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ABSTRACT

The inhalation of dust containing certain nickel compounds has been associated with an increased risk
of lung and nasal cancers in occupational studies of workers who process or refine sulfidic nickel ores
and are exposed to relatively high levels of mixtures of water-soluble, sulfidic, oxidic, and/or metallic
forms of nickel. We conducted a systematic review of the potential carcinogenicity of metallic nickel,
focusing on cancers of the respiratory tract. We evaluated the quality and risk of bias (RoB) of the rele-
vant epidemiology, experimental animal, and in vitro mechanistic studies using the National Toxicology
Program’s Office of Health Assessment and Translation (OHAT) RoB Rating Tool. We then used a sys-
tematic review protocol based on the OHAT approach to critically assess whether metallic nickel should
be considered a human respiratory carcinogen. Our evaluation of the epidemiology studies indicates
that there is no substantive evidence of increased respiratory cancer risk in workers exposed predomin-
antly to metallic nickel. Animal evidence indicates that metallic nickel does not increase the incidence
of respiratory tumors in rodents exposed by inhalation. The in vitro studies are limited in value, as they
bypass normal clearance mechanisms. Nevertheless, the mechanistic evidence indicates that metallic
nickel is not mutagenic but can induce DNA strand breaks under certain conditions. Based on a stand-
ard framework for assessing causality, we conclude that the evidence does not support a causal rela-
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tionship between metallic nickel exposure and respiratory cancer in humans.
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Introduction

Nickel is a metal that is naturally found in soils, sediments,
water, and air. Various forms of nickel can be extracted from
sulfidic and lateritic nickel ores through nickel smelting and
refining processes. These processes contribute sulfidic and oxi-
dic nickel compounds, as well as water-soluble nickel com-
pounds (i.e. nickel salts such as nickel sulfate hexahydrate and
nickel chloride hexahydrate) and nickel metal (Ni) to the air.

The inhalation of dust containing certain nickel compounds
has been associated with an increased risk of lung and nasal
cancers in occupational studies of workers who processed or
refined sulfidic (but not lateritic) nickel ores (ATSDR 2005;
Goodman et al. 2009; IARC 2012; Buxton et al. 2019). Many of
these workers were exposed to high concentrations of mix-
tures of sulfidic, oxidic, water-soluble, and metallic forms of
nickel, primarily by inhalation, with some potential for dermal
contact or ingestion of dusts (ATSDR 2005; NTP 2016). By con-
trast, the general population is exposed to nickel primarily
through the diet, with a typical intake of 70-250 ug Ni/day, as
nickel is naturally present in air, soil, water, plants, and foods
(predominantly as complex oxidic forms in soil, an ionic form
of Ni in water, and complex organic molecules containing Ni
in plants and food) (ATSDR 2005; IARC 2012; De Brouwere
et al. 2012; NTP 2016; Buxton et al. 2019). Inhalation of nickel
from the ambient air, which is typically present in the ng/m?
range (Buekers et al. 2015) and includes primarily oxidic and
soluble forms of nickel, contributes less than 1% to aggre-
gated nickel exposure from all sources, and, thus, is consid-
ered a minor route of exposure for the general population (De
Brouwere et al. 2012; IARC 2012), whose overall exposure to
nickel from all potential sources is generally low (ATSDR 2005;
De Brouwere et al. 2012; NTP 2016).

Metallic nickel includes pure nickel metal as well as nickel
alloys, such as stainless steel. Metallic nickel is used in elec-
troplating, batteries, coins, welding products, electrical com-
ponents, catalysts, magnets, machinery parts, and medical
devices (ATSDR 2005; IARC 2012; NTP 2016). The general
population is exposed to metallic nickel primarily through
dermal contact with stainless steel, coins, and jewelry (NTP

2016). The most comprehensive epidemiology study of can-
cer risks associated with occupational exposure to metallic
nickel and nickel compounds, conducted by the International
Committee on Nickel Carcinogenesis in Man (ICNCM) over
30years ago, concluded that metallic nickel was not associ-
ated with an increased risk of lung and nasal cancers (ICNCM
1990). Cross-classification analyses of some of the nickel
refinery studies have suggested that the increased cancer
risks in the refinery cohorts were associated with exposure to
sulfidic, and possibly oxidic, nickel, with an indication that
water-soluble nickel exposure accentuated these risks but
that there was no evidence to suggest that metallic nickel
exposure increased lung cancer risk (ICNCM 1990). In add-
ition, inhalation bioassays in rodents reported increased inci-
dence of respiratory tract cancers with oxidic and sulfidic
nickel compounds, but not with metallic nickel (as reviewed
by Goodman et al. 2009, 2011; IARC 2012). Cancer bioassays
in rodents with inhalation or oral exposure to water-soluble
nickel compounds have also been negative (Goodman et al.
2009, 2011; IARC 2012).

The carcinogenic hazard of metallic nickel and nickel com-
pounds has been assessed by several scientific agencies. The
International Agency for Research on Cancer (IARC) classified
metallic nickel as possibly carcinogenic to humans (Group
2B), based on inadequate evidence in humans for the car-
cinogenicity of nickel metal and nickel alloys, and sufficient
evidence in experimental animals for the carcinogenicity of
metallic nickel (IARC 1990). It is noteworthy that all of the
metallic nickel studies in experimental animals that form the
basis of this classification used exposure routes that are not
relevant to human exposures (i.e. intratracheal instillation;
subcutaneous implantation; and intrapleural, intramuscular,
intraperitoneal, intravenous, intrarenal, subperiosteal, and
intramedullary injection) and reported local tumors at the
administration site. IARC classified nickel compounds as car-
cinogenic to humans (Group 1), based on sufficient evidence
in humans for cancers of the lung, nasal cavity, and paranasal
sinuses with exposure to mixtures that include nickel com-
pounds and nickel metal, as well as sufficient evidence for
carcinogenicity in experimental animals for nickel compounds
and nickel metal (IARC 2012).

The National Toxicology Program has classified nickel
compounds as “known to be human carcinogens” and metal-
lic nickel as “reasonably anticipated to be a human
carcinogen,” with the latter based on what it considered to
be sufficient evidence from studies in experimental animals
(NTP 2002). The experimental animal studies relied on for the
classification of metallic nickel include the same studies that
used non-relevant exposure routes that were relied on for
the IARC classification, as this evaluation was conducted prior
to the publication of an inhalation bioassay for metallic nickel
(Oller et al. 2008).

The American Conference of Governmental Industrial
Hygienists (ACGIH) has classified insoluble nickel compounds
as “A1: Confirmed human carcinogens,” water-soluble nickel
compounds as “A4: Not classifiable as human carcinogens,”
and metallic nickel as "A5: Not suspected as a human car-
cinogen" (ACGIH 2001). The United States Environmental
Protection Agency (US EPA) has not evaluated the potential



carcinogenicity of metallic nickel or water-soluble nickel com-
pounds, but has classified both nickel subsulfide and nickel
refinery dust as "A; human carcinogen" (US EPA 2002, 2006).

In the European Union, under the Classification, Labeling
and Packaging (CLP) Regulation, nickel compounds are classi-
fied as Category 1; H350i (known human carcinogens via
inhalation), as the tumors that serve as the basis for their
classification occurred only in the respiratory tract and only
after inhalation exposure (ECHA 2018). Nickel metal carries a
classification as Category 2; H351, indicating it is a suspect
carcinogen (ECHA 2019). The opinion of the Committee for
Risk Assessment (RAC) of the European Chemicals Agency on
nickel and nickel compounds indicates that neither the epi-
demiology nor experimental animal data provide support for
carcinogenicity of metallic nickel (ECHA 2018).

To our knowledge, there has been no comprehensive
review of the potential carcinogenicity of metallic nickel pub-
lished in the peer-reviewed literature since 2005 (Sivulka
2005). Below, we conduct a systematic review of metallic
nickel carcinogenicity. We focus on cancers of the respiratory
tract, as these are the basis for most of the carcinogenicity
classifications discussed above. In addition, there is tumor
site concordance in the respiratory tract between humans
and experimental animals for carcinogenic nickel compounds
(Krewski et al. 2019). First, we briefly describe the physical
and chemical properties, toxicokinetics, and bioavailability of
metallic nickel, followed by a systematic review of the epi-
demiology, experimental animal, and in vitro mechanistic evi-
dence to assess whether metallic nickel can be considered a
human respiratory carcinogen.

Methods
Literature searches and study selection

The principal question of our evaluation is whether the avail-
able evidence supports metallic nickel as a human respiratory
carcinogen. We conducted separate literature searches for
epidemiology, experimental animal, and mechanistic/in vitro
studies published through 1 June 2020, using the PubMed
and Scopus databases. The search terms we used for identify-
ing studies from each database are provided in the
Supplemental materials. We also reviewed the reference lists
of relevant reviews to identify additional studies.

We included studies in the English language that eval-
uated carcinogenic, mutagenic, genotoxic, or cellular trans-
formation effects of metallic nickel in humans, experimental
animals, or in vitro test systems. For completeness, we
included experimental animal studies that used an exposure
route with administration into the respiratory tract, such as
inhalation, intratracheal instillation, or injection into the
lungs, even though the latter two routes are of limited rele-
vance to human exposure scenarios. We excluded studies
that were not published in English; studies that evaluated
other forms of nickel but did not include any exposure to
metallic nickel; human or experimental animal studies that
did not evaluate respiratory cancers (such as cancers of the
lung, bronchus, larynx, nose, and sinuses); review articles that
did not include new analyses or unpublished evidence;
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in vivo studies that did not use an exposure route with
administration into the respiratory tract; and mechanistic
studies that evaluated metallic nickel nanoparticles but not
micron-sized particles or nanoparticles that agglomerated
into particles in the micron range (as discussed below).

Study quality criteria

We developed criteria to evaluate study quality and risk of
bias (RoB) consistently across each realm of evidence (epi-
demiology, experimental animal, and in vitro), based on the
NTP RoB Rating Tool (NTP 2015). This tool was created to aid
in the assessment of an individual study’s internal validity
(i.e. whether the design and conduct of the study compro-
mised the credibility of any reported link between exposure
and outcome). This tool does not take into consideration the
potential for random error in the study results. Instead, ran-
dom error is captured in the sample size and 95% confidence
interval (Cl) of each study, as presented in our tabular sum-
maries of the study results. The RoB Rating Tool uses a set of
questions with detailed criteria that define the aspects of
study design, conduct, and reporting that are used to assign
a study quality/RoB rating for each question. We modified
the questions and criteria to be relevant to the evaluation of
studies of respiratory cancers. The questions and criteria are
specific enough that if different investigators applied them to
the studies reviewed here, it is expected that they would
assign the same study quality/RoB ratings as we did to
each study.

Epidemiology studies

The study quality/RoB questions for epidemiology studies
were divided into three key domains (exposure characteriza-
tion, outcome assessment, and confounding), as well as four
other RoB domains (attrition bias, statistical methods, tem-
porality, and selective reporting bias). The specific questions
and criteria for each of the seven domains for epidemiology
studies are presented in Supplemental Table S1.

Although the study quality/RoB criteria are based on the
criteria listed in the NTP RoB Rating Tool, a few details
regarding our specific criteria are worth noting. We consid-
ered smoking, other occupational co-exposures, and nonme-
tallic forms of nickel as important confounders, in addition to
sociodemographic characteristics. Smoking and some occupa-
tional co-exposures (e.g. asbestos, chromium, wood dust) are
known risk factors for respiratory cancer that also tend to
have a different distribution between comparison groups
(e.g. workers versus general population, lung cancer patients
versus general population) (Brackbill et al. 1988; Cataldo et al.
2010; Malhotra et al. 2016). The use of local (such as county)
cancer rates instead of national rates for comparison to work-
ers better reflects the socioeconomic/lifestyle choices (e.g.
smoking rates) of worker populations. The difference in distri-
bution of these factors could explain observed differences in
the outcomes even without nickel exposure; therefore, these
risk factors should be accounted for when examining the
association of nickel exposure with respiratory cancers. When
studies stratified their analyses (or we restricted our analysis
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of the study) to workers within specific departments with
metallic nickel exposure, we considered this as controlling for
confounding by occupational co-exposures.

In many studies, nonmetallic forms of nickel (e.g. water-
soluble, sulfidic, oxidic forms of nickel), whether measured or
not, coexisted with metallic nickel and thus may confound
the association between metallic nickel and respiratory can-
cer. Although the specific evaluation of metallic nickel expos-
ure may not have been the focus of all the studies included
in this review, we evaluated the adjustment of nonmetallic
forms of nickel for the purpose of understanding the specific
association between metallic nickel and respiratory cancer.
We considered analyses of cohorts predominantly exposed to
metallic nickel compared to other forms of nickel as being
adjusted for nonmetallic forms of nickel.

In addition, for temporality, we considered a longer lag
time (>10years) to be more informative than a shorter (e.g.
<2-year) or no lag time. Given that respiratory cancer is asso-
ciated with a long latency period, exposure immediately
before cancer incidence or mortality is reported is not etio-
logically relevant. There could also be a delay in cancer
detection, in which case exposure within a certain time
period before diagnosis actually occurred after the true can-
cer onset. In other words, a reasonable, longer lag time helps
ensure temporality between exposure and cancer outcomes.

Experimental animal studies

The study quality/RoB criteria for experimental animal car-
cinogenicity studies include the key domains of exposure
characterization, outcome assessment, and adequate number
of animals, as well as five other study quality/RoB domains
(randomization, experimental conditions, blinding, attrition
bias, and statistical methods). Although these criteria are
based on the RoB questions and domains for experimental
animal studies in the NTP RoB Rating Tool (NTP 2015), we
added a criterion for adequate number of animals based on
Organization for Economic Co-operation and Development
(OECD) guidelines for carcinogenicity bioassays (OECD 2018).
We also removed the criteria for concealed allocation to
study groups, as we included this in our criteria for blinding,
and we removed the criteria regarding whether all measured
outcomes were reported, as this was included in our evalu-
ation of whether outcome data were complete. The specific
questions and criteria for each of the eight domains for
experimental animal studies are presented in Supplemental
Table S2.

In vitro studies

NTP does not specify RoB criteria for in vitro studies in its
RoB Rating Tool, but the NTP Handbook for Conducting a
Literature-based Health Assessment Using OHAT Approach
for Systematic Review and Evidence Integration (herein, the
"OHAT Handbook"; NTP 2019) lists key data elements to
extract from in vitro studies for systematic reviews, including
elements that can be used to assess internal validity/RoB. We
based our study quality/RoB criteria for in vitro genotoxicity/
mutagenicity studies on these elements, as well as the study

quality criteria for in vitro studies presented by Lynch et al.
(2016), the SciRAP Tool (Stockholm University, Karolinska
Institutet 2019), and US EPA in its Application of Systematic
Review in TSCA Risk Evaluations (US EPA 2018). The criteria
for in vitro studies include the key domains of exposure char-
acterization, outcome assessment, and control groups, as well
as five other study quality/RoB domains (replicates, experi-
mental conditions, blinding, complete data, and statistical
methods). The specific questions and criteria for each of the
eight domains for in vitro studies are presented in
Supplemental Table S3.

Study quality/risk of bias ratings

We used the criteria discussed above to assign study quality/
RoB ratings to each of the epidemiology, experimental ani-
mal, and in vitro studies for each of their respective domains;
study relevance is assessed during the evidence integration
process (Goodman et al. 2020). We then used the guidance
from the OHAT Handbook (NTP 2019) for dividing studies
into three tiers of study quality based on their study quality/
RoB ratings across domains. In this approach, studies are div-
ided into tiers of decreasing quality/increasing RoB
as follows:

e Tier 1 — A study must be rated as "definitely low" or
"probably low" RoB for all key domains for that study
type AND have most (i.e. at least half) other RoB domains
as "definitely low" or "probably low."

e Tier 2 - Study does not meet the criteria for Tier 1 or
Tier 3.

e Tier 3 — A study must be rated as "definitely high" or
"probably high" RoB for all key domains for that study
type AND have most (i.e. at least half) other RoB domains
as "definitely high" or "probably high."

Although the overall tiers are only a crude measure of
quality/RoB (as a study may have low RoB based on some cri-
teria but high RoB based on others), studies categorized into
Tier 3 have a high concern for bias and therefore are of low
quality and reliability (NTP 2019). Consistent with the guid-
ance in the OHAT Handbook (NTP 2019), we did not consider
the results of Tier 3 studies in the integration of evidence.

Evidence integration

We assessed the results of the studies within each realm in
the context of their methodological strengths and limitations,
as determined from the study quality/RoB analysis. We then
integrated the evidence both within and across the epidemi-
ology and experimental realms. Table 1 lists the criteria we
considered for evaluating whether the results of experimental
studies (in vivo and in vitro) support causation, and for evalu-
ating their human relevance. These criteria are based on the
International Program on Chemical Safety (IPCS) Mode-of-
Action/Human Relevance framework (Boobis et al. 2008;
Meek et al. 2014) and the NTP OHAT framework for evaluat-
ing confidence in a body of literature (NTP 2019). Although
the IPCS framework was intended to evaluate key events
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Table 1. Criteria for evaluating causation and the human relevance of experimental studies.

Aspect

Criteria

Causation

Consistency: Repeatability of key events and effects across species/study designs

Magnitude: Large, considering type of effect, background prevalence, species, dose range, and exposure pattern

Essentiality: Reversibility of effects if exposure is stopped or a key event prevented

Specificity: Apical effect is likely to occur following key event

Temporality: Observation of key events in a hypothesized order, before toxicity is apparent

Exposure-Response: Key events observed at exposures below or similar to those associated with the adverse effect

Biological Concordance: Proposed mode of action is consistent with current biological knowledge of the toxicological outcome
Analogy: Proposed mode of action is consistent with what is known for other related chemicals with a well-defined mode of action

Human Relevance Relevant groups and lifestages

Comparative developmental processes and their relative timing

Differences in ontogeny that affect dose metrics (e.g. placental or lactational transfer, key metabolic enzymes)
Consequences of interaction of chemical with cells, tissues, and organs

Magnitude of exposure differences for observation of key events or apical outcome

Adapted from Boobis et al. (2008), Meek et al. (2014), and NTP (2019).

Table 2. Confidence in the biological plausibility of a health outcome in humans based on experimental studies.

Evidence for
human relevance

No evidence for
human relevance

Inadequate evidence for
human relevance

Experimental study results support causation High Moderate Inadequate
Inadequate evidence for causation from experimental studies Inadequate Inadequate Inadequate
Experimental study results support no causation High (not plausible) Moderate (not plausible) Inadequate

from mechanistic studies, we modified the framework so it
can be used to evaluate toxicity studies that assess apical
effects, such as cancer, and whether the reported effects (or
a lack thereof) are consistent and coherent with key events
identified in mechanistic studies (Goodman et al. 2020). Our
modified criteria are similar to those that NTP OHAT uses to
evaluate confidence in the evidence presented in a body of
literature (i.e. RoB, unexplained inconsistency, indirectness,
imprecision, magnitude, dose-response, and consistency
across models/species/related outcomes). We incorporated all
of these criteria, although RoB was assessed in the individual
studies during the initial evaluation of study quality.

If all the criteria listed in Table 1 for assessing the body of
experimental studies for causation were met, it would be dif-
ficult to imagine a situation in which there is not causation,
so we concluded that these experimental studies demon-
strate causation (though not necessarily relevance) . If not all
of the criteria were met, then we determined whether it is
more likely that the evidence from these studies supports
causation, supports no causation, or is inadequate to deter-
mine causation. We also evaluated the human relevance of
results of experimental studies in a similar manner, depend-
ing on the extent to which the criteria for human relevance
in Table 1 were met.

We then used the evaluation of causation and human
relevance in experimental studies to assess whether there is
high, moderate, or inadequate confidence in the biological
plausibility of metallic nickel exposure causing respiratory
cancer in humans, or high or moderate confidence in a lack
of biological plausibility, using the scheme outlined in Table
2. If the body of experimental evidence demonstrated caus-
ation and human relevance, then we concluded that there is
high confidence that metallic nickel exposure causing respira-
tory cancer in humans is biologically plausible. If there was
inadequate evidence regarding human relevance, but the
experimental study results supported causation, we

concluded that there is moderate confidence that exposure
to metallic nickel causing respiratory cancer in humans is bio-
logically plausible. If the experimental study results indicate
that the relationship between metallic nickel exposure and
respiratory cancer is not causal and there is either evidence
in support of human relevance or inadequate evidence to
determine human relevance, we concluded that there is
either high or moderate confidence (respectively) that metal-
lic nickel exposure causing respiratory cancer in humans is
not biologically plausible. In all other cases, we concluded
that there is inadequate evidence to assess biological
plausibility.

We integrated the results of the biological plausibility
assessment with those of the epidemiology evidence evalu-
ation using modified Bradford Hill aspects, as described by
Goodman et al. (2020) (Table 3). We used the experimental
evidence to provide information on biological plausibility in
humans, as described above, and on coherence (i.e. whether
all the evidence fits together). Similar to the framework for
assessing causation and human relevance of experimental
studies, if all the Bradford Hill aspects were met, we con-
cluded that the evidence as a whole supports causation. If
not all of the aspects were met, we determined whether it is
more likely that the evidence as a whole supports causation
(i.e. provided likely explanations for any aspect that was not
met), is suggestive of causation, supports no causation, or is
inadequate to determine causation.

Causal conclusion

Figure 1 shows how evidence from different realms were
integrated to evaluate causation. We used a four-tiered
framework for causality that is consistent with other causal
frameworks, such as that defined in the Institute of Medicine
(IOM) report Improving the Presumptive Disability Decision-
Making Process for Veterans (IOM 2008). As shown in Table 4,
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Table 3. Modified Bradford Hill aspects for evidence integration.

Aspect

Explanation

Consistency

Strength of association

Coherence

Biological plausibility

Biological gradient
exposure intensity and/or duration)

Temporality

Specificity

Analogy

Experiment
disease risks

Exposure must precede the occurrence of disease

Evidence is stronger when disease is specific to an exposure or exposure is specific to disease

Evidence is stronger when a similar substance is an established causal factor for a similar effect

"Natural experiments" can provide strong evidence when an intervention or cessation of exposure results in a change in

Evidence is stronger if consistent effects are observed among studies of different designs, people, places, circumstances, and times
Large and precise risk estimates are less likely to be due to chance, bias, or other factors

All of the known facts related to the observed association from the various evidence streams fit together in a logical manner
Evidence on the biological mechanism of an effect allows a scientifically defensible determination for causation

Evidence is stronger when a well-characterized exposure-response relationship exists (e.g. disease risk increases with greater

Adapted from the modified Bradford Hill aspects presented by US EPA (2015).

Experimental
Evidence

Human
Relevance

Biological
Gradient

Temporality

Epidemiology
Evidence

Coherence

o

Biological
Plausibility

Causal
Conclusion

mma Suggestive

=== |Inadequate

amma NoOt Causal

Figure 1. The experimental and epidemiology evidence are integrated together, using modified Bradford Hill aspects to aid in judgment of causality, with experi-
mental evidence informing the aspects of coherence and biological plausibility. A four-tiered framework for causality is used to reach a causal conclusion. Adapted

from Goodman et al. (2020).

if all the modified Bradford Hill aspects were met, or most
were met and there is a likely explanation for each that was
not met, we concluded that the relationship between metal-
lic nickel exposure and respiratory cancer in humans is
causal. If an assessment of the overall evidence indicated
that a causal relationship is more likely than not, but there
was inadequate information to assess some of the modified
Bradford Hill aspects and all other aspects were met or there
is a likely explanation for each that was not met, we con-
cluded that the relationship between metallic nickel exposure

and respiratory cancer in humans is suggestive. If there was
inadequate information to assess most or all of the modified
Bradford Hill aspects or most/all of the aspects were not met
and there is no likely explanation for why they were not, we
concluded that the evidence for a causal relationship is inad-
equate. Finally, if the overall evidence indicated there is no
causal relationship, based on the modified Bradford Hill
aspects (e.g. there was a consistent lack of an association in
robust epidemiology studies and the experimental evidence
indicated a lack of biological plausibility), we concluded that
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Conclusion Criteria
Causal All modified Bradford Hill aspects are met, or most are met and there is a likely explanation for each that is not met
Suggestive Some of the modified Bradford Hill aspects have inadequate information, and all other aspects are met or there is a likely explanation for
each that is not met
Inadequate Most or all modified Bradford Hill aspects have inadequate information or are not met and there is no likely explanation for each that is not met
Not causal Evidence indicates no causal relationship based on modified Bradford Hill aspects not being met
the relationship between metallic nickel exposure and aerodynamic diameter <30pum that can penetrate beyond

respiratory cancer in humans is not causal.

Results
Metallic nickel properties and toxicokinetics

Physical and chemical properties

Nickel metal can exist as a hard, lustrous, silvery-white metal
or a gray powder. Nickel is the 24™ most abundant element
in the earth’s crust (IARC 1990; ATSDR 2005). It is soluble in
dilute nitric acid, slightly soluble in hydrochloric acid and sul-
furic acids, and insoluble in water at any temperature (IARC
1990). Nickel substances can exist in five oxidation or valence
states (—1, 0, +2, +3, and +4), but the most common under
normal environmental conditions is the +2 valence state,
from which many species of nickel compounds are formed
(ATSDR 2005).

Metallic nickel encompasses nickel substances in the zero
valence state, and these substances require oxidation to
release the Ni*" ion. At standard temperatures, the silvery
metal form is not reactive in air or water, but the powder
form is reactive in air, depending on its size distribution
(ATSDR 2005). Upon prolonged storage, finely divided nickel
metal powder can undergo surface oxidation in air, resulting
in the conversion of a large fraction to oxide form (IARC
1990), but this very thin layer of surface oxides does not
impart the properties of nickel oxides to nickel metal.
Pure nickel metal is used to produce alloys, which can be
categorized as nickel-copper, nickel-chromium, nickel-ir-
on-chromium, nickel-chromium-cobalt, nickel-aluminum,
nickel-molybdenum, and nickel-containing steels; these alloys
contain 3.5-66.5% nickel by weight (IARC 1990).

Nickel refinery workers are generally exposed to mixtures
of several different nickel species when nickel metal is
extracted from sulfidic nickel ores and lateritic ores through
nickel smelting and refining processes. Metallic nickel is pro-
duced as nickel powder or pellets using different processes,
such as the Mond carbonyl process, or as electrolytic catho-
des or small "rounds" using the electro-refining process
(IARC 1990).

As with other airborne particles, the size of metallic nickel
particles affects their respirability and, thus, their toxicity.
Airborne particles can be classified into different aerosol frac-
tions based on their penetration into the various regions of
the respiratory tract (Oller and Oberdorster 2010). The inhal-
able aerosol fraction consists of particles with aerodynamic
diameter <100 um, and these particles can enter the body
through the nose and mouth during breathing. The thoracic
aerosol fraction is the subfraction of inhalable particles with

the larynx. The respirable (or alveolar) aerosol fraction is the
subfraction of inhalable particles with aerodynamic diameter
<10um that can penetrate into the alveolar region of the
lung, including the respiratory bronchioles and the alveolar
ducts and sacs. While experimental animal studies of metallic
nickel used particles that were generally in the range of
2-3um in aerodynamic diameter, typical occupational expo-
sures to the various forms of nickel in refineries were to a
mixture of particle sizes, with the majority being coarser
aerosols up to 100 um in aerodynamic diameter and gener-
ally only 10-20% of the total nickel mass comprising the res-
pirable (<10 um in aerodynamic diameter) fraction (Oller and
Oberdorster 2010).

Some nickel metal and other airborne particles are classi-
fied as nanoparticles, which are particles that have at least
one of their dimensions in the range of 1-100 nm (Magaye
and Zhao 2012). Nickel nanoparticles have certain characteris-
tics that are not present in nickel particles of larger diameter,
including a high surface area, high surface energy, and high
magnetism, as well as low melting and burning points
(Magaye and Zhao 2012; Ahamed and Alhadlag 2014). These
characteristics have led to nickel nanoparticles being used
in small volumes for a number of industrial applications in
recent years, including as sensors, electrode materials in
multilayer ceramic capacitors, nanorings in memory cells, and
in controlled magnetic hyperthermia applications (Magaye
and Zhao 2012; Ahamed and Alhadlag 2014). The physical
and chemical characteristics, as well as the toxicity, of nano-
particles cannot be predicted from larger particles of the
same substance, and several in vitro and in vivo studies have
shown that nanoparticles (including nickel metal nanopar-
ticles) are more toxic than their higher-diameter counterparts,
with surface chemistry playing a role in nanoparticle toxicity
(Oberdorster et al. 1994; Oberdorster 2001; Zhang et al. 2003;
Zhao et al. 2009; Magaye et al. 2016).

There are no epidemiology studies or cancer bioassays
evaluating the potential carcinogenicity of nickel nanopar-
ticles available in the current literature, though there are
some studies of the potential mutagenicity and genotoxicity
of nickel-containing nanoparticles, including metallic nickel.
Exposures in the studies of workers in the nickel refining and
processing industry reviewed in this paper were to micron-
sized particles of metallic nickel and nickel compounds, with
a very small percentage of incidental nanoparticles expected
to have been present with very high temperature processes
and primarily as nickel oxides. In addition, exposures to
experimental animals in the available cancer bioassays with
metallic nickel and nickel compounds were also to micron-
sized particles. Thus, it is unclear whether the mutagenicity
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and genotoxicity studies of metallic nickel nanoparticles are
informative to the evaluation of the potential carcinogenicity
of micron-sized metallic nickel particles, and for this reason,
we did not include the mechanistic studies of metallic nickel
nanoparticles in our evaluation.

Toxicokinetics and bioavailability

According to ATSDR (2005), approximately 20-35% of nickel
deposited in the lungs after inhalation exposure is absorbed
into the systemic circulation, depending on the solubility of
the nickel compound. Higher urinary levels of nickel have
been observed in workers exposed to water-soluble nickel
compounds compared to insoluble nickel compounds. Once
inhaled, water-soluble nickel compounds are more likely to
undergo dissolution and absorption, compared to insoluble
nickel compounds which are more likely to be cleared via
alveolar macrophages and/or the mucociliary escalator.
Regardless of the exposure route, absorbed nickel is excreted
in the urine, whereas nickel not absorbed from the gastro-
intestinal tract after macrophage-mediated clearance is
excreted in the feces (ATSDR 2005).

The lung clearance kinetics of metallic nickel are not well
studied. WIL Research Laboratories, Inc (2004) examined lung
burdens in rats exposed to nickel metal powder at 1-8 mg/
m? for 6 h per day, 5days per week, for 90 days. The authors
found that depending on the exposure concentration, reten-
tion half-times ranged from 26.5 to 110days. In a chronic
study in rats exposed to 1mg/m? nickel metal powder (Oller
et al. 2008), the retention half-time was 26.5 days in male rats
and 53.3days in female rats (Goodman et al. 2011). Similar
retention half-times (28-39 days) were reported in rats after a
5-h inhalation exposure to 0.15, 1.14, or 2.54 mg/m3 nickel
metal nanoparticles that formed agglomerates in the expos-
ure aerosol with a mass median aerodynamic diameter
(MMAD) of 1.3 um (Serita et al. 1999).

The processes that follow lung deposition and retention in
the respiratory tract can modify the intracellular and intranu-
clear bioavailability of nickel ions in target cells in the respira-
tory tract. Several studies have shown that endocytosis by
lung epithelial cells is the primary mechanism of uptake of
nickel ions from insoluble nickel compounds in vitro (Benson
et al. 1992; Goodman et al. 2011). Metallic nickel is taken up
by endocytosis to a lesser extent than sulfidic nickel particles,
however, though this has not been examined in lung epithe-
lial cells. For example, Costa et al. (1981b) reported uptake
indices of 0-1.2% for metallic nickel and 6.1-23% for sulfidic
nickel compounds in Chinese hamster ovary (CHO) cells (an
epithelial-like cell line) exposed to similar concentrations of
each nickel substance. Similarly, Costa and Heck (1982)
reported uptake indices of 4% for metallic nickel and 22-27%
for crystalline o-nickel sulfide in CHO cells. Other studies
have also shown that sulfidic forms of nickel are more readily
taken up by endocytosis in CHO cells or rodent embryo cell
lines than other nickel compounds, including metallic nickel
(Costa and Mollenhauer 1980a, 1980b; Abbracchio et al.
1981, 1982; Costa et al. 1981a; Miura et al. 1989). A factor
that may contribute to the poor intracellular uptake of metal-
lic nickel particles is their ability to passivate, which involves

the formation of a non-equilibrium film on their surface that
blocks oxidizing agents from reacting with the metal to form
divalent nickel ions, thus decreasing their surface reactivity
(Revie and Uhlig 2008). It has been shown that surface
charge influences the potential for endocytosis of nickel-con-
taining particles, as negatively charged particles are more
readily endocytosed than neutral or positively charged par-
ticles (Abbracchio et al. 1981, 1982; Heck and Costa 1982).

Metallic nickel particles are expected to have low extracel-
lular dissolution, given their low predicted solubility in lung
fluids (Oller et al. 2009). If taken up into cells by endocytosis,
nickel particles are retained within cytoplasmic vacuoles
where they undergo slow dissolution, or the vacuoles can
fuse with lysosomes and expose the nickel particles to the
acidic content of the lysosome, which may enhance the dis-
solution rate and release of nickel ions (Costa and
Mollenhauer 1980a, 1980b; Abbracchio et al. 1981; Costa
et al. 1981b, 1982; Evans et al. 1982). Nickel metal does not
react rapidly with diluted, non-oxidizing acids or with organic
acids, however, but under oxidizing conditions with low pH,
increased nickel ion release over time is expected (Oller et al.
2009). This may vary based on the specific substance, as
Latvala et al. (2016) reported 100% particle dissolution of a
sample of nickel metal particles 24 h after being dispersed in
artificial lysosomal fluid, whereas a different sample under-
went only 68% dissolution. After uptake into A549 cells,
Latvala et al. (2016) reported that both samples of particles
were largely intact after 24h, indicating slow intracellular
release. Based on the poor endocytotic uptake and relatively
slow intracellular dissolution (based on corrosion via oxida-
tion), it is expected that the yield of intracellular nickel ions
from metallic nickel particles would be low (Sivulka 2005;
Oller et al. 2009).

Epidemiology studies

Literature selection

Our literature search for epidemiology studies evaluating
respiratory cancer risks among participants who were poten-
tially exposed to metallic nickel yielded 505 articles in
PubMed and 569 articles in Scopus. After a review of titles
and abstracts, as well as reference lists from relevant review
articles, we identified 88 articles for full text review. After full
text review, we identified 28 studies that included results for
lung cancer, nasal/sinonasal cancer, laryngeal cancer, or
respiratory cancers combined. The majority of these studies
were conducted in US, Canadian, or European populations.
Among the 28 studies, 13 included both males and females
and 15 included only males. With regard to study design, 20
were cohort studies (with study characteristics summarized in
Supplemental Table S4) and 8 were case—control studies
(with study characteristics summarized in Supplemental
Table S5).

The 20 cohort studies evaluated respiratory cancer risks of
18 cohorts in particular industries (as discussed further
below) that were generally followed for decades between the
1950s and the 2010s. Some of these cohorts were also
included in the comprehensive evaluation of nickel
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carcinogenesis conducted by ICNCM (1990). Workers in these
industries were typically exposed to different combinations
of several forms of nickel (e.g. metallic, oxidic, sulfidic, and
water-soluble nickel compounds) and other non-nickel sub-
stances (e.g. chromium, cobalt, tungsten), where any health
effects attributable to metallic nickel alone cannot be deter-
mined. Only one cohort study directly assessed the potential
carcinogenicity of exposure to metallic nickel alone (Cragle
et al. 1984), whereas several other cohort studies evaluated
workers with exposure to predominantly metallic nickel
(either nickel metal or nickel alloys) who may or may not
have had some co-exposure to oxidic nickel.

The case-control studies each focused on patients with
respiratory cancers who were generally identified from the
population over several years (mostly between the 1970s and
2000s) and had occupational histories in a wide variety of
industries. The particular forms of nickel exposures were not
specified in any of the case-control studies, but potentially
include metallic nickel.

Cohorts of workers exposed to metallic nickel

We identified 18 cohorts of workers involved primarily in four
types of operations where exposure to metallic nickel (and
often together with other forms of nickel) occurred, including
barrier manufacturing, alloy manufacturing/grinding, nickel
refining, and hardmetal production.

One cohort with workers in barrier manufacturing was
identified. This cohort was made up of workers at the Oak
Ridge Gaseous Diffusion Plant in Tennessee, US, which pro-
duced barrier material for the enrichment of uranium using
finely divided, high-purity, metallic nickel powder (exposure
ranging between 0.1 and 1.0mg/m?) (Cragle et al. 1984;
ICNCM 1990). Nickel exposure in this cohort was only to
metallic nickel.

Seven cohorts were identified in the alloy manufacturing/
grinding industry. These include the Kemi mine and Tornio
production units of Outokumpu Group, Finland, where in the
stainless steel melting shop, nickel was added as an alloying
metal (together with molybdenum) with median ambient air
concentrations of 1.8-3.1 ug/m3 (Huvinen and Pukkala 2013);
the Henry Wiggin Alloy Company in Hereford, England,
where low levels of oxidic and metallic nickel were used,
together with iron, cobalt, copper, and chromium (total
mean nickel exposure of 0.04-0.84 mg/m?) (Sorahan 2004); a
French factory producing stainless and alloyed steel, where
nickel was used simultaneously with chromium in most work-
places (Moulin et al. 2000); the International Nickel Company
(INCO) Huntington Alloys plant operations in West Virginia,
US, where nickel-containing alloys were produced and no
nickel refining was conducted after 1946 (Enterline and
Marsh 1982; ICNCM 1990); and a cohort from 13 high nickel
alloy plants located throughout the US (including the INCO
Huntington Alloys plant), where metallic and/or oxidic nickel
were likely used and mean total nickel exposures for various
work areas are estimated to have ranged from 0.13 to
2.22mg/m> (average 0.73mg/m®) (Arena et al. 1998; Sivulka
and Seilkop 2009). Nickel alloy grinding workers are exposed
to similar nickel forms as alloy workers (although exposure
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levels are likely much lower), so we also evaluated a cohort
from two Swedish plants where stainless steel (18% nickel,
8% chromium, 74% iron) grinding was conducted for the pro-
duction of sinks and saucepans (Jakobsson et al. 1997) and a
subcohort of workers who performed stainless steel grinding
from 79 Danish welding companies where nickel and hexava-
lent chromium were used in stainless steel (but not mild
steel) welding (Hansen et al. 1996).

Six cohorts were identified in the nickel refining industry.
These cohorts include workers who potentially worked in
refinery operations that ended in 1946 at the INCO
Huntington Alloys plant in West Virginia, US (Enterline and
Marsh 1982; ICNCM 1990); nearly all of the workers in the
Mond/INCO refinery in Clydach, Wales (Easton et al. 1992;
Sorahan and Williams 2005); the entire cohort working at the
Falconbridge refinery in Kristiansand, Norway (Grimsrud et al.
2003); the INCO smelter and refinery workers in Ontario,
Canada (Seilkop et al. 2017); and the Outokumpu Oy smelter
and refinery workers in Harjavalta, Finland (Pavela et al.
2017). These cohorts were made up of workers who refined
and processed sulfidic nickel ores, resulting in varying
amounts of sulfidic, oxidic, water-soluble, and metallic nickel
in workplace air. A subgroup of workers in nickel pellet and
powder production at the Mond/INCO refinery in Wales is
assumed to have been exposed predominantly to nickel
metal, however (Sorahan and Williams 2005). In addition, the
Sherritt  hydrometallurgical  nickel refinery in  Fort
Saskatchewan, Alberta, Canada (Egedahl and Collins 2009)
was made up of workers who recovered nickel from solution
by adding hydrogen to produce nickel powder, which pre-
dominantly involves the use of nickel concentrate and high
levels of metallic nickel (mean exposure 2-4 mg/m3) (Egedahl
et al. 2001). We focused our analysis of the nickel refining
industry on these latter two groups of workers, as their nickel
exposures were predominantly to metallic nickel.

Four cohorts were identified in the hardmetal production
industry. These cohorts included multiple sites in the US
(Marsh et al. 2017a), UK (McElvenny et al. 2017), Sweden
(Svartengren et al. 2017; Westberg et al. 2017), and Germany
(Morfeld et al. 2017), where nickel was added as a trace
element to hardmetal mixtures of tungsten carbide to impart
specific properties and may also have been used as a binding
agent, alone or in conjunction with cobalt. The ratio mean
(i.e. sum of cumulative exposure/sum of duration) intensity of
nickel exposure ranged from 0.004 to 0.006 mg/m? across the
countries (Marsh et al. 2017b). Although the nickel exposures
in this industry were low and there were co-exposures to
other metals, we included these cohorts in our evaluation for
completeness.

Overall, our evaluation of epidemiology studies focuses on
the 16 cohort studies where nickel exposures were to pre-
dominantly (or only) metallic nickel, with some possible co-
exposure to oxidic nickel. This includes the studies of barrier
manufacturing, alloy manufacturing/grinding, pellet and pow-
der production at a refinery, hydrometallurgical nickel refin-
ing, and hardmetal production. Results for the other
identified cohort studies of refinery workers and the case-
control studies are presented in the Supplemental materials
(Tables S6 and S7, respectively).
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Study quality evaluation

We applied our study quality/RoB criteria for epidemiology
studies (Table S1) to the 16 identified cohort studies that
evaluated exposures to predominantly metallic nickel (Table
5). Of these, eight were categorized into Tier 1 (Cragle et al.
1984; Sorahan 2004; Sorahan and Williams 2005; Egedahl and
Collins 2009; Huvinen and Pukkala 2013; Morfeld et al. 2017;
Marsh et al. 2017a, 2017b) and the remaining eight studies
were categorized into Tier 2. There are a number of common
methodological limitations of the epidemiology studies, par-
ticularly with regard to the three key RoB criteria (exposure
characterization, outcome assessment, and confounding), that
affect the causal interpretation of study results. As none of
the studies were categorized into Tier 3, however, all 16 epi-
demiology studies are included in our evaluation and integra-
tion of the evidence.

The retrospective assessment of nickel exposure in the 16
cohort studies is subject to information bias. Nickel exposure
was most commonly reconstructed based on a combination
of historical measurement data and job history, though two
studies (Hansen et al. 1996; Moulin et al. 2000) did not use
any exposure measurements. The historical measurement
data were also usually very limited. For example, area air
measurements or personal measurements tended to be col-
lected in select departments over select portions of the study
period, and among a small group of workers; therefore, even
if measurement data were used, they may not have repre-
sented the actual exposure levels of the participants given
their particular job histories (e.g. department and time) and
personal characteristics (e.g. job location and associated
activities), introducing potential measurement error.

The assessment of respiratory cancer outcomes is subject
to outcome misclassification in all but one of the cohort
studies (Jakobsson et al. 1997). These studies did not incorp-
orate histological or cytological examination in addition to
relying on official records (e.g. medical records, registries,
death certificates). While the use of official records ensures
objectiveness of outcome assessment and good capture rates
of cancer patients, it may include misdiagnosed cases with-
out histological confirmation (i.e. the gold standard). It is also
worth noting that most (12 out of 16) of the cohort studies
only measured cancer mortality, which is affected by both
cancer development and survival, although lung cancer sur-
vival tends to be of a relatively short duration (i.e. less than
Syears) (Allemani et al. 2018). By contrast, measurement of
incident cases directly captures cancer development and is
more informative for evaluating cancers with a high survival
rate, such as laryngeal cancer (Jayakrishnan et al. 2020).

Confounding likely has substantially impacted most of the
study results and was the main driver for categorization of
studies into Tier 1 or Tier 2. As noted above, smoking, other
occupational exposures, and nonmetallic forms of nickel are
important confounders for the association between metallic
nickel exposure and respiratory cancer risk that should be
adjusted for in the analysis, as they tend to be more preva-
lent among metallic nickel-exposed workers compared to
comparison groups (i.e. national or local populations), leading
to overestimation of respiratory cancer risk associated with
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metallic nickel exposure. For example, prevalence rates for
current smoking are higher among blue collar workers than
the general population (Brackbill et al. 1988), and Marsh
et al. (2017a) reported a higher smoking prevalence in the
US cohort of hardmetal production workers (87.5% of lung
cancer cases and 64.1% of workers that did not develop lung
cancer) compared to the average smoking prevalence of the
general US population (50%) from a 1995 survey of behav-
ioral risk factors. Similarly, Sorahan and Williams (2005)
reported that 67% of workers in the Mond/INCO refinery in
Wales with known smoking status were current or past smok-
ers, though they did not report smoking prevalence for the
general population of Wales at that time.

None of the epidemiology studies took into consideration
all three important confounders (smoking, other occupational
exposures, and nonmetallic forms of nickel), which is not sur-
prising given that the primary objectives of many of the 16
selected cohort studies were not to evaluate metallic nickel
specifically. Seven of the cohort studies only adjusted for
sociodemographic characteristics, but none of the three
important confounders; the remaining studies adjusted for
some, but not all, of these important confounders. In add-
ition, none of the studies evaluated whether individuals with
respiratory cancer had a history of chronic obstructive pul-
monary disease, bronchitis, or diffuse pulmonary inflamma-
tion and fibrosis to assess other potential etiologies.

Other common characteristics of the epidemiology studies
include low potential attrition bias and selective reporting
bias, as well as a lack of sensitivity analyses to assess the
robustness of study results. With regard to temporality of
exposure and outcome, while six studies considered a clear
and reasonable lag time (i.e. at least 10 years) between nickel
exposure and respiratory cancer outcomes by design, seven
other studies only examined lag time in stratified analyses,
and three studies did not consider any lag time. Overall, the
majority of studies were rated as having definitely or prob-
ably low RoB for each of the study quality/RoB criteria.

Evaluation of study results
The results of the cohort studies are summarized in Table 6
and are discussed below for each type of respiratory cancer.

Lung cancer. The association between lung cancer and
nickel exposure was examined in all of the cohort studies
except for that by Hansen et al. (1996). The study of 813 bar-
rier manufacturing workers at the Oak Ridge Gaseous
Diffusion Plant, who were exposed only to the metallic form
of nickel, reported no excess lung cancer mortality compared
to the US population (standardized mortality ratio
[SMR]=0.54, 95% Cl: 0.25-1.03). Workers with at least
15years since first exposure also had no increased risk of
lung cancer (SMR = 0.60, 95% CI: 0.17-1.13), nor did workers
with at least 15years of employment in this group (SMR =
1.09, 95% Cl: 0.35-2.54) (Cragle et al. 1984; ICNCM 1990).
None of these results were adjusted for smoking or occupa-
tional co-exposures. Similarly, the study of 718 Canadian
hydrometallurgical refinery workers exposed primarily to
metallic nickel by Egedahl and Collins (2009) reported no
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association with death rate for lung cancer compared to the
Canadian population (SMR = 0.74, 95% Cl: 0.38-1.29). This
study also reported a statistically significant decrease in mor-
tality from all causes and all neoplasms compared to the
national population. While some have attributed this to the
healthy worker effect, this is not a valid explanation for can-
cer endpoints because of the long latency for cancer and
lack of factors to predict future cancers at the time individu-
als enter the workforce (Li and Sung 1999; Fornalski and
Dobrzynski 2010).

Sorahan and Williams (2005) reported that the 219 work-
ers in pellet and powder production (exposed primarily to
metallic nickel) at the Mond/INCO refinery in Wales had no
statistically significant elevation in lung cancer mortality com-
pared to the national population (SMR = 1.71, 95% CI
0.78-3.25), though these results were not adjusted for smok-
ing. Similarly, in the alloy production industry, the study by
Sorahan (2004) reported no excess lung cancer mortality
among 1999 workers compared to the general population,
even when stratified by years since they were hired (e.g. SMR
= 1.1, 95% Cl: 0.75-1.56, for the subgroup of workers with at
least 30years since hire) or cumulative duration of employ-
ment after adjustment for smoking (e.g. relative risk
[RR1=1.3, 95% Cl: 0.61-2.74, for >20years employment dur-
ation compared to 5-9years duration). Another study of alloy
production workers reported no association with lung cancer
incidence in the Finnish cohort of 703 workers evaluated by
Huvinen and Pukkala (2013), after controlling for occupa-
tional co-exposures but not for smoking or nonmetallic nickel
(standardized incidence ratio [SIR] =0.76, 95% Cl: 0.09-2.76).

Other studies of alloy production workers were catego-
rized into Tier 2, largely because of a lack of adjustment for
important potential confounders, especially smoking and
nonmetallic forms of nickel (e.g. oxidic nickel). Nevertheless,
these studies reported no statistically significant excess lung
cancer mortality in a cohort of 4897 French workers (SMR =
1.19, 95% Cl: 0.89-1.55), even when examined by increasing
exposure levels in a nested case—control study of this cohort
with adjustment for smoking (Moulin et al. 2000), or the
cohort of 1353 alloy production workers in the INCO
Huntington Alloys plant (Enterline and Marsh 1982; ICNCM
1990), even in workers with at least 20 years of employment
and 15years since first exposure (SMR = 0.48, 95% ClI:
0.10-1.41). Although exposures to metallic nickel during
stainless steel grinding are much lower than exposures dur-
ing alloy manufacturing, the study of 719 Swedish stainless
steel grinders by Jakobsson et al. (1997) also reported no
increase in the incidence of lung cancers compared to the
general population (SIR = 0.6, 95% Cl: 0.2-1.2).

The largest alloy production cohort of approximately 31
000 workers across 13 high nickel alloy plants in the US was
studied by Arena et al. (1998). Nickel exposures for various
work areas across the plants ranged from 0.13 to 2.22 mg Ni/
m? (Sivulka and Seilkop 2009). The entire cohort contributed
800 373 person-years, with 24 202 person-years distributed
among workers with at least 20 years of cumulative employ-
ment. Arena et al. (1998) reported no excess risk of lung can-
cer mortality in the total cohort compared to the local
population (SMR = 1.01, 95% ClI: 0.95-1.08), and a small

increased risk compared to the US population (SMR = 1.13,
95% Cl: 1.06-1.21). Neither of these effect estimates were
adjusted for smoking or other important potential confound-
ers. There was no increasing exposure-response association
with duration of exposure or time since first employment for
either comparison, and the authors provided evidence to
suggest that the small increase in lung cancer mortality in
the comparison to the US population was attributable to
non-occupational factors associated with geographic areas of
residence rather than to occupational exposure. In addition,
the authors noted that while use of local mortality rates from
urban areas can sometimes overestimate the expected num-
ber of deaths for lung and some other cancers, the plants
themselves (and, thus, the local populations in this study)
were in urban industrial areas, providing some control for
non-occupational lung cancer risk factors associated with
urban residence. The study by Arena et al. (1998) does not
provide substantive evidence that exposure to metallic nickel
increases the risk of lung cancer, and this is supported by a
lack of excess lung cancer risk for 216 workers in the powder
metallurgy department of the plants (RR = 0.67, 95% Cl:
0.24-1.46), where average exposures to metallic nickel were
much higher (approximately 3 mg Ni/m?) compared to other
departments (Sivulka 2005).

In the hardmetal production industry, studies of cohorts in
the US, Germany, and the UK reported no excess mortality
from lung cancer compared to local or national populations,
nor when examining cumulative nickel exposure for the US
and German cohorts. For example, Marsh et al. (2017a)
reported an SMR of 0.97 (95% Cl: 0.79-1.18) for US workers
compared to the local population, which decreased to 0.7
(95% Cl not reported) after adjustment for smoking. The
authors also evaluated RRs across levels of cumulative expos-
ure with adjustment for occupational co-exposures, reporting
no increase in lung cancer risk for the group of workers with
the highest cumulative exposure (RR = 0.78, 95% Cl:
0.26-2.4). Morfeld et al. (2017) reported an SMR of 0.93 (95%
Cl: 0.68-1.25) for German workers compared to the national
population and a hazard ratio (HR) of 1.09 (95% Cl:
0.01-18.81) for a 1-unit increment in cumulative nickel expos-
ure, with adjustment for occupational co-exposures.
McElvenny et al. (2017) reported an SMR of 0.91 (95% Cl:
0.15-1.92) for workers in the UK with at least 20years of
employment, with no adjustment for important potential
confounders.

Studies of the hardmetal production cohort in Sweden
reported an increased incidence of lung cancer (SIR = 1.38,
95% ClI: 1.01-1.85) and excess lung cancer mortality (SMR =
1.68, 95% Cl: 1.50-1.89) compared to the general Swedish
population (Svartengren et al. 2017; Westberg et al. 2017);
however, these increases were not adjusted for smoking or
other important potential confounders and an examination
of exposure duration showed an inverse relationship with
lung cancer. The effect estimates for lung cancer were atte-
nuated and no longer statistically significant when workers
with at least 20 years of employment and a latency period of
at least 20 years were analyzed (SIR = 1.17, 95% Cl: 0.59-2.10
for the study by Svartengren et al. 2017; SMR = 1.3, 95% Cl:
0.9-1.8 for the study by Westberg et al. 2017). As these



workers were co-exposed to cobalt and tungsten, internal
comparisons indicated that the increased risks of lung cancer
showed no correlation to cobalt exposure and therefore
could be attributable to other factors besides occupation.
Exposure data for metallic nickel were available for only one
process (hot rolls production) in one of the three hardmetal
production companies studied and indicated that nickel lev-
els were low (i.e. most measurements were less than 0.1 mg/
m?). When 18 cases of lung cancer were analyzed based on
dichotomized nickel exposure (<0.01 and >0.01 mg/m3), no
statistically significant excess in lung cancer mortality was
reported, though both of the SMRs exceeded 1 (Westberg
et al. 2017).

When the lung cancer mortality data from each of the
four hardmetal production cohorts (plus workers from an
Austrian cohort exposed to cobalt without co-exposure to
nickel) were pooled together in an analysis of more than 32
000 workers (with the Swedish cohort contributing the most
workers, at 15 633), a statistically significant excess in lung
cancer mortality was reported for the entire pooled cohort
(SMR = 1.2, 95% Cl: 1.09-1.31) compared to the local popula-
tion (Marsh et al., 2017b). There was no excess lung cancer
mortality in long-term workers (i.e. those employed for at
least one year) compared to the local population (SMR = 1.1,
95% Cl; 0.97-1.23), however, indicating that the overall ele-
vated lung cancer mortality was driven by short-term workers
(i.e. those with a shorter duration of exposure), making it less
likely that nickel exposure is associated with excess lung can-
cer mortality. Neither of these results were adjusted for
important potential confounders. Analyses of lung cancer RRs
based on increasing duration, cumulative exposure, and aver-
age intensity of exposure to nickel showed no exposure-res-
ponse relationship in both univariate and multivariate
models adjusted for country (see Table 6 for results of multi-
variate models), and lung cancer risk was not elevated in
long-term workers specifically exposed to nickel after adjust-
ment for confounding by smoking, indicating that there is no
evidence of an association between metallic nickel exposure
and lung cancer mortality across the cohorts of hardmetal
production workers.

Effect estimates (SMRs or SIRs) for lung cancer from each
study reviewed above are presented in Figure 2. When more
than one SMR or SIR was reported in a study, the estimate
with comparison to the local population versus the national
population, or for the longest exposure duration or latency,
or the highest cumulative exposure is presented in the figure.
If a study also reported relative risks (RRs) or hazard ratios
(HRs) with adjustment for important potential confounders,
those are presented below the SMR/SIR for that study. We
did not calculate a summary estimate, as very few studies
evaluated exposures to predominantly metallic nickel.

Nasal/sinonasal cancer. The association between metallic
nickel exposure and nasal/sinonasal cancer was examined in
five of the cohort studies (Marsh 1982; Cragle et al. 1984;
Enterline and Huvinen and Pukkala 2013; Sorahan 2004;
Jakobsson et al. 1997). None of these studies reported any
cases of these cancers or deaths from these cancers,
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providing no evidence for an association between metallic
nickel exposure and nasal/sinonasal cancers.

Laryngeal cancer. The association between metallic nickel
exposure and laryngeal cancer was examined in nine of the
cohort studies (Enterline and Marsh 1982; Cragle et al. 1984;
Jakobsson et al. 1997; Arena et al. 1998; Sorahan 2004;
Svartengren et al. 2017; Westberg et al. 2017; Marsh et al.
2017a, 2017b). The study of barrier manufacturing workers by
Cragle et al. (1984) and the study of alloy production workers
by Enterline and Marsh (1982) reported no deaths from laryn-
geal cancer (ICNCM 1990). Sorahan (2004) reported no excess
mortality from laryngeal cancer in the total cohort of 1,999
alloy production workers (SMR = 0.51, 95% ClI: 0.01-2.85),
based on only one case. Similarly, Jakobsson et al. (1997)
reported no increase in laryngeal cancer incidence in stain-
less steel grinders based on one case (SIR = 0.7, 95% Cl:
0.0-3.9) and Arena et al. (1998) reported no excess laryngeal
cancer mortality in white, male alloy production workers
compared to the local population (SMR = 0.67, 95%
Cl: 0.45-1.01).

Marsh et al. (2017a) reported no excess mortality from
laryngeal cancer compared to the local population, based on
three cases in a cohort of 7304 hardmetal production work-
ers in the US (SMR = 0.99, 95% Cl: 0.20-2.88). In studies of
Swedish hardmetal production workers, Svartengren et al.
(2017) did not report a statistically significant increased inci-
dence of laryngeal cancer (SIR = 1.9, 95% Cl: 0.62-4.44), nor
did Westberg et al. (2017) (SIR = 1.51, 95% Cl: 0.55-3.28).
Neither of these estimates accounted for important potential
confounders. Marsh et al. (2017b) reported no excess mortal-
ity from laryngeal cancer compared to the local population
in a pooled analysis of hardmetal production workers from
five countries, in both the total cohort (SMR = 0.85, 95% Cl:
0.41-1.57) and subcohort of long-term workers only (SMR =
0.48, 95% Cl: 0.13-1.24).

Effect estimates (SMRs or SIRs) for laryngeal cancer from
each study are presented in Figure 3. When more than one
SMR or SIR was reported, the estimate with comparison to
the local population versus the national population, or for
the longest exposure duration, or for the white male popula-
tion versus nonwhite males or females is presented in
the figure.

Respiratory cancers combined. The association between
metallic nickel exposure and respiratory cancers combined
(which is dominated by lung cancer) was examined in six
studies (Hansen et al. 1996; Arena et al. 1998; Egedahl and
Collins 2009; McElvenny et al. 2017; Marsh et al. 20173,
2017b). Egedahl and Collins (2009) reported no excess mor-
tality from all respiratory cancers combined in hydrometal-
lurgy workers exposed to predominantly metallic nickel (SMR
= 0.75, 95% Cl: 0.40-1.29). Hansen et al. (1996) reported no
statistically significant increase in the incidence of all respira-
tory system cancers combined among 521 Danish stainless
steel welders after adjusting for occupational co-exposures
but not smoking (SIR = 1.57, 95% Cl: 0.78-2.81). The large
study of alloy production workers in 13 high nickel alloy
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Figure 2. Effect estimates are SMRs or SIRs for each study (filled squares). If a study also reported an RR or HR with adjustment for important potential confounders,
those are presented directly below the SMR or SIR for that study (unfilled squares). (a) Workers with >15 years since first exposure and >15 years of employment.
(b) 95% confidence interval of effect estimate was calculated from the number of observed and expected deaths based on Fisher's exact test, as it was not reported
by the study authors. (c) >5 years of employment, stainless steel melting. (d) >30 years since hire. (e) Adjusted for smoking. (f) >20 years of employment. (g)
Hired in 1947 or later, with >15 years since first exposure. (h) Pellet and powder production. (i) Latency >20 years and >20 years of employment. (j) Long-term
(>1 year) workers. (k) Cumulative exposure >0.085 mg/m>-years. (I) Adjusted for occupational co-exposures. (m) Cumulative exposure per 1 mg/m>-years increment.
HR: hazard ratio; RR: relative risk; SIR: standardized incidence ratio; SMR: standardized mortality ratio.
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Figure 3. (a) White males. (b) Hired in 1947 or later (alloy production). (c) Long-term (>1 year) workers. SIR: standardized incidence ratio; SMR: standardized mortal-

ity ratio.

plants in the US by Arena et al. (1998) reported no excess
risk of respiratory cancers combined in white males com-
pared to the local population (SMR = 1.00, 95% CI
0.94-1.07) and a small increased risk compared to the US

population (SMR = 1.11, 95% Cl: 1.03-1.18). This appears to
be driven by the increase in lung cancer mortality when this
cohort was compared to the US population. As discussed
above, the lack of an exposure-response association and



evidence that the reported increase in lung cancer mortality
was likely attributable to confounding by non-occupational
factors associated with metropolitan lifestyle indicates that
this study does not provide evidence that nickel exposure in
this cohort is associated with an increased risk of respira-
tory cancers.

Marsh et al. (2017a) reported no excess mortality from all
respiratory cancers combined among 7304 hardmetal pro-
duction workers in the US compared to the local population
(SMR = 0.96, 95% Cl: 0.79-1.17). Similarly, McElvenny et al.
(2017) reported no excess mortality from all respiratory can-
cers combined compared to the local population in a cohort
of 1538 hardmetal production workers from the UK (SMR =
0.81, 95% Cl: 0.51-1.26). Marsh et al. (2017b) reported a
small but statistically significant excess in mortality from
all respiratory cancers combined for a pooled cohort of
hardmetal production workers from five countries compared
to the local population (SMR = 1.19, 95% CI: 1.08-1.30). This
association appears to be driven by short-term workers
(SMR = 1.42, 95% Cl: 1.22-1.64), as there was no association
in an analysis of long-term workers only (SMR = 1.08, 95%
Cl: 0.96-1.21), making it less likely that nickel exposure is
associated with excess respiratory cancer mortality. Neither
estimate accounted for important potential confounders,
however. The positive association in the total cohort is
driven by the results for lung cancer alone, which, as dis-
cussed above, were not likely related to metallic nickel
exposure.

Effect estimates (SMRs or SIRs) from each study are
presented in Figure 4. When more than one SMR or SIR
was reported, the estimate with comparison to the local
population versus the national population, or for the
longest exposure duration, or for the white male popula-
tion versus nonwhite males or females is presented in
the figure.

Summary. The epidemiology literature discussed above
indicates that for cohorts of workers with exposure to pre-
dominantly (or only) the metallic form of nickel, with some
co-exposure to oxidic nickel or other metals in certain
cohorts, there is no evidence of increased risks of lung, laryn-
geal, or nasal/sinonasal cancers, nor of all respiratory cancers
combined. Taken together, these studies do not provide evi-
dence of an association between exposure to metallic nickel
and respiratory cancers, particularly in light of methodo-
logical limitations with respect to potential information bias,
outcome misclassification, and confounding by smoking,
other occupational exposures, and nonmetallic forms of
nickel, which limit the reliability of the results and their
causal interpretation.

Experimental animal studies

Literature selection

Our literature search for experimental animal studies of
metallic nickel carcinogenesis yielded 849 articles in PubMed
and 351 articles in Scopus. After a review of titles and
abstracts, as well as reference lists from relevant review
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articles, we identified 16 articles for full text review. After full
text review, we identified six studies that evaluated the
potential carcinogenicity of metallic nickel in experimental
animals using an exposure route with administration into the
respiratory tract (with study characteristics summarized in
Supplemental Table S8). Two of these studies evaluated more
than one animal species and/or exposure route in separate
bioassays. Three studies used inhalation as the exposure
route, with exposure durations up to two years. Three studies
used intratracheal administration, either as a single exposure
or weekly/biweekly for up to 24 weeks, and one study used
injection into the lungs, as two administrations one
year apart.

Study quality evaluation

We applied our study quality/RoB criteria for experimental
animal studies (Table S2) to each bioassay conducted among
the six identified studies. Of the 11 bioassays, one was cate-
gorized into Tier 1, four were categorized into Tier 2, and six
were categorized into Tier 3 based on their study quality/RoB
ratings across domains (Table 7). The majority of studies eval-
uated tumors only when the animals died rather than during
a specific time period after exposure, and did not include
statistical analyses of the results. Some of the studies had
poor characterization of the metallic nickel exposures, did
not have an adequate number of animals, and did not
adequately address attrition, which led to their categorization
into Tier 2 or Tier 3. None of the studies reported that
researchers were blinded to the exposure status of the ani-
mals; this can lead to false positive results, raising questions
about the reproducibility of the study results (Begley and
loannidis 2015; Macleod and Mohan 2019). The study by
Oller et al. (2008) included an independent pathology peer
review of the findings, however, decreasing the likelihood of
effects on reproducibility.

Evaluation of study results

The results of the experimental animal studies are summar-
ized in Table 8. The only Tier 1 experimental animal study is
the inhalation carcinogenicity study by Oller et al. (2008) that
was conducted according to OECD and US EPA guidelines for
carcinogenicity studies and in compliance with Good
Laboratory Practice (GLP) regulations. In this study, 50 rats of
each sex were exposed to 0, 0.1, 0.4, or 1 mg/m? nickel metal
powder for 6 h per day, 5 days per week, for up to 24 months,
followed by a 6-month observation period. The nickel metal
powder was aerosolized in a generation system that was
optimized to produce an aerosol of particles with an MMAD
of 1.5-3 um (geometric standard deviation ~2.0 um), as char-
acterized by cascade impactors. The pathology findings were
peer reviewed and a panel of academic, regulatory, and
industrial experts oversaw the study. High mortality rates
among rats in the highest dose group led to an early termin-
ation of exposures in that group and to the establishment of
0.4mg/m> as the maximum tolerated dose (MTD). There
were no exposure-related increases in tumors in the respira-
tory tract (including in the nose) with either the 0.1 or
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Table 7. Study quality/risk of bias ratings for experimental animal studies evaluating metallic nickel exposure and respiratory cancer outcomes.

Other quality criteria

Key criteria

Did the study
employ appropriate

Were outcome data

Were research

Was administered

Does the study have
an adequate number

Can we be

confident in

Can we be

personnel complete without

Were experimental
conditions identical

exposure
level adequately

confident
in the exposure

characterization?

statistical
approaches?

attrition or exclusion

blinded to
study group?

of animals to detect

the outcome
assessment?

Tier

from analysis?

randomized? across study groups?

effects of exposure?

Species/assay

Study

++

Wistar rats/inhalation
Bethesda rats, mice,

Hueper (1958)

Hueper (1958)

guinea pigs/
inhalation
Rats/injection

Hueper and

Payne (1962)

Hueper and

++

Rats/inhalation

Payne (1962)

Hueper and

Hamsters/

inhalation
Rats/intratracheal

Hamsters/

Payne (1962)
Pott et al. (1987)

++

++

++

Ivankovic et al. (1988)

intratracheal

Hamsters/

Mubhle et al. (1992)

intratracheal
Rats/inhalation

++

++

++ ++

++ ++

++

Oller et al. (2008)

+, Definitely low risk of bias; +, probably low risk of bias; -: probably high risk of bias; —: definitely high risk of bias. Ratings of probably high and definitely high risk of bias are shaded gray.

0.4mg/m?> exposure, although there were statistically signifi-
cant increases in the incidence of adrenal gland pheochro-
mocytomas (benign and malignant) in males and combined
adrenal cortical adenomas and carcinomas in females
exposed to 0.4mg/m?> nickel metal. Adrenal pheochromocy-
tomas were also observed in rats chronically exposed to
insoluble nickel compounds (NTP 1996a, 1996b) as well as
other particulates (Ozaki et al. 2002; Greim et al. 2009) and
are of questionable relevance to human occupational expo-
sures to particulates (Greim et al. 2009). Oller et al. (2008)
considered these tumors to be secondary to the lung toxicity
and hypoxemia caused by the nickel metal exposure rather
than a direct effect of nickel on the adrenal gland. The
increased incidence of combined cortical adenomas and car-
cinomas in females fell within the historical control range
and was considered by the authors to be of uncertain rela-
tionship to the nickel metal exposure.

Two other inhalation carcinogenicity studies of metallic
nickel included bioassays that were categorized as Tier 2 or
3. Hueper and Payne (1962) exposed rats (Tier 2) or hamsters
(Tier 3) to a mixture of powdered nickel (the majority of
which had a particle diameter of 1-3 um after grinding in a
ball mill), limestone, and sulfur dioxide, though no exposure
concentration or duration were reported. The sulfur dioxide
was included to induce chemical trauma to the bronchial
mucosa and serve as a co-carcinogen, and the limestone was
added to prevent nickel particles from forming conglomer-
ates. There were no tumors observed in the respiratory tract
of rats or hamsters. As the exposure duration was not
reported, it is unknown whether the animals were exposed
long enough for any tumors to develop. Rats had chronic
inflammatory changes, fibrosis, and squamous cell metaplasia
of the epithelial lining in the lungs, whereas there were no
such chronic respiratory effects reported in hamsters. Hueper
(1958) exposed Wistar rats (Tier 2), as well as Bethesda rats,
guinea pigs, and mice (all Tier 3), to 15 mg/m? metallic nickel
powder with a diameter of 4 um or less, prepared by precipi-
tating nickel metal from nickel carbonyl, for 6h per day,
4-5days per week, for up to 21 months. Some benign and
malignant tumors were observed in some of the guinea pigs
and rats, but none were in the respiratory tract. There were
no tumors or other abnormalities observed in mice. This
study was compromised by high toxicity, as all animals had
died before the end of the planned exposure period, and
both this study and that by Hueper and Payne (1962) did not
include control groups except for the evaluation of guinea
pigs by Hueper (1958). We did not rely on the bioassays cate-
gorized as Tier 3 for evidence regarding the potential car-
cinogenicity of metallic nickel.

Three studies evaluated the carcinogenicity of metallic
nickel after intratracheal administration. Although this expos-
ure route bypasses the normal clearance mechanisms that
occur with inhalation exposure, limiting its relevance to
humans, such studies may be useful for understanding the
carcinogenic potential of metallic nickel in the respiratory
tract if the doses are not so high as to completely overwhelm
clearance and induce particle overload. In the study by
Ivankovic et al. (1988), hamsters were administered a single
dose of nickel metal powder (0, 10, 20, or 40 mg/animal),
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Figure 4. (a) White males. (b) Long-term (>1 year) workers. SIR: standardized incidence ratio; SMR: standardized mortality ratio.

Table 8. Results of experimental animal studies of metallic nickel respiratory carcinogenicity.

Exposure
concentration

Study Species/strain Group size/sex

Respiratory tumors
(statistically significant only)

Other tumors (statistically
significant only)

Inhalation studies

Hueper (1958) Rat/Wistar 50 F, 50 M 15 mg/m3 (average) None None
Rat/Bethesda black 60 F None None
Mouse/C57 black 20 F None None
Guinea pig/Strain 13 10F 32M None None
Hueper and Rat/unspecified 60 F, 60 M NR None None
Payne (1962) Hamster/unspecified 100 M None None
Oller et al. (2008) Rat/Wistar 50 F, 50 M 0.1 mg/m3 None None
50 F, 50 M 0.4 mg/m* None Adrenal gland
pheochromocytomas (males
only); adrenal cortical
adenomas and carcinomas
combined (females only)
Intratracheal administration studies
Hueper and Rat/Bethesda black 20F, 14 M 8 mg/animal None None
Payne (1962)
Pott et al. (1987) Rat/Wistar 39F 6 mg/animal None® None
32F 9 mg/animal None® None
Ivankovic et al. (1988) Hamster/Syrian golden 50 F, 50 M 10 mg/animal None None
50 F, 50 M 20 mg/animal None None
50 F, 50 M 40 mg/animal Fibrosarcoma or None
rhabdosarcoma in
mediastinum, pleura, and
cervix, combined
Mubhle et al. (1992) Hamster/Syrian golden 30 F, 30 M 9.6 mg/animal None None

F: female; M: male; NR: not reported.

The authors reported adenocarcinomas or squamous cell carcinomas in the lungs of 9/39 rats in the 6mg dose group and 7/32 rats in the 9mg dose group,

but the statistical significance of these findings was not evaluated.

prepared by water atomization processes and ground in a
ball mill to a diameter of 3-8 um, as evaluated by electron
microscopy. Although there was some evidence of a statistic-
ally significant increase in nickel-related malignant tumors in
the highest dose group, these tumors were sarcomas located
in the mediastinum, pleura, and cervix, and not carcinomas
at alveolar sites as observed in inhalation bioassays with
insoluble nickel compounds and in nickel refinery workers
exposed to insoluble nickel compounds. There was also high
toxicity in this dose group, though the deaths did not appear
to be tumor related.

Muhle et al. (1992) exposed hamsters intratracheally to
a cumulative dose of 9.6 mg (with 12 administrations at 14-
day intervals) nickel metal powder received from the INCO
refinery in Clydach, Wales, with a median diameter of
3.1um, as evaluated by electron microscopy. The authors
reported no statistically significant increase in tumor rates,
though the statistical analyses were not described. The
authors noted that several particulates, including nickel

subsulfide and metallic nickel (in the intratracheal study by
Pott et al. (1987) described below) have induced lung
tumors in rats but not in hamsters, suggesting that the
hamster is not a good model for lung tumors from expo-
sures to particulates. This is consistent with the lack of
lung carcinomas in hamsters in the studies by Ivankovic
et al. (1988) and Hueper and Payne (1962) discussed
above. Although there is a lack of adequate historical con-
trol data for hamsters in carcinogenicity bioassays (as the
vast majority of well-conducted carcinogenicity bioassays
used rats or mice), this is not an issue for studies of nickel-
containing substances, to which hamsters are not
susceptible.

The Tier 3 study by Pott et al. (1987) exposed rats to
cumulative doses of 6 or 9mg nickel metal powder that was
noted to have been received from INCO in Ontario, Canada
(with no information regarding preparation or particle size
provided by the authors), over 20 or 10weeks, respectively,
via intratracheal administration. The authors reported
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adenocarcinomas or squamous cell carcinomas in 9 of 39 rats
examined in the 6 mg dose group and in 7 of 32 rats exam-
ined in the 9mg dose group, though the starting number of
animals in each dose group was not reported. No analyses
were performed to address the statistical significance of
these findings and no comparison to historical controls was
made, though no lung tumors were reported in the vehicle
control group. In addition, the total lung burden of 6 mg in
this study is more than 200-fold higher than the lung bur-
den attained after 1 or 2 years of exposure to metallic nickel
at the MTD of 0.4mg/m? (i.e. approximately 25 ug Ni/right
lung) in the inhalation bioassay by Oller et al. (2008), indi-
cating that Pott et al. (1987) used doses that cannot be
achieved via a physiological exposure route. As the study by
Pott et al. (1987) was categorized as Tier 3 due to its meth-
odological shortcomings and high RoB, its results should
not be relied on as evidence for metallic nickel carcinogen-
icity. Similarly, the Tier 3 analysis of rats exposed to nickel
metal powder by injection into the lungs by Hueper and
Payne (1962) reported one spindle cell carcinoma in the
lungs in 1 out of 34 rats and no other respiratory tumors,
with no statistical analyses, no control groups, and no com-
parison to historical controls. Thus, this study should not be
relied on as evidence regarding the potential carcinogen-
icity of metallic nickel.

Overall, the Tier 1 and Tier 2 experimental animal stud-
ies of metallic nickel carcinogenicity indicate that there is
generally no evidence of respiratory carcinogenicity with
inhalation exposures to metallic nickel, and no evidence of
respiratory tumors relevant to human exposures in studies
that used intratracheal administration as the exposure
route. Several studies have been conducted that used vari-
ous parenteral exposure routes (e.g. intramuscular, intra-
peritoneal, intravenous, intrarenal, or subcutaneous
injection) to administer metallic nickel to rodents, and
these reported tumor responses that were mainly sarcomas
localized at the injection site (as reviewed by IARC 1990
and Sivulka 2005). We did not include these studies in our
evaluation because of their lack of relevance to human
exposures to metallic nickel and nickel compounds in the
respiratory tract.

Mechanistic studies

We evaluated the potential genotoxicity of metallic nickel in
both in vitro and in vivo studies. Genotoxicity refers to the
ability of substances to cause DNA damage, and genotoxicity
tests can be categorized into mutagenicity tests and indicator
tests. Mutagenicity tests evaluate whether a substance can
cause permanent and heritable changes in DNA, such as
gene mutations or alterations in the number or structure of
chromosomes (though chromosomal changes may only
induce mutations if they disrupt the coding sequence of
genes), whereas indicator tests evaluate whether a substance
can interact with and damage DNA without necessarily caus-
ing mutations (Eastmond et al. 2009). While indicator tests
can provide suggestive, but not definitive, evidence that a
substance is mutagenic, mutagenicity tests provide more

clear evidence that a substance can cause the type of DNA
damage that can potentially lead to cancer. Because of this,
the determination of whether a substance is mutagenic is
most relevant to evaluating its mode of action for carcino-
genicity, and mutagenicity tests should be given preference
over indicator tests for risk assessments of potential carcino-
gens (Eastmond et al. 2009). We also evaluated the ability of
metallic nickel to induce cellular transformation in
in vitro studies.

Various nickel compounds have been shown to be non-
mutagenic in bacterial or yeast test systems, with inconsist-
ent results across in vitro and in vivo mutagenicity tests
(including gene mutations, micronucleus formation, or
chromosome aberrations) (ATSDR 2005; Beyersmann and
Hartwig 2008; Das et al. 2008; Goodman et al. 2009; Buxton
et al. 2019). Nickel compounds have also been positive for
genotoxicity in certain in vitro indicator tests, such as DNA
strand breaks and sister chromatid exchanges (SCEs), as well
as in studies of in vitro cellular transformation (ATSDR 2005;
Goodman et al. 2009; Buxton et al. 2019). It should be noted
that evaluation of SCEs is no longer considered an acceptable
genotoxicity test by OECD, based on a lack of understanding
of the mechanistic basis of the effect detected by the test,
which is not reflective of genetic damage (OECD 2017; Moore
et al. 2019).

The reported mutagenic and genotoxic effects in the
in vitro studies of nickel compounds were most often weak
and occurred at doses that were cytotoxic (Beyersmann and
Hartwig 2008; Das et al. 2008, Goodman et al. 2009).
Excessive cytotoxicity is an important consideration, because
cells with precancerous changes must survive and undergo
division for cancer to develop. Below, we evaluate the litera-
ture for the mutagenicity and genotoxicity of metallic nickel
specifically.

Literature selection

Our literature search for mechanistic studies of metallic nickel
yielded 549 articles in PubMed and 256 articles in Scopus.
After a review of titles and abstracts, as well as reference lists
from relevant review articles, we identified 51 articles for full
text review. After full text review, we identified nine in vitro
studies that evaluated the potential genotoxicity or cellular
transformation ability of exposure to metallic nickel and one
in vivo genotoxicity study (with study characteristics summar-
ized in Supplemental Table S9). The mutagenicity studies
specifically evaluated the endpoints of gene mutations,
micronucleus formation, and chromosome aberrations,
whereas the only genotoxicity indicator tests were the evalu-
ation of DNA strand breaks in the in vitro studies and the
evaluation of SCEs in the in vivo study.

Study quality evaluation

We applied our study quality/RoB criteria for in vitro mechan-
istic studies (Table S3) to each assay conducted among the
nine identified in vitro studies. Of the 10 in vitro assays, 4
were categorized into Tier 1, 5 were categorized into Tier 2,
and 1 was categorized into Tier 3 based on their study
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quality/RoB ratings across domains (Table 9). The vast major-
ity of studies used well-established assays to assess the out-
comes, ensured that experimental conditions were identical
across study groups, reported all data for the assays they
included, and used appropriate statistical methods. Some
studies did not adequately characterize the metallic nickel
exposure, did not include appropriate controls (usually a lack
of a positive control), and did not include an adequate num-
ber of replicates per study group, which led to their categor-
ization into Tier 2 or Tier 3. None of the studies indicated
whether research personnel were blinded to study group,
evaluated results with metabolic activation, or compared
results to historical control data, except for the study by
Buxton et al. (2020).

The majority of the studies did not report how the metal-
lic nickel particles were prepared in the micron size range
used in the genotoxicity experiments, though Costa et al.
(1981a, 1981b) reported that the particles in their studies
were ground in mixing mills using vials with stainless steel or
tungsten carbide grinding surfaces, and sized using light and
electron microscopy. Other studies reported assessing particle
size by electron microscopy or low angle laser light scattering
(Magaye et al. 2014, 2016; Latvala et al. 2016; Buxton
et al. 2020).

Some studies addressed the insolubility of metallic nickel
in water (and thus aqueous cell culture medium) by vortex-
ing or sonicating particles prior to their dilution into stock
solutions or the cell culture medium to ensure the accuracy
of particle concentrations (Costa et al. 1981b; Magaye et al.
2014, 2016; Latvala et al. 2016; Buxton et al. 2020), and
Buxton et al. (2020) conducted a solubility test with various
solvents and vehicles, identifying dimethyl sulfoxide as the
best solvent for stock solutions of the metallic nickel particles
before their administration to the cell culture.

Evaluation of study results

The results of the in vitro mechanistic studies are summarized
in Table 10. One study evaluated the ability of metallic nickel
to induce gene mutations in vitro. This study evaluated gene
mutations at the HPRT locus and was conducted in accord-
ance with OECD guidelines (OECD 2016a). The results of this
study were negative for HPRT mutations with exposure of
hamster lung fibroblasts or mouse embryonic stem cells to
metallic nickel particles (Buxton et al. 2020), providing evi-
dence that metallic nickel does not induce point muta-
tions in vitro.

Buxton et al. (2020) also evaluated micronucleus forma-
tion, and another study (Paton and Allison 1972) evaluated
chromosome aberrations after exposure to metallic nickel.
The study by Buxton et al. (2020) was conducted in accord-
ance with OECD guidelines (OECD 2016b) and reported no
increase in micronucleus formation in hamster lung fibro-
blasts treated with metallic nickel particles at doses ranging
from 3 to 18 ug/cm?. Paton and Allison (1972) reported a lack
of chromosome aberrations in human leukocytes exposed to
nickel powder, but did not provide information on the par-
ticle size or concentration, the number of replicates, the stat-
istical methods used, or the inclusion of a positive control.
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Based on these methodological shortcomings and high RoB,
the results of the Tier 3 study by Paton and Allison (1972)
should not be relied on as evidence regarding the potential
for metallic nickel to induce chromosome aberrations.

Three studies examined the ability of metallic nickel to
induce DNA strand breaks. Two of these (Magaye et al. 2016;
Assad et al. 1999) reported positive results in human lung
alveolar epithelial adenocarcinoma cells (a malignant cell line
with a high spontaneous mutation rate) and human periph-
eral blood lymphocytes, respectively, but also reported high
cytotoxicity (>50%) at the metallic nickel concentrations that
induced statistically significant increases in DNA strand
breaks. It has been reported that because DNA damage is
associated with cell death, cytotoxicity in excess of 30% can
induce false positive results in assays for DNA strand breaks
(Tice et al. 2000; OECD 2014). Thus, it is likely that the posi-
tive results in these studies were confounded by high cyto-
toxicity. The other study, by Latvala et al. (2016), did not
report excess cytotoxicity. These authors exposed human
lung alveolar epithelial adenocarcinoma cells to the same
dose (20 ug/cm?) of two different samples of metallic nickel
particles and found that one sample (Ni-m2) did not induce
DNA strand breaks after 4 or 24 h of exposure, whereas the
other sample (Ni-m1) induced a statistically significant
increase in DNA strand breaks after 24 h of exposure but not
after 4h. Overall, these studies indicate that metallic nickel
can induce DNA damage in certain cell types in vitro, but
often as a result of high cytotoxicity.

Four studies examined cellular transformation of metallic
nickel. Costa et al. (1981a, 1981b) conducted cell colony
transformation assays in primary hamster embryo cells
exposed to metallic nickel (0.6-8 ug/cm?) and reported no
transformation. Crystalline nickel subsulfide particles were
used as a positive control and amorphous nickel sulfide was
used as a negative control. Hansen and Stern (1984) reported
positive results for anchorage-independent transformation in
soft agar for hamster kidney cells exposed to 32 or 64 g/
cm? metallic nickel, but not at a lower dose of 16 ug/cm?
There were no positive controls, and the results for the nega-
tive controls were not reported. Magaye et al. (2014)
reported that metallic nickel particles were weakly positive
for transformation of mouse epidermal cells in soft agar with
exposure to a single dose (1pg/cm?). Overall, these studies
indicate mixed results for metallic nickel to induce cellular
transformation, with some evidence for weak transforming
ability in certain cell types.

One in vivo study evaluated the potential mutagenicity
and genotoxicity of metallic nickel in rats (Zhong et al. 1990).
We did not evaluate the study quality/RoB for this study as it
was very poorly reported. The authors reported no effect on
the frequency of SCEs in peripheral lymphocytes, and
increases in chromosome aberrations and micronucleus for-
mation in bone marrow cells of rats 1.5months after they
were exposed to a single dose of 2.5mg metallic nickel
(99.9% purity; 95% of particles <5pum diameter) by intratra-
cheal instillation. This study did not provide information on
the animals, their housing conditions, or the methods for the
endpoints assessed; used only one dose and one time point
of questionable relevance to the endpoints; used an
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Table 9. Study quality/risk of bias ratings for in vitro studies evaluating metallic nickel genotoxicity.
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exposure route that is not relevant to human inhalation
exposures; and did not include any statistical analysis of the
results. In addition, the positive results in bone marrow after
intratracheal exposure are questionable, given that a study
assessing bone marrow mutagenicity after oral exposure to
nickel sulfate hexahydrate (a soluble form of nickel with
greater absorption than metallic nickel) at doses up to
112mg Ni/kg-day was negative for micronuclei, even with
elevated levels of nickel measured in the bone marrow and
blood (Oller and Erexson 2007). Thus, this study does not
provide reliable evidence for whether metallic nickel can
induce genotoxicity or mutagenicity in vivo, and it is not con-
sidered further.

Because nickel ions are only weakly genotoxic, other
mechanisms for nickel carcinogenicity that do not require
nickel ions to interact directly with DNA have been proposed.
A contributing mechanism for the respiratory carcinogenicity
of many metals that has also been proposed for nickel is
inflammatory responses triggered by cytotoxicity from high
exposures, leading to increased regenerative cell proliferation
in the respiratory tract (Oller et al. 1997; Goodman et al.
2011). Several studies have suggested that nickel ions induce
indirect DNA damage by producing reactive oxygen species
(ROS), leading to oxidative stress (Beyersmann and Hartwig
2008; Das et al. 2008; Goodman et al. 2009; Koedrith and Seo
2011; Magaye et al. 2012). Beyersmann and Hartwig (2008)
noted that there is often a discrepancy between the high,
often cytotoxic doses of metals required to generate ROS
and the comparatively low doses of those metals that poten-
tially induce tumors in vivo, however, suggesting that metal-
induced oxidative stress is not the sole mechanism for poten-
tial metal carcinogenesis.

Another potential mechanism is activation of signal trans-
duction pathways and alterations in gene expression that can
promote cell survival and proliferation through interference
with iron homeostasis or other mechanisms (Costa et al.
2005; Beyersmann and Hartwig 2008; Koedrith and Seo
2011). Several studies have reported the transactivation or
upregulation of expression of proteins involved in cell signal-
ing pathways associated with tumor development and pro-
gression in in vitro studies with metallic nickel specifically,
but only in dermal cells. For example, Magaye et al. (2014)
reported increased transactivation of AP-1 and NF-KB, as well
as upregulation of R-Ras, C-myc, C-Jun, p65, and p50, in
mouse epidermal cells exposed to nickel metal particles.
Zhao et al. (2009) reported increased expression of the apop-
tosis inhibitors Bcl-2 and phosphorylated Akt in mouse epi-
dermal cells exposed to nickel metal particles. It should be
noted that skin tumors have not been associated with dermal
exposure to metallic nickel, which is widespread in human
populations through contact with jewelry (ATSDR 2005; NTP
2016). Inhibition of DNA repair and interference with DNA
methylation and histone acetylation have also been pro-
posed, but would likely require nickel to be present in the
cell nucleus (Beyersmann and Hartwig 2008; Koedrith and
Seo 2011), and these mechanisms have not been evaluated
for metallic nickel specifically.
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Evidence integration for experimental studies

We integrated the evidence from the experimental animal
and in vitro mechanistic studies for causation and human
relevance, using the criteria in Table 1.

Causation

Consistency. Of the few experimental animal studies of
metallic nickel that used inhalation as the exposure route,
the most reliable (Tier 1 or Tier 2) analyses consistently
showed a lack of increased tumor induction in the respiratory
tract. The two Tier 2 studies that used intratracheal adminis-
tration also were consistent in showing that there is no evi-
dence of an increase in respiratory tumors relevant to human
exposures. These results are consistent with the poor intracel-
lular uptake of nickel metal particles (e.g. see Costa et al.
1981a, 1981b). There were a few Tier 3 studies with either
inhalation or intratracheal administration, but their results are
too unreliable to consider for evaluating causation. The
results from mutagenicity tests indicate that metallic nickel
particles did not induce gene mutations or micronuclei
in vitro (Buxton et al. 2020). A Tier 3 study also evaluated
chromosome aberrations but the results are not reliable. The
results for induction of DNA strand breaks were positive in
studies that were confounded by high cytotoxicity, based on
guidelines for the extent of cytotoxicity in the evaluation of
this endpoint (Tice et al. 2000; OECD 2014), with one study
reporting mostly negative results in the absence of cytotox-
icity (Latvala et al. 2016), though none of the studies of this
endpoint included a comparison to historical controls.
Studies of cellular transformation reported mixed results,
with two studies reporting no transformation and two studies
reporting weakly positive results. Overall, the only genotoxic-
ity outcome with some consistency across in vitro studies is
DNA strand breaks, with these results being positive primarily
in the presence of cytotoxicity; however, in vitro studies do
not take DNA repair into account, which could explain the
lack of increased tumor induction in the respiratory tract in
the experimental animal studies.

Magnitude. An evaluation of the magnitude of effects in the
experimental animal studies is not warranted, given their
consistency in showing a lack of increased respiratory tumor
induction with metallic nickel exposure. The magnitude of
the effects from in vitro genotoxicity studies are difficult to
evaluate beyond reporting whether a result was statistically
significant compared to the negative controls (and none of
the studies reporting positive results included a comparison
to historical controls), though comparison of test outcomes
with a positive control can also provide an indication of mag-
nitude. Some of the studies reporting positive, statistically
significant effects did not report results for a positive control,
however. For example, the statistically significant increase in
DNA strand breaks reported by Assad et al. (1999) was not
compared to a positive control; however, results of evalua-
tions of DNA strand breaks that were compared to a positive
control were generally of a similar magnitude to the positive
controls (e.g. Latvala et al. 2016; Magaye et al. 2016). By

contrast, the study with positive results for cellular transform-
ation that included positive controls reported that metallic
nickel particles induced very weak transformation compared
to these controls (Magaye et al. 2014). Overall, the magnitude
of the in vitro effects is difficult to discern, though there is
some evidence that the cellular transformation effects were
weak, but this is not consistent with the lack of increased
respiratory tumor induction with metallic nickel exposure in
the experimental animal studies.

Exposure-response. An evaluation of exposure-response
relationships in the experimental animal studies is not justi-
fied, given their consistency in showing a lack of increased
respiratory tumor induction with metallic nickel exposure.
Doses from the in vitro studies cannot be compared to those
used in the experimental animal studies because the in vitro
studies did not provide any analysis of the comparative dos-
imetry between the in vitro and in vivo studies. There are no
reliable studies of metallic nickel genotoxicity in vivo to com-
pare to the in vivo carcinogenicity studies, either. A compari-
son of the doses used in the in vitro genotoxicity studies to
those used in the cellular transformation studies indicates
that genotoxicity is observed in some cell types only at doses
higher than those associated with weak transformation in
other cell types. Some of the in vitro studies evaluated only a
single dose of metallic nickel. One study that reported posi-
tive results across multiple doses showed a clear dose-res-
ponse relationship but did not conduct any statistical
analysis of the results (Hansen and Stern 1984).

Biological concordance. The evaluation of mutagenicity and
genotoxicity of metallic nickel, whether a result of nickel ions
directly interacting with DNA or an indirect effect resulting
from nickel cytotoxicity, is consistent with the biological
knowledge of carcinogenesis. It is not clear from the available
mechanistic studies whether indirect damage to DNA from
metallic nickel exposures can lead to carcinogenesis, though
several plausible mechanisms for this have been hypothe-
sized for nickel-containing substances. Inhalation of metallic
nickel induces cytotoxicity and inflammation in the respira-
tory tract, which could conceivably lead to indirect genotox-
icity; however, cytotoxicity and inflammation alone are not
sufficient to induce lung tumors after metallic nickel expos-
ure, as evidenced by the high degree of lung toxicity and
inflammation but lack of an increased incidence of respira-
tory tumors observed in rats in the inhalation carcinogenicity
study by Oller et al. (2008).

Essentiality and specificity. The criteria of essentiality and
specificity can be considered together when the apical
effect is tumor development. None of the experimental
studies of metallic nickel assessed the reversibility of effects
if exposure was stopped, but it is known that cancer cells
require multiple mutations in oncogenes and tumor sup-
pressor genes to develop, and chemical exposures can also
promote proliferation of these cells into tumors. If the
exposure ceases such that the induction of mutations or the
promotion of proliferation does not occur, it is possible that



a tumor will not develop. Although not all substances that
induce mutations in in vitro tests are carcinogens, the ability
to cause mutations increases the likelihood for carcinogen-
icity. As discussed above, mutagenicity tests are more rele-
vant to the evaluation of a mode of action for
carcinogenicity than genotoxicity indicator tests. With
regard to temporality, mutagenicity is known to be a key
event that occurs prior to tumor development, though it
can continue to occur in tumor cells at a high rate because
of their inherent genomic instability.

Analogy. For this criterion, we compared what is known for
other nickel compounds that have been shown to be car-
cinogenic in the respiratory tract in humans and experimen-
tal animals to our evaluation of metallic nickel. Insoluble
nickel compounds, such as nickel subsulfide and nickel
oxide, induce respiratory tumors in rodents and have been
implicated as carcinogens in epidemiology studies of nickel
refinery workers (Goodman et al. 2009, 2011). Nickel ions
from these substances are more bioavailable at the nucleus
of respiratory tract cells compared to metallic nickel, how-
ever, increasing the likelihood that they can interact with
chromatin and induce mutations in DNA (Goodman et al.
2011). Although nickel ions from these and other nickel
compounds have been shown to be only weakly genotoxic,
as discussed above, the higher bioavailability of nickel ions
from insoluble nickel compounds compared to the relatively
lower bioavailability of nickel ions from metallic nickel is
consistent with the lack of an increase in respiratory tumor
induction in the experimental animal studies of metal-
lic nickel.

Overall, the experimental animal and mechanistic studies
indicate that the criterion of consistency is met in support
of no causation, as there was a consistent lack of increased
tumor induction in the experimental animal inhalation
studies and a lack of mutagenicity in in vitro studies, even
if indirect DNA damage could be induced. The lack of
tumor induction with inhalation exposures does not allow
for a true evaluation of magnitude and dose-response, and
provides support that these criteria are not met for a posi-
tive tumor response and therefore support no causation.
Although indirect, but not direct, effects of nickel ions from
metallic nickel on DNA are possible, the lack of carcinogen-
icity in the inhalation studies and the lack of mutagenicity
are supportive of no causation when considering biological
concordance. Essentiality, specificity, and temporality would
be met if there was consistent evidence of tumor induction
in the inhalation studies, but the lack of such evidence
does not inform these criteria. Based on this evaluation, not
all of the criteria in Table 1 for assessing the body of
experimental studies for causation were met, and it is more
likely that the experimental evidence supports a lack
of causation.

Human relevance

In risk assessment, rodents are generally considered good
models for carcinogenicity in humans, though not all carcino-
genic substances induce tumors in both rodents and humans,
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either at all or at the same sites. There are significant differ-
ences between rodent and human respiratory tract physi-
ology and pathogenesis of respiratory tumors, limiting the
relevance of rodents as models for human respiratory cancers
(Pandiri 2015). The positive results for respiratory tumors in
cancer bioassays in rats with certain insoluble nickel com-
pounds support the use of rat models for assessing nickel
carcinogenicity in humans, however, as there is tumor site
concordance in the respiratory tract between humans and
rats after inhalation exposure to these compounds (e.g. see
Goodman et al. 2009, 2011). As discussed above, hamsters
may not be a good model for exposures to particulates, and
they appeared to be less sensitive to the toxicity of metallic
nickel in the studies reviewed here. Other evidence supports
that hamsters, as well as mice, are less sensitive than rats to
the inhalation carcinogenicity of metals, including nickel
(Dunnick et al. 1995; Oller et al. 1997; Kasprzak et al. 2003).

The experimental animal studies with intratracheal admin-
istration, by themselves, are not relevant to humans, as this
exposure route bypasses normal clearance mechanisms that
occur with inhalation exposure, resulting in much higher
deposition at the site of administration. We included these
studies in our evaluation for completeness; however, it is
important to note that these studies include exposure levels
in the respiratory tract that cannot be achieved via physio-
logical routes.

The exposures in the experimental animal studies were to
pure nickel metal particles that were small in size, with most
particles measured as having an MMAD of 2-3 um. By con-
trast, exposures to nickel in occupational settings are usually
to mixtures of nickel and nickel compounds, with particles of
2-3um MMAD comprising less than 5% of the measured
inhalable aerosol (Hsieh et al. 1999). Based on modeling stud-
ies conducted with water-soluble and insoluble nickel com-
pounds, human occupational exposures would need to be
approximately 10 times higher than those tested in the inhal-
ation studies in experimental animals to obtain an equivalent
deposition of respirable nickel particles (Hsieh et al. 1999).
The no observable adverse effect concentration (NOAEC) of
0.4mg/m? nickel metal in the chronic inhalation rat study by
Oller et al. (2008) was converted to a human equivalent con-
centration (HEC) range of 1.2—4.4mg/m3, as described by
ECHA (2017). Occupational exposures to metallic nickel in the
cohort studies reviewed here were estimated to be in the
range of 0-5.25mg/m> (as discussed by Goodman et al.
2011), which encompasses the range of exposures in the rat
study. This indicates that the workers were exposed to metal-
lic nickel concentrations high enough to obtain an equivalent
deposition of respirable particles as the exposed rats, yet nei-
ther the rats nor the workers had an increased risk of respira-
tory tumors.

The inhalation study in experimental animals by Oller
et al. (2008) reported a statistically significant increase in
adrenal pheochromocytomas in male rats exposed to 0.4 mg/
m?> nickel metal. These tumors were not considered to be a
direct effect of nickel on the adrenal gland, however, as they
were considered to be secondary to lung toxicity and hypox-
emia caused by the particulate nickel exposure, and they
were not observed in a cancer bioassay with oral exposure to
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nickel sulfate hexahydrate that resulted in higher measured
internal exposure to nickel ions due to greater systemic
absorption of water-soluble nickel compounds compared to
less soluble forms (Heim et al. 2007). Adrenal pheochromocy-
tomas are frequently observed in male rats after inhalation
exposures to particulates (Ozaki et al. 2002) and are not con-
sidered to be relevant to human occupational exposures, as
there is no indication that substances inducing adrenal pheo-
chromocytomas in rats also induce these tumors in humans
(Greim et al. 2009). None of the epidemiology studies of
workers exposed to metallic nickel evaluated incidence or
mortality from adrenal tumors specifically, though two cohort
studies evaluated cancers of the endocrine glands combined
(not including the thyroid). These studies reported no cases
of cancers of the endocrine glands among workers that man-
ufactured nickel alloys (Sorahan 2004) and workers in a nickel
carbonyl refinery (Sorahan and Williams 2005), providing
some evidence of a lack of site concordance for adrenal
tumors from metallic nickel exposure across rats
and humans.

The in vitro studies of metallic nickel genotoxicity, muta-
genicity, and transformation are of very limited relevance to
humans. The cell lines used in these studies were from a
number of different species and tissue types, and most were
conducted in nonepithelial cells, limiting their relevance to
the induction of respiratory tumors, which occur in epithelial
cells. Some were conducted in human lung alveolar epithelial
adenocarcinoma cells, which are malignant cells with a high
spontaneous mutation rate and, therefore, are not relevant to
an evaluation of genotoxicity in nonmalignant cells.

Cell culture conditions allow for high exposure concentra-
tions with no clearance mechanisms, increasing cellular
uptake of nickel particles and allowing nickel ions to reach
the cell nucleus, when in vivo this would be precluded by
particle clearance. To achieve such high concentrations of
nickel ions in respiratory tract cells in vivo would require
exposure to high concentrations of nickel particles, above
the MTD, that would likely result in severe toxicity. None of
the in vitro studies discussed the relevance of the doses used
to human inhalation exposures in the workplace.

Overall, the experimental animal studies that used inhal-
ation as the exposure route are relevant to humans in that
they used a relevant exposure route and exposure concentra-
tions in an animal model that is sensitive to carcinogenicity
from particulate exposures. The in vitro mechanistic studies
are less relevant to humans, as they were conducted in artifi-
cial conditions that cannot replicate the conditions of particle
clearance and uptake in the respiratory tract of humans
exposed by inhalation, and there are no reliable in vivo stud-
ies of genotoxicity. Thus, we consider the available evidence
from the experimental studies to be inadequate to determine
whether all of the criteria listed in Table 1 for assessing
human relevance can be met.

Confidence in biological plausibility

We applied our conclusions regarding causation and human
relevance of the experimental studies to assess confidence in
the biological plausibility of respiratory cancers as a

consequence of metallic nickel exposure in humans. Our con-
clusion is that the experimental evidence supports a lack of
causation, but it is unclear how relevant the in vitro studies
are to humans, so we can only categorize the experimental
evidence as inadequate for fully assessing human relevance.
Based on this conclusion for the experimental evidence and
the scheme in Table 2, there is moderate overall confidence
that exposure to metallic nickel as a cause of respiratory can-
cer in humans is not biologically plausible.

Evidence integration across realms

We evaluated the epidemiology evidence using modified
Bradford Hill aspects (Table 3), and used the experimental
evidence to provide information on coherence and biological
plausibility.

Consistency

An association between occupational nickel exposure in refin-
eries and elevated lung cancer risk has been established for
decades (Goodman et al. 2009, 2011). However, studies eval-
uating cohorts of workers exposed predominantly to metallic
nickel, with or without some co-exposure to oxidic nickel and
other metals, consistently indicate a lack of excess incidence
or mortality for lung, laryngeal, and nasal/sinonasal cancers
and all respiratory cancers combined. This is true across
cohorts, as well as type of industry, including the only study
to evaluate exposures to metallic nickel without any co-expo-
sures to other forms of nickel (Cragle et al. 1984). Overall, the
aspect of consistency is not met for positive associations
between metallic nickel exposure and respiratory cancers.

Strength

The epidemiology studies reported mostly null results, with
several non-statistically significant decreases in risk and some
non-statistically significant increases in risk reported for cer-
tain respiratory cancers. Though a few epidemiology studies
reported statistically significant, positive associations with
lung cancer and all respiratory cancers combined in certain
analyses (Arena et al. 1998; Svartengren et al. 2017; Westberg
et al. 2017; Marsh et al. 2017b), these were not adjusted for
important potential confounders such as smoking or other
occupational exposures, and they were determined to be
unrelated to the occupational exposure. Overall, the aspect
of strength is not met for positive associations between
metallic nickel exposure and respiratory cancers.

Coherence

A lack of clear evidence for associations between metallic
nickel exposure and respiratory cancers in the epidemiology
studies reviewed here is consistent with the lack of respira-
tory tumors observed in chronic inhalation studies in experi-
mental animals, and with the lack of mutagenicity and weak
cellular transformation capacity of metallic nickel in vitro,
even though these latter studies are of limited relevance to
humans. Overall, the aspect of coherence is met for a lack of



an association (but not for a positive association) between
exposure to metallic nickel and respiratory cancers.

Biological plausibility

As indicated above, our evaluation of the experimental evi-
dence supports a lack of causation, but it is unclear how rele-
vant the in vitro studies are to humans, so we can only
categorize the experimental evidence as inadequate for fully
assessing human relevance. Because of this, the overall confi-
dence for biological plausibility is moderate, but for a lack of
biological plausibility, as the evidence strongly supports that
respiratory carcinogenicity of metallic nickel is not plausible.
Based on this conclusion, the aspect of biological plausibility
is not met for positive associations between metallic nickel
exposure and respiratory cancers.

Biological gradient

Exposure-response relationships were examined for lung can-
cer in four studies by conducting statistical testing for trend
(Sorahan 2004; Marsh et al. 2017a, 2017b; Morfeld et al.
2017). None of these analyses indicated a statistically signifi-
cant exposure-response relationship between duration of
exposure, cumulative exposure, or exposure intensity and
lung cancer mortality. Exposure-response relationships were
not evaluated for laryngeal or nasal/sinonasal cancer, though
most effect estimates for laryngeal cancer were below the
null, and there were no reported cases of nasal/sinonasal
cancer in the studied cohorts. Overall, the aspect of bio-
logical gradient is not met for positive associations between
metallic nickel exposure and respiratory cancers.

Temporality

It is evident in all of the reviewed studies that the metallic
nickel exposure preceded the outcome, and in 11 of the 16
cohort studies, the authors considered a clear and reasonable
lag period (e.g. at least 10years) to ensure the relevance of
the outcome under examination, which is necessary for mak-
ing causal inferences for respiratory cancer studies. Thus, the
aspect of temporality for associations between metallic nickel
exposure and respiratory cancers is partially met.

Specificity

Evidence that links a specific exposure to a specific outcome
can strengthen a causal inference, but any given outcome
may have multiple causes. None of the respiratory cancers
examined in this analysis are specific to exposure to nickel
(in any form). As discussed above, smoking and several occu-
pational exposures, including those that can be co-exposures
in workplaces with nickel exposure (e.g. asbestos, chromium,
wood dust) are known risk factors for respiratory cancers.
The majority of the effect estimates in the reviewed studies
did not adjust for these important potential confounders,
though overall the studies do not provide evidence of excess
risks of respiratory cancers. Thus, the aspect of specificity for
associations between metallic nickel exposure and respiratory
cancers is not met.
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Analogy

Other chemical forms of nickel have been implicated as
respiratory carcinogens in both occupational studies of nickel
refinery workers as well as in chronic carcinogenicity assays
in experimental animals. These studies indicate consistent,
increased respiratory cancer risks with exposure to the insol-
uble sulfidic and oxidic nickel compounds, indicating site
concordance across experimental animals and humans. By
contrast, metallic nickel has not been clearly shown to be a
respiratory carcinogen in human or experimental animal
studies. Overall, the aspect of analogy for associations
between metallic nickel exposure and respiratory cancers is
not met.

Experiment

There are no available studies reporting the results of natural
experiments specifically for metallic nickel exposure, but one
study addressed exposure to multiple forms of nickel in a
refinery. Workers in the Mond/INCO nickel carbonyl refinery
in Clydach, Wales experienced a significant reduction in
exposure to occupational dust containing four nickel species
since 1902, and particularly after the 1950s, as a result of
technical improvements in operational processes. By contrast-
ing workers’ lung cancer and nasal cancer mortality by deca-
des of first employment, Grimsrud and Peto (2006)
demonstrated that the cancer hazards reduced significantly
from 1902 to the 1930s, resulting in substantial reductions of
cancer risk among workers first employed in later periods. As
this analysis was not specific to metallic nickel exposure,
however, the aspect of natural experiments for associations
between metallic nickel exposure and respiratory cancers is
not met.

Causal conclusion

We used the four-tiered framework shown in Table 4 to form
a causal conclusion regarding the evidence for the human
respiratory carcinogenicity of metallic nickel. The vast major-
ity of the Bradford Hill aspects were not met for positive
associations between metallic nickel exposure and respiratory
cancers; rather, most were indicative of a lack of an associ-
ation. Thus, the evidence as a whole supports no causation,
and we conclude that the relationship between metallic
nickel exposure and respiratory cancer in humans is
not causal.

Discussion

We conducted a systematic review of the potential human
respiratory carcinogenicity of metallic nickel and concluded
that any relationship between metallic nickel exposure and
respiratory cancer in humans is not causal. A strength of our
analysis is that we used an approach that was based on NTP
OHAT guidance for systematic reviews, including the use of
the OHAT RoB Rating Tool to evaluate study quality and RoB
across all studies prior to evaluating their results. The OHAT
RoB Rating Tool was developed using recent guidance from
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multiple organizations, including the Agency for Healthcare
Research and Quality, the CLARITY Group at McMaster
University, Cochrane, and the Navigation Guide, as well as
comments from technical advisors, the public, and staff at
other federal agencies (NTP 2015). We slightly modified the
RoB criteria for epidemiology and experimental animal stud-
ies to be specific to studies evaluating respiratory cancer
from metallic nickel exposures, and we added RoB criteria for
in vitro studies based on key data elements for in vitro stud-
ies specified by NTP OHAT (NTP 2019) and on study quality
criteria for in vitro studies described by other organizations
(Lynch et al. 2016; US EPA 2018; Stockholm University,
Karolinska Institutet 2019). Another strength is that we eval-
uated and integrated the evidence from studies of metallic
nickel and formed a causal conclusion in a manner that was
consistent with best practices for evaluating, synthesizing,
and integrating evidence across scientific disciplines and
making causal determinations, as described by a number of
sources (Boobis et al. 2008; IOM 2008; Rhomberg et al. 2013;
Meek et al. 2014; US EPA 2018, 2019).

Several epidemiology studies have evaluated carcinogen-
icity in refinery workers with exposures to different combina-
tions of several forms of nickel (e.g. metallic, oxidic, sulfidic,
and water-soluble nickel compounds) (Enterline and Marsh
1982; Easton et al. 1992; Grimsrud et al. 2003; Seilkop et al.
2017; Pavela et al. 2017). We summarized the results of these
studies in Supplemental Table S6. We also summarized the
results of eight case-control studies of patients with occupa-
tional histories that were assumed to have included exposure
to metallic nickel, but the particular forms of nickel exposures
were not specified (Supplemental Table S7). We did not
include these studies in our main analysis, as such mixed or
unknown exposures are less relevant for evaluating health
effects that are attributable to metallic nickel specifically.
Together, these refinery and case-control studies reported no
increased risks of laryngeal cancer and mixed (both positive
and null) results for lung, nasal, and respiratory cancers com-
bined. While it cannot be known whether positive results in
these studies of mixed or unknown exposures to different
forms of nickel can be attributable to metallic nickel specific-
ally, the null results provide support that metallic nickel, in a
mixture with other forms of nickel, did not increase the risk
of respiratory cancers.

As discussed above, cross-classification analyses of some
of the refinery studies have suggested that there is no evi-
dence that metallic nickel exposure increased lung cancer
risk (ICNCM 1990). Similarly, Easton et al. (1992) modeled
lung cancer risks for exposure to the different forms of nickel
for refinery workers hired in 1930 or earlier, finding no statis-
tically significant associations (p=0.10) with water-soluble
and metallic nickel. Even so, when the authors applied their
model to workers hired after 1930, lung cancers were sub-
stantially overpredicted in long-term workers, leading to the
conclusion that they may have overestimated risks from
metallic and water-soluble nickel and underestimated risks
from sulfidic and oxidic nickel. In a study investigating the
relationship between exposure to different forms of nickel
and lung cancer risk in nickel refinery workers in Norway,
Grimsrud et al. (2002) concluded that there was little (if any)

evidence of an association between metallic nickel exposure
and lung cancer. Overall, the results of the studies of mixed
exposures to several different forms of nickel are consistent
with the results of our main analysis that metallic nickel
exposure is not associated with respiratory carcinogenicity
in humans.

Our evaluation indicates that the epidemiology and
experimental animal studies of metallic nickel exposure do
not support an increased risk of respiratory cancers, and the
in vitro studies show some evidence for DNA strand breaks
and weak cellular transformation in various cultured cell
types, but no strong evidence for other genotoxic effects,
including mutagenicity. Direct genotoxicity requires nickel
ions from metallic nickel exposures to enter the cell nucleus
and interact with DNA. The particle size, respiratory toxicity,
clearance, cellular uptake, and dissolution of nickel particles
determine the bioavailability of nickel ions at the nucleus of
respiratory tract cells (Goodman et al. 2011). Compared to
insoluble nickel compounds that have been shown to induce
respiratory tract tumors in nickel refinery workers and experi-
mental animals (e.g. sulfidic and oxidic nickel compounds),
metallic nickel has a relatively high toxicity and an intermedi-
ate retention half-time in the lungs (Goodman et al. 2011).
Metallic nickel is not readily taken up by cells (Costa et al.
1981a, 1981b), though once inside cells, an increase in the
release of nickel ions from metallic nickel particles is possible
under acidic conditions. The lack of respiratory tumor induc-
tion in rats with inhalation exposure to metallic nickel (Oller
et al. 2008) indicates that the overall nickel ion bioavailability
must have been below the threshold for carcinogenicity,
even though lung cytotoxicity and inflammation were pre-
sent, indicating that they are necessary but not sufficient for
induction of lung tumors. The lung burden of nickel metal
powder at the MTD in this study was 6-fold higher than the
minimal lung burden resulting in respiratory tumors in rats
exposed chronically to nickel subsulfide (NTP 1996b); thus,
the low cellular uptake and intracellular dissolution of metal-
lic nickel may be the driving factors for its lack of carcinogen-
icity (Goodman et al. 2011).

Although the bioavailability of nickel ions in the nucleus
of respiratory tract cells is expected to be low after exposures
to metallic nickel, it is still possible that metallic nickel could
exert indirect genotoxicity through mechanisms that do not
require nickel ions to enter the nucleus. Several mechanisms
have been proposed, with some supporting evidence from
in vitro studies with various nickel compounds and metallic
nickel. These studies have limited relevance to humans, how-
ever, as there is no clearance in vitro, which can increase the
interaction of nickel particles with cell membranes or the
uptake of nickel particles into cells. The lack of carcinogen-
icity of metallic nickel in vivo (even in the presence of a high
degree of lung toxicity and inflammation) strongly suggests
that these mechanisms are only relevant in vitro and may not
be relevant in humans, making it highly unlikely that metallic
nickel is genotoxic by any mechanism.

Our analysis of the in vitro mechanistic evidence for metal-
lic nickel carcinogenicity highlights the importance of a sys-
tematic evaluation of the literature for mechanistic evidence
that considers the quality and RoB, as well as the relevance
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of each study, and is integrated with the human and experi-
mental animal evidence to support a causal conclusion.
Simply noting that a substance can induce certain changes in
cells that are consistent with mechanistic pathways associ-
ated with carcinogenesis or tumor progression does not pro-
vide strong evidence of carcinogenicity. An example of this is
IARC's "key characteristics of carcinogens" approach to evalu-
ating mechanistic evidence for carcinogenicity (Smith et al.
2016; Guyton et al. 2018). This approach involves a set of 10
characteristics that are common to known human carcino-
gens. If a study of a substance has a positive finding for one
of these characteristics, one may conclude that it supports
some level of evidence for that characteristic. Although
metallic nickel has been shown to have some of the 10 char-
acteristics in certain (mostly in vitro) studies (e.g. some types
of genotoxicity, induction of oxidative stress), it is not appar-
ent until one evaluates the quality and relevance of these
studies, and how they inform what is known from the human
and experimental animal evidence (and vice versa), that these
positive results do not support metallic nickel as a human
carcinogen (Goodman and Lynch 2017).

The evidence evaluated in this analysis was strong enough
to support metallic nickel as not likely to be a human respira-
tory carcinogen, but there are several areas for which add-
itional data would help improve our understanding of the
carcinogenic potential of metallic nickel. Genotoxicity of
metallic nickel in vivo is not well studied. Additional studies
of mutagenicity and genotoxicity in experimental animals
with inhalation exposures to metallic nickel could assess the
relevance of the in vitro results and/or explain the lack of
respiratory carcinogenicity observed in vivo with inhalation
exposures. Finally, the current epidemiology data are limited,
as most cohorts were exposed to several forms of nickel,
making it difficult to tease out the contribution of metallic
nickel to cancer risk. For cohorts exposed predominantly to
metallic nickel, the sizes of the cohorts were small and the
exposures were generally low, and there are no human data
at higher exposures.

Conclusions

We conducted a systematic review of the potential carcino-
genicity of metallic nickel, focusing on cancers of the respira-
tory tract. We evaluated the quality and RoB of the relevant
epidemiology, experimental animal, and in vitro mechanistic
studies and critically assessed whether metallic nickel should
be considered a human respiratory carcinogen. Our evalu-
ation of the epidemiology studies indicates that there is no
substantive evidence of increased respiratory cancer risk in
workers exposed predominantly to metallic nickel. The
experimental animal evidence indicates that metallic nickel
does not increase the incidence of respiratory tumors in
rodents exposed by inhalation. The in vitro studies have little
relevance to humans, as they bypass normal clearance mech-
anisms and do not consider the low bioavailability of nickel
ions from metallic nickel particles in the cell nucleus.
Nevertheless, the mechanistic evidence indicates that metallic
nickel can induce DNA strand breaks under certain conditions
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in vitro, but is not mutagenic, suggesting that the concentra-
tions of metallic nickel achieved in vivo are below the thresh-
old for DNA damage or that any DNA damage induced by
metallic nickel is repaired. After integrating the evidence
from all of these study types, we conclude that there is no
causal relationship between metallic nickel exposure and
respiratory cancer in humans.
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