-79, and 80+) in each
in 1980. The criteria for renal tubular dysfunction were: one out of th
and generalized am noaciduria), %RP < 80% and aci dosis (bl ood hydrogen

b The total number of people living in polluted areas in each prefecture
€ Total nunber of peopl e exam ned was 5657 nmal es and 6902 fermales in pollt
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d Significant difference (P < 0.01)
€ Significant difference (P < 0.05)

Tabl e 18.

Preval ence (% of tubular proteinuria® in relation to age (age-grc
vil | age- average rice cadm um concentrati ons®

Ri ce cadniym 50- 59 60- 69
concentration

(ng/ 9) No. A (9N B (% No. A (9N
Control (< 0.1) 104 0.96 0 80 2.50

0.19-0. 29 477 0. 84 0.42 377 2.65

0. 30-0. 39 184 3.26 2.72 138 5. 07

0. 40-0. 49 295 1.69 0.34 204 6. 86

0.50-0.59 140 0.71 0 120 10. 83d
0.60-0. 69 60 18. 33° 5. 00¢ 57 24, 56°

a Preval ence of increased RBP in |Ishikawa prefecture only

¢ Significant difference (P < 0.01) conpared with contro
d Significant difference (P < 0.05) conpared with contro

Met and Women, age S0+

g

=11

a0

40

3a

20

10

L) [T N ]
'I

From Nogawa et al.

Prevalence

(1978); No. =
to the prevalence of RBP in urine at

Prevalence

0
1 02 04
Cd inrice moikg

06 03

40

30

20

10

nunber of peopl e exam ned; RBP was nee

| evel s above 4 nyg/litre; values in

Wiomen, age S0+

nz 04 0.6

Cd ik rice moiky

0.5

Fig. 10. Prevalence of increased urinary REP (above 3 maditre) among inhabitants of vilages inthe
Kakeaszhi river basin as a function of village-average cadmium concentration in rice. From: Ishikawa
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Fig. 11. Doze-response relationship for cadmium-induced increase in urinary REP levels, with upper and
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In a later epidem ol ogi cal study, Nogawa et al. (1989)
i nvestigated the dose-response relationship in 1850 cadni um exposed
and 294 non-exposed i nhabitants of the Kakehashi Ri ver basin. Using
a urine concentration of 1000 pg R,-m crogl obulin/g creatinine as
an i ndex of renal tubular dysfunction, and the average rice cadm um
concentration as an index of cadm um exposure, the authors
determ ned |inear regression equations for nen and wonen. These are
related to the preval ence of R,-m croglobulinuria and total
cadm um intake and are shown in Table 19. The authors concl uded that
the total cadm umintake that produced an adverse effect on health
was approxi mately 2000 ng for both men and wonen. On the basis of
the linear regression equations shown in Table 19, an average daily
cadmi um i nt ake of 440 pg/day in men and 350 pg/day in wonmen would
be expected to cause a 50% response rate (> 1000 ug
Bo-m croglobulin/litre urine). Response rates of 20, 10 and 5%
woul d occur at daily intakes of 220, 150, and 110 pg/day for nen and
200, 150, and 120 pg/day for wonmen. The authors indicated that these
data are in general agreenent with results from other studies
i nvol ving the consunption of various |levels of cadmiumin rice.

8.3.3.5 Akita prefecture (Kosaka area)

Around Kosaka mine and refinery areas, increased cadm umlevels
inrice were first reported by the Akita Prefectural Governnent
(1973). Kojima et al. (1976) gave further data fromthe Kosaka area,
where the reported average cadmumlevel in rice varied between 0.26
and 0.56 ng/kg. The latter average was based on 41 sanpl es where one
was reported to contain 4.81 ng/kg. In the exposed area, the
wei ght ed average of cadmumlevels in rice in each district
according to the nunber of exani nees was cal cul ated by Kojinma et al
(1976) to be 0.57 mg/kg in 1973 and 0.50 ng/ kg in 1974. These
val ues, according to Kojima et al. (1976), represented the | evel of
cadm um exposure in this study and were consi dered nore accurate
than the general average given above.

In an epi dem ol ogi cal investigation of the total population in
the age-group 50-69 of defined geographical areas (93 out of 98 in
the control area and 156 out of 190 in the exposed area
participated), Kojima et al. (1976, 1977) obtained data on faeca
excretion of cadmium The cadmiumlevel in 24-h faeces sanpl es was
anal ysed only for those participants who said that they defaecated
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once a day (64 in the control area and 118 in the polluted area).
Average rates were 51 pg/day and 177 ug/day for the control and
exposed groups, respectively (Kojima et al., 1976). The preval ence
of proteinuria exceeding 150 ng/litre (using the Tsuchiya biuret

nmet hod) and of conbi ned proteinuria and glucosuria (test tape) was
significantly higher in the exposed group than in the control group
(Kojima et al., 1976).

Table 19. Linear regression equations relating total cadm umintake and

Sex B,- m crogl obul i nuria Li near regression Preval ence of
equati on® R,- mi cr ogl obul
in the contro

Mal e > 1000 pg/litre Y = 0.0076X - 10. 33 5.3
> 1000 pg/ g creatinine Y = 0.0083X - 7.93 6.0
Femal e > 1000 pg/litre Y = 0.011X - 19.61 3.1
> 1000 pg/ g creatinine Y = 0.012X - 16.16 5.0

a From Nogawa et al. (1989)
Y = preval ence of By-microglobulinuria (%9; X = total cadm umintake (ng
¢ Total cadmi umintake yielding a R,-mcroglobulinuria preval ence equival e

Quantitative analysis of urinary B,-mcroglobulin with
radi oi munoassay (Rl A) was perforned on the sane popul ati on (Kojina
et al., 1977). The frequency distributions were |og-normal, as for
occupational |y exposed people, and the preval ence of
B,-m crogl obulin excretion was 15%in the whol e exposed group and
3%in the control group. The exposed and control groups showed
average faecal cadmium excretion rates of 139 and 41 pg per day,
respectively (Kojima et al., 1977).

The B,-m crogl obulin data and cadm umintake data in the
study by Kojima et al. (1977) were divided into three dose groups
(Kjellstrémet al., 1977b) and anal ysed for a dose-response
relationship by Hutton (1983).

Furt her studies of urinary B,-mcroglobulin over the age
range 5-90 years were reported by Saito et al. (1981). The RIA
net hod was used, and a control area in Akita prefecture was conpared
with cadm um polluted areas in Akita prefecture (Kosakai), |shikawa
prefecture (Kakehashi) (section 8.3.3.3), and Nagasaki prefecture
(Tsushinma) (section 8.3.3.5). For people over the age of 40, there
were significant increases in average urinary B,-mcroglobulin
excretion in all the polluted areas. In the ol der age-groups, the
i ncrease was 10-100 times above control val ues.

In the first conprehensive study of proxinal renal tubular
functions perforned on a population living in a cadm um pol | uted
area, Saito et al. (1977) conducted health exanmi nations within Akita
prefecture. Renal tubular function tests consisted of rena
glucosuria, uric acid clearance, |ow nol ecul ar wei ght proteinuria,
tubul ar reabsorption of phosphate, hydrogen carbonate threshold,
aci d- base bal ance, concentrating and acidifying ability of urine,
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endogenous creatinine clearance, and renal plasnma flow. O the 147
residents (97% of target popul ation) exam ned, 33 (22% had sone

i ndi cations of proxinmal renal tubular dysfunction, such as rena
glucosuria and | ow nol ecul ar weight proteinuria. In addition, 10
subjects (7% were diagnosed as having nmultiple proxi mal rena
tubul ar dysfunctions. Detail ed exam nations reveal ed that none of
these 10 subjects had experienced any ot her environnental exposures
or diseases that could have caused the renal dysfunction. They were
therefore diagnosed as suffering fromthe effects of chronic cadm um
poisoning (Saito et al., 1977).

8.3.3.6 Nagasaki prefecture (Tsushina area)

This area has been a lead and zinc mning district from ancient
ti mes (Takabatake, 1978b). Moddern operations started in 1948, and
m ni ng wastes have been scattered throughout the local area. In
1952, local farners conpl ai ned about the poor growth of crops. In
the 1960s, studies of cadmiumpollution were carried out. Health
exam nations for cadm um effects have been conducted since 1966
(Takabat ake, 1978b).

Early studi es showed an increased preval ence of proteinuria in
the nost polluted village, and an average rice cadm um | evel of
0.75 ng/ kg was reported (Takabatake, 1978b).

The study of urinary R,-m croglobulin according to age
referred to in section 8.3.3.4 (Saito et al., 1981) included an
exposed group of people from Tsushi ma. The age-specific average
urinary excretions were nmuch higher than the control val ues and
simlar to those found in the Kakehashi and Kosaka areas. For womnen
the Tsushi ma val ues appear higher than those of the other two
polluted areas (Table 17), which may reflect the higher estinated
average cadm umintake in the Tsushim area

8.3.3.7 Oher Japanese areas

As shown in Table 7, health surveys have been performed in
areas other than Fuchu, |kuno, Kakehashi, Kosaka, and Tsushi na
According to the Japanese Cadm um Research Conmittee (1989), it
shoul d be emphasi zed, however, that no cadm um health effects,

i ncludi ng el evated preval ence of R,-mcroglobulinuria, were
observed in sone areas with higher levels of cadm um (daily intakes
of 180-309 pg in Bandai, Fukushinma; 180-380 pg in Annaka, Gunnm; and
222-391 pg in Okutake river basin, Gta) even than Kosaka and
Kakehashi (cadmiumin rice = 0.16-0.58 ng/ kg, daily intake of

cadm um = 139-177 pug in Kosaka, Akita; cadmiumin rice =

0.2-0.8 ng/ kg, daily intake of cadm um = 160-190 ug i n the Kakehash
river basin, Ishikawa). Al so, no health effects were found in the
Ugui suzawa river basin, Myagi (cadmumin rice = 0.6-0.7 ng/kg),
Wat arase river basin, Gunma (0.32 ng/kg), Shinoda, Shizuoka
(0.4-1.1 ng/kg), and Chnuta, Fukuoka (0.72 ng/kg), even though

resi dents consuned rice heavily contanmi nated with cadni um

8.3.3.8 Bel gium

The Liege area of Belgiumis known to be polluted by cadm um
mainly due to the activities of non-ferrous snelters since the end
of the 19th century (Kretzschmar et al., 1980; Lauwerys et al.
1980a) .

A pilot study was perforned in 1979 on a group of 60 elderly
non- snoki ng wonen who had spent nobst of their lives in the Liege
area and had never been occupationally exposed to cadm um (Roel s et
al ., 1981a). Daily intakes of cadmi umranged from 2-88 pg/day wth
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an average of 15 pg/day. Their average bl ood cadm um | eve

(1.6 pg/litre) and their urinary excretion rates of cadm um

(0.093 pg/h), total protein (17.3 mg/h), am no acids (5.45 ng am no
acid NN h), and albumn (1.54 ng/h) were higher than those found in a

group of 70 wonen of the sane age and soci o-econoni c status who
lived in another industrial area (Charleroi) |ess polluted by
cadm um Al though the average excretion rate of (,-m croglobulin
was greater in Liege (93.6 pg/h) than in Charleroi (22 ug/h), the
di fference between the geonetric neans was not statistically
significant. The two areas were well matched with respect to their
envi ronmental pollution by sul fur dioxide, fume, suspended
particles, and various netals, including |ead, vanadi um nickel
chromium and iron

Fol | owi ng these observations, a nortality study and a
prelimnary autopsy study were undertaken (Lauwerys & De Wals, 1981
Lauwerys et al., 1984a). It was found that, although the overal
nortality was not narkedly different, the standard nortality ratio
(SMR) and proportional nortality rate (PMR) from nephritis and
nephrosis for the years 1967-1976 were higher in Liege than in
Charleroi or in Belgiumas a whole (SMR Bel gium 100; Charleroi
102; Liege, 196; PVR Belgium 3.3; Charleroi, 3.0; Liege, 6.0).
Since the increased nortality rate for renal diseases was observed
in both males and femal es, the influence of environnental factors
ot her than occupation is probable.

The results of the prelimnary autopsy study indicated that, in
the age-group 40-60, the average body burden of cadni um was
approximately twice as high in people autopsied in Liege as it was
in those autopsied in a city (Brussels) less polluted by cadni um
(Lauwerys et al., 1984a). The geonetric nean val ues of cadni um
concentration in the kidney cortex were 38.3 and 22.8 ng/ kg wet
wei ght in Liege and Brussels, respectively.

According to the authors of these reports, the studies
performed so far in the Liege area do not refute the hypothesis that
environnmental pollution by cadmiumin the area has increased the
body burden of cadmi um of the inhabitants and has affected their
renal function. A large-scale norbidity and autopsy study is at
present underway (Braux et al., 1987).

8.3.3.9 Shiphamarea in the United Ki ngdom

The vill age of Shiphamis |ocated on the slag heaps of an old
zinc mine and high | evels of cadni um have been found in soil and
dust (section 3.4.3).

The exposed popul ati on has been studied using both nortality
and norbidity end-points. A census in 1979 identified 1092
resi dents, of whom 64% had resided in the village for nore than 5
years, and 548 participated in a health study coordi nated by the
United Ki ngdom Departnent of the Environnment (Barltrop & Strehl ow,
1982a). A similar study of 543 age-and sex-natched individual s was
performed in a nearby control village (Barltrop & Strehl ow, 1982b).
The daily intake of cadm umin Shi pham was an average of 35 pg/day
(section 4.2.4), which is about twi ce as high as the estinated
United Ki ngdom nati onal average but much | ower than in polluted
areas of Japan (section 5.2.4).

A health inventory was conpil ed by neans of a questionnaire,
whi ch included information on snoking habits, al cohol consunption
nedi cati on, and occupation. Bl ood sanpl es were anal ysed for
haenogl obi n, haematocrit, serum protein, R,-m croglobulin,
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creatinine, erythrocyte protoporphyrin, |ead, and cadm um Urine
sanpl es were anal ysed for total protein, creatinine, B,-mcro-
gl obulin, and cadmi um

The nean 24-h urinary concentration of cadm um for Shi pham
residents was 0.68 pug cadmunig creatinine and, in the control area,
0.60 pg cadmiunig creatinine with 97. 7% of values less than 3.4 pug
cadmiunmilitre. The difference was statistically significant
(P <0.03) (Barltrop & Strehlow, 1982b), but the similarity of the
val ues for average urinary cadm um concentrations between the two
areas and the generally low | evel s of cadm umin Shi pham suggest a
rather |ow daily cadm um int ake.

However, there are data showi ng that sone individuals in
Shi pham had hi gh cadm um exposures. Liver cadnmi um concentrations,
neasured by means of in vivo neutron activation analysis, were
determne for 21 adult volunteers living in the nost heavily
cont am nat ed areas of Shipham (Harvey et al., 1979). Their age range
was 40-62 years (mean, 53 years) and, with one exception, they had
lived in Shiphamfor 9-50 years (nmean, 23 years). On average, half
of their vegetable consunption was of local origin. The nean liver
cadm um concentration was 11.0 (+ 2.0) ng/kg, conpared with 2.2
(+ 2.0) mg/kg in 20 age-mat ched, non-Shi pham controls (P < 0.001).
The maxi num concentration in the Shi pham group was 28 ng/ kg, which
woul d correspond to levels in the kidney cortex of at |east
200- 300 ng/ kg (Friberg, 1979) (section 6.4). Health effects were not
studied in this investigation.

In the health study by the Departnent of the Environnent
(Barltrop & Strehlow, 1982a), the conparison of R,-m croglobulin
data fromthe two villages showed simlar distributions, and al
other | aboratory data, including blood pressure |evels, were

distributed within the normal range. However, the poor participation
rate in this health study (50%, nakes it difficult to interpret the
findings. Another study of 31 volunteers from Shi pham (Carruthers &
Smith, 1979) reported a high preval ence of hypertension and LMN
proteinuria, but the methodol ogy of the study has been criticized
(Hughes & Stewart, 1979; Kraener et al., 1979).

Exami nation of the data in relation to soil cadmumlevels
showed no evidence of an increased nortality fromany cause in those
l[iving in the nost polluted areas. It was concluded fromthis study
that, if cadmium contam nati on had any effect on the nortality
pattern in Shipham this effect was only slight and did not present
a serious health hazard to residents. No case resenbling ltai-ita
di sease has at any tinme been reported in Shipham Al the authors
involved in the health studies in Shipham pointed to the possible
protective effect of high |levels of zinc also present in soil, and
Kraemer et al. (1979) pointed to the need to assess dietary zinc and
the intake of nutrients other than cadm um

8.3.3.10 USSR

Screeni ng of popul ations, both environnmentally and
occupational |y exposed, which included neasurenents of urinary
3,- m crogl obulin, has been carried out within the USSR (Likutova,
1989). Increased prevalence (up to 6% of B,-micro-globulinuria
(> 280 pg/ g creatinine) was observed in fenmales (20-50 years ol d)
in some of the nost heavily polluted cities, i.e. Qdjonikidze and
Kursk. The air cadm um concentrations in these two cities were
0.085 pg/ n? and 0.005-0.027 pg/ n?, respectively. The exam nation
of workers (50-300 pg/ n?) exposed to cadmi um al so reveal ed an
i ncreased preval ence of R,-mcroglobulinuria (up to 19%in the
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nost heavily exposed group). The findings are in good agreenent wth
the data presented in Table 15.

8.4 Concl usi ons

Hi gh inhal ati on exposure to cadm um oxide fune results in acute
pneunonitis with pul nopnary oedema, which nay be lethal. High
i ngestion exposure of soluble cadm um salts causes acute
gastroenteritis.

Long-term occupati onal exposure to cadm um has caused severe
chronic effects, predominantly in the |ungs and ki dneys. Chronic
renal effects have al so been seen anong the general popul ation

Fol | owi ng hi gh occupational exposure, |ung changes are
primarily characterized by chronic obstructive airway di sease. Early
m nor changes in ventilatory function tests may progress, wth
conti nued cadm um exposure, to respiratory insufficiency. An
increased nortality rate fromobstructive |lung di sease has been seen
in workers with high exposure, as has occurred in the past.

The accunul ation of cadmiumin the renal cortex |leads to rena
tubul ar dysfunction with inpaired reabsorption of, for instance,
proteins, glucose, and am no acids. A characteristic sign of tubular
dysfunction is an increased excretion of |ow nolecular weight
proteins in urine. In some cases, the glonerular filtration rate
decreases. Increase in urine cadnmiumcorrelates with | ow nol ecul ar
wei ght proteinuria and in the absence of acute exposure to cadni um
may serve as an indicator of renal effect. In nore severe cases
there is a conbination of tubular and glonmerul ar effects, which may
progress in some cases to decreased glonerular filtration. For nost
wor kers and people in the general environnent, cadni uminduced
proteinuria is irreversible.

Among ot her effects are di sturbances in cal ci um netabolism
hypercal ciuria, and formation of renal stones. H gh exposure to
cadm um nost probably in conbination with other factors such as
nutritional deficiencies, may |lead to the devel opnent of
ost eoporosi s and/ or osteonal aci a.

There is evidence that |ong-term occupati onal exposure to
cadmi um may contribute to the devel opnent of cancer of the [ung but
observations from exposed workers have been difficult to interpret
because of confounding factors. For prostatic cancer, evidence to
date is inconclusive but does not support the suggestion from
earlier studies of a causal relationship.

At present, there is no convincing evidence for cadni um bei ng
an etiol ogi cal agent of essential hypertension. Mst data speak
agai nst a bl ood pressure increase due to cadnmumand there is no
evi dence of an increased nortality due to cardiovascul ar or
cerebrovascul ar di sease

Data from studi es on groups of occupationally exposed workers
and on groups exposed in the general environnment show that there is
a rel ationship between exposure | evels, exposure durations, and the
preval ence of renal effects.

An increased preval ence of | ow nolecular weight proteinuria in
cadm um workers after 10-20 years of exposure to cadm um | evels of
about 20-50 pg/ nt has been reported.

In polluted areas of the general environnent, where the
estimated cadm um i nt ake has been 140-260 ug/day, effects in the
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form of increased | ow nol ecul ar wei ght proteinuria have been seen in
sone individuals followi ng | ong-term exposure.

9. EVALUATI ON OF HUMAN HEALTH RI SKS
9.1 Exposure assessnent
9.1.1 General popul ation exposure

In the anbient air, cadnmi um concentrations based on |long-term
sanpling periods indicate, in nbst cases, a range of
0.001-0.015 pg/n? in rural areas, 0.005-0.05 pg/n? in urban
areas, and up to 0.6 pg/n? near sources of pollution (section
5.1.1).

One cigarette usually contains 1-2 pug cadm um of which about
10% may be inhal ed (section 5.1.3).

Among staple foods, rice and wheat usually contain | ess than
0.1 ng/ kg and other foods usually less than 0.05 ng/ kg wet weight,
but liver and kidney may contain 1-2 ng/ kg wet weight and certain
sea-foods as much as 10 ng/ kg wet weight (section 5.2). Certain
animals, e.g., the horse, may accunul ate consi derably higher
concentrations in the liver and kidney. In polluted areas, these
| evel s are further increased.

The content of natural waters is usually less than 1 ug/litre,
but higher levels may be found near sources of pollution

The total daily intake in non-polluted areas of nost countries
fromfood, water and air is estinmated to be approxi mately
10-40 pg/day (food, 10-40 pg/day; water, < 1 ug; and air,
< 0.5 ug/day for non-snokers).

Twenty cigarettes per day would contribute a further 2-4 pg. In
polluted areas, the daily intake nay be rmuch hi gher, and intakes of
several hundred pg/ day have been reported (section 5.3.2).

9.1.2 Cccupational exposure

Air is the main source of additional cadni um exposure for
i ndustrial workers. In nmany countries such exposures have now been
reduced considerably. In the past, |evels of several ng/nt were
recorded in workplaces. Now, with proper industrial hygiene
practices, levels of 0.02-0.05 ng/n? woul d be nore typica
(section 5.1.2).

9.1.3 Anmounts absorbed fromair, food, and water

The proportion of cadm umfromfood and water that is absorbed
wi Il depend on the chemical nature of the cadm um conpounds, but
estimates based on the avail able data indicate that gastrointestina
absorption is approximately 5% wi th considerabl e individual

variation (section 6.1.2). Simlarly, the amount absorbed fromthe
air will depend on the chem cal nature and the particle size of the
i nhal ed material. The absorption varies between 25 and 50% dependi ng
on particle size and solubility (section 6.1.1). About 10% of the
cadmuminhaled in cigarette snoke is absorbed.

Thus, the average anount absorbed from food and water in a
person froma non-polluted area would be about 0.5-1.3 pg/day. The
absor bed anount from snoking 20 cigarettes per day woul d be
1-2 uyg/day and that fromworkroomair could be nany tines greater
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(section 5. 3).
9.2 Dose-effect relationships
9.2.1 Renal effects

Long-term exposure to cadm um causes renal tubul ar dysfunction
with proteinuria, glucosuria, and am noaciduria, as well as
hi st opat hol ogi cal changes, in both experinmental aninmals and humans
(sections 7.2.1.4 and 8.2.1, respectively). These are usually the
first effects to occur after ingestion or inhalation exposure. As
the renal dysfunction progresses in severity, the gloneruli may al so
be affected and, in a few cases, the cadm uminduced danmage may | ead
to renal failure (section 8.2.1). Daily cadmiumintakes in food of
140- 260 pg/ day for nore than 50 years or workplace air exposures of
50 ug/ m* for nore than 10 years have produced an increase in rena
tubul ar dysfunction in some exposed popu-lations (section 8.3.3.2).

9.2.2 Bone effects

Cadmi um may produce bone effects in both humans and ani mal s.
The nost notable clinical entity in these cases is osteonal acia, but
many subjects al so show osteoporosis. Animal experinments show t hat
bot h can be produced by |ong-term cadni um exposure (section 7.2.4).
In animal s and humans, osteomnal aci a has been seen in conbi nation
wi th cadm uminduced renal damage. The bone effects may be linked to
cadm um effects on calciumand vitamin D netabolismin the kidney.
The daily intakes via food and exposure levels in air at which the
bone effects occur are uncertain, but they nust be higher than those
causing renal effects. Bone effects have been seen anong both the
general population and industrial workers in the past when exposure
| evel s were very high. Host and nutritional factors influence the
devel opnment and severity of cadmi uminduced bone effects.

9.2.3 Pulnmonary effects

Chroni c obstructive airway disease has been reported in a
nunber of studies of cadm um workers (section 8.2.3). This has, in
severe cases, led to an increased nortality. The dose needed to
produce these effects is uncertain, but it is higher than the dose
needed to produce renal effects, as nost workers reported to have
lung effects also had renal effects. On the other hand, many workers
with renal effects, who had been exposed to cadm um oxi de dust and
fume, had no lung effects.

9.2.4 Cardiovascular effects

Sone ani mal studi es have shown that, under certain exposure
conditions, increased bl ood pressure and effects on the nyocardi um
occur. Studies of cadm um exposed workers and people in the genera
envi ronment have been carried out, but nost data do not support the
ani mal findings.

9.2.5 Cancer

There is evidence that cadm um chloride, sulfate, sulfide and
oxide give rise to injection site sarconata in the rat and that the
chloride and sulfate induce interstitial cell tunours of the testis
in rats and m ce.

Long-terminhal ati on studies in rats exposed to aerosols of
cadm um chl oride, sulfate, and oxide fume and dust at |ow
concentrations denonstrated a hi gh incidence of primary |ung cancer
wi th evidence of a dose-response relationship. This has not so far
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been shown in other aninmals.

There is evidence that |ong-term occupati onal exposure to
cadmi um may contribute to the devel opnment of cancer of the lung, but
observations from exposed workers have been difficult to interpret
because of inadequate exposure data and confounding factors. The
evi dence to date is inconclusive, but does not support the
suggestion fromearlier studies that cadm um can cause prostatic
cancer.

| ARC (1987a) considered that there was sufficient evidence for
the carcinogenicity of specified cadni um conpounds in experinental
animals and Iimted evidence for carcinogenicity in hunans exposed
to cadmium A conbi ned eval uati on of human and ani mal data by | ARC
(1987b) classified cadmi um as a probabl e human carci nogen (I ARC
group 2A). The I PCS Task Goup found no reason to deviate fromthis
| ARC eval uati on.

9.2.6 Critical organ and critical effect

The kidney is the critical organ for chronic cadm um poi soni ng.
Wthin the kidney, the cortex is the site where the first adverse
ef fect occurs. Therefore, in assessing dose-response rel ationships,
the cadm um concentration in the kidney cortex is of prine
i mportance.

The critical effect is renal tubular dysfunction, which is nost
often mani fested as | ow nol ecul ar wei ght proteinuria. Animal studies
i ndi cate that histological changes in the renal tubules occur at a
dose level |lower than that needed to produce | ow nol ecul ar wei ght
proteinuri a.

9.3 Critical concentration in the kidneys
9.3.1 In animals

Several studies with data on both cadnmi um concentrations in the
renal cortex and the occurrence of tubul ar damage were di scussed in
section 7.2.1. The findings were sunmarized in Table 12. They showed
that histological tubular |esions or proteinuria was usually seen at
cadmi umrenal cortex levels of 200-300 ng/kg wet weight. In some
studies on rats, nonkeys, horses, and birds, certain effects were
seen at | ower |evels.

As no dose-response data are given in nost aninmal studies, it
may be assumed that these renal cortex |levels correspond to a 50%
response rate (CGCs). Naturally, the cadmiumlevels at which | ower
response rates occur would be | ower.

In studi es on nonkeys conducted in Japan, Kkidney cadm um |l evels
were related to dose and duration of exposure. At the two hi ghest
dose levels, acute liver effects occurred. If one wi shes to
establish a range of values for the critical concentration in
i ndividuals at which a small but significant part of an exposed
popul ation will show effects, aninal studies indicate that a rena
cortex | evel of about 100-200 ng/kg is likely to coincide with such
a range. There is sone evidence that the average critica
concentration (CGCyg) could be as high as 300 or 400 ng/kg for the
nore severe signs of renal tubul ar damage, but such high |l evels
shoul d not be used as a starting point for cal cul ations of
"acceptabl e daily exposures".

9.3.2 In humans
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Section 8.2.1.5 reviewed all available data fromcases in which
both renal cortex cadm umlevels and renal effects were neasured.
Data from autopsi es or biopsies have mainly been cross-sectional
i.e. the renal cadm um concentrations and the effects were neasured
nore or less simultaneously. This has made it difficult to interpret
the data froma critical concentration point-of-view, as the cases
with the nobst severe cadm uminduced ki dney dysfunction had the
| owest renal cadmumlevels. Cadmiumis |lost fromthe kidney when
the damage progresses (section 6.5.1.2).

In vivo neutron activation analysis has provided a new too
for establishing the human critical concentration of cadmiumin the
renal cortex. Longitudinal studies nmeasuring the renal cortex
cadm um concentration several tinmes during continued exposure can
now be carried out. The cadmium |l evel at which the first neasurable
signs of renal tubular dysfunction occurs can be estimated. However,
only two studies using in vivo neutron activation have been
published to date, and both of them are cross-sectional

The renal cadm um concentrations are disproportionately | ow
when the liver cadm um concentrations are high and renal effects
have devel oped. O the several nethods available to estinmate the
average critical kidney concentration in these groups of exposed
wor kers, the nethod of preference assunes that the peak for rena
cortex cadmium |l evel, plotted against liver cadmium is equival ent
to the point where renal tubular dysfunction occurs. This results in
a value of 319 ng/kg tissue (based on a ratio of renal cortex
cadmi umto whol e ki dney cadm umof 1.5). There is considerable
variance in the individual values, the 95%tol erance (which
corresponds to a confidence interval) being in the range £ 90 ng/ kg
fromthe mean. Other studies, using simlar assunptions, have
reported a value of 332 ng/kg, 10% of the workers having a peak
cadm um | evel of about 216 ng/kg tissue. A re-evaluation of the
original study resulted in a calculated cadm um | evel of about
200 ng/ kg. It was concluded that for the purposes of dose-response
cal cul ations, using a netabolic nodel, this concentration could be
used as a starting point for renal effects occurring in an exposed
popul ati on.

9.4 Dose-response relationships for renal effects

Two approaches can be used to estinate dose-response
rel ati onshi ps. One enpl oys epi deni ol ogi cal data fromindustry and
the general environnent studying associ ati ons between exposure and
response. The other begins with a critical concentration in the
ki dney cortex and enmpl oys a netabolic nodel to calculate, on the
basis of certain given assunptions, the exposure that is required to
reach a critical concentration

9.4.1 Evaluation based on data on industrial workers

Table 16 contains data from various group studies on cadni um
wor kers. In nost of these studies, the dose neasurenents were based
on short sanpling periods (hours or a few days). However, exposure
may have | asted for decades, |evels usually being higher in the
past. The use of protective devices nay al so confound the picture.

As discussed in section 8.3.2, there are now several reports
avai | abl e that show a cl ear exposure-response rel ationship between
cadmiumin workplace air and the preval ence of proteinuria.

An increased preval ence of overt proteinuria, as measured by

sul fosalicylic acid, trichloroacetic acid, or quantitative
determination of total proteinuria, can occur after only 5-10 years
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of exposure to approximately 100 pg cadmiumin?. |f instead, the

i ncreased excretion of |ow nolecular weight proteins (nore than 97.5
percentile of control group) is used as the critical effect, 10-20%
of workers would have this effect after a cunul ative dose
corresponding to 10-20 years of exposure to 50 ug cadmi unt nv.

These eval uations are all based on levels of total cadmumin

i nhal ed dust or air.

9.4.2 Evaluation based on data on the general popul ation

As indicated in chapter 8, there exists a considerabl e anbunt
of information from epi dem ol ogi cal studies carried out on the
general population in Japan. It was shown that in sonme areas of high
cadmi um exposure the preval ence of |ow nol ecul ar weight proteinuria
was significantly higher than in control areas. This nay be
considered in relation to the known cadni um concentrations in rice
and the daily cadmiumintakes in the affected areas (Tables 7 and
17). Contam nation of drinking-water in sone areas may be a
conmplicating factor (section 8.3.3).

Taking all of the data in section 8.3.3 together, it seens
that, when the nost sensitive nmethod for diagnosis of |ow nolecular
wei ght proteinuria is applied, there is an associ ati on between
cadm um exposure and increased excretion of |ow nol ecul ar wei ght
protei ns anong sone people over 50 years of age at a daily intake of
about 140-260 pg cadmi um or a cunul ative cadm um i ntake of about
2000 nmg or nore (for both nmen and wonen).

9.4.3 Evaluation based on a netabolic nodel and critica
concentrations

Using the data on critical concentrations and ki netic nodel s of
cadm um et abol i sm attenpts have been namde to calcul ate the
dose-response rel ationship for cadm um Assum ng that cadmiumin the
ki dney is accumul ated in accordance with a one-conpartnment nodel and
that a third or a quarter of the body burden of cadmiumis in the

ki dney (and making certain other assunptions indicated in Tables 20
and 21), the daily cadmumintake via food and the occupational air
concentrations needed to reach the critical concentrati on have been
cal cul ated (Tables 20 and 21).

As the values calculated in Tables 20 and 21 are for an average
person, not all of those exposed to these |evels would have reached
the renal cortex cadm um concentration of 200 ng/ kg tissue or their
i ndividual critical concentration. Neverthel ess, these cal cul ations
produce values that are simlar to the levels at which effects have
been observed, and the nodel approach may be a useful way to
quantify the response rates at levels lower than those easily
measur abl e.

Cal cul ati ons have been reported of the relationship between
i ntake and response rates using the observed frequency distributions
of daily intake and renal cortex cadm um concentrations, and
utilizing multi-conpartnment netabolic nodel values in the same range
as those given in Tables 20 and 21. Further devel opnent of these
nodel | i ng techni ques woul d be of val ue.

Using a single-conpartnent nodel for the accunul ation of
cadmumin the kidney, the average daily intake that would give rise
to an average concentration of 200 ng/ kg wet weight in the kidney
cortex at age 50 woul d be 260-480 ug/ day, assuning 5%
gastroi ntestinal absorption, various biological half-tinmes, and
different proportions of the body burden in the ki dneys (Table 19).
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Assumi ng a 10% absorption rate, the intake needed woul d be
140- 260 pg per day. These estimates will vary dependi ng on the body
wei ght estimates for different popul ations.

Table 20. Calculated daily cadm umintake via ingestion required by a
non-snoker to reach a kidney cortex concentration of 200 ny/kg

at age 50 (using a one-conpartnent nodel)?

Gastrointestinal Proportion of body Estinmated half-tine in kidney corte
absorption rate burden in kidney
(9% 17 years 30 years
5 one-third 365 pg (286 pg) 265 pg (208 pg)
10 182 pg (143 pg) 133 pg (104 pg)
5 one- quarter 486 pg (382 pg) 353 pg (277 pg)
10 243 pg (191 pog) 177 pg (139 pg)

& The data in the table are based on the followi ng assunptions:

gastrointestinal absorption, either 5% or 10%

hal f-time in kidney cortex, either 17 years or 30 years (as reported in
section 6.6.2);

one-third or one-quarter of body burden in the kidneys;

cadm um concentration in renal cortex 25% hi gher than renal average
average wei ght of both kidneys at age 50 of 300 g for a 70-kg person
or 235 g for a 55-kg person;

average cadmi um concentration in foodstuffs constant during

the last 50 years;

variation of daily intake with age has been di sregarded since such
variation would influence the values by less than 10%

b Data have been cal cul ated for a 70-kg person; val ues in parentheses
are for a 55-kg person.

Table 21. Calculated concentration of cadmumin industrial air required
for a kidney cortex concentration of 200 ng/ kg to be reached?®

Proportion of body burden Estimated hal f-tine in kidney cortex®
i n ki dney
17 years 30 years
one-third 16 pg/ nm3 (13 pg/ nB) 14 pg/ n8 (11 pg/ nB)
one- quarter 21 pg/ 8 (17 pg/ nB) 19 pg/ n8 (15 pg/ nB)

The data in the table are based on the foll ow ng assunptions:

those assunptions given in Table 20;
exposure tinme of 25 years;

225 wor ki ng days per year;

10 n? of air inhaled per day;

25% pul nonary absor ption

Dat a have been cal culated for a 70-kg worker; values in parentheses
are for an average 55-kg person
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10. CONCLUSI ONS AND RECOMVENDATI ONS FCOR PROTECTI ON OF
HUVAN HEALTH

10.1 Concl usi ons

The kidney is considered the critical target organ for the
general population as well as for occupationally exposed
popul ations. Chronic obstructive airway disease is associated with
| ong-term hi gh-1 evel occupational exposure by inhalation. There is
some evi dence that such exposure to cadmium may contribute to the
devel opment of cancer of the lung but observations from exposed
wor kers have been difficult to interpret because of confoundi ng
factors.

10.1.1 General popul ation

Food- borne cadnmiumis the najor source of exposure for nost
peopl e. Average daily intakes fromfood in nost areas not polluted
with cadm umare 10-40 pg. In polluted areas the val ue has been
found to be several hundred pg per day. In non-polluted areas,
upt ake from heavy snoki ng may equal cadmi um i ntake from food

An associ ati on between cadm um exposure and increased urinary
excretion of |ow nolecular weight proteins has been noted i n humans
with a life-long daily intake of about 140-260 pg cadmium or a
cunul ati ve intake of about 2000 ng or nore.

10.1.2 Cccupationally exposed popul ation

Qccupati onal exposure to cadmiumis mainly by inhalation but
i ncludes additional intakes through food and tobacco. The total
cadmiumlevel in air varies according to industrial hygiene
practices and type of workplace. There is an exposure-response
rel ati onshi p between airborne cadm um |l evels and proteinuria. An
increase in the preval ence of | ow nol ecul ar wei ght proteinuria may
occur in workers after 10-20 years of exposure to cadm um | evels of
about 20-50 pg/nt. In vivo measurement of cadmiumin the liver
and ki dneys of people with different |evels of cadm um exposure have
shown that about 10% of workers with a kidney cortex |evel of
200 ng/ kg and about 50% of people with a kidney cortex |evel of
300 ng/ kg woul d have renal tubular proteinuria.

10.2 Reconmendations for protection of human health

a) Measures to increase recycling of cadnmium should be
systematically exanined and proni sing ideas encouraged.

b) Information on the inportance of mnimzing waste di scharge
of cadm um particularly into surface waters, should be
supplied to countries.

c) Public health neasures for protection from cadm um
exposures woul d be i nproved by:

i) collection of nore data fromcountries on cadmi um
| evel s in foodstuffs and the environnent;

i) determ nation of tissue cadm umlevels and
moni toring of health paraneters in non-exposed
popul ations and in those |iving near mnes or
snelters or exposed to elevated |l evels of the neta
in foodstuffs;

iii) technical assistance to devel oping countries for
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the training of staff, particularly for cadni um
anal ysi s;

iv) devel opment of means of reduci ng cadm um exposure
by, for instance, inproved working conditions and
the di ssem nation of information on the proper use
of fertilizers (which sonetines contain high levels
of cadm un), techniques for the disposal of
cadm um cont ai ni ng wastes, etc.

FURTHER RESEARCH

There is a need for inproved anal ytical techniques for
measuri ng cadm um speci es and bi ol ogi cal indicators of cadm um
exposure/toxicity, such as B,-nicroglobulin, in various
matrices, and for international centres for quality assurance
and trai ni ng.

The assessment of human exposure to cadmiumfromall nedia
needs to be inproved by increased nonitoring of cadmiumlevels
in the environment. Changes in cadmumlevels with tine are of
particul ar inportance.

Popul ations with R,-m crogl obi nuria (both those in the

wor kpl ace and in the general environment) should be
longitudinally investigated to deternmine the nature, severity,
and prognosis of adverse health effects associated with this
finding. Further research is needed on R,-mcroglobulin as a
bi ol ogi cal indicator of exposure and effect.

International collaborative efforts should be encouraged to
exam ne further the role of cadmiumin the devel opment of hunan
cancer. Both the general population and industrial workers
shoul d be studied with special enphasis on the devel opnent of a
common format for anal ysing and presenting data and the
collection of additional infornmation on exposure to cadmni um
tobacco, and ot her confounding factors. Miltiple exposures nust
be considered. It is proposed that a collaborative study
coordinated by an international body (e.g., 1ARC) should
include the existing cohorts in order to obtain better exposure
data. It should also collect both exposure and effects data in
a standardi zed manner, so that the results of different studies
may be nore readily conpared. A further approach would be to
performa coll aborative prospective study identifying all those
wor kers who have shown evidence of an effect of cadnmi umon the
ki dney and who woul d therefore be considered to have had
unusual | y heavy exposure. In such a study, both norbidity and
nortality data would be coll ected. Qutconme would be studi ed not
only for cancer but also for sequelae to renal dysfunction

Exi sting occupational cohorts should be Iinked, where
possible, to regional cancer registers to determ ne the
i nci dence of prostatic cancer (norbidity) in relation to
cadm um exposur e.

To understand the mechani snm(s) of cancer induction

experinental studies on the bioavailability of cadm um at the
target site and the interactions between zinc and cadni um woul d
be of value. The role of netallothionein induction in the
target cells of the respiratory tract and its relationship to
such phenonena as DNA damage and repair and oncogene protein
structure would be of interest.

Further infornmation on the |Iong-term health consequences of
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cadm um exposures in the general environnent is essential, wth
enphasi s on renal dysfunction and other end-points such as
neurotoxicity and i munot oxi city.

h) Studi es of the effects of cadmi um on cal ci um phosphorus
net abol i sm and bone density should be conducted on fenal e
workers to clarify whether these workers are at special risk in
the occupational setting. The effect of cadmi umon the placenta
and subsequent effects on the fetus, especially in nultiple
pregnanci es, need further study.

i) The effects of various nutritional deficiencies and of exposure
to other nmetals on the transport, accunulation, and toxicity of
cadm um shoul d be investigated with special reference to bone
toxicity. These studies should be conducted in humans and
experinental animals with respect to age, sex, dose-dependence,
bi ol ogical half-time, and estinmation of critical concentration

i) To provide additional scientific support for the assessnent of
human heal th risks from cadm um exposure, studies in
experinental animls addressing the follow ng issues should be
initiated:

* mechani sm of cadmiumtransport into the cell and factors
controlling the process;

* mechani sm of cadmi um i nduced toxicity with particular
enphasi s on ki dney and bone and the rol e(s) of
non- net al | ot hi onei n-bound cadm umin these processes;

* mechani sms of cadm um i nduced cal curia and the
rel ati onship of this phenonenon to tubular proteinuria and
ost eonnl aci a.

12. PREVI OQUS EVALUATI ONS BY | NTERNATI ONAL BODI ES

The carcinogenic potential of cadmi umwas evaluated in 1976 by
the International Agency for Research on Cancer (lIARC, 1976) and
re-evaluated in 1987 (I ARC, 1987a). It was concluded in the
re-evaluation that there was limted evidence that cadni um and
cadm um conpounds are carci nogenic in humans. Sufficient evidence
was avail able to show that cadnmi um and specified cadnmi um conpounds
cause cancer in experinental aninmals. Cadm umwas classified as a
probabl e human carci nogen (group 2A) (I ARC, 1987a,b).

To prevent adverse pul nonary and renal effects the follow ng
heal th-based limts for occupational exposure to cadm um fumes and
respirabl e dust were proposed by WHO (WHO, 1980): 250 pg Cd/n? for
short-term exposures provided the reconmended tine-wei ghted average
(40 h/week) of 10 pug Cd/n? is respected. It was further
recomrended that control neasures be applied when cadmumlevels in
urine and bl ood of individuals exceed 5 pg Cd/ g creatini ne and
5 ug Cd/litre of whole blood, respectively.

A drinki ng-water guideline value of 0.005 ng/litre has been set
for cadmiumby the Wrld Health O ganization (WHO, 1984).

Cadmi um was eval uated by a WHO Wbrki ng Group devel oping air
qual ity guidelines (WHO, 1987). Based on non-carci nogeni c effects,
the follow ng recommendati ons were nade

a) inrural areas, levels of < 1-5 ng/ n® should not be allowed
to increase, and
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b) in urban and industrialized areas w thout agricultura
activities, levels of 10-20 ng/n? may be tol erable. However,
increases in the present |evels of airborne cadm um shoul d not
be permitted (WHO, 1987).

At the thirty-third nmeeting of the Joint FAQ WHO Expert
Conmittee on Food Additives and Food Contami nants, the previous
recomrendation was reaffirmed, i.e. the provisional tol erable weekly
cadm um i ntake of 400-500 pg for an adult should not be exceeded
(WHO, 1989).

Regul at ory standards established by national bodies in severa
countries and the EEC are summarized in the legal file of the
International Register of Potentially Toxic Chemicals (IRPTC, 1987).
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RESUME ET CONCLUSI ONS

1. ldentité, propriétés physiques et chim ques et neéthodes
d' anal yse

Il existe plusieurs nméthodes pour |e dosage du cadm um dans | es
échantillons biologiques. La plus utilisée est |la spectrongétrie
d' absorption atom que, nmais elle nécessite un traitenent mnnutieux
de la prise d essai et une correction pour tenir conpte des
interférences lorsqu'elle est appliquée a des échantillons de faible

teneur en cadmum |l est tout a fait souhaitable que |I'analyse
s' acconpagne d'un programe d' assurance de la qualité. A l'heure
actuelle, il est possible, dans des conditions optinales, de doser

environ 0,1 pg/litre dans ['urine et le sang et de 1 a 10 pg/litre
dans les alinents et |es tissus.

2. Sources d'exposition hurmai ne et environnenental e

Le cadmi um est un él ément relativenent rare et |es néthodes
actuel |l es d' anal yse indiquent, dans les divers conpartinments de
" envi ronnenment, des concentrations beaucoup plus faibles que |es
nesures antérieures. Pour |'instant, il n'est pas possible de
détermner si |'activité hunaine est a |'origine d un accroissenent
de la teneur des calottes polaires en cadmuma |'échelle des tenps
hi st ori ques.

La production commercial e de cadm um a commencé au tournant du
siecle. La consomation a changé de caractere ces derni eres années
avec un recul sensible de |a galvanoplastie et une utilisation
accrue dans la fabrication de batteries et de conposants
él ectroni ques spéci aux. Dans |la plupart des cas, |e cadnm um est
utilisé sous la fornme de dérivés peu concentrés, ce qui rend le
recycl age indi spensabl e. Les restrictions a |'usage du cadni um
i nposées par certains pays pourraient avoir des répercussions
i mportantes sur ces applications.

Les activités hunmines entrainent la |libération de cadm um dans
["air, le sol et |'eau. D une facon générale, |les deux principales
sources de contamination sont |a production et |la consomation de
cadm umet d' autres métaux non ferreux ainsi que le rejet de déchets
contenant du cadmi um Dans |es zones proches de mines ou de
fonderi es de nétaux non ferreux, la contam nation par |e cadm um est
souvent inportante.
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Plus | e sol contient de cadmum plus la quantité fixée par |les
pl antes est inportante. L' exposition humaine par |'internédiaire des
cultures sera donc sensible a toute augnmentation de la teneur du so
en cadmum La fixation par les plantes est plus inportante dans |es
sols de faible pH Les processus qui acidifient le sol (pluies
aci des, par exenple) sont donc susceptibles de provoquer une

augnment ation de |la concentration noyenne du cadnmi um dans | es denrées
alimentaires. Dans certaines régions du nonde, |'utilisation
d' engrai s phosphatés et |es dépbts d' origi ne at nosphéri que
constituent une source non négligeabl e de contamination des terres
arabl es; |es boues d' égout peuvent aussi, |ocal enent, entrainer une
forte pollution. Al'avenir, ces sources risquent d accroitre |la
contam nation du sol et celle des cultures, ce qui débouchera sur
une exposition plus inmportante au cadmiumpar |la voie alinentaire.
Dans certai nes régions, on peut constater une augnentation de la
teneur des aliments en cadm um

Les animaux et les plantes comestibles qui vivent a |'état
sauvage, comme | es coquillages, |les crustacés et |es chanpignons
accurul ent naturellement | e cadnmium Conme chez |'homre, on constate
une augnentation de |a concentration en cadmumdans le foie et les
reins des chevaux et de certains aninmaux terrestres vivant a |'état
sauvage. La consommation réguliére de ces abats peut entrainer une
exposition accrue. Dans les reins de certains vertébrés marins on
trouve des concentrations assez fortes en cadmium qui, néne si
elles sont d' origine naturelle, n'en provoquent pas noins des
| ési ons au ni veau de ces organes.

3. Concentrations dans |'environnenment et exposition humaine

La principale voie d exposition au cadni um des non funmeurs est
la voie alinmentaire. Les autres voies sont peu inportantes. Chez |es
fumeurs, |'apport de cadmium par |le tabac est notable. Dans |es
zones contam nées, |'exposition d' origine alinmentaire peut atteindre
pl usi eurs centai nes de nicrogranmres par jour. Chez les travailleurs
exposés, |la principale voie de pénétration est |a voie pul nonaire,
apreés inhalation d air contamné sur le lieu de travail. Le
tabagi sme et |a consommation d'alinents contanm nés ajoutent encore a
| a charge de cadnium de |' organi sne.

4. Cinétique et métabolisne chez |es animaux de | aboratoire et
chez |' home

Les données tirées de |'expérinmentation animal e et hunai ne
nmontrent que |'absorption est plus inportante au niveau des pounobns
gu' au niveau des voi es digestives. Selon |'espéce chi m que en cause,
la granulonétrie et la solubilité dans |es |iquides biologiques, |le
taux d' absorption peut atteindre 50% aprés inhalation. L' absorption
gastro-intestinale dépend du régine alinentaire et de |'état
nutritionnel. En particulier, le bilan martial est particuliérenent
i nportant. En noyenne, |e cadniumtotal contenu dans les alinents
est absorbé a hauteur de 5% avec un intervalle de variation de
1% 20% selon les individus. Il existe un gradi ent nmaterno-foetal de
cadmi um Le cadm um peut égal enent parvenir jusqu' au foetus, mais en
fai bles quantités mal gré son accunul ati on dans | e placenta.

Le cadm um absorbé au ni veau des pounons ou des voies
di gestives s'accunul e principalenent dans le foie et les reins ou i
représente plus de la noitié de la charge totale de |'organi sne.
Plus |'exposition est intense, plus |"'accunul ation du cadm um dans
le foie est inmportante. En principe, |'excrétion est lente et la
péri ode biol ogi que du cadm um dans |l es nuscles, les reins, le foie
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et |'organi sme dans son ensenble, est trés |ongue, de |'ordre de
pl usi eurs décennies. La teneur en cadmumde |la plupart des tissus
augnmente avec |'age. C est en général dans le cortex rénal que |la
concentration est la plus élevée, mais en cas d' exposition
excessive, elle peut |'étre encore plus dans le foie. Chez les
personnes exposées atteintes de | ésions rénales, il y a augnentation
de | "excrétion urinaire du cadnmiumde sorte que |a période

bi ol ogi que pour |'ensenble de |'organi snme est raccourcie. Du fait
des |l ésions, le rein perd son cadmium et ces mal ades finissent par
présenter une concentration rénale de cadm um plus faible que |les
i ndi vi dus en bonne santé sounis a |la nménme exposition

La métal |l ot hionéi ne est une protéine qui joue un réle inportant
dans le transport et |le stockage du cadmi um et d' autres nétaux. Le
cadm um est capable d'induire I a synthése de cette protéine dans de
nonbr eux organes, notamment le foie et le rein. En fixant | e cadni um
intracellulaire, la nmétallothionéine protége les tissus contre |les
effets toxiques de ce nmétal. || est possible, par conséquent, que le
cadmumnon lié a la nétallothionéine ait une responsabilité dans
les I ésions tissulaires. On ignore quels peuvent étre |les autres
conpl exes du cadmi um présents dans | es |iquides biol ogi ques.

L' excrétion urinaire du cadnm um dépend de divers facteurs:
charge totale de |'organi snme, exposition récente et |ésions rénales.
Chez les individus peu exposés, la concentration urinaire du cadm um
dépend princi pal ement de la charge de |'organi sne. En cas de | ésions
rénal es dues au cadmi um ou néne sans | ésions de ce genre mais en
présence d' une exposition excessive, il y a augnentation de
| "excrétion urinaire. Les individus exposés au cadni um en excretent
davant age dans leurs urines lorsqu'ils présentent une protéinurie.
Apreés cessation d' une exposition intense, le taux urinaire décroit,
méne s'il y a persistance des |ésions rénales. |l faut donc prendre
pl usi eurs facteurs en considération pour interpréter |Ie cadm um
urinaire. L' excrétion par |la voie digestive est sensibl enent
équivalente a |'excrétion urinaire mais elle est difficile a
mesurer. L' excrétion par d autres voies (lactation, sueur ou passage
transpl acentaire) est négligeable.

La teneur des matiéres fécal es en cadnmi um est un bon indicateur
d' une ingestion récente en | ' absence d' exposition par la voie
respiratoire. Le cadm um sanguin est présent principal enent dans |es
hémati es, |la concentration plasmatique étant tres faible. Il existe
au nmoi ns deux conpartinents dans |le sang, |'un qui correspond a une
exposition récente, avec une deni-vie de 2-3 nois et |'autre, qu
est probablenent |ié a la charge totale de |'organi sne et se
caractérise par une dem -vie de plusieurs années.

5. Effets sur |les ani mux de | aboratoire

Une forte exposition par la voie respiratoire entraine un
oedene nortel du pounobn. Aprés injection d une seul e dose,
appar ai ssent des | ésions testiculaires, une nécrose ovari enne, des
| ési ons hépatiques et une atteinte des petits vai sseaux. L'ingestion
de fortes doses provoque des | ésions de |a nuqueuse gastrique et
i ntestinale.

Une exposition prolongée par |la voie respiratoire ou une
adm ni stration intratrachéenne entraine des altérations pul nonaires
de nature inflammtoire ainsi qu une fibrose et donne au tissu
pul nonai re un aspect qui évoque |'enphysene. L'adninistration
prol ongée par voie orale ou parentérale affecte principalenent |le
rein mais elle a aussi des effets sur le foie et |les systeéenes
hémat opoi étique, immunitaire et cardio-vasculaire ainsi que sur le
squel ette. Chez certai nes espéces et dans des conditions
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dét erm nées, on a provoqué une hypertension et constaté des effets
sur le squelette. Cest |le stade de | a gestation ou se produit

| " exposition qui conditionne |les effets tératogénes et |les | ésions
pl acentaires et il peut y avoir interaction avec |e zinc.

Ce sont les effets aigus produits par |'inhalation du cadnium
ai nsi que sa néphrotoxicité chronique qui sont les plus inportants
du point de vue de |'exposition hunmaine. En cas d'exposition
prolongée, c'est le rein qui est |I'organe critique. Les effets sont
caractérisés par une | ésion des cellules tubulaires entrainant une
i nsuf fi sance tubul aire parfois acconpagnée d'insuffisance
glomérulaire. L'insuffisance tubulaire a pour conséquence une
perturbation du nétabolisne du calciumet de la vitanine D. Sel on
certains travaux, ces troubles pourraient provoquer une ostéonal acie
ou une ost éoporose. Cependant ces résultats n'ont pas été confirngés
par d' autres études. On ne peut exclure un effet direct du cadm um
sur la mnéralisation de |'os. Chez |'animal de |aboratoire, les
effets toxiques du cadm um dépendent de certains facteurs génétiques
et nutritionnels, des interactions avec d' autres métaux, en
particulier le zinc, et d un premer traitenent éventuel par le
cadm um susceptible d avoir stimulé |la synthese de nétall ot hi onéi ne.

En 1976 et 1987, le Centre international de recherche sur le
cancer a adm s posséder suffisament de preuves que |'injection de
chlorure, de sulfate, de sulfure et d oxyde de cadm um pouvait
entrainer |'apparition d un sarcone |ocal chez le rat et, dans le
cas des deux premers conposés, de tumeurs testiculaires
interstitielles chez ce méne animal et chez la souris. Toutefois, i
a consi déré que | es études basées sur |'adm nistration par voie
oral e ne pernettai ent pas de procéder a une évaluation. Lors
d' études au cours desquelles on a fait respirer a des rats des
aérosols de sulfate de cadm um des vapeurs d' oxyde de cadm um et de
| a poussiere de sulfate de cadm um on a observé une forte incidence
de cancers primtifs du pounon, avec probabl ement une relation entre
| a dose et |la réponse. Toutefois, ces résultats n'ont pu étre
reproduits chez d' autres especes. Les travaux relatifs aux effets
génot oxi ques du cadmi um ont donné des résultats contradictoires.

6. Effets sur |'home

Une forte exposition a des vapeurs d' oxyde de cadm um par |a
voi e respiratoire entraine une pneunopathi e ai gué, acconpagnée d'un
oedéne du pounon qui peut étre nortel. L'ingestion de grandes
quantités de sels sol ubl es de cadm um provoque une gastro-entérite
ai gué.

A la suite d' une exposition professionnelle prol ongée au
cadmium on a observé de graves effets chroni ques, principal enent au
ni veau des pounons et des reins. On a égal enent observé une
néphrot oxi cité chroni que dans | a popul ati on général e.

Les altérations pul nonaires consécutives a une exposition
prof essionnell e i ntense sont essentiell enent caractérisées par une
obstruction des voies aériennes. Si |'exposition se poursuit, les
| égers troubles ventilatoires initiaux peuvent déboucher sur une
insuffisance respiratoire. On a observé un accroi ssenent de |a
nortalité par pneunppathie obstructive chez des travailleurs
fortenment exposés, comme cela se produisait auparavant.

L' accunul ati on de cadmium dans | e cortex rénal entraine des
troubles de la fonction tubulaire et une réabsorption insuffisante,
par exenple, des protéines, du glucose et des acides am nés.

L' accroi ssement de |'excrétion urinaire des protéines de faible
masse nol écul aire est un signe caractéristique de |'insuffisance
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tubulaire. Parfois il y a aussi baisse du taux de filtration
glomérul aire. L'augnentation du cadmumurinaire est corrél ée avec
une protéinurie de faible nasse nol éculaire et, en |I'absence

d' exposition, peut servir d'indicateur de |'atteinte rénale. Dans

| es cas graves, les effets tubulaires et glonérulaires s'ajoutent

s' acconpagnant parfois d' une él évation du taux sanguin de
créatinine. Chez la plupart des travailleurs et autres personnes, la
prot éi nurie due a une néphropathi e cadm que est irréversible.

Parm |les autres effets, on peut citer les troubles du
mét abol i sme cal ci que, |'hypercalciurie et la fornmation de cal culs
rénaux. Une exposition intense au cadmi um peut, selon toute
probabilité lorsqu' elle s'acconpagne d' autres facteurs conme une
carence nutritionnelle, provoquer |'apparition d' une ostéoporose
et/ou d' une ostéonal aci e.

On est fondé a penser qu' une exposition professionnelle
prol ongée au cadmi um peut favoriser |'apparition d' un cancer du
pounon, mais |la présence de facteurs de confusion ne facilite pas
|"interprétation des observations effectuées sur les travailleurs
exposés. En ce qui concerne |le cancer de la prostate, |es données ne
sont pas concluantes et ne confirnment pas, en tout cas, |'hypothése
antérieure d une relation de cause a effet.

A | ' heure actuelle, on ne posseéde pas de preuve convai ncante
que | e cadmi um provoque une hypertension essentielle. La plupart des
données contredi sent cette hypothése et rien n'indique un
accroi ssenent de la nortalité par nal adi e cardi o-vasculaire ou
acci dent vascul aire cérébral chez | es personnes exposées.

D apres les résultats d' études relatives a des groupes exposés
de par | eur profession ou sinplenment du fait de | eur environnenent

général, il senble que |a préval ence des effets néphrotoxi ques soit
liée a la durée et al'intensité de |'exposition
Chez des ouvriers de |'industrie du cadmi um on a signalé,

apres 10 a 20 ans d' exposition a des concentrations de |'ordre de
20-50 pg par metre cube, une augnentation de |a préval ence des cas
de protéinurie a faible masse nol écul aire.

Dans des zones polluées, ou |'on évalue |'apport de cadm um par
voi e orale a environ 140-260 ug/jour, on a observé des effets du
genre protéinurie a faible nasse nol écul aire chez des sujets exposés
pendant une | ongue période. On trouvera a |l a section 8 une

estimation plus précise de |la relation dose-réponse.
7. Evaluation des risques pour |a santé hunai ne
7.1 Concl usions

On estine que le rein est |'organe cible tant dans la
popul ati on général e que chez | es groupes professionnellenent
exposés. Une exposition prol ongée par inhalation entrafne
| "apparition d un syndrome respiratoire obstructif chez certains
groupes professionnels. Certains détails incitent a penser que cette
exposition au cadmum pourrait favoriser |'apparition d un cancer du
pounon, mais |es observations effectuées sur des travailleurs
exposés sont difficiles a interpréter en raison de |l a présence de
facteurs de confusion.

7.1.1 Popul ation générale

Pour | a plupart des individus, les alinments constituent |a
principale voie d' exposition au cadmium Dans |a plupart des régions
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non pol |l uées par ce métal, |'apport alinentaire journalier est de
|"ordre de 10-40 pg. Dans |es zones polluées, il peut atteindre

pl usi eurs centai nes de mcrogrammes par jour. Dans |es zones non
pol l uées, |'apport di au tabac peut étre égal a |'apport alinmentaire

chez les gros funeurs.

D aprés un nodel e bi ol ogi que, on estine qu'il existe une
association entre |'exposition au cadmumet |'excrétion urinaire de
prot éines de faible masse nol écul aire chez | es sujets qui absorbent
pendant toute leur vie une dose journaliére d environ 140-260 ug de
cadmi um ce qui correspond a une dose cunul ée d' environ 2000 ng ou
davant age.

7.1.2 G oupes professionnellenent exposés

Dans ce cas, |'exposition est essentiellenment respiratoire,
nmais il s'y ajoute |'apport alinentaire et tabagi que. La teneur
totale de |'air en cadmumvarie selon les pratiques en natiére
d' hygi éne industrielle et selon le lieu de travail. |l existe une

relation de type exposition-réponse entre la teneur de |"air en
cadmumet la protéinurie de faible masse nol écul aire. La préval ence
de cette protéinurie peut augrmenter aprés 10 a 20 ans d' exposition a
des concentrations de cadmiumde |'ordre de 20-50 pug par netre cube

In vivo, | e dosage du cadmiumdans les reins et |le foie de sujets
pl us ou nmoins exposés a nontré que 10 % environ des travailleurs
dont le cortex rénal contenait 200 ng/ kg de cadnmium et 50 % de ceux
chez qui cette concentration atteignait 300 ng/ kg, feraient un jour
ou | "autre une protéinurie par insuffisance tubulaire.

RESUMEN Y CONCLUSI ONES
1. ldentidad, propiedades fisicas y quimcas, y nmétodos analiticos

Se di spone de varios nétodos para deternminar el cadmi o presente
en el material biologico. El mas utilizado es |a espectronetria de
absorci 6n atodm ca, aunque el analisis de nuestras con
concentraci ones bajas de cadmi o exige un trataniento cui dadoso de
| as nmuestras y correcciones para tener en cuenta la interferencia.
Se recom enda encar eci danente aconpafiar el analisis con un prograna
de garantia de |la calidad. Actual nente, en circunstancias ideal es
pueden determ narse concentraci ones de alrededor de 0,1 pg/litro en
la orinay la sangre y de 1-10 pg/ kg en alinmentos y nuestras de
tejidos.

2. Fuentes de exposici6on humana y anbienta

El cadmio es un elemento relativanmente raro; |os procedimn entos
anal iticos actual es indican que |las concentraci ones del netal en el
nmedi o anbi ente son nucho mas bajas que | as obteni das en nedi das
anteriores. Hoy en dia no es posible determnar si la actividad
humana ha provocado un aurmento histérico de |os nivel es de cadmi o en
| os casquetes pol ares.

La producci 6n conercial de cadm o conenz6 a principios de este
siglo. La pauta de consunp de cadmi o se ha nodificado en | os ultinos
aflos debi do al notabl e descenso del uso de |a gal vano-plastia y al
i nportante aunento de |a producci 6n de baterias y de |as
apl i caci ones el ectroéni cas especi alizadas. En las principales
aplicaciones del cadmo éste se utiliza en forma de conpuestos que
se hallan presentes en bajas concentraciones; ello obstaculiza e
reciclaje del nmetal. Las restricciones inpuestas por al gunos paises
a ciertas aplicaciones del cadnio pueden tener un efecto
general i zado en esas aplicaci ones.
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El cadmio se libera al aire, los suelos y las aguas debido a |l a
actividad humana. En general, |as dos fuentes principales de
cont am naci 6n son |l a producci én y el consunp de cadm o y de otros
metal es no ferrosos y |a evacuaci 6n de desechos que contienen
cadm o. Las zonas proximas a minas no ferrosas y fundiciones suel en
estar nuy contam nadas por cadm o

Al aunentar el contenido de cadnmi o del suelo, aunenta |la
absorci on del netal por las plantas; |a exposicion humana a partir
de | as cosechas agricolas estd por tanto sonetida a | os aunentos de
contenido de cadmi o del suelo. Dado que |a absorci én por |as plantas
desde el suelo es mayor cuando el pH de éste es bajo, |os procesos
que acidifican el suelo (por ejenplo, las Iluvias acidas) pueden
aument ar | as concentraci ones nmedi as de cadnmio en los alinentos. La

aplicaci on de fertilizantes a base de fosfato y | a deposici6n

at nosf érica son fuentes inportantes de aportaci 6n de cadmo a |as
tierras cultivables en ciertas zonas del nundo; |os fangos de

al cantarillado tanbi én pueden ser una fuente de inportancia a nive

| ocal . Estas fuentes pueden, en el futuro, aumentar |os niveles de
cadmi o en el suelo y con ello en las cosechas, |0 que a su vez puede
acrecentar |la exposicién al cadnmio en |a dieta. En ciertas zonas, se
ha denpstrado que esta aunentando el contenido de cadnio en |os

al i ment os.

Ci ertos organi snbs comestibles de vida libre cono | os mariscos,
| os crustaceos y | os hongos son acunul adores natural es de cadmnio
Cono en el caso del ser humano, se observan nivel es nayores de
cadmi o en el higado y el rifiébn de | os caballos y de al gunos ani nal es
terrestres silvestres. El consunp habitual de estos alinentos puede
aunentar |a exposicion. Certos vertebrados marinos contienen
concentraci ones notabl emente el evadas de cadnmio en el rifién
fendénmeno que, aunque se considera de origen natural, se ha vincul ado
a signos de | esiones renales en esos organi snos.

3. Niveles anbiental es y exposici 6n humana

La principal fuente de exposicién al cadnmio en |a poblacién
general no fumadora son los alinentos; |a proporci 6n de cadni o que
se absorbe por otras vias es pequefia. El tabaco es una inportante
fuente de absorci 6n de cadm o en los funadores. En |las zonas
cont am nadas, |a exposicién al cadm o por |os alinmentos puede
al canzar varios cientos de pg/dia. En |os trabaj adores expuestos, la
absorci 6n pul nonar de cadni o por inhalacidn en el lugar de trabajo
es la principal via de exposicion. Tanbi én puede aunentar |a
absorci 6n por la contam naci 6n de los alinmentos y por el consunp de
t abaco.

4. Cnética y nmetabolisno en aninmal es de experinmentaci 6n y en
el ser humano

Los datos obtenidos en ani nal es de experinmentaci 6n y en el ser
humano han denpbstrado que | a absorci 6n pul nonar es mayor que |la
gastrointestinal. Atendiendo a | a especiacién quinica, el tanmafio de
las particulas y la solubilidad en fluidos biol 6gi cos, puede
absor berse hasta el 50% del conpuesto de cadmi o inhal ado. La
absorci 6n gastrointestinal de cadm o depende del tipo de dieta y de
estado nutricional. El estado nutricional respecto del hierro parece
revestir particular inportancia. Aunque en pronedi o se absorbe el 5%
de la ingesta oral total de cadmio, |os valores individuales varian
entre nenos del 1% hasta mas del 20% Existe un gradiente
mat er nof etal de cadm o. Aunque se acunula en la placenta, |la
transferencia al feto es baja.
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El cadmi o absorbido en | os pulnones o el tracto
gastrointestinal se alnacena principalnente en el higado y el rifén
donde se deposita nmas de la mtad de |la carga corporal. A aunentar
la intensidad de | a exposicion, aunenta |a proporci én del cadmio
absorbi do que se al macena en el higado. En el ser humano |a
excreci 6n suele ser lenta y |l a senivida biol 6gica es nmuy |arga
(decenios) en el misculo, el rifén, el higado y el organisno entero.
Las concentraci ones de cadm o en la mayoria de |os tejidos aunentan
con |la edad. Aunque |as concentraciones nmas el evadas suel en
encontrarse en |l a corteza renal, con exposiciones excesivas pueden
produci rse concentraci ones mayores en el higado. En | as personas
expuest as que padecen | esiones renal es, aunenta |a excrecion
urinaria de cadm o con | o que se reduce |la semvida en el organi snp
entero. Las |esiones renal es producen pérdidas del cadm o contenido
en el rifion, y las concentraci ones renal es acaban con el tienpo
siendo inferiores a | as observadas en personas con un grado de
exposici 6n simlar pero sin |esiones renales.

La netal oti oneina es una inportante proteina de transporte y
al macenam ento de cadmo y otros netales. El cadm o puede inducir la
sintesis de netal otioneina en nuchos 6rganos, en particular e
higado y el rifién. La uni 6n del cadmio intracelular a la
netal otioneina en los tejidos protege contra | a toxicidad del netal
El cadmio |ibre puede por tanto tener una funci 6n en | a patogenia de
| as | esiones tisulares debidas a ese netal. Se desconoce |la
especi aci 6n de otros conplejos de cadmio en los tejidos o en |os
f1 ui dos bi ol 6gi cos.

La excreci 6on urinaria de cadmi o guarda relaci 6n con |a carga
corporal, la exposicion reciente y la lesién renal. En personas poco
expuestas, el nivel de cadnmio en |a orina depende principal nente de
| a carga corporal. Una vez que se ha producido la |esion rena
i nduci da por el cadmio, o0 incluso en ausencia de lesion renal si la
exposi ci 6n es excesiva, aunenta |la excreci6n urinaria. En | as
personas expuestas al cadm o que padecen proteinuria |la excrecion de
cadm o suel e ser mayor que en |as que no padecen proteinuria. Cuando
cesa |l a exposicion intensa, el nivel de cadnio en |la orina desciende
aunque persista la lesion renal. En la interpretaci 6n de |la
presencia de cadmio en la orina hay que tener en cuenta, pues,
varios factores. La excreci on gastrointestinal es aproxi mnadanente
igual a la urinaria pero no puede nedirse féacilnente. Oras vias
excretoras conp la |l eche, el sudor o la transferencia placentaria
son insignificantes.

El nivel de cadmio en |las heces es un buen indicador de |a
ingesta diaria reciente a partir de los alinmentos en ausenci a de
exposi ci 6n por inhalacion. En | a sangre, el cadmi o aparece
principal nente en los gl obulos rojos y las concentraci ones en e
pl asma son muy bajas. Existen al nenos dos conpartinentos en |la
sangre, uno referido a | a exposiciodn reciente, con una sem vida de
al rededor de 2-3 neses, y otro probablenente rel aci onado con | a
carga corporal, con una sem vida de varios afios

5. Efectos en maniferos de | aboratorio

Las exposici ones el evadas por inhal aci 6n provocan edenm
pul monar letal. La inyecci 6n de una sol a dosis el evada produce
necrosis en el testiculo y en el ovario no ovul ante, |esiones
hepéaticas y | esiones en | os vasos de nenor tamafio. La adm ni straci 6n
oral de dosis el evadas produce | esiones en |a nucosa gastrica e
intestinal.

La exposici 6n por inhalaci6n prolongada y |a adm nistraci 6n
i ntratraqueal producen nodificaciones croénicas de tipo inflamatorio
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en |l os pul nones, fibrosis y fendnenos indicativos de enfisena. La
adm ni straci 6n parenteral u oral prol ongada afecta principal nente al
ri ion aunque tanbi én al higado y a | os sistenas henat opoyéti co,
inmunitario, esquel ético y cardiovascular. En ciertas especies y en
det ermi nadas condi ci ones se han induci do ef ectos esquel éticos e

hi pertensi én. La aparici 6n de efectos teratogénicos y |esiones

pl acent ari as depende de | a fase gestacional en que se produzca |la
exposi ci 6n y puede entrafar interacci6n con el zinc.

En cuanto a |l a exposici 6n humana, | o mas notable son |os
ef ect os agudos por inhalacién en el pulnmdn y |os efectos renal es
cronicos. Tras | a exposicio6n prolongada, el rifién es el 6rgano
critico. Los efectos en este 6rgano se caracterizan por disfuncién
tubular y lesiones en las células tubulares, si bien pueden
produci rse tanbi én di sfunci ones gl onerul ares. Una de |as
consecuenci as de |la disfuncion tubular renal es la alteraci 6n de
net abol i sno del calcio y de la vitanmina D. Segun al gunos estudi os,
ell o ha producido casos de osteonal acia y/ 0 osteoporosis, pero esos
ef ectos no se han confirmdo en otros estudi os. No debe excluirse e
efecto directo del cadm o en |la mineralizaci 6n Osea.

Los efectos toéxicos del cadmio en ani nal es de experinentaci 6n
estan sonetidos a la influencia de factores genéticos y
nutricionales, |las interacciones con otros netales, en particular e
zinc, y el pretratam ento con cadm o, que puede guardar relaci6n con
 a i nducci 6n de | a netal oti onei na.

En 1976 y 1987, el Centro Internacional de |nvestigaci ones
sobre el Cancer considerd suficientes |as pruebas de que el cloruro,
el sulfato, el sulfuro y el Oxido de cadm o pueden producir sarcomas
en el lugar de inyeccion en la rata y, en el caso de |os dos
prinmeros conpuestos, inducir tunores en las células intersticiales
del testiculo en larata y el raton, pero consideré que | os estudios
de adm ni straci 6n oral eran insuficientes para |a eval uaci 6n. En
estudi os de inhal aci 6n prol ongada en ratas expuestas a aerosol es de
sul fato de cadm o, vapores de 6xido de cadmi o y pol vos de sulfato de
cadm o se observo una el evada incidencia de cancer prinmario de
pul ndn con pruebas de proporcionalidad entre la dosis y la
respuesta. Hasta el nonento, sin enbargo, esa observaci 6n no se ha
confirmado en otras especies. Los estudios de |os efectos
genot 6xi cos del cadm o han dado resul tados di scordantes

6. Efectos en el ser humano

La exposi ci 6n intensa por inhal aci 6n de vapores de 6xi do de
cadm o produce neunonitis aguda con edema pul nmonar, que puede ser
letal. La ingestion de dosis el evadas de sal es sol ubl es de cadmio
produce gastroenteritis aguda.

La exposi ci 6n ocupaci onal prol ongada al cadni o ha produci do
ef ect os croénicos graves, principalnmente en el pulmbn y el rifién
Tanbi én se han observado efectos renal es crénicos en | a poblaci 6n
general .

Los canbi os pul nonares observados tras una i ntensa exposi ci6n
ocupaci onal se caracterizan principal nente por |la aparicion de
af ecci ones croénicas obstructivas de |las vias aéreas. Los prineros
canbi os |l eves en |las pruebas de |a funcion ventilatoria pueden
avanzar, si prosigue |a exposicion al cadm o, hasta insuficiencia
respiratoria. Se ha observado una mayor tasa de nortalidad por
enf ernmedad pul nonar obstructiva en trabaj adores sonetidos a
exposi ci ones intensas, al igual que en otras épocas.

La acurul aci 6n de cadm o en |la corteza renal produce disfuncion
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tubul orrenal con trastornos de | a reabsorci 6n de proteinas, glucosa
y am noaci dos, entre otros. Un signo caracteristico de |la disfuncién
tubul ar es la mayor excreci 6n de proteinas de bajo peso nol ecul ar en
la orina. En algunos casos, dismnuye |la tasa de filtracidn

gl omerul ar. El aunmento de la concentraci 6n de cadnio en la orina
esta correl acionado con | a presencia de proteinas de bajo peso

nol ecular en la orina y, en ausencia de exposici6n aguda al cadm o
puede servir cono indi cador de efectos renales. En | os casos nas
graves se conbinan | os efectos tubulares y gl onerul ares, con aunento
del nivel de creatinina en |a sangre en al gunos casos. Para |la
mayoria de | os trabajadores y de | as personas expuestas al nedio
anbi ente general, la proteinuria inducida por el cadm o es
irreversible.

Entre otros efectos figuran los trastornos del netabolisno de
calcio, la hipercalciuria y la formaci 6n de célcul os renales. La
exposi ci 6n intensa al cadnio, con toda probabilidad conbi nado con
otros factores conb carencias nutricionales, puede |levar a la
aparici on de osteoporosis y/o osteonal aci a.

Hay pruebas de que | a exposicion profesional prolongada al
cadmi o puede contribuir a la aparicion de cancer del pul nbn aunque
| as observaci ones obt eni das en trabaj adores expuestos han sido
dificiles de interpretar a causa de factores que inducen a
confusion. En el caso del cancer de la préstata, |as pruebas
obt eni das hasta | a fecha no son concl uyentes pero no apoyan |a
exi stenci a de una rel aci 6n causal, indicada en estudi os anteriores.

Act ual nrente no hay pruebas convincentes de que el cadnio sea
agente etiol dgico de |a hipertension esencial. La mayor parte de |os
datos indican que no se debe al cadmio el aumento de la tensién y no
hay pruebas de que |la nortalidad por enfernmedades cardi o-vascul ares
0 cerebrovascul ares sea mayor.

Los datos obteni dos en estudi os de grupos de trabaj adores
expuestos y de grupos expuestos en el nedi o anbi ente genera
dermuestran que existe una relaci6n entre |1 os nivel es de exposicio6n
| a duraci 6n de ésta y la preval encia de | os efectos renal es.

Se ha conuni cado una mayor prevalencia de |la proteinuria de
baj o peso nol ecul ar en trabaj adores del cadmio tras 10-20 afios de
exposi ci 6n a nivel es del metal de aproxi madanente 20-50 pg/ nt. En
zonas contam nadas del medio general, en las que |la ingesta de
cadm o estimada ha sido de 140-260 upg/dia, se han observado efectos
en forma de aunento de | a cantidad de proteinas de bajo peso
nol ecul ar en la orina en al gunos individuos tras una exposici 6n
prol ongada. En | a secci 6n 8 se dan esti naci ones mas precisas de la
rel aci 6n dosi s-respuest a.

7. Evaluacién de los riesgos para |a salud hunana
7.1 Concl usi ones

Se considera que el rifibn es el organo diana critico en la
pobl aci 6n general asi conb en | as pobl aci ones expuest as
prof esi onal nente. Las enfernedades croénicas obstructivas de las vias
respiratorias estéan asoci adas a | a exposici 6n profesional prol ongada
e intensa por inhalacién. Hay pruebas de que esa exposici6n al
cadm o puede contribuir al desarrollo de cancer del pul ndbn aunque
| as observaci ones en trabaj adores expuestos han sido dificiles de
interpretar a causa de | a presencia de factores que inducen a
conf usi on.

7.1.1 Pobl aci 6n genera
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El cadmi o presente en los alinmentos es |a principal fuente de
exposici 6n para |la mayoria de | as personas. En |la mayoria de |as
zonas no contam nadas con cadmi o | as ingestas diarias nedias con |os
al i mentos se encuentran entre 10 y 40 pg. En zonas contam nadas se
ha observado que al canza varios cientos de pug al dia. En zonas no
cont am nadas, |a absorci én debida al consunp de tabaco puede igual ar
|l a ingestion de cadmo a partir de |os alinentos.

Basandose en un nodel o bi ol ogi co, se ha estinado que con una
ingesta diaria de 140-260 pg de cadmio durante toda la vida, o una
i ngesta acumul ativa de unos 2000 ng o nas, se produce en el ser
humano una asoci aci 6n entre | a exposicién al cadm o y una nayor
excreci on de proteinas de bajo peso nolecular en la orina.

7.1.2 Poblaci 6n expuesta profesional mente

La exposi ci 6n ocupaci onal al cadm o se produce principal nente
por inhal aci 6n aunque conprende ingestas suplenentarias con |os
alimentos y el tabaco. El nivel total de cadmo en el aire varia
segln |l as practicas de higiene industrial y el tipo de |lugar de
trabaj o. Existe una rel aci én exposici 6n-respuesta entre | os niveles
de cadm o en el aire y la proteinuria. Puede aunentar |a preval encia
de la proteinuria de bajo peso nolecular en trabajadores a | os 10-20
afios de exposicién a niveles de cadni o de unos 20-50 pg/nt. La
medida in vivo del cadmo en el rifidon y el higado de personas con
di stintos niveles de exposicién al metal ha denpstrado que al rededor
del 10% de | os trabajadores con un nivel en la corteza renal de
200 ny/ kg y aproxi madanente el 50% de | as personas con un nivel en
la corteza renal de 300 ng/kg tendrian proteinuria tubul orrenal
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