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Lung Cancer and Exposure to Metals:
The Epidemiological Evidence
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Abstract

Exposure to metallic compounds is ubiquitous, with its widespread use in industry and its presence, mostly
in tracc amounts, in the environment. This paper reviews the epidemiologic evidence of the relation between
lung cancer and exposure to metallic compounds by building on and updating the corresponding Interna-
tional Agency for Rescarch on Cancer (IARC) assessments. Given that most of the well-identified human
populations with given metal exposure are in occupational settings, this review is mostly based on results in
occupational epidemiology. The epidemiological evidence is shortly reviewed for accepted carcinogens:
chromium, nickel, bervllium, cadmium, arsenic, and silicon, highlighting what is still unclear. We then
review in more detail metals for which the evidence is less clear: lead, titanium, iron, and cobalt. There is
scarce evidence for the human carcinogenicity of titanium. Exposure to titanium dioxide is associated with
lung cancer excesses in one large study, but this excess may be due to confounders. The evidence for Iead is
contradictory. The lung cancer risk is presented as a function of a post hoc exposure ranking but no dose—
response relationship is found. A weak but consistent lung cancer excess in many populations exposed to
iron oxides but it is not possible to state on causality. Finallv the evidence in the hard metal industry is
presented, which suggests a possible carcinogenic effect of cobalt in presence of tungsten carbide. A short
discussion presents the limitations of epidemiology in assessing the carcinogenicity of metals.
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1. Introduction

Metals are defined in chemistry as elements that readily form
positive ions and have metallic bonds. Although nonmectal cle-
ments are more commonplace on Earth than metallic clements,
the latter constitute most of the periodic table of elements. Thus
(including metaltoids), over 80 different metallic elements exist,
most of which exist with difterent chemical valences and in many
compounds. However, many of these elements are very rare and
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do not correspond to a large enough group of exposed humans
to allow any epidemiological investigation of their possible eftect.
Nevertheless, certain rare metals are used in specific industrial
applications so that there are some occupationally exposed
groups, in which an epidemiological follow-up is possible.

It must be noted that the highest and most specific metal
exposures occurred and stll occur in occupational settings or
in the immediate environment of industrial sources. The metal
exposure in environmental settings is widespread but, except in
immediate environment of industrial sources, much lower, much
less specific and usually impossible to quantify precisely. Thus
most epidemiological evidence, which can be directly related to
an exposure to one or several metals, comes from cohort studies
in occupational exposure groups.

We shall first screen systematically all metallic elements trom
the periodic table. Doing this, a first issue for cach element is to
identify whether there are any numcrous enough human groups
that arc exposed to this metal or to its basic salts and compounds
or whether there is any indication that such a group will exist in the
future. A second issue is whether a suspicion of carcinogenicity has
been raised with respect to this metal. This suspicion can be based
on epidemiological studies or on other scientific evidence.

Finally we shall review the epidemiological evidence for the
metals thus selected. This review will not concentrate on metals that
have been officially classified as carcinogens for humans by regula-
tory agencices like the International Agency for Rescarch on Cancer
(IARC) or the United States National Toxicology Program (NTP)
through its Reports on Carcinogens (RoC), although the ration-
ale for each classification will be presented. For a list of possible
or probable carcinogens, see the website of the American Cancer
Society (http://\W\'\\'.canccr.org/docr()ot/PED/contcnt/PED_
l_3X_Known_and_Probablc_Carcinogcns.asp?sitcarea:PED).
Carcinogenicity of radioactive elements will not be discussed either,
as their possible specific cttect will be confounded with the eftect
of radioactivity. This review will concentrate on elements and their
immediate compounds for which a suspicion of carcinogenicity has
been published and that are typically classified as “probably or pos-
sibly carcinogenic” (2A or 2B) by IARC or “reasonably anticipated
to be carcinogenic” by the NTT.

2. Metals: An
Overview

Figure 6.1 shows the periodic table of clements. Starting with bot-
tom of the table, nearly all elements with an atomic number > 86 are
more or less radioactive and few human exposure groups exist. Pos-
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sible exceptions with a low radioactivity and some human exposures
are uranium-238 (depleted uranium) and thorium-232 dioxide. The
group of lanthanides (scandium, vttrium, and the elements with
atomic numbers between 57 and 71) also misnamed as rare earth
clements (some lanthanides like, e.g., cerium, are quite common in
the earth crust), have some industrial applications and some human
exposure has been documented but no suspicion of carcinogenic-
ity has been published to our knowledge (see ref. (1)). There is no
suspected carcinogen within the group of alkali metals (except for an
arsenic compound of lithium that has been classified as carcinogenic
as an arsenic compound). Within the group of alkaline earth metals,
beryllium (Be) is classified as carcinogenic to humans both by IARC
and N'TP. Contrary to its radioactive form, **Strontium, suspected
to be a bone carcinogen because it substitutes easily for calcium, its
stable isotopes seem innocuous. The same lack of suspicion is true
tor the other alkali earth metals (calcium, magnesium, and barium).
Most of the problematic metals are members of the group of transi-
tion metals. Thus titanium, chromium, iron, cobalt, tungsten, nickel,
platinum, and cadmium have all, at some time and in some form,
been suspected of, or been classified as, being carcinogenic (2). The
human exposures to some others (scandium, vanadium, vttrium, zir-
conium, niobium, technetium, hafhium, tantalum, and rhenium) are
too rare for any epidemiological investigation and these others have,
to our knowledge, never been mentioned as carcinogenic. Exposure
to manganese and molybdenum is less rare, and both play important
biological roles as essential trace clements in enzymes. The plati-
num group of elements (ruthenium, osmium, rhodium, iridium,
palladium, and platinum) is also composed of very rare elements
but, by analogy to platinum, these clements might be suspected of
being carcinogenic. Human exposure to gold (Au) and silver (Ag) is
relatively widespread, but despite the toxicity of some of their com-
pounds, there has never been any mention of carcinogenicity. Finally
the possibility of mercury (Hg) being a carcinogen has been evalu-
ated by the IARC in 1993 (3) and mercury is classified as a possible
carcinogen but based on scant human evidence. In the last group of
metals, the so-called poor metals, comprising aluminum, gallium,
indium, tin, thallium, lead, and bismuth, only lead is considered as
a potential carcinogen. Finally, within metalloids (boron, silicon,
germanium, arsenic, antimony, tellurium, and polonium), which
are not strictly metals, silicon (in the form of crystalline silica) and
arsenic have been classified as human carcinogens both by IARC and
NTT, but antimony has been considered as a possible carcinogen (4)
based solely on animal data.

Following this brict overview of metallic elements, this chap-
ter proceeds by shortly reviewing the epidemiological evidence of
lung carcinogenicity of metals and metalloids classified as human
carcinogens in one of their forms, i.e., chromium (Cr), nickel (Ni),
cadmium (Cd), bervllium (Be), arsenic (As), and silicon (Si), insist-
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Fig. 6.1. Periodic table of the elements. *Elements have been discovered but have not been named vet; +Elements have
yet to be discovered.

ing on the remaining scientific uncertainties. It then summarizes
the epidemiological evidence for titanium (Ti), iron (Fe), lead
(Pb), cobalt (Co), and tungsten (W), for which no consensus has
vet been reached. A short discussion will complete this review.

3. Metals
Recognized as
Carcinogens

3.1. Chromium Hexavalent chromium [Cr (VI)] was first linked to respiratory can-
cer as carly as in the late 19th century (5). Since then, several epi-
demiological studies were conducted, mostly in the chromate and
chromate pigments production across the world, and consistently
reported high risks of lung cancer and nasal sinus cancer. This litera-
ture was assessed by IARC in 1990 in its monograph on chromium
and chromium compounds (6). It concluded that “Chromium [VI]
is carcinogenic to humans” based on “sufficient evidence in humans
for the carcinogenicity of chromium [VI] compounds as encoun-
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tered in the chromate production, chromate pigment production
and chromium plating industries.” The situation is different with
trivalent chromium, Cr [II1], which is naturally occurring as chro-
mic oxide in the mineral chromite. The main exposure to trivalent
chromium and to metallic chromium occurs in the production of
terrochromium. Only three epidemiological studies are available
within this industry, and were carried out in Sweden (7), Norway
(8), and France (9). The evidence was conflicting and the only sta-
tistically significant excess occurred in the French study, in which the
exposure to chromium was more or less confounded with exposure
to other carcinogens in particular benzo(a)pyrene. This was sum-
marized in the IARC monograph (6) by “Metallic chromium and
chromium [1I1] compounds are not classifiable as to their carcino-
genicity to humans” because of “inadequate evidence in humans for
the carcinogenicity of metallic chromium and of chromium{III]
compounds.” Since this IARC assessment, a number of epidemio-
logical studies have been published (10-23), mostly confirming the
lung cancer risk with chromium [VI] exposure. The last study (23)
was remarkable in that the exposure assessment was based on over
12,000 urinary chromium exposure measurements. The authors
concluded that their “data suggest a possible threshold effect of
occupational hexavalent chromium exposure on lung cancer.” This
suggestion was however strongly disputed by Michaels et al. (24).
Finally, a reanalysis (25) of the data published by Gibb et al. (18)
investigated the hypothesis of a possible threshold and found limited
evidence in favor ot a low cumulative exposure threshold.

The eariest evidence with respect to a carcinogenic effect of
nickel [Ni] was published in 1958 (26). In the following 30 vears,
several epidemiological studies were conducted in all sectors expos-
ing workers to nickel compounds, i.c., mostly nickel extraction,
refining, smelting, and use in stainless steel production. The main
studies were conducted in Ontario (Canada), USA, Wales (UK), and
Norway. In 1990, the International Committee on Nickel Carcino-
genesis in Man (ICNCM), chaired by Sir Richard Doll, reported on
the results of all the available studies, some of which had never been
available in published form, in a comprehensive document (27). It
concluded that “more than one form of nickel gives rise to lung
and nasal cancer” and “The evidence from this study suggests that
respiratory cancer risks are primarily related to soluble nickel at con-
centrations in excess of 1 mg Ni/m? and to exposures to less soluble
forms at concentrations > 10 mg Ni/m?.”

The TARC assessment (6) of the same year considered that
“Nickel compounds are carcinogenic to humans” and “Metallic
nickel is possibly carcinogenic to humans.” The first statement was
based on “sufficient evidence in humans for the carcinogenicity of
nickel sulfate, and of the combinations of nickel sulfides and oxides
encountered in the nickel refining industry,” whereas the second
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3.3. Cadmium

statement was based on experimental animal studies. Since 1990,
the published evidence with respect to carcinogenicity of nickel has
been contlicting. Two studies conducted in New Caledonia (28,
29) did not find any increased risk of respiratory cancer among
nickel workers despite a reasonable power. The lung cancer mor-
tality among nickel platers (30) was not found to be in excess.
Similarly Sorahan and Williams (31) confirmed only partially in a
recent survey the initial lung cancer excess in the Clydach (Wales)
refinery described in ref. (27). On the other hand, Andersen et al.
(32), Anttila et al. (33), as well as Grimsrud (34, 35), confirmed
high level risks of lung cancer with consistent dose-response rela-
tionships. Although the issue remains controversial, this risk seems
to be restricted to water-soluble nickel compounds (36).

Human exposure to cadmium [Cd] occurs predominantly through
consumption of food and tobacco because cadmium bio-accumulates
in plants via the contamination of topsoil by industrial activities. Cad-
mium and its compounds are used in a variety of industrial applica-
tions (batteries, pigments, alloys, electroplating and coating, plastics).
Nowadays its predominant use is the production of nickel /cadmium
batteries. In its 1993 monograph (3), IARC stated that “Cadmium
and cadmium compounds are carcinggenic to humans” based on
“sufficient evidence” both in humans and experimental animals. This
was reinforced by the sentence “In making the overall evaluation, the
Working Group took into consideration the evidence that ionic cad-
mium causes genotoxic effects in a variety of types of eukaryotic cells,
including human cells.” The assessment of the human evidence was
mostly based on scveral papers analyzing a US cohort of cadmium
recovery workers, see, ¢.g., ref. (37), showing a dose—response rela-
tionship between lung cancer and cumulative cadmium exposure and
a series of papers in a cohort of 17 UK cadmium processing plants,
sec ¢.g. ref. (38), in which there were suggested trends with duration
and intensity of exposure to cadmium. The TARC reviewed also a
series of smaller cohort for which results are contradictory. The new
data with respect to cadmium and cancer have been reviewed recently
(39). The US cohort was reanalyzed by Sorahan and Lancashire (40)
using detailed job histories previously not taken into account. This
paper confirmed the dose-response relationships between lung can-
cer and cumulative cadmium exposure. However, when stratifying
on arsenic exposure, cadmium is only significantly related to lung
cancer for subjects concomitantly exposed to arsenic. Three turther
cohorts have been updated since the IARC report (41-43), which
did not show any increased lung cancer risk (in the absence of arsenic
co-exposure). The authors of the last paper claim that these results
“might indicate that the JARC evaluation is perhaps suitable for re-
examination” and “that the claims that carcinogenic cffects have been
shown in humans ought to be treated with some skepticism.” The
2005 11th NTP Report on Carcinogens reevaluated cadmium but
confirmed cadmium as “known to be a human carcinggen.” Finally, a
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recent prospective population-based study in the vicinity of industrial
sites generating a cadmium exposure (44) showed an increased lung
cancer risk in relation to previously measured urinary cadmium.

The uses of beryllium are relatively widespread: specialty ceramics
for electric and electronic appliances, nuclear and aircraft indus-
tries, aluminum and magnesium production, but jewelry and
dental prosthetic industry also use beryllium alloys or pure beryl-
lium. High long-term human exposures are probably (or hopefully
were) restricted to the beryllium production industry. Its acute and
chronic respiratory toxicity has long been recognized (45), even
among relatively low-exposed workers. The lung carcinogenic-
ity of bervllium is more controversial, despite the classification of
bervllium by IARC (3) as a “carcinggenic to humans” based on
“sufficient evidence” both in humans and cxperimental animals.
The human evidence relied on a moderate but consistent lung
cancer excess in a cohort of the seven US beryllium production
tacilities (see ref. (46) for the last paper describing this population
considered by the IARC review) and a high lung cancer risk in a
beryllium case registry, which included cases of beryllium-induced
pneumonitis (47). The follow-up of the largest facility included
in the US cohort was extended and a nested case—control study
was conducted (48), which enabled a quantitative assessment of
the exposure. This study could dismiss confounding by smoking
and showed an increasing trend when the exposure was lagged by
10 years but a decreased risk in the upper quartile. Modeling this
trend with log-transformed exposure metrics vielded a significant
coetticient, but trends with nontranstormed exposure metrics were
not statistically significant (49). This and alleged methodological
weaknesses led the authors of the latter paper (49) to challenge the
conclusions concerning beryllium-lung cancer associations.

The relation between arsenic and lung cancers is one of the best-
documented ones. While in its first assessment (50), IARC stated
that “the causative role (of arsenic) is uncertain,” in its 1980 assess-
ment (51), IARC concluded that there was “sufficient evidence
that inorganic arsenic compounds are skin and lung carcinogens in
humans,” while its 1987 (52) assessment was “Arsenic and arsenic
compounds are carcinogenic to humans” but “This evaluation
applies to the group of chemicals as a whole and not necessarily to
all individual chemicals within the group.” This classification was
based on consistent lung cancer excesses and observed dose—
response relationships with arsenic exposure among copper smelter
workers (e.g., ref. (53)), which was confirmed in later studies all
over the world (e.g., refs. (54-58)), including some environmental
risks around smelters (e.g., refs. (59, 60)). Increased lung cancer
risks were also found in arsenic-exposed copper, gold, and tin min-
ers (61-63), and among workers involved in the manufacture of
arsenical pesticides (64, 65). A more complete list of references is
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3.6. Silicon

available in ref. (66). Finally, high lung cancer risks in relation to
drinking water arsenic have been published in Taiwan (67), Chile
(68), and Bangladesh (69).

Measured by mass, silicon makes up 25.7% of the Earth’s crust. Pure
silicon crystals are however only occasionally found in narture, so
that there is no human exposure to speak of, except possibly in the
semiconductor industry. Naturally occurring silicon is usually found
in the form of silicon dioxide (also known as silica), and silicates.
There are many silicates, which are complex compounds involving
silicon, oxvgen, and other metallic and nonmetallic elements, and
considering silicates as silicon compounds is stretching this concept.
Silica on the other hand, is the simplest and most common silicon
compound. Morcover, human exposure is widespread and its health
consequences have been studied in many studies. In its 1997 mono-
graph (70), IARC stated that “Crystalline silica inhaled in the torm
of quartz or cristobalite from occupational sources is carcinogenic
to humans” based on “sufficient evidence in humans for the carcino-
genicity of inhaled crystalline silica in the form of quartz or cristo-
balite from occupational sources,” whereas “Amorphous silica is zot
classifinble as to its carcinggenicity to humans.” This classification,
which was since confirmed by the NTD (71), gave rise to heated dis-
cussions (see, e.g., ref. (72)), notably based on the fact that studies of
coal miners, who are exposed to crystalline silica, have not generally
demonstrated an increased lung cancer risk. This was certainly a rea-
son why the JARC working group added the following cautionary
remark “Carcinogenicity may be dependent on inherent characteris-
tics of the crystalline silica or on external factors affecting its biologi-
cal acuivity or distribution of its polymorphs.” Recent studies seem
both to confirm the fact that overall, crystalline silica is carcinogenic
(73, 74), and that it is not always so (75, 76). The most important
problem secems now to be to understand what causes these inconsist-
ent findings on silica and lung cancer (77).

4, Titanium

Titanium [Ti] is a light strong, corrosion-resistant metal with
a white-silvery metallic color. Although it is quite common in
the Earth’s crust (its proportion in soils is approximately 0.5 to
1.5% (78)), it is alwavs bonded to other elements in nature and
it is very expensive to extract the metal from its ores. It can be
alloved with other elements, such as iron, aluminum, vanadium,
molvbdenum, and others, to produce strong lightweight alloys
for aerospace (the Boeing 777 contains about 10% titanium),
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military, automotive, medical (prostheses), sporting goods
(golf clubs), and other applications. However 95% of titanium
ore extracted is destined for refinement into titanium dioxide
(TiO,), mostly used as a pigment. Thus human exposure to tita-
nium and titanium compounds is mainly in the production and
use of TiO,, although some human exposure is likely to exist to
titanium metal in its metallurgical industry. In 1983, NIOSH
estimated that 2.7 million workers were potentially exposed
to TiO,. There have been some animal studies (79, 80) show-
ing increases in malignant bronchiolar /alveolar and squamous
cell tumors of the lung in rats exposed to high levels of TiO,.
Searching the scientific literature, we identified four cohort
studies among TiO, production workers (81-84), one of which
(82) was a nested case~control study in a cohort presented in
ref. (81) focused on titanium tetrachloride (TiCl,) exposure.
We also identified a reanalysis (85) targeted toward cxposure
to TiO, of an carlier population-based case~control study (86).
Finally, in the 2001 unpublished final report of the worldwide
multicentric JARC study in the pulp and paper industry, the
lung cancer mortality of subjects ever exposed to TiQ, (212
cases versus 225.9 expected) or ever highly exposed to TiO, (82
cascs versus 84.2 expected) was not in excess. No epidemiologi-
cal results are available for titanium-exposed humans in other
contexts. Table 6.1 presents the main results of these papers.
Overall, there is only one significant excess ot lung cancer mor-
tality, based on a fixed effect summary of the European study.
However, the detailed exposure assessment in this cohort ena-
bled the authors to show that this (23%) excess was not related
to the TiO, exposure and was most likely due to other factors
(smoking and other occupational exposures) and possibly to
inadequate reference rates.

The recent 2006 IARC assessment, of which presently only
the summary evaluation is available, concluded, based on the
same studies (except the results of the pulp and paper cohort,
and one US study, most likely the study focusing on TiCl,), that
“Titanium dioxide is possibly carcinggenic to humans” based on
“tnadequate evidence in humans” and “sufficient evidence in
experimental animals.”

5.1ron

Iron [Fe] is the 26th element of the periodic table. It is a ductile
and malleable metal, unique with his magnetic properties. It is a
very reactive element and oxidizes (rusts) very easily.
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Table 6.1
Epidemiological studies on lung cancer in relation to titanium compounds
Study Lung
Author [ref- Study type and  population cancer
erence) Year location and follow-up cases RR estimate 95% Cl
Cohort studies: TiO, production and use
Chenetal. 1988 Mortality study n =2,477 9 SMR = 0.52 0.27-0.99
[81] in2US (1,576
plants exposed
to TiO,)
1935-1983
Fayer- 1992 - Nested case~ 1935-1983 24 OR (TiClL) 0.4-3.2
weather control in the =1.1
eral. [82] largest plant
Fryzek etal. 2003 Mortality study 3,892 men, 61 SMR (all)=1.0 0.8-1.3
[83] in 4 US 409
plants women
1960-2000
11 SMR (high 0.5-1.7
TiO,)=1.0
Boffetta 2004  Mortality study 14,331 306.5 SMR =1.23 1.10-1.38
[84] in 11 Euro- men, 686
pean plants women
1927 to
1969-
1995-2001
RR (random 0.96-1.48
effect) = 1.19
TARC 2001 Worldwide mor- Ever exposed 212 SMR = 0.94 0.82-1.07
tality cohort to TiO,
in pulp and
paper indus-
try
Ever highly 82 SMR = 0.97 0.77-1.21
exposed to
TiO,
Population-based case—control studies
Boffetta 2001  Montreal Ever exposed 33 OR =0.9 0.5-1.5
[85] (Canada) 857 to TiO,
cases
Substantial 8 OR=1.0 0.3-2.7

exposure to
TiO,




5.1. Iron Ore Mines

Lung Cancer and Exposure to Metals 149

It is widespread in the Earth’s crust (about 5%). The main
ores of iron are hematite or ferric oxide (Fe,O,), magnetite or
ferrous oxide (Fe O,), and limonite (HFeO, ). In the experimental
literature, the carcinogenic effect of iron oxides on lung has long
been debated. Studies on animals show no conclusive effect of
iron oxides if alone. A carcinogenic eftect has however been sug-
gested in association with benzo[a]pyrene (B[a]P), ferrous oxide
particles being considered as cofactors (87-89).

Several epidemiological studies have been carried out on the
risks of cancer in industries generating exposure to iron oxides:
iron ore mining, iron and steel manufacturing, foundry processes,
and welding processes, although few of the studies focused on iron
oxides. In what tollows, we shall consider each of these industries
or processes. The respective findings will be discussed considering
that few if any of the occupations present “pure” exposures to Fe
oxides, most presenting decidedly mixed exposures.

Several epidemiological studies conducted among underground
hematite miners showed an increased risk of lung cancer. Some
of these studies, reviewed in the 1987 IARC monograph (90),
attributed this risk to radon daughters because they observed a
higher incidence of lung cancer among miners exposed to radon
daughters than among surface miners. In a retrospective study
conducted in Minnesota (91), no excess of lung cancer was found
among either underground or aboveground miners compared
with US white men. These results were attributed to low levels of
exposure to both radon daughters and silica dust, a strict smok-
ing prohibition underground, and the absence of underground
diesel fuel use. Two French studies were carried out in iron ore
miners in the Lorraine basin, where the exposure levels to radon
daughters are low. A proportional mortality study (92) of 1,075
miners deceased between 1960 and 1976 showed a significant
excess of lung cancer mortality 2.2 times higher than expected in
reference to French male mortality, increasing with the duration
of work underground (Proportional mortality rate [PMR] = 4.24
for subjects who worked underground for more than 30 years).
This excess risk may have been partly due to smoking but it led
to the classification of lung cancer as a recognized occupational
disease in France as a complication of siderosis. In a prospective
study conducted in the same area, Chau et al. (93) confirmed the
excess of lung cancer among underground workers (standardized
mortality ratio [SMR] = 3.89; p < 0.001). The authors showed
that the lung cancer risk increased with the duration of work
underground and that this increase became more important with
increasing smoking. They concluded that the lung cancer risk in
Lorraine iron ore miners was possibly related to cumulative levels
of dust (consisting mostly of iron oxides) and diesel exhausts,
although the role of'a low exposure to radon daughters could not
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5.2. Iron and Steel
Foundries

be totally excluded. In a retrospective study conducted among
workers of two hematite mines in China, Chen et al. (94) found
an excess risk of lung cancer among underground miners exposed
to radon and radon daughters that increased with levels of dust
exposure among smokers but also among subjects with silicosis
and silicotuberculosis, indicating a signiticant quartz content of
this dust. A cohort study published in 2006 carried out among
iron ore miners in China showed an increased risk for lung cancer
among dust-exposed workers (95).

In summary, most studies conducted among iron ore min-
ers reported an excess lung cancer risk. However, this excess is
difficult to attribute to iron oxide exposure, given the numer-
ous confounders among which radon and radon daughters, die-
sel fumes, and smoking are the most important. Based on these
findings, IARC (90) classified “underground haematite mining
with exposure to radon” as being “carcinogenic to humans” while
for haematite and iron oxide, the evidence for carcinogenicity in
humans was considered “inadequate.”

Iron and steel founding is an industrial process that has been con-
sidered by IARC as “carcinggenic to humans” (96, 97). This IARC
assessment remarked that “Despite the absence of information to
specity definitely the carcinogenic substances in the work environ-
ment (e.g., polycvclic aromatic hydrocarbons [PAHs], silica, metal
fumes, and formaldehvde), the consistency of the excess in studies
from around the world shows that certain exposures in iron and steel
founding can cause lung cancer in humans.” We can note that expo-
sure to iron oxides was not even considered as a potential carcinogen.
Since this evaluation, we are aware of seven new studies considering
lung cancer in iron foundries (98-104). A Polish nested case—con-
trol study (98) reported a consistent gradient of lung cancer risk,
adjusted on smoking, with increasing duration of employment in a
foundry: odds rato (OR) = 1.28 (1-20 vears), 1.58 (20-30 years),
and 2.66 (>30 vears). Adzresen et al. (104) reported an increased
lung cancer risk (SMR = 164; 95% confidence interval [CI], 124~
223). Sorahan et al. (101) showed an increased lung cancer mortal-
ity in 10 UK foundries (SMR = 146; 95% CI, 134-158; 551 cases)
with no clear trend with exposure estimates. On the other hand,
Rotimi et al. (99) and Andjekovich et al. (101) did not find any
lung cancer excess in the mortality follow-up of two American steel
foundries, neither did Hansen (102) in a population-based cohort of
foundry workers, despite a large excess in death from pneumoconio-
sis. Finally, in a Spanish nested case—control study (103) carried out
in a steel-producing industrial complex, a twofold lung cancer risk
(not significant, adjusted on smoking) was observed among workers
having worked predominantly in the foundry.

Again lung cancer is often in excess in this industrial sector
and again it is not clear whether this excess is attributable to iron
oxides.
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Welding fumes contain a wide variety of mostly metallic compounds
depending welded metals and the welding technique. For exam-
ple, exposure to hexavalent chromium and nickel is likely during
welding of stainless steel. However, except for very specialized
welding, these fumes always contain iron compounds. Moreover,
relatively high asbestos exposure is likely to have occurred in ship-
vards and a lower asbestos exposure may have occurred because
of the usc of asbestos welding blankets.

In the late 1980s, a large multicentric European cohort of
welders (105) was set up. Exposures to chromium, nickel, and
others were assessed using an ad hoc job-exposure matrix. Overall
lung cancer was in significant excess but no clear difference was
observed between mild steel and stainless steel welders. Moreo-
ver, no dose-response relationship could be shown between lung
cancer and exposure to hexavalent chromium or nickel. A recent
meta-analysis of all epidemiological studies among welders pub-
lished between 1954 and 2004 (106) confirmed both the overall
lung cancer excess (combined relative risk [CRR] = 1.26; 95% CI,
1.20-1.32) and the absence of difference between mild steel weld-
ers (CRR = 1.32; 95% CI, 1.10-1.59) and stainless steel welders
(CRR = 1.31; 95% CI, 1.06-1.61). The authors considered this
risk as unlikely to be attributable to confounding by smoking.
A possible confounder is asbestos exposure, but the shipvard weld-
ers (CRR = 1.32;95% CI, 1.16-1.51), in which this exposure was
considered to be much higher, showed a similar risk as other weld-
ers. This was also the point of view expressed in the 1990 IARC
monograph (6), which classified welding fumes (and not welding
processes) as “possibly cavcinogenic to humans.” These nonspecific
lung cancer risks could, at least partly, be due to iron oxide expo-
sure, but this is only one hypothesis among others.

Steel production gives rise to exposure to total dust containing
varying concentrations of iron between the different processes.
The authors of a French study in a steel-producing factory (107)
reported percentages of iron (including oxides) in total dust vary-
ing from 30% in the blast furnace plant or in the steel making plant
to more than 75% in the sinter plant or in the hot rolling mill. This
study was specitically aimed at assessing the possible association
between iron oxide exposures and lung cancer mortality while tak-
ing into account the main possible occupational and non-occupa-
tional confounders. A factory specific job-exposure matrix assessed
occupational exposures. High iron oxide exposures occurred at the
floor level of the steel making plant or of the blast furnace before the
installation of a ventilation system, close to the sinter strand, dur-
ing hot scarfing at the heavy plate mill. No lung cancer excess was
observed among workers exposed to iron oxides (relative risk [RR]
adjusted on asbestos, silica, and PAHs, 0.80; 95% CI, 0.55-1.17)
and no dose-response relationship was observed with intensity,
duration of exposure, and cumulative exposure indices. A turther,
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5.5. Summary

nested case—control study in a cohort of stainless and alloyed steel-
producing workers (108), targeted at assessing lung cancer risk in
relation to metals and iron exposures, did not detect any effect of
iron oxide exposure either: the iron-oxide OR adjusted for poten-
tial confounding factors, i.e., PAHs, silica, and smoking, was lower
than 0.50. In contrast to the two preceding studies, the majority
of studies carried out in iron and steel plants analyzed lung cancer
mortality according to workshops or job categories, but not in term
of exposures to iron oxides and cofactors. In order to detect a possi-
ble role of iron oxide exposure, we concentrate on those workshops
or plants in which such an exposure is most likely, although still pos-
sibly associated with other carcinogens. These consist of blast fur-
nace, smelting, hot-rolling, scarfing, but, e.g., not coke oven plants.
Table 6.2 summarizes the lung cancer risks in studies in which this
detail was available. In all four processes, it appears that the lung
cancer risk is increased quite consistently.

The carcinogenic effect of iron oxides on lung has been suggested
in the literature because excess risks of lung cancer were observed
in many occupational activities involving exposure to iron oxides.
A potential lung cancer risk was reported in many studies car-
ried out in iron ore mines, in iron and steel foundries, among
mild steel and stainless steel welders, and in the steel industry.
However only three studies, one study (121) considering “pure”
and considerable exposure to iron oxides in relation to the pro-
duction of Fe,O, from pyrite, and two mortality cohort studies
carried out in steel-producing factories, addressed specifically the
effect of iron oxides on lung cancer. In none of these three stud-
ies, when taking into account possible confounders, was such an
effect observed. Finally some studies showed excesses of a non-
malignant respiratory disease, usually considered as benign, called
siderosis. This disease is specifically related to the exposure to
iron oxides and it has been suggested that lung cancer may occur
as a complication of siderosis (88). However, the single study
investigating this possible relation did not find anv excess, but
its power was very low (122). In summary, lung cancers risks are
observed in population exposed to iron oxides but eftects of iron
oxides were not confirmed when they were specitically studied.

6. Lead

Lead is a toxic metal. Its neurotoxic, nephrotoxic, and hema-
tologic effects have long been recognized (123). Nevertheless,
the human exposure is quite widespread: citing the summary
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Table 6.2
Lung cancer risks in blast furnace, smelting, hot-rolling, and scarfing plants
Lung
cancer
Author [reference] Year  Study type and location cases RRestimate 95% Cl
Blast furnace v
Hurley [109] 1990  Cohort study, UK 18 SMR =169 1.00-2.67*
Moulin [110] 1995 Cohort study, France 26 SMR =1.36  0.89-1.99
Finkelstein [111] 1994  Case—control study, Canada 11 OR =1.38 0.61-3.06
Smelting
Redmond [112] 1975  Cohort study, USA 112 SMR =0.89¢ 0.73-1.07*
Finkelstein [113] 1990 Cohort study, Canada 7 SMR = 3.61% 1.48-7.59
Hurley [109] 1990  Cohort study, UK 13 SMR =090 0.48-1.54°
Finkelstein [114] 1991 Cohort study, Canada 15 SMR =145% 0.81-2.39°
Moulin f115] 1993  Cohort study, France 7 SMR =1.04b 0.42-2.15
Cao [116] 1995 - Cohort study, Chine 118 SMR =109 091-1.31°
Moulin [110] 1995  Cohort study, France 17 SMR =1.25¢ 0.73-2.01
Moulin [110] 1995 Cohort study, France 5 SMR = 1.04%" 0.34-2.43
Moulin [110] 1995  Cohort study, France 14 SMR =175 0.96-2.94
Blot [117] 1983~ Case—control study, USA 20 OR = 2.60¢ 1.20-5.80
Finkelstein [113] 1994  Case—control study, Canada 17 OR =092 0.50-1.70
Xu [118] 1996 ©  Case—control study, China 166 OR =1.60 1.20-2.10
Hot rolling
Mazumdar [119] 1975 Cohort study, USA 21 SMR =1.14 - 0.71-1.74*
Hurley [109] 1990  Cohort study, UK 19 SMR=086 0.53-1.37°
Moulin [115] 1993 Cohort study, France 17 SMR =151 0.88-2.42
Moulin [110] 1995  Cohort study, France 41 SMR =129 0.93-1.75
Moulin [110] 1995 Cohort study, France 28 SMR =116 0.77-1.68
Scarfing
Mazumdar [119] 1975 Cohort study, USA 2 SMR =0.80 0.10-2.89°
Beaumont [120] 1987  Cohort study, USA 35 SMR =164 1.14-2.28
Moulin f110] 1995  Cohort study, France 7 SMR = 1.62 - 0.65-3.33

*Not available in the original publication, computed from available data. ®Electric furnace. Open hearth

furnace.
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report of the 2004 TARC assessment of the carcinogenicity of
lead (124), “The widespread occurrence of lead in the envi-
ronment is largely the result of anthropogenic activity, which
has occurred since prehistoric times. Lead usage increased
progressively with industrialization and rose dramatically with
the use of lead-acid batteries and leaded fuel for automobiles
in the twentieth century. The predominant use of lead is now
in batteries and, to a lesser extent, in construction materials
and lead-based chemicals. The use of lead in pipes, paints and
gasoline has been or is being phased out in many countries.
The important routes of human exposure from lead-contami-
nated air, dust, soil, water and food are through inhalation
and ingestion. Recent human exposure has arisen predomi-
nantly from the widespread use of leaded gasoline. Also, areas
near lead mines and smelters have high environmental concen-
trations of lead. Occupations in which the highest potential
exposure to lead exists include mining, primary and secondary
smelting, production of lead-acid batteries, pigment produc-
tion, construction and demolition. In spite of the persistence
of lead in the environment, exposures have decreased sub-
stantially in countries where lead control measures have been
implemented over the past 10-30 years.”

The possible carcinogenic effect of lead has received a lot
of attention recently. In 1999 a conference was dedicated to
“Lead Exposure, Reproductive Toxicity and Carcinogenicity,”
whose proceedings have been published in a special issue of
the American Journal of Industrial Medicine (Vol 38, no. 3;
2000). Shortly afterward, the atorementioned TARC assess-
ment reviewed the evidence and a group of French experts
also reviewed the evidence (125). IARC considered that there
was “limited evidence for the carcinogenicity to humans of
exposure to inorganic lead compounds. The available cpi-
demiological data on occupational exposure to organic lead
compounds were considered to provide inadequate evidence
for carcinogenicity to humans.” Table 6.3 presents the results
of a series of published epidemiological studies analyzed in
an unpublished meta-analysis by Dr. Moulin and coworkers
(126) presented at the 16th International Symposium on Epi-
demiology in Occupational Health, in which subgroups of
study populations were ranked by increasing lead exposure
level, based on the available published information. Although
overall there appears to be an increased lung cancer risk, no
increasing trend with lead exposure emerges from this table.
The increased lung cancer risk seems thercfore to be, at least
partly, due to confounding exposures.

Since this meta-analysis, three studics were published. Lund-
strom et al. (144) conducted a nested case—control study in the
Swedish smelter cohort (141) and concluded that “cumulative
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Table 6.3
Lung cancer risks by coded lead exposure in subpopulation of studies published
before 2002
Lung
Study type and cancer
Author [reference] Year location cases  RR estimate 95% Cl
Lowest lead exposure level All combined CRR =1.36 0.71-2.57
Cordioli [127] 1987 Glass industry, Italy 13 SMR = 2.09 1.11-3.57
Sankila [128] 1990 Glass industry, 4 SIR = 1.60 0.444.10
mechanical work-
shop Finland
Michaels [/129] 1991 Printers, US 37 SMR = 0.89 0.62-1.22
Low-medium exposure levels All'combined CRR = 1:07 0.81-1.41
Sankila [128] 1990 Glass industry, glass 1 SIR =0.29 0.01-1.64
blowers, Finland
';';Sankﬂa [128] 1990 Glass industry, oth- 37 SIR=1.33 0.93-1.83
i ers, Finland '
Wingren [130] 1987 Glass industry, oth- 11 OR =190 0.97-3.72
ers, Sweden
1980 Printing industry, 1 SMR = 0.50 0.02-2.79
Ttaly
1979 Printing industry, 61 SMR = 0.83 0.64-1.07
US, whites
1979 Printing industry, 23 SMR = 1.06 0.67-1.59
US, non whites
Anttila [133] 1995 Population based, 25 SMR = 0.70 0.02-2.79
Finland, men
Anttila [133] 1995  Population based, 1 SMR=070  0.01-4.00
Finland, women
1990 Glass industry, 6 SMR = 2.36 0.86-5.14
Sweden
All combined CRR =145 1.15-1.84
1986 Smelter workers, 3 SMR =1.43 0.294.17
Sweden
1987 Glass industry, 4 OR = 2.30 0.83-6.35
Sweden
1995 Smelter workers, 6 SMR =1.32 0.49-2.88
Sweden
1992 Smelter workers, US. 23 SMR = 1.36 0.86-2.05

(continued)
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Table 6.3
(continued)
Lung
Study type and cancer
Author [reference] Year location cases  RR estimate 95% Cl
Anttila [133] 1995 Population based, 35 SIR = 1.40 1.00-1.90
Finland, men
Anttila [133] 1995 Population based, 2 SIR = 4.50 0.50-16.00
Finland, women
High exposure levels All combined CRR =1.29 1.09-1.54
Wong [138] 2000 Battery workers, US 210 SMR =1.14 0.99-1.30
Wong [138] 2000 Smelter workers, US 107 SMR =1.22 1.00-147
Gerhardsson [135] 1986 Smelter workers, 5 SMR =1.72 0.56-4.02
Sweden
Steenland /137] 1992 Smelter workers, US 49 SMR =1.11 0.82-1.47
Ades [139] 1988 Smelter, UK 182 QR =1.25 1.07-1.44
Cocco [140] 1997 Smelter workers, 31 SMR = 0.82 0.56-1.16
Italy
Lundstrom [i141] 1997 Smelter workers, 42 SMR =290 2.10-4.00
Sweden
Anttila [133] 1995 Population based, 11 SIR=1.10 0.60-2.00
Finland, men
Sheffet [142] 1982 Pigment industry, 10 SIR ='1.33 0.67-2.37
us
Davies [143] 1984  Pigment industry, 4 SIR = 1.45 0.39-3.71

UK

SIR, standardized incidence ratio

arsenic and smoking were identified as risk factors, ... lead expo-
sure however was not.” Wingren (145) updated the cohort pub-
lished in 1990 (134). The slight lung cancer excess of the earlier
study was not confirmed in this update. On the other hand, lung
cancer mortality increased significantly with increasing catego-
ries of lead exposure in a recent Italian study in a lead and zinc
toundry (146).

In summary, there is some evidence of a carcinogenic etfect
of (inorganic) lead compounds, but it is not compelling, at least
with respect to lung cancer.
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7. Cobalt and
Tungsten

Cobalt is a relatively widespread element. It occurs naturally in the
torm of sulfides, oxides, and arsenides, but not in its metallic form.
It is rarely mined alone and tends to be produced as a by-product
of nickel and copper mining activities. Cobalt in small amounts is
essential to many living organisms, including humans. It is a central
component of the vitamin B-12. Its uses are in making wear-resist-
ant alloys, notably for aircraft engines, in high-strength steels, and
other alloys. One of its most important applications is in the hard
metal industry in which it is added to metallic carbides, especially
tungsten carbide, to produce metal-working tools. Occupational
exposure to cobalt occurs predominantly during refining, in the
alloy production, and in the hard-metal industry.

The mortality of a French cobalt production facility was stud-
ied in two successive studies (147, 148), but the initial excess of
lung cancer was not confirmed in the follow-up study. The main
evidence with respect to a possible carcinogenic risk of cobalt
comes from four studies in the hard-metal industry (149-152). In
one of the studies (152), an unadjusted twofold lung cancer risk
was observed in a cobalt production workshop without exposure
to tungsten carbide exposure, but the main evidence is in workers
exposed simultaneously to cobalt and tungsten carbide. The first
paper (149) described the mortality experience (1951 to 1982)
of the workforce of three hard-metal producing plants (3,163
workers) in Sweden. Overall there was a nonsignificant excess in
cancer of the lung (SMR = 1.34; 17 cases; 95% CI, 0.77-2.13),
which was higher when restricted to subjects exposed for longer
than 20 years since first exposure (SMR = 2.30; 4 cases; 95% CI,
0.62-5.9). This excess became statistically significant when con-
sidering subjects exposed for longer than 10 years and whose first
exposure was longer than 20 years ago (SMR = 2.78; 7 cases; 95%
CI, 1.11-5.72). Another mortality cohort study (1956-1990)
of a hard-metal producing plant located in France was published
by Lasfargues et al. (150). This small study included 709 male
subjects. In this study, there was a significant excess for lung cancer
(SMR = 2.13; 10 cases; 95% CI, 1.02-3.93), mainly due to a
large excess in the highest exposure group (SMR = 5.03; 6 cascs;
95% CI, 1.85-10.9). However, mortality did not increase with
duration of employment and time since employment. Poten-
tial confounding was treated in some detail for smoking and is
unlikely to explain the observed results. Other potential occupa-
tional carcinogens (asbestos, nickel, etc.) were not discussed. The
third study was published by Moulin et al. (151) and describes
the mortality experience (1968-1991) of the workforce of ten
French hard-metal producing plant with a total of 5,777 male
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subjects showing a borderline significant excess for lung cancer
(SMR = 1.30; 63 cases; 95% CI, 1.00-1.66). A nested case—con-
trol study was included using an industry-specitic job-exposure
matrix ranking cxposures to sintered and unsintered hard metal
dust, and identifying exposure to other carcinogens. Smoking
habits were obtained for 82% of the cases and 79% of the con-
trols. The OR for simultaneous exposure to cobalt and tung-
sten carbide rated as >2 (on a scale from 0 to 9) was equal to
1.93 (95% CI, 1.03-3.62) adjusted for all other cobalt exposures
(alone or simultaneous with other agents). The OR increased
significantly with duration of exposure and cumulative exposure
reaching OR = 4.13 (95% CI, 1.49-11.5) in the highest cxposure
quartile. Adjusting on smoking did not change the ORs to any
extent. The last study (152) described the mortality experience
(1968-1992) of the workforce of the largest facility (2,860 sub-
jects) included in the preceding study. Overall there was a statisti-
cally significant lung cancer excess (SMR = 1.70; 46 cases; 95%
CI, 1.24-2.26) mostly in subjects having worked in hard metal
production steps before sintering (SMR = 2.42; 9 cases; 95% CI,
1.10-8.63), while in the workshops after sintering, only a rela-
tively small excess is observed (SMR = 1.28; 5 cases; 95% CI,
0.41-5.9). According to the job-exposure matrix, the SMR ot all
hard-metal exposure rated as higher than 2 was in statistically sig-
nificant excess (SMR = 2.02; 26 cases; 95% CI, 1.32-2.96) and
increased with duration and cumulative exposure. In an internal
regression adjusted on smoking and IARC carcinogens, the RR
increased significantly with duration of exposure to unsintered
hard metal dust at a level rated as > 2.

In summary, although the possibility of some residual confound-
ing cannot be excluded, it seems unlikely that the increased lung
cancer risks in hard-metal workers were due to smoking or other car-
cinogens. However, the epidemiological evidence is limited in that it
is mostly restricted to the population of French workers. These epi-
demiological findings agree however with experimental data. Injec-
tion of cobalt salts in difterent animal species produced sarcomas at
the injection points (153). Recent studies have confirmed the geno-
toxic potential of these compounds both in vitro (154, 155) and in
vivo (156). Interestingly, these experiments showed that the associa-
tion of cobalt salts and tungsten carbide presented higher mutagenic
effects than cobalt salts alone when measured by the comet (155)
or micronuclei assays (156). Recently, IARC reviewed the evidence
of the carcinogenicity of cobalt particle with or without tungsten
carbide (157). Cobalt metal with tungsten carbide was evaluated
as probably carcinggenic to humans on the basis of limited evidence
in imans for increased risk of lung cancer and sufficient evidence in
experimental animals for the carcinogenicity of cobalt metal powder
and cobalt sulfate. On the other hand, the evidence for the carcino-
genicity of cobalt metal without tungsten carbide was considered
inadequate. Tt was noted that “a number of the IARC working
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group members supported an evaluation in Group 1 (i.e. carcino-
genic to humans) because: (1) they judged the epidemiological evi-
dence to be sufficient ... and/or (2) they judged the mechanistic
evidence to be strong enough to justify upgrading the default evalu-
ation from 2A to 1.”

Finally, no epidemiological data are available with respect
to exposure to tungsten alone, except in the paper by Wild et al.
(152), in which a relatively small group of workers emploved
solely in the tungsten carbide production workshop did not show
any excess of lung cancer mortality.

8. Discussion

The epidemiological evidence with respect to the carcinogenic effect
of metals has been reviewed several times in the past (66, 158, 159).
To a certain extent, our review is an update of the earlier review
by Hayes (66). On the other hand, our focus is different, as our
aim was neither to review the overall carcinogenicity, as we concen-
trated on epidemiological studies of lung cancer, nor to review the
toxicological evidence. Moreover, we presented in more detail the
epidemiological studies for metals for which the evidence is either
recent (TiO,, cobalt/tungsten), is still uncertain (lead), or for which
exposure is very widespread and there remains a doubt (iron).

Does this review allow statements to be made about the metals
themselves? To ask the question is to answer it. The human expo-
sure to the metallic elements in their metallic form is usually not the
predominant exposure. For example, the three most common ele-
ments discussed here, silicon, titanium, and even iron, barely exist,
as a human exposure, in their metallic form. The epidemiologic
evidence is thus not for exposure to metals but to their basic com-
pounds, in the case of these three elements, to their oxides. For tita-
nium and silicon, their dioxide is the virtually unique compound for
which large humat exposure groups exist. But even for iron, it can
be difficult to identfy exposure to only one of its two most com-
mon oxides, corresponding respectively to its bivalent and trivalent
torm. For chromium, the epidemiological evidence seems clear, in
that only its hexavalent chromium is carcinogenic. This result is based
on studies among workers, most of whom are exposed to a series
of chromium compounds, which may well vary in the carcinogenic
potential. The fact that the carcinogenicity may depend on the spe-
citic compounds is, for instance, specifically recognized in the already
cited IARC assessment of nickel (6), which states that human data are
only available for certain compounds, and that the overall assessment
tor nickel compounds is based on animal data. Another issuc is the
physical structure of the compounds. The fact that some compounds
are water soluble, others not, scem to make a difference (Ni, As). The
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crystalline structure may also make a difterence. For instance, quartz
is a recognized carcinogen, whereas noncrystalline silica scems to be
innocuous. One must therefore be very cautious about the potential
carcinogenic effect of nano-structured compounds, whose industrial
use is becoming more common. This caution was recently under-
lined in a draft NIOSH report on TiO,, whose nano-structured habit
is already used in some marketed sunscreens (http://www.cdc.gov/
niosh /review /public /T1O2 /default. html).

Last but not least, the carcinogenicity depends on the
co-exposures, which are not necessarily carcinogenic by themselves.
This seems to be the case for cobalt, as neither cobalt nor tungsten
scem to be carcinogenic alone, but as discussed above, their joint
exposure as hard-metal dusts is strongly suspected to be carci-
nogenic based both on human and animal data. At least, in this
industry, the co-exposures are relatively well identified, whereas
in other industrial settings, e.g., in the different metallurgical
industries, often many known or suspected carcinogens coexist,
to say nothing about personal exposures (smoking, drugs).

Another relevant consideration is to acknowledge that some
potentially carcinogenic metals are necessary trace elements in life
(see ref. (159) for a review) or can even be used in anticancer drugs
(160), which would tend to show that the carcinogenic effect of
metals and metal compounds depends on the dose. To cite Duf-
tus (142), “Metal ions are needed by the human body as essential
nutrients. It is likely that there are homeostatic mechanisms which
must be overcome before any adverse effect such as cancer can
occur. This implies the existence of thresholds for metal carcino-
genicity.” The same review cautions against overinterpreting epi-
demiological study results on exposure to metals for the reasons
stated before and for lack of adequately measured occupational
exposures. It is therefore clear that epidemiological results alone
can only exceptionally provide a final proof of metal carcinogenic-
ity and that a plausible mechanism supported by experimental data
is necessary for a reliable assessment. Thus, the carcinogenicity of
beryllium, cadmium, and the combination of cobalt and tungsten
carbide relies only on limited epidemiological data but is supported
by findings of cancer occurrence in experimental studies.

Another case is for lead, which has been shown to be weakly
mutagenic, and genotoxic in humans, but the epidemiological evi-
dence is contradictory. Conversely, the quite consistent, although
relatively weak, lung cancer excesses in populations exposed to iron
oxides cannot be interpreted causally for lack of such experimental
confirmation. Finally, there are few doubts about the carcinogenic-
ity of hexavalent chromium, nickel and arsenic compounds or crys-
talline silica, but nevertheless some issues remain which have been
discussed in what precedes. Only further epidemiological studies
in populations with precisely estimated exposure to specific com-
pounds and co-exposures can resolve the remaining uncertainties.
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