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A guide for health maintenance
of workers exposed to nickel, its
compounds and alloys

1. ABOUT THIS GUIDE

Investigation into the toxicological effects of nickel salts on
animals was first reported in 1826. Since that time, numerous
reports and papers have been generated on the human
health and environmental effects of nickel. The reported
effects of nickel and its compounds on humans are wide
ranging, comprising effects that are both beneficial - the
probable essentiality of nickel in humans - as well as harmful
- skin allergy and, in certain circumstances, respiratory cancer.
Although nickel has been studied extensively, there is still
much to be learned about this ubiquitous metal. Given the
role of nickel to industrialised societies, it is important to
have a guide for evaluating workplace exposures and health
risks in order to promote safe handling of nickel materials.
The first edition of this Guide was prepared in 1993 by

the Nickel Producers Environmental Research Association
(NiPERA) in collaboration with the Nickel Development
Institute (now the Nickel Institute). The second edition of
the Guide was published in 1997. Subsequent to that printed
edition, the Guide was published online and was revised

in 2002, 2004 and 2008. The current version of the Guide,
updated in 2021, is the fourth edition and it reflects the
evolving nature of the knowledge about the health concerns
associated with working with nickel, nickel compounds

and alloys. The fourth edition is divided into two modules;
Module 1, on the Toxicology and Hazard Classification of
Nickel Substances, was updated in 2021 and Module 2, on
the Exposure of Workers to Nickel Substances and Health
Assessment, is to be updated in 2022. These two modules
will allow independent updates in the future with new
information on nickel toxicology or worker exposures and
health assessment.

This Guide has been written for those individuals who are
responsible for the health maintenance of workers exposed

to nickel, its compounds, and alloys. As such, it is directed to a
variety of individuals including operational managers, business
managers, industrial hygienists, occupational health nurses,
physicians, joint occupational health and safety committees,
and other health professionals. Its purpose is not only to
educate the reader about the potential hazards associated with
exposure to various forms of nickel but also to instruct the
reader in the safe handling of nickel-containing substances in
the workplace. Like all scientific documents, the information
contained within this Guide constitutes a "snapshot”and is
subject to change as knowledge is gained about nickel. Further
updates are necessary.

Certain conventions have been followed in preparing

this Guide. Since it mainly addresses the health effects
associated with occupational exposure to nickel and nickel-
containing substances, evaluations are based predominantly
on epidemiological and clinical studies, complemented by
animal studies. Most evaluations are qualitative and reflect
the overall weight-of-evidence reported from studies of
nickel workers. Discussions of the health effects related to
working with nickel compounds focus on specific forms of
nickel when feasible. Because they are not present in most
work environments, organometallic nickel compounds, with
the exception of a brief discussion on the acute toxicity of
nickel carbonyl, are not discussed within this Guide. Finally,
unless noted otherwise, statements regarding the "solubility”
of nickel compounds are made with respect to their solubility
in biological fluids as opposed to water.

The Guide Module 1 has been organised into a summary
followed by sections on production, pharmacokinetics,
toxicology, and hazard classification.
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1.1 SUMMARY

Nickel is a naturally occurring element that exists in nature
mainly in the form of sulfide, oxide, and silicate minerals.
Because it is ubiquitous, humans are routinely exposed to
nickel in various amounts. “Zero exposure” to nickel is thus
not possible. Nickel has been shown to be an essential
element in certain microorganisms, animals, and plants. The
generally held view is that nickel is probably an essential
element for humans as well.

Nickel is an extremely important commercial element. Factors
which make nickel and its alloys valuable commodities
include strength, corrosion resistance, high ductility, good
thermal and electric conductivity, magnetic characteristics,
and catalytic properties. Its principle use is in stainless steels
which are particularly valued for their hygienic properties.

In some applications, nickel alloys are essential and cannot
be substituted with other materials. Nickel plays important
roles in environmental technologies to mitigate climate
change, and alternative sources of energy. In recent years, the
applications of nickel in the energy field, such as in electric
batteries and energy storage, have increased. Given its many
beneficial properties, nickel is used in a wide variety of
products discussed below.

1.2 PRODUCTION AND USE

Nickel is produced from sulfide and laterite ores in mining
and refining operations. Lateritic ore reserves occur in tropical
and semi-tropical regions whilst sulfidic ore reserves occur

in temperate regions. The estimated global nickel reserves in
the earth’s crust is about 300 million tons, with more in the
sea. Annual world production of nickel in 2019 was estimated
to be about 2,700 kilotonnes™. Primary nickel products

are classified by the amount of nickel they contain. Class |
products contain 99.8% or more nickel by weight, whereas
Class Il products contain less than 99.8% nickel by weight.

Nickel in one form or another has litreally hundreds of
thousands of individual applications. Most primary nickel
is used in alloys, the most important of which is stainless
steels and the articles produced from them. Production of
food contact materials, ranging from cutlery and pots/pans
to preparation and bulk storage of foods and beverages,

is a significant use of stainless steels. Other uses of nickel
substances include electroplating and casting, as well as

the production of catalysts, batteries, welding rods, coinage,
and other miscellaneous applications. Recent advances in
battery technologies for use in electric vehicles and other
fields have increased nickel value in these technologies.
The list of end-use applications for nickel is, for all practical
purposes, limitless. Nickel is also found in transportation
products, electronic equipment, medical devices, construction
materials, oil and gas infrastructure, aerospace equipment,
durable consumer goods, paints, and ceramics. From this list,
it is evident that nickel is a critical metal to industrialised
societies.

1.3 SOURCES OF EXPOSURE

Given its many uses and applications, the potential for
exposure to nickel metal and nickel compounds, is varied and
wide ranging. With respect to occupational exposures, the
main routes of toxicological relevance are inhalation and, to a
lesser extent, skin contact!?.

Workers engaged in nickel production may be exposed to
a variety of nickel-containing substances and materials,
depending upon the type of ore mined, the processes used
to produce intermediate and primary nickel products, and
the parts of the process in which the workers are assigned.
Generally, exposures during nickel production are to
moderately soluble and insoluble forms of nickel. In the
nickel-producing industry, soluble nickel compounds are
more likely to be found in hydrometallurgical operations.
Exposures in nickel-using industry sectors vary according to
the products manufactured and include both soluble and
relatively insoluble forms of nickel substances.

In the past, airborne occupational nickel concentrations were
believed to have been quite high (> 10 mg Ni/m?) in certain
producing operations, with some estimates of exposures as
high as 100 mg Ni/m* or more for Ni,S, sintering (sometimes
referred to as “matte” sintering). More recent estimates

of exposure (post-1960) are much lower, with current
measurements generally averaging < 1 mg Ni/m>. Exposures
to nickel substances in using industries have historically been
much lower than in producing industries, with estimates
generally averaging well below 1 mg Ni/m? &4,

Dermal occupational exposures were also believed to be
quite high in the past, but mostly in nickel producing and
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using industries involving soluble nickel substances, as
evidenced by nickel allergic skin reactions in some of these
facilities. Exposure reduction measures (e.g. improved
containment of processes and PPE) have decreased
occurrence of occupational nickel allergic reactions to very
low levels. Measurement of dermal exposure levels in various
nickel production and use industries showed median total
nickel levels as high as 17.4 ug Ni/cm? (face) in nickel powder
packing areas to 0.06 pg Ni/cm? (chest) in electrowinning/
electrolysis areas . When the different nickel species are
accounted for, comparing the derived no effect level (DNEL)
and the exposure level for the chemical form (90™ percentile
of the exposure distribution) demonstrated no excessive risk
from dermal exposure in these scenarios ..

1.4 PHARMACOKINETICS OF NICKEL

The major routes of nickel intake are dietary ingestion and
inhalation. In the general public, diet constitutes the main
source of nickel exposure. The average chronic dietary intake
of nickel is between 2.0-13.1 ug/kg bw/day VL. Nickel levels
in drinking water (averages ranging from < 0.001 to 0.01 mg
Ni/L) and ambient air (averages ranging from 1 to 60 ng Nim?)
are generally quite low. Other sources of nickel exposure to
the general public include contact with nickel-containing
articles such as jewelry, medical applications, and tobacco
smoke. The chemical forms of nickel in these exposures are
varied and affect absorption.

For individuals occupationally exposed, total nickel intake is
likely to be higher than that of the general populace. Whether
diet or workplace exposures constitute the main source of
systemically absorbed nickel in workers depends upon a
number of factors. The factors that influence what part of
the respiratory tract and in what amounts the particles are
deposited include the size of the particles and their density,
the concentration of the nickel in the breathing zone, the
minute ventilation rate of a worker, whether breathing

is nasal or oronasal, the use of respiratory protection
equipment, personal hygiene practices, and general work
patterns (for example, length of exposure).

Toxicologically speaking, inhalation is the most important
route of nickel exposure in the workplace, followed by
dermal exposure. Deposition, absorption, and retention of
nickel particles in the respiratory tract will depend on many

of the factors noted above. In general, only a fraction of the
total airborne particle concentration will be inhaled into the
nose and/or mouth during breathing. Depending on the air
speed at the workplace, the 50% cut-point for penetration
in the respiratory tract is 100 um in non-calm air conditions
(0.2 m/s <w <4 m/s) and > 100 ym for calm air conditions
(w £0.2 m/s). It is believed that this efficiency may decline
rapidly for particles with an aerodynamic diameter>100pum
(i.e., inhalable aerosol fraction). Of the particles inhaled,

a 50% cut-point of 10 um aerodynamic diameter is for
fractions reaching beyond the larynx (i.e., thoracic aerosol
fraction), and a 50% cut-point of 4 ym aerodynamic
diameter for the fractions reaching the alveolar region (i.e.,
respirable aerosol fraction) &

Factors such as the amount deposited, solubility, surface
area and charge of the particle will influence the clearance
behaviour of particles once they are deposited in the lung.
The smaller and more soluble the particle, the more rapidly
it will be absorbed into the bloodstream and excreted. The
residence time of nickel-containing particles in the lung is
believed to be an important component of toxicity.

With respect to skin absorption, divalent nickel (Ni?*) has
been shown to penetrate the skin fastest at sweat ducts

and hair follicles; however, the surface area of these ducts
and follicles is small. Hence, penetration through the skin is
primarily determined by the rate at which nickel is able to
diffuse through the horny layer of the epidermis. Although
the actual amount of nickel permeating the skin from nickel-
containing materials is unknown, in studies using excised
human skin, the% permeation was small, ranging from
negligible to 0.23% (non-occluded skin) to 3.5% (occluded
skin) of an administered dose of nickel chloride after 144 hrs.
Marked differences in the rate of nickel permeation have
been reported for nickel solutions, with nickel sulfate
solutions permeating the skin at a rate 50 times lower than
nickel chloride solutions ©L

Analyses of tissues from autopsy of non-occupationally
exposed adults have shown highest concentrations of
nickel in the lungs, thyroid gland, and adrenal gland,
followed by lesser concentrations in kidney, liver, heart,
spleen, and other tissues [, Excretion of absorbed nickel
is mainly through urine, whereas unabsorbed nickel is
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excreted mainly in feces. Nickel also may be excreted in
sweat, hair, and human breast milk [,

1.5 SUMMARY OF THE TOXICITY OF NICKEL
SUBSTANCES

Just as the pharmacokinetics of nickel chemical species

are influenced by their physical and chemical properties,
concentration, and route of exposure, so too are the toxic
effects of nickel. Although a number of nickel-related effects,
including renal and reproductive effects have been reported
in animals, the main effects noted in humans are respiratory
and dermal local effects. Consequently, the major routes of
toxicological relevance in the workplace are inhalation and
skin contact.

In most work environments, the potential chronic toxicity of
various nickel species is likely to be of more concern than
acute effects, with the exception of nickel carbonyl. Long-term
exposures to some nickel compounds have been associated
with excess lung and nasal sinus cancers. The major source of
evidence for this association comes from studies of workers
who were employed in certain nickel-refining operations.

On the whole, these workers were generally exposed to
higher concentrations of nickel than those that exist in many
workplaces today. These workers were also exposed to a
variety of other potentially carcinogenic substances, including
arsenic compounds, polyaromatic hydrocarbons (PAHs), and
sulfuric acid mists. These concurrent exposures make a direct
cause and effect interpretation of the data somewhat difficult,
but in general, nickel compounds should be considered

to have a carcinogenic hazard by inhalation. Summarised
below are the respiratory and dermal effects associated with
exposure to the main chemical forms of nickel.

1.5.1 Summary of the toxicity of metallic nickel

A determination of the health effects of metallic nickel is
based mainly upon epidemiological studies of over 40,000
workers from various nickel-using industry sectors (nickel
alloy manufacturing, stainless steel manufacturing, and

the manufacturing of barrier material for use in uranium
enrichment). These workers were examined for evidence of
carcinogenic risk due to exposure to metallic nickel and, in
some instances, accompanying oxidic nickel compounds and
nickel alloys. No metallic nickel-related excess respiratory
cancer risks have been found in any of these workers. Animal

data on carcinogenicity are in agreement with the human
data. A 2008 regulatory compliant study on the inhalation

of metallic nickel powder was negative for respiratory
carcinogenicity in rats. However, at levels at or above 0.1 mg
Ni/m? (respirable aerosol fraction), chronic respiratory toxicity
was observed in the animals (1,

Data relating to respiratory effects associated with short-term
exposure to metallic nickel are very limited. One case report
of a fatality has been recorded in a man spraying nickel using
a thermal arc process. However, the relevance of the case

to current occupational settings is questionable since the
reported exposure to total nickel was extremely high (382
mg Ni/m3), the size of particles was in nanometer range and
the released particles may have been comprised primarily of
nickel oxides *2, Nevertheless, special precautions to reduce
inhalation exposure to fine and ultrafine Ni-containing
powders should be taken.

Collectively, animal and human data present a mixed picture
with respect to the potential role that metallic nickel may
play in non-malignant respiratory disease. There are no clear,
definite reports of asthma associated with metallic nickel
exposure, although there are thousands of workers exposed
to water-insoluble metallic nickel and nickel compounds 2.
Furthermore, the overall litreature shows that past exposures
to metallic nickel have not resulted in excess mortality from
such diseases. However comprehensive studies of non-
malignant pulmonary disease are lacking and additional
studies on such effects (e.g., lung function) would be
desirable.

Skin sensitisation to metallic nickel (as nickel metal

powder and alloys) can occur wherever there is leaching of
a sufficient amount (above threshold) of nickel ions from
articles containing nickel onto exposed skin. Occupational
exposures involving direct and prolonged skin contact with
pure nickel metal powders may elicit cutaneous allergy
(allergic contact dermatitis) in nickel-sensitised workers, but
these exposures are rare. Nickel dermatitis occurs mainly as
the result of non-occupational exposures, with direct and
prolonged skin exposure to items such as rings, necklaces,
earrings, watches, and clothing fasteners when they are made
of high nickel-releasing materials.

Safe use of nickel in the workplace Module 1: toxicology and hazard classification of nickel substances



1.5.2 Summary of nickel metal alloys

Nickel-containing alloys are specific mixtures of metals which
are produced to have unique physico-chemical properties,
including hardness, toughness, and corrosion resistance.
The properties of the alloys differ from those of their pure
ingredients and combinations of those ingredients simply
mixed together. Accordingly, the United Nations Globally
Harmonised System of Classification and Labelling of
Chemicals (GHS) defines alloys as “.. a metallic material,
homogenous on a macroscopic scale, consisting of two or
more elements so combined that they cannot be readily
separated by mechanical means” **. The alloy matrix affects
metal release from, as well as associated chemico-physical
properties and toxicity of, the alloy in ways that cannot be
predicted solely by their composition.

While there are no studies of nickel workers exposed solely
to nickel alloys in the absence of metallic or oxidic nickel,
studies on stainless steel and nickel alloy workers (who
would likely have low level nickel exposures) suggest an
absence of nickel-related excess respiratory cancer risk 416l
Intratracheal studies on animals have generally shown an
absence of lung tumours in animals exposed to nickel alloys.
Collectively, these studies suggest that nickel alloys do not
act as respiratory carcinogens. For many alloys, this may

be due to their corrosion resistance that results in reduced
release of the metal ions to target tissues.

With respect to non-carcinogenic respiratory effects, a 28-day
inhalation study with stainless steel AISI 316L (<4 um, MMAD
2.5-3.0 um) up to 1.0 mg/L did not show adverse toxicity
effects ”1in rats, and the human studies that have looked at
such endpoints have generally shown no increased mortality
due to non-malignant respiratory disease.

Because alloys are specifically formulated to meet the need
for manufactured products that are durable and corrosion
resistant, an important property of all alloys and metals is
that they are relatively insoluble in water, depending on the
alloy and the surrounding conditions. Alloys, however, may
react (corrode) in the presence of other media. Of particular
importance to dermal exposures are the potential of some
alloys to corrode and the corrosion products to dissolve
into nickel ions in sweat. The potential for nickel alloys to
cause an allergic reaction in occupational settings (e.g., in

tools) will depend on the amount of nickel released from the
article, which is affected by the sweat resistant properties of
the alloy, the amount of time that a worker is in direct and
prolonged skin contact with an alloy, the site of contact, and
whether the individual is already allergic to nickel. Alloys
that release less than 0.5 pg/cm?/week of nickel (2+) ions
are generally believed to be protective of the majority of
nickel-sensitised individuals and all non-nickel-sensitised
individuals, when in direct and prolonged skin contact. Alloys
that release greater than 0.5 ug/cm?/week of nickel (2+) ions
could, in theory, trigger elicitation of nickel allergic reactions
in already sensitised individuals with prolonged contact.
However, they may be used safely when not in direct and
prolonged contact with the skin or where ample protective
equipment is provided. It should be noted that there is a
very small portion of the population that is hypersensitive to
nickel, and they require special considerations which can be
addressed by a dermatologist familiar with nickel allergy.

1.5.3 Summary of the toxicity of soluble nickel

Since the early 2000's, soluble and insoluble nickel
compounds have been classified as human inhalation
carcinogens in the European Union Classification, Labelling
and Packaging regulation (EU CLP). However, the precise role
of soluble nickel in human carcinogenicity is still uncertain
as there are no large enough cohorts with exposure solely to
soluble nickel available for study. Epidemiologic information
suggests that an increased risk of respiratory cancer is
associated with inhalable fraction exposure to soluble nickel
compounds in refinery process at levels in excess of 0.1 mg
Ni/m?, when in the presence of 2 0.2 mg Ni/m? sulfidic nickel
and > 2.0 mg Ni/m? oxidic nickel 8,

Well-conducted inhalation animal studies where rats were
exposed to soluble nickel (by itself) at workplace equivalent
inhalable concentrations up to 0.7-1.0 mg Ni/m?* did not
show any evidence of carcinogenicity . However, at
workplace equivalent levels above 0.2 mg Ni/m?, chronic
respiratory toxicity was observed in animal studies. In
workers, respiratory toxicity due to soluble nickel exposures
may have enhanced the induction of tumours by less soluble
nickel compounds or other inhalation carcinogens. This
mode of action is in agreement with mechanistic information
indicating that nickel ions from soluble nickel compounds
will not be bioavailable at target respiratory nuclear sites
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because they have inefficient cellular uptake and are rapidly
cleared from the lungs.

With respect to non-malignant respiratory effects in humans,
the evidence for soluble nickel salts being a causative factor
for occupational asthma, while not overwhelming, is more
suggestive than it is for other nickel species. Such evidence
arises mainly from a small number of case reports in the
electroplating industry and nickel catalyst manufacturing . It
should be noted, however, that exposure to soluble nickel can
only be inferred in some of the cases and confounding factors
(exposure to chromium, cobalt, and plating solutions of low
pH) often have not been considered.

Aside from asthma, the only other non-carcinogenic
respiratory effect reported in nickel workers is that of

lung fibrosis even though these workers are not reported

to experience pneumoconiosis to any significant extent.
Evidence that soluble nickel may act to induce pulmonary
fibrosis at the radiological level comes from a study of nickel
refinery workers. While the presence of irregular opacities
(ILO 2 1/0) in the chest x-rays of these workers (4.5%) was
not different from the ‘normal’ x-rays from a hospital (4.2%), a
dose-response trend for 4 categories of cumulative exposure
to soluble Ni was observed 29, The significance of these
results for the clinical diagnosis of fibrosis is not certain.

Dermal exposure to soluble nickel compounds is restricted

to occupational settings of production and use of soluble
nickel compounds. Historically, workplaces where prolonged
contact with soluble nickel has been high, have shown high
risks for allergic contact nickel dermatitis. For example, nickel
dermatitis was common in the past among nickel platers.
Due to improved industrial and personal hygiene practices,
however, over the past several decades, reports of nickel
sensitivity in workplaces, such as the electroplating industry,
have been sparse.

1.5.4 Summary of the toxicity of oxidic nickel

Like the above-mentioned species of nickel, the critical
health effect of interest in relation to occupational exposure
to oxidic nickel is respiratory cancer. Unlike metallic nickel,
which does not appear to be carcinogenic in humans or
animals, and soluble nickel, whose carcinogenic evidence
appears contradictory between humans and animals, the

evidence for the carcinogenicity of certain oxidic nickel
compounds is more compelling. That said, there is still some
uncertainty regarding the forms of oxidic nickel that induce
tumourigenic effects. Although oxidic nickel is present in
most major industry sectors, it is of interest to note that
epidemiological studies have not consistently implicated
all sectors as being associated with respiratory cancer.
Indeed, excess respiratory cancers have been observed only
in refining operations in which nickel oxides were produced
during the refining of sulfidic ores and where exposures
were relatively high (> 5 mg Ni/m?). At various stages in
this process, nickel-copper oxides may have been formed.
In contrast, no excess respiratory cancer risks have been
observed in workers exposed to lower levels (< 2 Ni/m?) of
oxidic nickel free of copper during the refining of lateritic
ores or in the nickel-using industry.

A high calcining temperature nickel oxide administered to
rats and mice in a two-year inhalation study did show some
evidence of carcinogenicity in rats but with much lower
potency than Ni subsulfide 4, In intramuscular studies,
nickel-copper oxides appeared to be as potent as nickel
subsulfide in inducing tumours at injection sites 2. There
is, however, no strong evidence to indicate that black (low
temperature) and green (high temperature) nickel oxides
differ substantially with regard to general toxicity.

There is no single unifying physical characteristic that
differentiates oxidic nickel compounds with respect to their
in vitro genotoxicity or carcinogenic potential. Some general
physical characteristics of oxides which may be related to
carcinogenicity include: particle size < 5 um, a large particle
surface area, presence of metallic or other metal impurities
and/or amount of Ni (ll), and the ability to induce reactive
oxygen species. Solubility in biological fluids will also affect
how much nickel ion is delivered to target sites (i.e., cell
nucleus).

With respect to non-malignant respiratory effects, oxidic
nickel compounds do not appear to be respiratory sensitisers.
Based upon numerous epidemiological studies of nickel-
producing workers, nickel alloy workers, and stainless-steel
workers, there is little indication that exposure to oxidic
nickel results in excess mortality from chronic respiratory
disease. In the few instances where excess risks of non-
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malignant respiratory disease did appear - for example, in
refining workers in Wales - the excesses were seen only in
workers with high nickel exposures (> 10 mg Ni/m?), in areas
that were reported to be very dusty. With the elimination of
these dusty conditions, the risk that existed in these areas
seems largely to have disappeared by the 1930s. In two
studies of nickel workers using lung radiographs, there was
no evidence that oxidic nickel dusts caused a significant
fibrotic response at the radiological level.

Dermal exposures to oxidic nickel are not believed to be

of significant concern for toxicity to nickel workers. While
no data are directly available on the effects of oxidic nickel
compounds on skin, due to their very low solubility in water
and synthetic sweat 2%, little skin absorption of nickel ions
from oxidic nickel is expected. As such, the risk of nickel
sensitisation and systemic nickel effects is very low.

1.5.5 Summary of the toxicity of sulfidic nickel

Of all the nickel species examined in this document, a causal
relationship for respiratory cancer can best be established for
nickel subsulfide. The human data suggest that respiratory
cancers have been primarily associated with exposures to less
soluble forms of nickel (including sulfidic nickel). Animal data
unequivocally point to crystalline nickel subsulfide as being
carcinogenic.

Relative to other nickel compounds, nickel subsulfide may be
the most efficient at inducing the heritable changes needed
for the cancer process. In vivo, nickel subsulfide is likely to be
readily phagocytised and dissolved by respiratory epithelial
cells resulting in efficient delivery of nickel (Il) to the target
site within the cell nucleus. In addition, nickel subsulfide has
relatively high solubility in biological fluids which results

in the release of nickel (I) ions, with subsequent induction
of cell toxicity and inflammation. Chronic cell toxicity and
inflammation may enhance tumour formation by nickel
subsulfide or other carcinogens (as discussed for soluble
nickel compounds).

The evidence for non-malignant respiratory effects in workers
exposed to sulfidic nickel has been mixed. Mortality due to
non-malignant respiratory disease has not been observed in
Canadian sinter workers. By contrast, increased mortality from
non-malignant respiratory disease was observed in refinery

workers in Wales for the earlier years of operation. With the
elimination of the very dusty conditions that likely brought
about such effects, the risk of respiratory disease disappeared
in the Welsh workers by the 1930s. In a lung radiograph study
of Norwegian nickel refinery workers, a potential increased
risk of pulmonary fibrosis was found in workers with
cumulative exposure to sulfidic nickel 2%, The significance of
these results for the clinical diagnosis of fibrosis remains to
be determined.

No relevant studies of dermal exposure have been conducted
on workers exposed to sulfidic nickel. Likewise, no animal
studies on dermal exposure have been undertaken. Although
data for dermal exposure to sulfidic nickel compounds is not
available, due to their low solubility in water and synthetic
sweat 23], little skin absorption of nickel ions from sulfidic
nickel is expected. Accordingly, the risk of nickel sensitisation
and systemic nickel effects is low.

1.5.6 Summary of the toxicity of nickel carbonyl

The human data unequivocally show that nickel carbonyl is
an agent which is extremely toxic to man; the animal data are
in agreement with respect to this acute toxicity.

It is not possible to assess the potential carcinogenicity of
nickel carbonyl from either human or animal data. Unless
additional, long-term carcinogenicity studies in animals can
be conducted at doses that do not exceed the Maximum
Tolerated Dose (MTD) for toxicity, the database for the
carcinogenicity of nickel carbonyl will remain unfilled. This
issue may only be of academic interest since engineering
controls and close monitoring of nickel carbonyl exposure to
prevent acute toxicity greatly limit possible exposures to this
compound.

Exposures to nickel carbonyl are usually confounded with
exposures to other nickel compounds. However, for acute
nickel carbonyl exposures urinary nickel can be used as a
health guidance value to predict health effects and the need
for treatment. Reasonably close correlations between the
clinical severity of acute poisoning and urinary concentrations
of nickel during the initial three days after exposure have
been established as follows:
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Mild 60-100
Moderate 100-500
Severe >500

These values, however, are only relevant when urinary nickel
is not elevated due to other nickel compound exposures.

Experience at a nickel carbonyl refinery has shown that the
clinical severity of the acute nickel carbonyl exposure can
also be correlated to nickel levels in early urinary samples
(within the first 12 hrs of exposure). The use of an 8-hr post
exposure urinary nickel specimen may also be helpful in
categorising cases and determining the need for chelation
therapy.

Due to the high toxicity of nickel carbonyl by inhalation
exposure, nickel production facilities using this type of
process minimise all types of exposures to nickel carbonyl.
Therefore, dermal exposure would not be expected.

1.5.7 Summary of hazard classifications

The main human health hazards following acute and chronic
exposure to nickel for which some nickel substances are
classified, are for the most part, well established. The acute
hazards for which many nickel substances are classified
include acute toxicity, skin corrosion/irritation, serious

eye damage/eye irritation, and the chronic health hazards
include skin sensitisation, respiratory sensitisation, germ
cell mutagenicity, carcinogenicity, and reproductive toxicity.
Specific Target Organ Specificity (STOT) classifications cover
hazard endpoints following single exposures (SE) or repeat
exposures (RE) not covered by the other health hazard
endpoints. Not all nickel substances are classified for the
same hazards or in the same classification category. The
hazard classifications discussed here focus on the European
Union Classification, Labelling and Packaging (EU CLP)
regulation for the nickel substances registered in the EU
Registration, Evaluation, Authorisation and Restriction of
Chemicals (EU REACH) by the Nickel Consortia.

Acute toxicity hazard refers to the adverse effects that occur
following a single exposure or multiple exposures in a
24-hr period via oral or dermal routes, or a 4-hr inhalation
exposure. In the EU CLP regulation, the most stringent
classification for nickel acute toxicity is Acute Tox. 2 for

inhalation exposure to nickel hydroxycarbonate. Acute Tox.4
(oral or inhalation) is the predominant classification for the
rest of the classified nickel compounds. No nickel metal

or nickel compound is classified for dermal acute toxicity.
Skin corrosion refers to adverse damage to the skin that is
irreversible while skin irritation or eye irritation refers to
reversible damage to the skin or eye. The most stringent
classifications in the EU CLP for the nickel substances
registered under REACH are Skin Irrit. 2 for nickel chloride,
sulfate, nitrate and hydroxycarbonate, Skin Corr. 1B for nickel
bis (dihydrogen phosphate), Eye Damage 1 for nickel nitrate
and bis (dihydrogen phosphate), and Eye Irrit. 2 for nickel
hydroxycarbonate.

Classification for respiratory sensitisation or skin sensitisation
of nickel is based on hypersensitivity of the lung airways
following inhalation exposure or allergic response following
dermal contact, respectively. Nickel metal, monoxide,
subsulfide and sulfide are skin sensitisers and are thus
classified for skin sensitisation (Skin Sens 1) in the EU CLP,
but they are not classified for respiratory sensitisation. The
soluble nickel compounds are considered as both skin and
respiratory sensitisers and are classified as such in the CLP.

The hazard class ‘Germ Cell Mutagenicity’ is concerned

with substances that cause a permanent change in the
structure or amount of the germ cells of humans that can be
transmitted to the offspring. Nickel metal and nickel oxide
are not classified for germ cell mutation effects in the GHS
and CLP. However, the sulfidic and soluble nickel compounds
have shown weak, equivocal genotoxicity effects in various
in vitro and in vivo assays, and are thus classified as category
2 mutagens (Muta. 2, suspected of causing genetic defects)
in the CLP.

The human epidemiological and animal carcinogenicity
evidence for sulfidic and oxidic nickel are compelling. For
soluble nickel, the epidemiological evidence implicates it
as a respiratory carcinogen, while the animal inhalation/
oral cancer bioassay does not support soluble nickel by
itself as a respiratory/systemic carcinogen. Regardless, all
nickel compounds (soluble, sulfidic and oxidic nickel) are
classified as human carcinogens in the CLP (category 1A,
Carc. 1A), by IARC (Group 1) and in the NTP RoC (known to
be human carcinogens).
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Nickel metal is classified as a category 2 carcinogen (suspected
human carcinogen) in the CLP.IARC assessed nickel metal as
possibly carcinogenic to humans (Group 2B) whilst the U.S. EPA
National Toxicology Report on Carcinogens (NTP RoC) listed
nickel metal as reasonably anticipated to be a human carcinogen.
These classifications are mainly based on animal studies by
non-relevant routes of exposure.

Finally, the last two human health hazards discussed in

this guide are reproductive toxicity and STOT. Reproductive
toxicity is divided into 1) adverse effects on fertility and
sexual function, and 2) adverse effects on development.
Nickel metal, oxidic nickel, sulfidic nickel and soluble nickel
compounds are not classified for fertility and sexual function
adverse effects in the CLP and GHS, but soluble nickel
compounds are classified for developmental toxicity (Repr.
1B). Nickel metal and nickel compounds are classified as
STOT RE 1 (inhalation, respiratory tract as target organ) based
on animal inhalation studies, but they are not classified for
STOT following single exposure (SE) in the CLP.

2. PRODUCTION AND USE

Apart from unusual sources, such as massive nickel in
meteorites, nickel from natural sources is usually found at
modest concentrations and occurs in conjunction with a wide
variety of other metals and non-metals. Although nickel is a
ubiquitous metal in the natural environment, industrialisation
has resulted in increased concentrations in both rural and
urban environments.

Nickel-bearing particles are present in the atmosphere

as constituents of suspended particulate matter and,
occasionally, of mist aerosols. The primary anthropogenic
stationary source categories that emit nickel into ambient air
are: (1) combustion and incineration sources (heavy residual
oil and coal burning units in utility, industrial, and residential
use sectors, and municipal and sewage sludge incinerators),
(2) high temperature metallurgical operations (steel and
nickel alloy manufacturing, secondary metals smelting, and
co-product nickel recovery), (3) primary production operations
(mining, milling, smelting, and refining), and (4) chemical
and catalyst sources (nickel chemical manufacturing,
electroplating, nickel-cadmium battery manufacturing, and
catalyst production, use, and reclamation).

For purposes of this document, the main concern is nickel
presence in occupational settings. The use of nickel,
although concentrated in the traditional uses of stainless
steels and high-nickel alloys, continues to find new uses,
such as in batteries, based on electrical, magnetic, catalytic,
shape-memory, electro-magnetic shielding, and other
unique properties. Thus, more nickel in small quantities
and in various forms will be used in more industries and
applications. The contributions being made by nickel
have never been greater and neither has the need for an
understanding of nickel toxicity.

It is evident that industrial processes present potential for
exposure of workers to higher concentrations of nickel and/
or its compounds than those generally found in the natural
environment. Occasionally, these exposures may be to a
refined form of nickel, but usually they are mixed, containing
several nickel substances and/or non-nickel substances.
These “mixed exposures” often complicate the interpretation
of health effects of specific nickel species and make it
difficult to set substance-specific regulations.

2.1 NICKEL-PRODUCING INDUSTRIES

Workers engaged in nickel production - which may include
mining, milling, concentrating, smelting, converting,
hydrometallurgical processes, refining, and other operations
- are exposed to a variety of nickel minerals and compounds
depending upon the type of ore mined and the process used
to produce intermediate and primary nickel products 2. These
production processes are often broadly grouped under the
industry sectors of mining, milling, smelting, and refining.

Generally, exposures in the producing industry are to
moderately soluble and insoluble forms of ores and nickel
substances, such as pentlandite [(FeNi)9S8], nickeliferous
pyrrhotite, (FeNi)1-xS, nickel subsulfide (Ni,S,), silicates
(including garnierite and smelting slags), and oxidic nickel
(including nickeliferous limonite, NiO, Ni-Cu oxides, and
complex oxides with other metals such as iron and cobalt).
Exposures to metallic and soluble nickel compounds are
less common in early parts of the production processes but
are found in refining. Soluble nickel compounds are more
likely to be found in hydrometallurgical operations, such as
leaching and electrowinning 24,
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Primary nickel products produced from the above operations
are often characterised as Class | and II. Class | products are
pure nickel metal in massive or dispersible forms, defined as
containing 2 99.8% Ni by weight (Table 2-1). Class Il products
have <99.8% Ni by weight and encompass three different
types of products: metallic nickel in various product forms,
nickel oxides, ferronickels and nickel pig iron (Table 2-2).

Class | products are marketed in a variety of forms including
pure electrolytic full-plates, nickel squares, rounds, or crowns,
spherical pellets, briquettes of consolidated pure nickel
powder compacts, and several different pure nickel powders.
The metallic nickels in Class Il are electrolytic nickel products
and briquettes containing >99.7% Ni, but <99.8% Ni and utility
nickel shot containing >98.7% Ni. The oxide products in ClasslI
include rondelles - partially reduced nickel oxide compacts
containing about 90% Ni — and compacts of nickel oxide sinter
containing approximately 75% Ni. The ferronickel products
contain about 20% to 50% Ni. Nickel pig iron (NPI) ranges in
concentration from about 2% up to less than 15% Ni.

While the production processes differ, they may be broadly

classified into two groups: (1) those in which nickel is
recovered from sulfidic ores (generally, but not always,
found in the temperate zones of the earth’s crust) and (2)
those which are recovered from lateritic ores (commonly
present in areas that currently are, or geologically were,
tropical and semi-tropical areas). Traditionally, primary nickel
production from the sulfidic ores dominated but that has
changed; primary nickel production is now more dependent
on lateritic ores, a trend likely to continue in the future. It is
important to note, however, that secondary sources of nickel
- overwhelmingly in the form of scrap stainless steels and
nickel alloys but also including spent catalysts, batteries
and other products - constitutes a large and ever-increasing
percentage of world nickel supply.

With the exception of inhalable nickel powders, all the above
products are massive and cannot be inhaled. However, in
some instances, inhalable particles may be generated as a
result of the degradation of briquettes, rondelles, and sinters
during production, handling, packaging, shipping, unpacking,
or subsequent treating or processing of these products.

Nickel
Product name content,wt% | Form Principal impurity
Electro - electrolytic nickel squares, rounds, 99.8 -99.99 | Massive Various
crowns
Pellets - from nickel carbonyl >99.97 Massive Carbon
Briquettes — metallized powder compacts 299.8 Massive (possibility of some powder formation Cobalt

during transport and handling)

Powders - by carbonyl decomposition or by 299.8 Dispersible Carbon
precipitation

Nickel
Product name content,wt% | Form Principal impurity
Form Principal
Impurity
Electro >99.7 Massive Cobalt
Briquettes >99.7 Massive (possibility of some powder formation Cobalt
during transport and handling)
Utility - shot >98.7 Massive Iron
Sinter - nickel oxide and partially metallized ~75-90 Massive (possibility of some powder formation Oxygen
during transport and handling)
Ferronickel - ingots, cones, shot, granules ~20-50 Massive Iron
Nickel pig iron - ingots ~2-15 Massive Iron
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Data: Roskill

The primary nickel industry is growing and evolving. There
are a number of new entrants and a number of established
producers are now part of some of the largest mining
companies in the world. Smelting or refining operations
take place in more than a dozen countries and are fed with
concentrates from many more locations. The volumes in
domestic and international trade are increasing, as are the
ways in which the intermediate and finished products are
packaged and transported.

2.2 NICKEL-USING INDUSTRIES

Various public and private statistical services track the
production and end-use of nickel. The divisions vary and all
percentages are “best estimates”. The numbers given below
provide breakdowns for 2020.

Figure 1 Nickel first use by product form
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Figure 1 (Nickel Institute https://nickelinstitute.org/about-
nickel/#04-first-use-nickel) shows nickel substance use

by industry sector. It indicates that about 85% of all nickel
substances are used in the production of different stainless
and alloy steels, other nickel alloys and foundry products.
About 7% is used in plated products, 7% in batteries, and
the remaining 1% into other applications, such as coinage,
pigments, catalysts, and litreally thousands of other small
chemical uses.

New uses for nickel arise continually. For instance, nickel is
present in critical applications that mitigate climate change
and provide other environmental benefits. Most of the
plating and “other” applications are “end-uses” of nickel; that
is to say, the products are used directly by the customer or

‘end-user.” The steels and other nickel alloys, on the other
hand, are “intermediate” products that are further processed
or “transformed” into end-use products in a number of
industrial or consumer applications. These applications
include building and construction materials; tubes; metal
goods; transportation, electrical and electronic; engineering;
and consumer and other products (Figure 2 Nickel Institute
https://nickelinstitute.org/about-nickel/#04-first-use-nickel).

Figure 2 Nickel end-use by sector
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Only the most superficial description of nickel production and
use are given here to provide context for the occupational
health management issues that are the focus of this
publication. For more information on nickel production

and use, including end-of-life management, of nickel and
nickel-containing materials and products, contact the Nickel
Institute at: www.nickelinstitute.org

3. PHARMACOKINETICS OF NICKEL
COMPOUNDS

Factors of biological importance to nickel, its compounds,
and alloys include solubility, chemical form (species), physical
form (e.g., massive versus dispersible), particle size, surface
area, concentration, and route and duration of exposure.

Where possible, the relationship of these factors to the intake,

absorption, distribution, and elimination of nickel is discussed
in this section. Independent factors that can also affect the
biokinetic activity of nickel species, such as disease states and
physiological stresses, are briefly noted.

Nickel Institute

Data: Roskill



3.1 INTAKE

The major routes of nickel intake are dietary ingestion and
inhalation. In most individuals in the general public, including
some who are occupationally exposed, diet constitutes

the main source of nickel intake. Nickel levels in food are
generally between 0.01-0.1 mg/kg . The average acute
and chronic dietary intake of nickel for toddlers to elderly in
Europe range from 1.89-14.6 pg/kg bw/day and 1.57-14.6
ug/kg bw/day, respectively 1. In the USA, the average daily
dietary nickel intake is 69-162 ug Ni/day 252°. However,
consumption of foodstuffs naturally high in nickel, such as
oatmeal, cocoa, chocolate, nuts, and soy products, may result
in higher nickel intake 239,

Nickel in potable water also is generally quite low, averaging
from < 0.001 to < 0.010 mg Ni/L BY. In the USA and in Europe,
nickel concentration in drinking water is generally € 0.020
mg/L 12>32, Nickel concentrations in groundwater may be
higher, depending on the pH, soil use, and proximity to nickel
refinery plants. Assuming an intake of 2 L/day, either as
drinking water or water used in beverages, nickel in water
may typically add 0.002 to 0.02 mg Ni to total daily intake.

For individuals who are not occupationally exposed to nickel,
nickel intake via inhalation is considerably less than dietary
intake. The Ni concentration in particulate form and aerosol

in the atmosphere of the United States ranges from 7-12 ng/
m?3, or up to 150 ng/m? near point sources 3" Average ambient
air Ni concentrations in some Canadian cities range from

<0.1 to 4.5 ng/m? (Alberta Environment, 2004). Ambient air Ni
concentrations in remote areas globally range from 1 to 3 ng/m?,
but levels in rural and urban areas can range from 5 to 35 ng/
m? B4, Nickel concentrations in indoor air are typically €10 ng/
m?* %3536 Higher nickel air values have been recorded in heavily
industrialised areas and larger cities 1. An average urban
dweller (70 kg man breathing 20 m* of 20 ng Ni/m?*/day) would
inhale around 0.4 pg Ni/day B8, For rural dwellers, daily intake

of airborne nickel would be even lower. Tobacco smoking may
also be a source of nickel inhalation exposure. Some researchers
have suggested that smoking a pack of 20 cigarettes a day may
contribute up to 0.004 mg Ni/day®*%. While this would contribute
little to total nickel intake, smoking cigarettes with nickel-
contaminated hands can significantly increase the potential for
oral nickel exposures. Ultimately, the general population absorbs
the greatest amount of nickel through food.

For occupationally exposed individuals, total nickel intake

is likely to be higher than that of the general population.
Whether diet or workplace exposures constitute the main
source of nickel intake in workers depends upon a number
of factors. These factors include the aerodynamic size of the
particle and whether it is inhalable, the concentration of the
nickel that is inhaled, the minute ventilation rate of a worker,
whether breathing is nasal or oronasal, the use of respiratory
protection equipment, personal hygiene practices, and
general work patterns.

Other sources of exposure include dermal contact with
nickel-releasing items (e.g., jewelry), though the relative
amount absorbed compared to any other route are much
lower. Direct and prolonged dermal exposure to nickel-
releasing articles constitutes one of the most toxicologically
important routes of exposure for the general public with
respect to nickel allergic contact dermatitis.

3.2 ABSORPTION
3.2.1 Respiratory tract deposition, absorption and retention

Toxicologically speaking, inhalation is the most important
route of nickel exposure in the workplace, followed by dermal
exposure. Deposition, absorption, and retention of nickel
particles in the respiratory tract follow general principles

of lung dynamics. Hence, factors such as the aerodynamic
size of a particle and ventilation rate will largely dictate

the deposition of nickel particles into the nasopharyngeal,
tracheobronchial, or pulmonary (alveolar) regions of the
respiratory tract.

Not all particles are inhalable. As noted in Section 2
Production and Use, many primary nickel products are massive
in form, and, hence, are inherently not inhalable. However,
even products which are “dispersible” may not necessarily
be inhalable unless the particles are sufficiently small to
enter the respiratory tract. Humans inhale only about half
of the particles with aerodynamic diameters = 80 um, and
it is believed that this efficiency may decline rapidly for
particles with aerodynamic diameters between 100 and
200 um. Of the particles inhaled, only a small portion with
aerodynamic diameters larger than 10 ym are deposited in
the lower regions of the lung, with deposition in this region
predominantly limited to particles <4 ym [“0-42],
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Factors such as the amount deposited and particle solubility,
surface area, and size will influence the behaviour of particles
once deposited in the respiratory tract and will probably
account for differences in retention and clearance via
absorption or through mechanical means (such as mucociliary
clearance). Physiological factors such as age and general
health status may also influence the process. Unfortunately,
little is known about the precise pharmacokinetics of nickel
particles in the human lung.

Based largely upon experimental data, it can be concluded
that the more soluble the compound, the more readily it is
absorbed from the lung into the bloodstream and excreted in
the urine. Hence, nickel salts, such as sulfate and chloride, are
rapidly absorbed and eliminated. The total retention half-life
of nickel in the lungs of rats exposed by inhalation has been
calculated to be 4.2 days for nickel sulfate after 15-month
exposure to 0.03 mg Ni/m* (MMAD = 2.2-2.5 um), 28 days for
nickel subsulfide after 15-month exposure to 0.11 mg Ni/m?
(MMAD = 2.17 ym),39 days for nickel metal after 15-month
exposure to 0.1 mg Ni/m* (MMAD = 1.7-1.8 ym),and 116-
500 days for green nickel oxide after 6-12-month exposure
to 0.5 mg Ni/m? (MMAD = 2.21 pm) [43].

The relatively insoluble compounds, such as nickel oxides,
are believed to be slowly absorbed from the lung into

the bloodstream, thus, resulting in accumulation in the
lung over time (see Section 6.3). Dunnick et al. “¥ found
that equilibrium levels of nickel in the lungs of rodents
were reached by 13 weeks of exposure to soluble NiSO,
(as NiSO,+6H,0) and moderately soluble Ni,S,, but levels
continued to increase with exposure to NiO. There is also
evidence that some of the nickel retained in lungs may be

bound to macromolecules *°1.

In workers presumably exposed to insoluble nickel
compounds, the biological half-time of stored nickel in

nasal mucosa has been estimated to be several years .
Some researchers believe that it is the accumulated, slowly
absorbed fraction of nickel which may be critical in producing
the toxic effects of nickel via inhalation. This is discussed in
Section 5 of this Guide.

Workers occupationally exposed to nickel have higher lung
burdens of nickel than the general population. Dry weight

nickel content of the lungs at autopsy was 330%£380 ug/g

in roasting and smelting workers exposed to less-soluble
compounds, 34*48 ug/qg in electrolysis workers exposed to
soluble nickel compounds, and 0.76%0.39 pg/g in unexposed
controls . In an update of this study, Svenes and
Andersen ™8 examined 10 lung samples taken from different
regions of the lungs of 15 deceased nickel refinery workers;
the mean nickel concentration was 50 ug/g dry weight.
Nickel levels in the lungs of cancer victims did not differ
from those of other nickel workers %59 Nickel levels in the
nasal mucosa are higher in workers exposed to less soluble
nickel compounds relative to soluble nickel compounds 1,
These results indicate that, following inhalation exposure,
less-soluble nickel compounds remain deposited in the
nasal mucosa.

Acute toxicokinetic studies of NiO or NiSO,*6H,0 in rodents
and monkeys and subchronic repeated inhalation studies

in rodents have been conducted to determine the effects of
nickel compounds on lung clearance BY. Clearance of NiO
from lungs was slow in all species. Impairment of clearance
of subsequently inhaled radiolabled NiO was seen in rodents,
particularly at the highest concentrations tested (2.5 mg
NiO/m?3 in rats and 5.0 mg NiO/m? in mice). In contrast to the
NiO-exposed animals, clearance of NiSO,*6H,0 was rapid

in all species, and no impaired clearance of subsequently
inhaled radiolabeled NiSO,*6H,0 was observed.

Measurements of deposition, retention, and clearance of
nickel compounds are lacking in humans.

3.2.2 Dermal absorption

Percutaneous absorption of nickel is of negligible significance
quantitatively but is clinically important in the pathogenesis
of contact dermatitis 7 The available data indicate that
absorption of nickel following dermal contact to various
nickel compounds can take place, but to a limited extent
with a large part of the applied dose remaining on the skin
surface or in the stratum corneum. Divalent (Ni?*) nickel has
been shown to penetrate the skin fastest at sweat ducts

and hair follicles where it binds to keratin and accumulates
in the epidermis. However, the surface area of these ducts
and follicles is small; hence, penetration through the skin is
primarily determined by the rate at which nickel is able to
diffuse through the horny layer of the epidermis . Nickel
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penetration of skin is modulated by many factors including
sweat, solvents, detergents, and occlusion, such as wearing
gloves 234 Skin injury or increased water content of the
stratum corneum may increase absorption through the skin
as well as some solvents and detergents also may increase
percutaneous absorption.

Occupational dermal exposure to nickel substances depends
on the speciation of the nickel substance. A human in vivo
study with nickel metal powder by Hostynek et al. ®*!found that
a large part of the administered dose remained on the surface
of the skin after 96 hrs with a minor part (around 0.2%) being
absorbed in the stratum corneum. A similar study with nickel
sulfate examining the skin after 24 hrs gave similar results .
An in vitro study of soluble nickel compounds (nickel sulfate,
nickel chloride, nickel nitrate, and nickel acetate) using human
skin 71 showed about 98% of the dose remained in the donor
solution, whereas 1% or less was found in the receptor fluid
and less than 1% was retained in the stratum corneum. In vitro
studies also indicate that absorption following dermal contact
may have a significant lag time.

3.2.3 Gastrointestinal absorption

Gastrointestinal absorption of nickel is relevant to workplace
safety and health insofar as the consumption of food or the
smoking of cigarettes in the workplace or without adequate
hand washing can result in the ingestion of appreciable
amounts of nickel compounds.

Intestinal absorption of ingested nickel varies with the type
of food being ingested and the type and amount of food
present in the stomach at the time of ingestion .. A human
absorption study showed that 40 times more nickel was
absorbed from the gastrointestinal tract when nickel sulfate
was given in the drinking water (27£17%) than when it was
given mixed with food (0.7+0.4%) . The rate constants

for absorption, transfer, and elimination did not differ
significantly between nickel ingested in drinking water or
with food. The bioavailability of nickel as measured by serum
nickel levels, was elevated in fasted subjects given nickel
sulfate in drinking water (peak level of 80 ug/L after 3 hrs),
but not when nickel was given with food 18,

In another human study where a stable nickel isotope (63Ni)
was administered to volunteers, it was estimated that 29-40%

of the ingested label was absorbed (based on fecal excretion
data) 4. Serum nickel levels peaked 1.5 and 3 hrs after
ingestion of nickel %%, In workers who accidentally ingested
water contaminated with nickel sulfate and nickel chloride,
the mean serum half-time of nickel was 60 hrs®4. This half-
time decreased substantially (27 hrs) when the workers were
treated intravenously with fluids.

Studies in rats and dogs indicate that 1-10% of nickel, given
as nickel, nickel sulfate, or nickel chloride in the diet or by
gavage, is rapidly absorbed by the gastrointestinal tract 58],

In a study in which rats were treated with a single gavage dose
of a nickel substance (10 nickel substances) in a 5% starch
saline solution, the absorption can be directly correlated with
the solubility of the substance®”. The percentages of the dose
absorbed were 0.01% for green nickel oxide, 0.09% for metallic
nickel, 0.04% for black nickel oxide, 0.47% for nickel subsulfide,
11.12% for nickel sulfate, 9.8% for nickel chloride,and 33.8%
for nickel nitrate. Absorption was higher for the more soluble
nickel compounds.

While oral route is not the predominant route of exposure
for workers, good industrial hygiene practices should include
the banning of food consumption and cigarette smoking in
areas where nickel compounds are used and should include
requirements for hand washing upon leaving these areas.

3.3 DISTRIBUTION

The kinetic processes that govern transport and distribution of
nickel in the body are dependent on the site of absorption, rate
and concentration of nickel exposure, solubility of the nickel

compound, and physiological status of the body. Nickel is mainly
transported in the blood through binding with serum albumin
and, to a lesser degree, histidine. The nickel ion may also bind
with body proteins to form a nickel-rich metalloprotein "%,

Postmortem analysis of tissues from ten individuals who,
with one exception, had no known occupational exposure to
nickel, showed that the highest nickel concentrations were

in the lungs, thyroid gland, and adrenal gland, followed by
lesser concentrations in the kidneys, heart, liver, brain, spleen
and pancreas %, These values are in general agreement with
other autopsy studies that have shown highest concentrations
of nickel in lung, followed by lower concentrations in kidneys,
liver, heart, and spleen 772,
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The distribution of various nickel compounds to tissues has
been studied in animals. Such studies reveal that the route of
exposure can alter the relative amounts of nickel deposited
in various tissues. Animal studies indicate that inhaled nickel
is deposited primarily in the lung and that lung levels of
nickel are greatest following inhalation of relatively insoluble
NiO, followed by moderately soluble Ni.S, and soluble NiSO,
(as NiSO,«6H,0) 4. Following intratracheal administration

of Ni,S, and NiSO,, concentrations of nickel were found to be
highest in the lung, followed by the trachea, larynx, kidney,
and urinary bladder7>74, Kidney nickel concentrations have
been shown to increase in proportion to exposure to NiSO,
via inhalation, indicating that a significant portion of soluble
nickel leaving the respiratory tract is distributed to the
kidneys ">l There is also some evidence that the saturation
of nickel binding sites in the lung or saturation or disruption
of kidney reabsorption mechanisms in rats administered
NiSO, results in more rapid clearance “. No distribution
studies using dermal exposure have been found, which is not
surprising given the very low amount of dermal absorption
and negligible contribution to systemic dose.

Not surprisingly, predictions of body burden have varied
depending upon the analytical methods used and the
assumptions made by investigators to calculate burden.
Bennett 8 estimates the average human nickel body burden
to be about 0.5 mg (0.0074 mg/kg x 70 kg). In contrast, values
of 5.7 mg have been estimated by Sumino et al. on the
basis of tissue analyses from autopsy cases.

3.4 EXCRETION

Once absorbed into the blood, nickel is predominantly
excreted by the kidneys in urine. Urinary excretion of nickel is
thought to follow a first-order kinetic reaction 2.

Urinary half-times in workers exposed to nickel via inhalation
have been reported to vary from 17 to 39 hrs in nickel platers
who were largely exposed to soluble nickel V7], Relatively
short urinary half-times of 30 to 53 hrs have also been
reported in glass workers and welders exposed to relatively
insoluble nickel "8, It should be noted, however, that in these
cases the insoluble nickel that workers were exposed to

- probably NiO or complex oxides - was likely in the form

of welding fumes or fine particles. Such particles may be
absorbed more readily than large particles. Difference in

particle size may account for why other researchers have
estimated much longer biological half-times of months to
years for exposures to presumably relatively insoluble nickel
compounds of larger particle size *¢7%81 The precise role that
particle size or dose may play in the absorption and excretion
of insoluble nickel compounds in humans is still uncertain 9,

Reported urinary excretion half-times following oral
exposures are similar to those reported for inhalation %62,
Christensen and Lagesson % reported that maximal excretion
of nickel in urine occurred within the first 8 hrs of ingesting
soluble nickel compounds. The highest daily maximum renal
excretion reported by the authors was 0.5 mg Ni/day.

Excretion via other routes is somewhat dependent on the
form of the nickel compound absorbed and the route of
exposure. Unabsorbed dietary nickel is lost in feces. Insoluble
particles cleared from the lung via mucociliary action and
swallowed into the gastrointestinal tract are also mainly
excreted in the feces.

Sweat constitutes another elimination route of nickel from
the body; nickel concentrations in sweat have been reported
to be 10 to 20 times higher than concentrations in urine (%82,
Sunderman et al.U% state that profuse sweating may account
for the elimination of a significant amount of nickel.

Bile has been shown to be an elimination route in laboratory
animals, but its importance as an excretory route in humans
is unknown.

Hair is also an excretory tissue of nickel. However, use of
hair as an internal exposure index has not gained wide
acceptance due to problems associated with external surface
contamination and non-standardised cleaning methods 71,

Nickel may also be excreted in human breast milk leading

to dietary exposure of breast-fed infants. On a body weight
basis, such exposures are believed to be similar to average
adult dietary nickel intake B4,

3.5 FACTORS AFFECTING METABOLISM

Some disease states and physiological stresses have
been shown to either increase or decrease serum nickel
concentrations. As reviewed by Sunderman et al."” and
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the U.S. Environmental Protection Agency®], serum nickel
concentrations have been found to be elevated in patients
after myocardial infarction, severe myocardial ischemia,

or acute stroke. Serum nickel concentrations are often
decreased in patients with hepatic cirrhosis, possibly due to
hypoalbuminemia 4. Physiological stresses such as acute
burn injury have been shown to correspond with increased
nickel serum levels in rats.

4. TOXICITY OF METALLIC NICKEL AND
NICKEL COMPOUNDS

The major routes of nickel exposure that have toxicological
relevance to the workplace are inhalation and dermal
exposures. Oral exposures can also occur (e.g., hand-to-
mouth contact), but the institution of good industrial hygiene
practices (e.g., washing hands before eating) can greatly help
to minimise such exposures. Therefore, this chapter mainly
focuses on the target systems affected by the former routes
(i.e., the respiratory system and the skin). To the extent that
other routes (such as oral exposures) may play a role in the
overall toxicity of nickel and its compounds, these routes

are also briefly mentioned. Focus is on the individual nickel
species most relevant to the workplace, namely, metallic
nickel and nickel alloys, oxidic, sulfidic and soluble nickel
compounds, and nickel carbonyl.

4.1 METALLIC NICKEL

Occupational exposure to metallic nickel can occur

through a variety of sources. Most notable of these

sources are metallurgical operations, including stainless
steel manufacturing, nickel alloy production, and related
powder metallurgy operations. Other sources of potential
occupational exposure to metallic nickel include nickel-
cadmium battery manufacturing, chemical and catalyst
production, plating, and miscellaneous applications such as
coin production. In nearly all cases, metallic nickel exposures
include concomitant exposures to other nickel compounds
(most notably oxidic nickel, but other nickel compounds as
well), and can be confounded with exposure to other non-
nickel substances specific to the particular activity or process
executed in the workplace. Therefore, it is important to
summarise those health effects which can most reasonably
and reliably be considered relevant to metallic nickel in

occupational settings, even though other nickel and non-
nickel compounds may be present.

4.1.1 Inhalation exposure: metallic nickel

With respect to inhalation, the only significant health effects
seen in workers occupationally exposed to metallic nickel
occur in the respiratory system. Based on the toxicological
information available from nickel compounds, the two
potential effects of greatest concern with respect to metallic
nickel exposures would be non-malignant respiratory effects
(including asthma and fibrosis) and respiratory cancer. Factors
that can influence these effects include: the presence of
particles on the bronchio-alveolar surface of lung tissue,
mechanisms of lung clearance (dependent on solubility),
mechanisms of cellular uptake (dependent on particle size,
particle surface area, particle charge) and the release of Ni (lI)
ion to the target tissue (of importance to both carcinogenicity
and Type | immune reactions leading to asthma).

In the case of respiratory cancer, studies of past exposures
and cancer mortality reveal that respiratory tumours have
not been consistently associated with all chemical species
of nickel. Metallic nickel is one of the species for which
this is true. Indeed, epidemiological data generally indicate
that metallic nickel is not carcinogenic to humans. Over
40,000 workers from various nickel-using industry sectors
(nickel alloy manufacturing, stainless steel manufacturing,
and the manufacturing of barrier material for use in
uranium enrichment) have been examined for evidence of
carcinogenic risk due to exposure to metallic nickel and, in
most instances, accompanying oxidic nickel compounds and
nickel alloys *41>8588 No nickel-related excess respiratory
cancer risks have been found in any of these workers.

Of particular importance are the studies of Cragle et al. %
and Arena et al.'*! The former study of 813 barrier
manufacturing workers is important because of what it
reveals specifically about metallic nickel. There was no
evidence of excess respiratory cancer risks in this group of
workers exposed predominantly to metallic nickel. The latter
study is important because of its size (>31,000 nickel alloy
workers) and, hence, its power to detect increased respiratory
cancer risks. Exposures in these workers were mainly to oxidic
and metallic nickel. Only a very modest relative risk of lung
cancer (RR,1.13; 95% ClI 1.05-1.21) was seen in these workers
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when compared to the overall U.S. population (smoking
not accounted for) and the risks decreased and became
statistically nonsignificant (RR, 1.02; 95% Cl 0.96-1.10) in
comparison to local populations. The lack of a significant
excess risk of lung cancer relative to local populations,
combined with a lack of an observed dose response with
duration of employment regardless of the comparison
population used, suggests that other non-occupational
factors associated with geographic residence or cigarette
smoking may explain the modest elevation of lung cancer risk
observed in this cohort [*4,

While occupational exposures to metallic nickel in the nickel-
using industry have historically been low (< 0.5 mg Ni/m?),
certain subgroups of workers, such as in powder metallurgy,
have been exposed to higher concentrations of metallic
nickel (around 1.5 mg Ni/m?) 4, Such subgroups, albeit small
in size, have shown no nickel-related excess cancer risks.

In studies of nickel-producing workers (over 6,000 workers)
where exposures to metallic nickel have, in certain instances,
greatly exceeded those found in the nickel-using industry,
evidence of a consistent association between metallic nickel
and respiratory cancer is lacking. For one of these cohorts,
the International Committee on Nickel Carcinogenesis in
Man 24 did not find an association between excess mortality
risk for respiratory cancers and metallic nickel workers,
whereas another group of researchers® found a significant
association using a multivariate regression model. However,
the Easton et al.®! model substantially overpredicted cancer
risks in long-term workers (>10 years) who were employed
between the years 1930-1939. This led the researchers to
conclude that they may have‘overestimated the risks for
metallic (and possibly soluble) nickel and underestimated
those for sulfides and/or oxides”®%. A 2001 update of
hydrometallurgical workers with relatively high metallic
nickel exposures confirms the lack of excess respiratory
cancer risk associated with exposures to elemental nickel
during refining I, Review articles published in 2005 ' and
more recently in 20202 have confirmed the earlier findings
and not found associations between metallic nickel exposure
and increased lung cancer risks.

Animal data on carcinogenicity are largely in agreement
with the human data. Early studies on the inhalation of

metallic nickel powder, although somewhat limited with
respect to experimental design, are essentially negative

for carcinogenicity ®>°4, While intratracheal instillation of
nickel metal powder has been shown to produce tumours

in the lungs or mediastinum of animals [°>°, the relevance

of such studies in the etiology of lung cancer in humans is
questionable. This is because normal defense systems and
clearance mechanisms operative via inhalation are by-passed
in intratracheal studies. Moreover, high mortality in one of
the studies [*® suggests that toxicity could have confounded
the carcinogenic finding in this study. Driscoll et al.’’I have
cautioned that, in the case of intratracheal instillation studies,
care must be taken to avoid doses that are excessive and may
result in immediate toxic effects to the lung due to a large
bolus delivery.

A definitive animal carcinogenicity study with inhalable nickel
metal powder (~1.8 um MMAD, 2.4 ym GSD) by inhalation in
male and female Wistar rats was conducted using a 2-year
regimen of exposure at 0, 0.1, 0.4, and 1 mg/m?>. Toxicity
and lethality required the termination of the 1 mg/m?.
Nevertheless, the 0.4 mg/m?* group established the required
Maximum Tolerated Dose (MTD) for inhalation of nickel
metal powder and hence, was valid for the determination

of carcinogenicity. This study, conducted according to OECD
guidelines and GLP, did not show an association between
nickel metal powder exposure and respiratory tumours %,
at workplace equivalent exposures up to 1.5-4.6 mg Ni/m?
inhalable Ni (Nickel CSR 2019, Appendix C2).

These data, in concert with the most recent epidemiological
findings and a separate negative oral carcinogenicity

study with a water-soluble nickel salt (most bioavailable
form of nickel), strongly indicate that nickel metal powder
is not likely to be a human carcinogen by any relevant

route of exposure. Indeed, a recent systematic review of

the epidemiological, animal and mechanistic evidence
concluded that “the evidence does not support a causal
relationship between metallic nickel exposure and
respiratory cancer in humans”®2,

With respect to non-malignant respiratory disease, no
convincing reports of asthma or fibrosis have been reported
in workers with metallic nickel exposures. In the case of
asthma, exposure to fine dust containing nickel has only
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infrequently been reported in anecdotal publications as

a possible cause of occupational asthma [98-100]. Such
dust exposures, however, have almost certainly included
other confounding agents. Furthermore, no quantitative
relationship has been readily established between the
concentration of nickel cations in aqueous solution in
bronchial challenge tests and equipotent metallic nickel

in the occupational environment. In a U.S. study of welders
(exposed to fumes containing complex spinels and other
metals, with minute amounts of metallic nickel) at a nuclear
facility in Oak Ridge, Tennessee, no increased mortality

due to asthma was found among the workers studied .
Collectively, therefore, the overall data for metallic nickel
being a respiratory sensitiser are not compelling, although a
definitive study is lacking.

In addition to the unconvincing and very small number

of anecdotal case-reports regarding asthma, a few other
respiratory effects due to metallic nickel exposures have also
been reported. Data relating to respiratory effects associated
with short-term exposure to metallic nickel are very limited.
One report exists of a fatality involving a man spraying
nickel using a thermal arc process 2. This man was exposed
to very fine particles or fumes, likely consisting of metallic
nickel or oxidic nickel. He died 13 days after exposure, having
developed pneumonia, with postmortem showing shock
lung. However, the relevance of this case to normal daily
occupational exposures is questionable given the reported
extremely high exposure (382 mg Ni/m?) to relatively fine
nickel particles.

A few other studies have investigated the effects of nickel
exposure on pulmonary function and fibrosis. With respect to
pulmonary function, Kilburn et al.!°% examined cross-shift
and chronic pulmonary effects in a group of stainless steel
welders (with predominant nickel exposures to complex
oxides but possibly some minute metallic nickel exposure).
No differences in pulmonary function were observed in test
subjects versus controls during cross-shift or short-term
exposures. Although some reduced vital capacities were
observed in long-term workers, the authors noted little
evidence of chronic effects on pulmonary function caused by
nickel. Conversely, in studies of stainless steel and mild steel
welders, short-term, cross-shift effects were noted in stainless
steel workers (reduced FEV1:FVC ratio), but no long-term

effects in lung function were noted in workers with up to

20 years of welding activity 1921031 A generalised decrease in
lung function, however, was seen in workers with the longest
histories (over 25 years) of stainless steel welding. This was
attributed to the high concentrations of mixed pollutants (i.e.,
dust, metal oxides, and gasses) to which these welders were
exposed. A higher prevalence of bronchial irritative symptoms,
such as cough, was also reported.

With respect to fibrosis, a study on nickel refinery workers

in Norway examined the incidence of x-ray abnormalities
(ILO = 1/0) [20]. The incidence of irregular opacities in x-rays
was not significantly different from the hospital incidence in
“normal” x-rays (4.5% vs 4.2%, respectively). An increased risk
of abnormal x-rays was found with cumulative exposure to
sulfidic and soluble, but not for oxidic or metallic nickel %],

Animal studies on the non-carcinogenic respiratory effects of
metallic nickel are few. The early studies by Heuper and Payne 4
suggest that inflammatory changes in the lung can be observed
in rats and hamsters administered nickel powder via inhalation.
However, lack of details within the studies precluded drawing
any conclusions with respect to the significance of the findings.
In the 2-year cancer bioassay study ™Y, chronic inflammation was
observed in rats exposed to nickel metal powder at > 0.1 mg/
m?* (MMAD 1.8 um, GSD 2.4). Studies on the effects of ultrafine
metallic nickel powder (mean diameter of 20 nm) administered
intratracheally or via short-term inhalation in rats showed
significant inflammation, cytotoxicity, and/or increased epithelial
permeability of lung tissue (104105,

Collectively, the above findings present a mixed picture with
respect to the potential risk of non-malignant respiratory
disease from metallic nickel exposures. There is an extensive
body of litreature demonstrating that past exposures to
metallic nickel have not resulted in excess mortality from
such diseases [1415.85-88,90.106] Stydies of welders may be less
relevant for metallic nickel, as exposures are predominantly
to complex Ni-metal oxides (spinels), rather than nickel metal.
However, additional studies on such effects, particularly with
respect to ultrafine nickel powders, would be useful.

4.1.2 Dermal exposure: metallic nickel

Dermal exposure to metallic nickel is possible wherever
nickel powders are handled, such as powder metallurgy, and
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in the production of nickel-containing batteries, chemicals,
and catalysts. Occasional contact with massive forms of
metallic nickel could occur during nickel metal production,
alloy production, production of articles made of nickel metal
or alloys, and use of nickel-containing articles.

Skin sensitisation to nickel metal can occur wherever there
is sufficient leaching of nickel ions from articles containing
nickel onto exposed skin 119181 However, cutaneous allergy
(allergic contact dermatitis) to nickel occurs mainly as the
result of non-occupational exposures. Indeed, the evidence
for occupationally-associated nickel allergic reactions is
sparse 2199111 dye in large part to increased occupational
hygiene measures.

Sensitisation and subsequent allergic reactions to nickel
require direct and prolonged contact with nickel-containing
solutions or nickel-releasing items that are non-resistant

to sweat corrosion (see further discussion under Sections

5.2 and 5.4). The nickel ion must be released from a nickel-
containing article in intimate contact with skin to elicit

a response. Evidence suggests that humid environments

are more likely to favour the release of the nickel ion

from metallic nickel and nickel alloys, whereas dry, clean
operations with moderate or even intense contact to nickel
objects will seldom, alone, provoke dermatitis *2. In some
occupations for which nickel dermatitis has been reported in
higher proportion than the general populace (e.g., cleaning,
hairdressing and hospital wet work), the wet work is, in

and of itself, irritating and decreases the barrier function of
the skin. Often it is the combination of irritant dermatitis
and compromised skin barrier that produces the allergic
reaction 2. The role of nickel in the manifestation of irritant
dermatitis in metal manufacturing, cement and construction
industries, and coin handling has been debated. It has been
suggested by some researchers that nickel probably does not
elicit dermatitis in workers from such industries unless the
worker is already strongly allergic to nickel®2. There are some
reports that oral ingestion of high nickel levels (above 12
pg/kg/day) can trigger a dermatitis response in susceptible
nickel-sensitised individuals (see section 5.3).

4.2 NICKEL ALLOYS

Often there is @ misconception that the toxicity of nickel-
containing alloys is synonymous with the toxicity of metallic

nickel. This is not necessarily true. Each type of nickel-
containing alloy is a unique substance with its own special
physico-chemical and biological properties that differ from
those of its individual metal constituents. Alloy constituents
can affect the release of nickel metal, increasing or
decreasing it from what would be expected based on nickel
metal content, changing the toxicity profile of the alloy. The
potential toxicity of a nickel alloy (including carcinogenic
effects) must, therefore, be evaluated separately from the
potential toxicity of nickel metal itself and other nickel-
containing alloys.

While there are hundreds of different nickel-containing
alloys in different product categories, the major product
categories are stainless steel (containing Fe, Cr and up

to 34% Ni) and high nickel content alloys. Occupational
exposures to nickel from these and other forms of nickel
alloys (e.g., superalloys, cast-irons) can occur wherever alloys
are produced (metallurgical operations) or in the processing
of alloys (such as welding, grinding, cutting, polishing, and
forming). Like metallic nickel, occupational exposures to
nickel-containing alloys will mainly be via the skin or through
inhalation. However, in the case of certain nickel alloys that
are used in prosthetic devices, localised internal exposures
can occur. Because such exposures are not of specific concern
to occupational settings, they are not discussed in this Guide.
However, a comprehensive review of information pertaining
to prosthetic devices devices are available elsewhere.[}12.113],

4.2.1 Inhalation exposure: nickel alloys

There are no studies of nickel workers exposed solely to
nickel alloys in the absence of metallic or oxidic nickel.
Clearly, however, workers in alloy and stainless steel
manufacturing and processing will likely have some low
level exposure to nickel alloys. In general, most studies

on stainless steel and nickel alloy workers have shown no
significant occupationally-related excess risks of respiratory
cancer [1415.8586,114-118) 'As noted above and in the discussion
on metallic nickel, some of these studies involved thousands
of workers 4. Hence, these studies suggest an absence of
nickel-related excess cancer risks in workers exposed to
nickel-containing alloys.

There have been some exceptions, however, in certain groups
of stainless steel welders 11%1201 where excess lung tumours
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were detected. Further analyses of these and other stainless
steel workers as part of a large international study on welders
(> 11,000 workers) failed to show any association between
increased lung cancer mortality and cumulative exposure to
nickel 21, A later analysis of this same cohort 22 showed no
trend for lung cancer risk for three levels of nickel exposure.
Likewise, no nickel-related tumours were observed in a

group of German arc welders exposed to fumes containing
chromium and nickel™?3. In 2017, IARC reviewed the evidence
for the carcinogenicity of welding fumes and its components
and concluded that welding fumes as a whole are Group 1
carcinogens, but did not distinguish between stainless or mild
steel welding 24, Importantly, the exposures during welding
are mainly to complex oxides (spinels) of very small particle
size with minor contributions from nickel alloys or metal.

Limited data are available to evaluate respiratory
carcinogenicity of nickel alloys in animals. One intratracheal
instillation study looked at two types of stainless steel
grinding dust. An austenitic stainless steel (6.8% nickel)

and a chromium ferritic steel (0.5% nickel) were negative in
hamsters after repeated instillations 2. In another study,
grinding dust from an austenitic stainless steel (26.8% nickel)
instilled in hamsters was also negative . In this same study,
an alloy containing 66.5% nickel, 12.8% chromium, and 6.5%
iron showed some evidence of carcinogenic potential at

the higher doses tested. A significant shortening in survival
time in one of the high dose groups compared to untreated
controls, however, raises the question of toxicity and its
possible confounding effect on tumour formation. As noted

in the discussion of metallic nickel, intratracheal instillation
studies must be carefully interpreted in light of their artificial
delivery of unusually large and potentially toxic doses of
chemical agents to the lung 7.,

In total, there is little evidence to suggest that nickel alloys,
as such, act as respiratory carcinogens. For many alloys, this
may be due to their corrosion resistance which results in
reduced release of metal ions to target tissues.

With respect to non-carcinogenic respiratory effects, no
animal data are available for determining such effects, and
the human studies that have looked at such endpoints have
generally shown no increased mortality due to non-malignant
respiratory disease [1415.85.86,114,121]

4.2.2 Dermal exposure: nickel alloys

Because alloys are specifically formulated to meet the need
for manufactured products that are durable and corrosion
resistant, an important property of all alloys and metals

is that they are insoluble in aqueous solutions. They can,
however, react (corrode) in the presence of other media, such
as air or biological fluids, to form new metal-containing
species that may or may not be water soluble. The extent to
which alloys react is governed by their corrosion resistance in
a particular medium and this resistance is dependent on the
nature of the metals, the proportion of the metals present in
the alloy, and the process by which the alloy was made.

Of particular importance to dermal exposures are the
potential of individual alloys to corrode in sweat. As noted
under the discussion of metallic nickel, sensitisation and
subsequent allergic reactions to nickel require direct and
prolonged contact with nickel-containing solutions or
materials that are non-resistant to sweat corrosion. It is

the release of the nickel (Il) ion, not the nickel content of

an alloy, that will determine whether a response is elicited.
Occupational dermal exposures to nickel alloys are possible
wherever nickel alloy powders are handled, such as in powder
metallurgy or catalyst production. While exposures to massive
forms of nickel alloys are also possible in occupational
settings, these exposures do not tend to be prolonged, and,
hence, are not of greatest concern with respect to contact
dermatitis. Dermal contact with nickel-copper alloys in
coinage production can also occur. The potential for nickel
alloys to elicit an allergic reaction in occupational settings,
therefore, will depend on both the sweat resistant properties
of the alloy and the amount of time that a worker is in direct
and prolonged contact with an alloy.

While the EU Nickel Directive (94/27/EC), limiting the Ni
release from alloys that come into close contact with the skin,
is geared toward protecting the general public from exposures
to nickel contained in consumer items, it may also provide
some guidance in occupational settings where exposures to
nickel alloys are direct and prolonged. It should be noted,
however, that alloys that release greater than 0.5 ug/cm?/
week of nickel may not be harmful in an occupational or
commercial setting. They may be used safely when not in direct
and prolonged contact with the skin or where ample protective
clothing is provided. A comprehensive review of the health
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effects associated with the manufacture, processing, and use of
stainless steel can be found in Cross et al.l!2¢!

4.3 SOLUBLE NICKEL

Exposure to readily water-soluble nickel salts occurs

mainly during the electrolytic refining of nickel (producing
industries) and in electroplating (using industries). Depending
upon the processes used, exposures are usually to hydrated
nickel (I1) sulfate or nickel chloride in solution. Like the
previously mentioned nickel species, the routes of exposure
of toxicological relevance to the workplace are inhalation
and dermal exposures. However, unlike other nickel species,
soluble nickel (I1) ions are present in drinking water; thus,
oral exposures are briefly mentioned below.

4.3.1 Inhalation exposure: soluble nickel

Like metallic nickel, the two effects of greatest concern for
the inhalation of soluble nickel compounds are respiratory
cancer and non-malignant respiratory effects (e.g., fibrosis,
asthma). Unlike metallic nickel, however, which has
consistently shown lack of evidence of carcinogenicity,

the carcinogenic assessment of soluble nickel compounds
has been somewhat challenging. The challenge lies both
in reconciling what appears to be inconsistent human
data and in interpreting the human and animal data in an
integrated manner that provides a cohesive picture of the
carcinogenicity of soluble nickel compounds.

Human evidence for the carcinogenicity of soluble nickel
compounds comes mainly from studies of nickel refinery
workers in Wales, Norway, and Finland248%127-129] |n these
studies, workers involved in electrolysis, electrowinning, and
hydrometallurgy have shown excess risks of lung and/or
nasal cancer. Exposures to soluble nickel have generally been
regarded to be relatively high in most of these workers (in
excess of 1 mg Ni/m?3), although some studies have suggested
that exposures slightly lower than 1 mg Ni/m* may have
contributed to some of the cancers observed (128139, |n all
instances, soluble nickel exposures in these workers have
been confounded by concomitant exposures to other nickel
compounds (notably, oxidic and sulfidic nickel compounds),
other chemical agents (e.g., soluble cobalt compounds,
arsenic, acid mists) or cigarette smoking-all known or
believed to be potential carcinogens in and of themselves
(see Sections 5.4 and 5.5). Therefore, it is unclear whether

soluble nickel, alone, caused the excess cancer risks seen in
these workers.

In contrast to these workers, electrolysis workers in Canada
and plating workers in the U.K. have shown no increased
risks of lung cancer 24131133 |n the case of the Canadian
electrolysis workers, their soluble nickel exposures were
similar to those of the electrolysis workers in Norway.
Soluble nickel exposures in the plating workers, although
unknown, are presumed to have been lower. On the whole,
these workers were believed to lack, or have lower exposures
to, some of the confounding agents present in the work
environments of the workers mentioned above. While nasal
cancers were seen in a few of the Canadian electrolysis
workers, these particular workers had also worked in sintering
departments where exposures to sulfidic and oxidic nickel
were very high (> 10 mg Ni/m?3). It is likely that exposures to
the latter forms of nickel (albeit some of them short) may
have contributed to the nasal cancers observed (see Sections
4.4 and 4.5).

Besides the epidemiological studies, the animal data also
needs to be considered. The most important inhalation
animal studies conducted to date are those of the U.S.
National Toxicology Program. In these studies, nickel
subsulfide, nickel sulfate hexahydrate, and a high-
temperature nickel oxide were administered to rats and

mice in two-year carcinogenicity bioassays %2134 Results
from the nickel sulfate hexahydrate study are particularly
pertinent to the assessment of the carcinogenicity of soluble
nickel compounds. This 2-year chronic inhalation study failed
to produce any carcinogenic effects in either rats or mice at
exposures to nickel sulfate hexahydrate up to 0.11 mg Ni/
m? or 0.22 mg Ni/m?, respectively*°. These concentrations
correspond to approximately 0.70-2.0 mg Ni/m?® workplace
aerosols after adjusting for particle size and animal to human
extrapolation %1353 |t is also worth noting that soluble
nickel compounds administered via other relevant routes of
exposure (oral) in lifetime carcinogenicity studies have also
failed to produce tumours [6>137-139],

In sum, the negative animal data combined with the
conflicting human data make for an uncertain picture
regarding the carcinogenicity of soluble nickel alone.
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As noted by Oller 9, without a unifying mode of action that
can both account for the discrepancies seen in the human
data and integrate the results from human and animal data
into a single model for nickel respiratory carcinogenesis,
assessments of soluble nickel will continue to vary widely.
Such a MoA has been proposed in models for nickel-mediated
induction of respiratory tumours. These models suggest
that the main determinant of the respiratory carcinogenicity
of a nickel species is likely to be the bioavailability of the
nickel (Il) ion at nuclear sites of target epithelial cells -
1441 Only those nickel compounds that result in sufficient
amounts of bioavailable nickel (Il) ions at such sites (after
inhalation) will be respiratory carcinogens. Because soluble
nickel compounds are not phagocytised and are rapidly
cleared, substantial amounts of nickel (Il) ions that would
cause tumour induction simply are not present.

However, at workplace equivalent levels above 0.19-0.26

mg Ni/m3 3 chronic respiratory toxicity was observed in
animal studies [*°l. Respiratory toxicity due to soluble nickel
exposures may have enhanced the induction of tumours

by less soluble nickel compounds or other inhalation
carcinogens seen in refinery workers. This may account for the
observed respiratory cancers seen in the Norwegian, Finnish,
and Welsh refinery workers who had concomitant exposures
to smoking and other inhalation carcinogens. Indeed, in its
multi-analysis of many of the nickel cohorts discussed above,
the International Committee on Nickel Carcinogenesis in Man
(ICNCM) postulated that the effects of soluble nickel may be
to enhance the carcinogenic process, as opposed to inducing
it 24, Alternatively, it should be considered that none of the
workers in the sulfidic ore refinery studies had pure exposures
to soluble nickel compounds that did not include sulfidic or
complex nickel oxides, and most of them had confounding by
smoking and in some cases arsenic or cobalt.

To identify a practical lung cancer threshold for exposure to
the main chemical forms of nickel, the dose-response (D-R)
for soluble and oxidic compounds were analysed by Oller et
al.'8 taking into account differences in response relative to
the presence of sulfidic and oxidic Ni exposure levels above
and below 0.2 mg Ni/m? (as inhalable aerosol fraction). The
(measured or estimated) exposures (corrected to inhalable)
and risk ratios from Goodman et al.*? were used. In total,
lung cancer data from 22 process areas arising from 13

cohorts of geographically distinct nickel producing and using
operations were included, encompassing >100,000 workers.
Based on these data, a practical threshold of inhalable
aerosol fraction of 0.10 mg Ni/m? soluble Ni (with € 0.2 mg
Ni/m?* of oxidic and sulfidic Ni) can be conservatively applied
to all forms of nickel.

Animal inhalation studies have shown various non-malignant
respiratory effects on the lung following relatively short
periods of exposure to relatively high levels of soluble

nickel compounds 1475 145-148)) ‘Effects have included marked
hyperplasia, inflammation and degeneration of bronchial
epithelium, increased mucus secretion, and other indicators
of toxic damage to lung tissue. In a study where nickel sulfate
was administered via a single intratracheal instillation in rats,
the nickel sulfate was shown to transiently affect pulmonary
antitumoural immune defenses 1. Chronic exposures

to nickel sulfate hexahydrate result in cell toxicity and
inflammation *°1. Moreover, a subchronic study demonstrated
that nickel sulfate hexahydrate has a steep dose-response
for toxicity and mortality **% Hence, although exposure

to soluble nickel compounds, alone, may not provide the
conditions necessary to cause cancer (i.e., the nickel (Il) ion

is not delivered to the target tissue in sufficient quantities

in vivo), due to their toxicity, soluble nickel compounds may
enhance the carcinogenic effect of other nickel compounds
or cancer-causing agents by increasing cell proliferation. Cell
proliferation, in turn, is required to convert DNA lesions into
mutations and expand the mutated cell population, resulting
in carcinogenesis.

With respect to non-malignant respiratory effects in humans,
the evidence for soluble nickel salts being a causative factor
for occupational asthma, while not overwhelming, is more
suggestive than it is for other chemical forms of nickel.

Such evidence arises mainly from a small number of case
reports in the electroplating industry and nickel catalyst
manufacturing 1161, Exposure to nickel sulfate can only be
inferred in some of the cases where exposures have not been
explicitly stated. Many of the plating solutions and, hence,
aerosols to which some of the workers were exposed may
have had a low pH. This latter factor may contribute to irritant
effects which are not necessarily specific to nickel. In addition,
potential for exposure to other sensitising metals, notably
chromium and cobalt, may have occurred. On the basis of
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the studies reported, the frequency of occupational asthma
cannot be assessed, let alone the dose response determined.
Despite these shortcomings, however, the role of soluble
nickel as a possible cause of asthma should be considered.

Aside from asthma, the only other non-carcinogenic
respiratory effect reported in nickel workers is that of fibrosis.
Evidence that soluble nickel may act to induce pulmonary
fibrosis at the radiological level comes from a study of nickel
refinery workers that showed modest abnormalities in the
chest x-rays of workers 2%, Berge and Skyberg identified

a dose-response trend for 4 categories of cumulative
exposure to soluble Ni. However, there was also evidence
that other factors (e.g., age and tobacco consumption)

were more reliable predictors of the cohort’s incidence of
radiographically-identified fibrosis. Thus, the odds ratio for
the group with the highest cumulative exposure to soluble
Ni lost statistical significance when it was adjusted for age,
smoking, asbestos and sulphidic Ni exposure (OR = 2.24,
95% Cl 0.82-6.16). The significance of these results for the
clinical diagnosis of fibrosis remains to be determined as
x-ray findings have been reported to not correlate well with
functional diagnosis of lung fibrosis (37}

4.3.2 Dermal exposure: soluble nickel

Historically, risks for allergic contact nickel dermatitis have
been elevated in workplaces where exposures to soluble
nickel have been high. For example, nickel dermatitis was
common in the past among nickel platers. However, due to
improved industrial and personal hygiene practices, more
recent reports of nickel sensitivity in workplaces such as
the electroplating industry have been sparse. Schubert et
al.,**® found only two nickel sensitive platers among 176
nickel sensitive individuals studied. A number of studies
have shown nickel sulfate to be a skin sensitiser in animals,
particularly in guinea pigs **°162, Dermal studies in animals
suggest that sensitisation to soluble nickel (nickel sulfate)
may result in cross sensitisation to cobalt*®* and that oral
supplementation with zinc may lessen the sensitivity reaction
of NiSO,-induced allergic dermatitis ***. Soluble nickel
compounds should be considered skin sensitisers in humans
and care should be taken to avoid prolonged contact with
nickel solutions in the workplace.

Allergic contact dermatitis is the most prevalent effect

of nickel in the general population. Epidemiological
investigations have shown that prevalence of nickel allergy
is approximately 14.5% of the general population in several
European countries 1% Significantly decreased prevalence
of nickel allergy has been observed in the younger European
population, born since the institution of regulation of
nickel release from consumer articles used for piercing and
intended for direct and prolonged skin contact in the late
1990s (the EU nickel directive), with this Directive being
included in the European REACH regulation as entry 27 in
Annex XVII in 2009 166,

4.3.3 Other exposures: soluble nickel

The evidence for the lack of oral carcinogenicity of nickel
substances is conclusive. In a study by Heim et al.[**”], nickel
sulfate hexahydrate was administered daily to rats by oral
gavage for 2 years (104 weeks) at exposure levels of 10,

30 and 50 mg NiSO,+6H,0/kg. This treatment produced a
statistically significant reduction in body weight of male and
female rats, compared to controls, in an exposure-related
fashion at 30 and 50 mg/kg/day. An exposure-dependent
increase in mortality was observed in female rats. However,
daily oral administration of nickel sulfate hexahydrate did
not produce an exposure-related increase in any common
tumour type or an increase in any rare tumours. This study
achieved sufficient toxicity to reach the Maximum Tolerated
Dose (MTD) while maintaining a sufficiently high survival rate
to allow evaluation for carcinogenicity. The study by Heim et
al.371 demonstrates that nickel sulfate hexahydrate does not
have the potential to cause carcinogenicity by the oral route
of exposure. Data from this and other studies demonstrate
that inhalation is the only route of exposure that may cause
concern for cancer in association with nickel compound
exposures.

Unlike other species of nickel, oral exposure to soluble
nickel(ll) ions occurs from drinking water (and from
bioavailable nickel present in food). Data from both human
and animal studies show that absorption of nickel from food
and water is generally low (1-30%), depending on the fasting
state of the subject, with most of the nickel excreted in feces
(271 In humans, effects of greatest concern for ingested nickel
are those produced in the kidney, possible reproductive
effects, and the potential for soluble nickel to exacerbate
nickel dermatitis following oral provocation.

Nickel Institute



Several researchers have examined the evidence of nephro-
toxicity related to long-term exposures to soluble nickel in
electroplating, electrorefining and chemical workers [168-171],
These workers not only would have been exposed to soluble
nickel in their food and water, but also in the workplace air
which they breathed. Wall and Calnan % found no evidence
of renal dysfunction among 17 workers in an electroplating
plant. Likewise, Sanford and Nieboer %%, in a study of 26
workers in electrolytic refining plants, concluded that nickel,
at best, might be classified as a mild nephrotoxin. In the
Sunderman and Horak study®¢® and the Vyskocil et al., study
(1711 elevated markers of renal toxicity (e.g., 32 microglobulin)
were observed, but only spot urinary nickel samples were
taken. The chronic significance of these effects is uncertain. In
addition, nickel exposures were quite high in these workers
(up to 13 mg Ni/m? in one instance), and certainly not typical
of most current occupational exposures to soluble nickel.
Severe proteinuria and other markers of significant renal
disease that have been associated with other nephrotoxicants
(e.g., cadmium) have not been reported in nickel workers,
despite years of biological monitoring and observation.
However, a 2020 case-control study suggested an association,
albeit tenuous, between chronic, low dose environmental
exposure to nickel and acute mesoamerican nephropathy

(172 In animals, kidney toxicity was observed 28 days after
gavage treatment of mice with 30 mg/kg nickel chloride

(1731 and in rats, kidney damage was observed 20 days after
intraperitoneal injection of 20 mg/kg bw/day nickel 274,

In regard to reproductive effects, there is some evidence

in humans to indicate that absorbed nickel may be able to
move across the placenta into fetal tissue *”>1771, An early
study of Russian nickel refinery workers purported to show
evidence of spontaneous abortions, stillbirths, and structural
malformations in babies born to female workers at that
refinery 178, Concerns about the reliability of this study
prompted a more thorough and well-conducted epidemiology
investigation of the reproductive health of the Russian cohort
that was also important for another reason. Specifically, the
nickel refineries in this region are the only places worldwide
where enough female nickel refinery workers exist to perform
an epidemiological survey of reproductive performance at
relatively high nickel exposures. In order to accomplish this
task, the researchers constructed a birth registry for all births
occurring in the region during the period of the study. They

also reconstructed an exposure matrix for the workers at the
refinery so as to be able to link specific pregnancy outcomes
with occupational exposures. The study culminated in a
series of manuscripts by A. Vaktskjold et al.}”*18 describing
the results of the investigation. The study demonstrated that
nickel exposure was not correlated with adverse pregnancy
outcome for 1) male newborns with genital malformations,
2) spontaneous abortions, 3) small-for-gestational-age
newborns, or 4) musculosketal effects in newborns of female
refinery workers exposed to nickel. The lack of a “small-for-
gestational-age” and “male genital malformation” findings
are considered “sentinel” effects (i.e., sensitive endpoints) for
reproductive toxicity in humans. These manuscripts showed
no correlation between nickel exposure and observed
reproductive impairment. These are important results

as spontaneous abortion in humans would most closely
approximate the observation of perinatal lethality associated
with nickel exposure in rodents.

While the work by Vaktskjold et al.!81841 is important in
demonstrating that any risk of reproductive impairment from
nickel exposure is exceedingly small, it should be noted

that it is not possible to find women whose occupational
nickel exposure persisted throughout their pregnancies until
birth. Generally, fetal protection policies require removal

of pregnant women from jobs with exposures to possible
reproductive toxicants. Therefore, it cannot be conc