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DISCLAIMER

This document does not condtitute policy for the Metd Finishing Association of
Southern Cdifornia, the U.S. Environmenta Protection Agency, or Hedth Canada. Mention of
trade names or commercia products does not congtitute endorsement or recommendation for
use.



FOREWORD

The purpose of this Toxicologica Review isto provide scientific support and rationde
for the hazard and dose-response assessment in IRIS pertaining to chronic exposure to soluble
nicke sdts. It isnot intended to be a comprehensve trestise on the chemica or toxicological
nature of soluble nickd sdts.

Funding for this assessment was provided by the Metal Finishing Association of
Southern California, Inc. (MFASC), by the U.S. EPA, and by Health Canada.

In Section 6, the authors have characterized their overal confidence in the quantitative
and qudlitative aspects of hazard and dose response. Matters consdered in this
characterization include knowledge gaps, uncertainties, quality of data, and scientific
controverses. This characterization is presented in an effort to make gpparent the limitations of
the assessment and to aid and guide the risk assessor in the ensuing steps of the risk assessment
process.

For other genera information about this assessment or other questions relating to the
document development, please contact the staff of Toxicology Excellence for Risk Assessment
(TERA) at 01-513-542-7475 (RISK), 01-513-542-8372 (TERA), 01-513-542-7487 (Fax
Line) or tera@tera.org (e-mail).
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1. INTRODUCTION
1.1 Background on the Risk Assessment Approach Used

This document presents background and justification for the hazard and dose-response
assessment for soluble nickel compounds, using methods developed by the U.S. Environmenta
Protection Agency (U.S. EPA).

The Reference Dose (RfD) and Reference Concentration (RfC) provide quantitative
information for noncancer dose-response assessments. The RfD is based on the assumption
that thresholds exist for certain toxic effects such as cdlular necross but may not exist for other
toxic effects such as some carcinogenic responses. It is expressed in units of mg/kg/day. In
generd, the RfD is an estimate (with uncertainty spanning perhaps an order of magnitude) of a
daily exposure to the human population (including sensitive subgroups) that islikely to be
without an appreciable risk of deleterious effects during alifetime. Theinhdation RfCis
andogousto the ora RfD. The inhadation RfC congders toxic effects for both the respiratory
system (portal-of-entry) and for effects peripherd to the respiratory system (extrarespiratory or
systemic effects). It is generdly expressed in units of mg/nt.

The carcinogenicity assessment provides information on the carcinogenic hazard
potentia of the substance in question and quantitative estimates of risk from ord exposure and
inhdation exposure. The information includes a weight-of-evidence judgment of the likelihood
that the agent is a human carcinogen and the conditions under which the carcinogenic effects
may be expressed. Quantitative risk estimates are presented in three ways. The slope factor
isthe result of application of alow-dose extrapolation procedure and is presented as the risk
per mg/kg/day. The unit risk isthe quantitative estimate in terms of either risk per Fg/L
drinking water or risk per Fg/m? air breathed. Another form in which risk is presented isa
drinking water or air concentration providing cancer risks of 1in 10,000; 1in 100,000; or 1in
1,000,000.

Development of these hazard identification and dose-response assessments for soluble
nicke sdts has followed the generd guideines for risk assessment as set forth by the Nationd
Research Council (1983). EPA guiddines that were used in the development of this
assessment may include the following: the Guidelines for Carcinogen Risk Assessment (U.S.
EPA, 19864a), Guidelines for the Health Risk Assessment of Chemical Mixtures (U.S.
EPA, 1986b), Guidelines for Mutagenicity Risk Assessment (U.S. EPA, 1986¢),
Guidelines for Developmental Toxicity Risk Assessment (U.S. EPA, 1991), Proposed
Guidelines for Neurotoxicity Risk Assessment (U.S. EPA, 1998c), Proposed Guidelines
for Carcinogen Risk Assessment (U.S. EPA 1996a), and Reproductive Toxicity Risk
Assessment Guidelines (U.S. EPA, 1996b); Recommendations for and Documentation of
Biological Valuesfor Usein Risk Assessment (U.S. EPA, 1988); (proposed) Interim Policy



for Particle Sze and Limit Concentration Issuesin Inhalation Toxicity (U.S. EPA,
1994a); Methods for Derivation of Inhalation Reference Concentrations and Application
of Inhalation Dosimetry (U.S. EPA, 1994b); Peer Review and Peer Involvement at the
U.S Environmental Protection Agency (U.S. EPA, 1994c); Use of the Benchmark Dose
Approach in Health Risk Assessment (U.S. EPA, 1995b); Science Policy Council
Handbook: Peer Review (U.S. EPA, 1998a); and texts explaining the Reference Dose (RfD)
(Barnes and Dourson, 1988; Dourson, 1994) and memorandum from EPA Adminigtrator,
Carol Browner, dated March 21, 1995, Subject: Guidance on Risk Characterization.

The literature search strategies employed for this compound were based on the
CASRN and & least one common name. At aminimum, the following databases were
searched: RTECS, HSDB, GENETOX, TOXLINE, CANCERLINE, MEDLINE, and
MEDLINE backfiles.

1.2 Regulatory Background on Soluble Nickel

Severd texts have been developed for the risk assessment of nickel compounds. Each
of these texts has a different focus. For example, atext entitled “Toxicologica Profile for
Nicke (Update)” was prepared by Agency for Toxic Substances and Disease Registry
(ATSDR, 1997) for the purpose of protecting public heath from exposures to toxic substances
at hazardous waste Stes. ATSDR looked at exposures and toxicity for avariety of nicke
compounds, both soluble and insoluble, for 3 different exposure durations and two routes of
exposure. ATSDR sat aMinima Risk Level (MRL) of 2 x 10 mg Ni/m? for the chronic
inhalation exposure to soluble nickd sdts. Other MRLS were not derived.

A text entitled “Nicke and Its Compounds’ was prepared by Hedth Canada under the
Canadian Environmental Protection Act (Health Canada, 1993). Thistext looked at exposures
to nickd for Canadians and their environment, and a the toxicity to experimentd animds and
humans for a number of exposure routes and durations. Tumorigenic Doses at the 5% leve
(TDysS) Were estimated for total nickel between 0.04 and 0.98 mg Ni/m for lung cancer
studies in humans and between 0.21 and 62 mg Ni/n?® for nasal cancer sudiesin humans.
Soluble nickel was not addressed separately.

A risk assessment for the chronic ora exposure of soluble nickd [i.e., a Reference
Dose (RfD)] was prepared by U.S. Environmenta Protection Agency (U.S. EPA), verified
7/16/87, and is available on its Integrated Risk Information System (IRIS) (U.S. EPA, 1998b).
The vaue of the RfD is 2 x 10?2 mg Ni/kg/day. A Reference Concentration (RfC) was not
developed, nor was arisk vaue for potential cancer effects etimated for either route of
exposure. U.S. EPA has also developed risk values for severa insoluble forms of nicke (U.S.
EPA, 1998D).



The Office of Environmenta Hedlth Hazard Assessment (OEHHA) of Cdifornia's
Environmental Protection Agency prepared arisk assessment for nicke in 1991 (CaAEPA,
1991). This assessment evaluated cancer and noncancer effects, but provided quantitative risk
vaues only for cancer. The unit risk and dope factor for nickel compounds were 2.6 E-4 (Fg
Ni/m?)™ and 9.1 E-1 (mg Ni/kg/day) ™, respectively. The corresponding air concentration or
ora dose associated with an upper limit lifetime excess cancer risk of 1 x 10° (i.e, onein one
million) is ~ 4 E-6 mg Ni/m?, or 1 E-6 mg Ni/kg-day, respectively. The assessment
consdered whether different forms of nickd differ in hedth effects. The document concluded
(p. 143) that

“Congderation of target organ doses suggests that, even if soluble nicke sdts
were carcinogenic by inhaation, their potency would likely be lower than for
the insoluble nickel compounds.  This follows from the fact that soluble nicke
sdts gppear to have alower intracdlular bioavailability than insoluble forms
(See Section 7.1.4).

“On the bagis of the above consderations regarding the genotoxicity and
carcinogenicity of various nickd compounds, it is protective of public hedth to
caculate the human cancer risks from inhaation of nickel compounds by
estimating the total concentration of nickel compounds and using the potency
estimate derived from the Ontario refinery study.”

Therefore, they determined not to speciate nickel compoundsin the course of their identification
as Toxic Air Contaminants. This cancer assessment was resffirmed in the Draft Air Toxics Hot
Spots Program Risk Assessment Guidelines: Technical Support Document for Describing
Available Cancer Potency Factors (CAEPA, 19974). Noncancer quantitation has been
prepared more recently, in the Draft Technica Support Document for the Determination of
Noncancer Chronic Reference Exposure Limits (CAEPA, 1997b). Thistext developed a
chronic Reference Exposure Level (REL, similar to EPA’s RfC) of 5 E-5 mg Ni/m? for nicke
compounds, based on lung histopathologica changesin maeratsin the NTP (1996a) study,
using an uncertainty factor of 30.

An occupationd Threshold Limit Vaue (TLV) for soluble nickd was prepared by the
American Conference of Government and Industria Hygienists (ACGIH) (ACGIH, 1998).
The TLV-TWA (time-weighted average) is listed as 0.1 mg Ni/m?, asinhaable nickel
particulate. The cancer classification for soluble nickel compoundsis A4, not classfiableasa
human carcinogen. The TLV-TWA for elemental/meta nickel was 1.5 mg Ni/n, and the
TLV-TWAs of insoluble nickel compounds were 0.2 and 0.1 mg Ni/n, respectively. All of
the TLVsarein terms of inhdable nickd particulate. The cancer classfication of
elementa/metal nicke is A5 (not suspected as a human carcinogen), and of insoluble nicke
compounds and nickel subsulfide is A1 (confirmed human carcinogen). TLVs are intended for



use in the practice of industrid hygiene as guiddines and are not intended to be used in the
evauation or control of community air pollution. TLVsare bdieved to be levels to which nearly
al workers may be repestedly exposed day after day without adverse hedlth effects.

A text entitled "Occupational Exposure Limits Criteria Document For Nicke and
Nickel Compounds' was prepared by the Nickel Producers Environmenta Research
Asociaion (NIPERA) (NIPERA, 1996). This document mainly focused on the industria use
of nickel compounds and occupationa exposure to nickd, and evauated the risk of inhdation
exposure to nickel compounds. For soluble nickel compounds, the NiPERA document
recommended that the 8-hour Time Weighted Average (TWA) Occupationa Exposure Limit
(OEL) be st a 0.1 mg Ni/m?. The authors aso stated that soluble nickel compound should be
classfied as a Category 3 (substances for which thereis cause for concern owing to possible
carcinogenic effects, but for which there isinadequate information). This OEL was based on
epidemiologica studies reporting an increased risk of lung and nasal cancer associated with
exposures to soluble nickel compounds primarily a levels >1 mg Ni/m?. Carcinogenic effects
of insoluble nickel were aso assessed. NiPERA (1996) did not suggest any noncancer
inhalation risk values, or any cancer or noncancer ord risk values for soluble nickel
compounds.

An evduation of the potential cancer risk of selected nickel compounds has aso been
developed by Oller et d. (1997). These authors propose a mechanistic mode to relate the
carcinogenicity of various nickel compounds to either direct or indirect heritable changes
induced by nickel compounds, or to the promotion of cdl proliferation dicited by certain nickel
compounds. They conclude that nickel subsulfide islikely to be carcinogenic to humans; that
nickel sulfate hexahydrate is not likely to be carcinogenic to humans, dthough it may enhance
the effect on the carcinogenicity of insoluble nickd compounds; and that green nickel oxide may
only be carcinogenic to humans a high doses that result in chronic inflammation.

The purpose of the current document is to present a toxicologica review and dose
response assessment of soluble nickel salts in light of new studies that show differencesin the
toxicity of different nickel compounds[e.g., National Toxicology Program (NTP), 1996a,
1996h, 1996¢]. Sedected occupationa studies of mixed soluble and insoluble nickel exposures
are dso reviewed in detall in an attempt to digtinguish the toxicity between these forms.
Although this document focuses on soluble nickd sdts, some mechanigtic and kinetic data for
insoluble nickel compounds are aso presented in order to address differencesin results of
gudies with the different compounds. Risk vaues for noncancer toxicity of soluble nickd sdts
after chronic exposures viathe ord or inhaation routes are derived. The carcinogenic potential
of soluble nickel sdtsviathe inhdation and ord routesis aso assessed.

2. CHEMICAL, PHYSICAL AND OCCUPATIONAL EXPOSURE INFORMATION
RELEVANT TO ASSESSMENTS



2.1 Chemical and Physical Properties

Nickd isagroup VIII trangtion metal. Although it can exist in severd different
oxidation gates, the only important oxidation state under environmenta conditionsis Ni+2.
Physica properties of nickel compounds for which toxicity data are available are presented in
Table1l. Asnoted in thetable, nickel subsulfideisinsoluble in water, but somewhat solublein
biological fluids (Benson et d., 1994; Oller et d., 1997). Asusad in this document, “insoluble
nickel compounds’ refers to solubility in water, and includes nickel subsulfide. Furthermore,
unless otherwise pecified, “insoluble nickd” refersto insoluble nickel compounds, not metallic
nickel.

Nicke is used with other metals to form dloys to make such items as coins, jewdry,
valves, heat exchangers, and stainless sted. Nicked dloysimpart corrosion resistance, hest
resistance, hardness and strength. Nickel compounds are also used to color ceramics, in
batteries, and as catalysts (ATSDR, 1997).

Table 1. Physical Properties of Soluble Nickel Compounds and Some Insoluble Nickel
Compounds Relevant to the Assessment?

Name Formula CAS MW Solubility in water (g/100 ml)
(Superscript is temperature, EC)

Nickel Ni(BF,),.6H,0 | 14708-14-6 | 340.42 Soluble
FHuoroborate
Nicke Ni(SH,NO,),4H,0 | 13770-89-3 | 322.95 Soluble
Sulfamate
Nicke Ni(CHO,),.2H,0 3349-06-2 | 184.76 Soluble
Formate
Nickd Nitrate Ni(NO;), 6H,0O 13138-45-9 | 290.79 238.5°
Nicke NiCl, 7718-54-9 | 129.60 64.2%°, 87.6'%
Chloride
Nicke NiCl, -6H,0 7791-20-0 | 237.69 25420 599100
Chloride
Hexahydrate
Nicke Sulfate NiSO, 7786-81-4 | 154.75 29,30 87.30




Name Formula CAS MW Solubility in water (¢/100 ml)
(Superscript is temperature, EC)

Nickel Sulfate NiSO, 6H,0 10101-97-0 | 262.84 65.5°, 340.7'%
Hexahydrate
Nickel Acetate Ni(CH;CO,), 373-02-4 | 176.80 17%°
Nickel Acetate | Ni(CH;CO,),.6H,0O | 6018-89-9 | 248.9 Soluble
Tetrahydrate
Nickel Ni(NH,),S0,.6H,0 | 7785-20-8 | 395.00 2.5% 39.2%
Ammonium
Sulfae
Nickel Fluoride NiF, 10028-18-9 | 96.69 4%
Nickel Ni(OH), 12054-48-7 | 92.70 0.013
Hydroxide
Nickel NiCO, 333-67-3 | 118.70 0.0093%*
Carbonate
Nickd Sulfide NiS 16812-54-7 | 90.75 0.00036'®
Nickel Ni;S, 12035-72-2 | 240.19 Insoluble?
Subsulfide
Nickel Oxide NiO 1313-99-1 | 74.69 Insoluble
Nickel Ni 7440-02-0 58.7 Insoluble

Y nformation was obtained from Lide (1992), NiPERA (1996), ATSDR (1997).
Relatively solublein biological fluids (Benson et al., 1994; Oller et al., 1997).

2.2 Exposureto Nickel

Exposure to nickd can be through air, water or food. The following discussion presents
typica exposure and intake from air, water, and food, and presents al of the datain common
units. ATSDR (1997) states that average nickel concentrations in ambient air of U.S. cities
range from about 5 to 50 ng Ni/m?, leading to an average inhalation of about 1 E-6to 1 E-5
mg Ni/kg body weight/day (assuming 20 m?® breathed per day for a 70 kg person, and assuming
dl inhaded nickd isdeposited). Dally average intakes from water fal in therange of 2 Fg
Ni/day (or an intake of about 3 E-5 mg Ni/kg/day for a 70 kg person). Average daily intake of
nicke infood is much larger a ~170 Fg Ni/day (or an intake of about 2 E-3 mg Ni/kg/day
assuming a 70 kg person). It isdifficult to compiledl of these various intakes into a composite
value, however, because of the known differences in absorption between these routes and




media (as discussed in Section 3.1). However, some perspective can be provided by noting
that humans absorb nearly 40 times as much nickd from water under fasting conditions as they
do from food (Sunderman et d., 1989) (direct food versus water comparisons are not available
for unfasted conditions).

Exposures in Canada closdy match the U.S. values. For example, Hedth Canada
(1993) datesthat average nickel concentrationsin ambient air of Canadian citiesrange from 1
to 20 ng/n?, leading to an average inhaation of about 3 E-7 to 9 E-6 mg Ni/kg/day for different
age groups. Average concentrations in drinking water fal in therange of 0.2to 7.2 Fg/L,
leading to intakes of 4 E-6 to 8 E-4 mg Ni/kg/day for different age groups (Hedth Canada,
1993). This group aso Sates that average daily intake of nickel in food is much larger, at about
4 E-3to 2 E-2 mg Ni/kg/day for different age groups.

2.3 Occupational Exposureto Nickel

Occupationd studies play akey role in the determination of the risk of cancer in humans
from exposure to soluble nickel compounds. Use of the occupationa studies for quantitation of
arisk vaue, however, requires that the reported exposure data provide an accurate reflection
of the concentration of soluble nickel available to reach the target tissue.

Because the reliability of much of the epidemiology detais related to the accuracy of the
corresponding exposure assessments, an understanding of the issues related to exposure
assessment for nickel workersisimportant. The following section describes work activities
related to nickel exposure, the relative predominance of different nickel species, and exposure
assessment issues related to the epidemiology literature for nickel. These issues are described
in greater detail in Appendix C.

The report of the Working Group of the International Committee on Nicke
Carcinogenesisin Man (ICNCM, 1990) includes estimates of worker exposure and nickel
speciation, based on some minima monitoring, as well as worker recall and process
information. Theinitia processes that involve handling and purification of nickd-containing
ores, such as mining, milling, and smdting operations typicaly involve higher exposuresto
insoluble than soluble nicke compounds (Warner et d., 1984). Theratio of soluble to insoluble
nickel increases at later stages of refining. Nickd refineries often employ a purification process
cdled dectrowinning, or dectrolytic refining. This processinvolves purification of crude nicke
in an dectrolytic bath containing soluble nickd sdts. Appropriate eectrolytic conditions require
congtant mixing of the bath, which is usualy accomplished by bubbling air through the solution.
The agitation of the solution generates aerosols of soluble nickd sdts that can enter the plant
environment and result in worker exposure. Metd finishing operations, such as eectroplating
and dectroless plating, involve deposition of pure nickel onto aworkpiece through asmilar
process as used in dectrowinning. In both dectrowinning and nickd plating, Smilar solutions of



soluble nickd sdts are used, and the aerosolization of the soluble nickd sats accounts for the
high soluble nickd exposures rdative to insoluble forms. For example, in dectrowinning
operations, soluble nickel has been reported to congtitute from 86% to 99.7% of the total
nicke content of air samplesin various areas of an dectrowinning facility (Kiilunen et d.
19973). Soluble nickel dso predominates in dectroplating shops, with the percent soluble
nicke ranging from 18% to 100% reported for three Finnish shops (Kiilunen et d., 1997b) and
63.7% and 90.3% for two American shops (Tsai et d., 1996).

In addition to knowledge of the primary form of nicke present in the environmert,
estimating the potential tissue doses aso requires knowledge of the air sampling method
employed to estimate the worker exposure. Different sampling methods were used in different
sudies, and the implications for estimating exposure have to be considered. For example, in
many cases, area samples are reported, which do not necessarily correlate well with persona
exposure data. For this reason, personal monitoring data are preferred. Even when persona
exposure monitoring was done, however, the variability was often large and the number of
samplesinaufficient to characterize typical worker exposures. In many cases, mean exposure
levels were presented, stratified by job categories or work aress.

Thetypicd air sampling techniques do not differentiate among nickel species or particle
szedigributions. The particle Sze sdlectivity of the air sampling method dso plays akey rolein
edtimating the tissue dose, since the particle Size largdly determines whether a particle entersthe
respiratory tract and how far it penetrates. In the case of soluble nickd, the industrid hygiene
data were generdly collected for the “totd,” or inhalable particulate fraction, in light of the
concerns for arole of soluble nickd in the development of lung, nasd cavity, and somach
cancers. The sampling methods that were used in the different nickel studies, however, do not
collect the entire inhdable fraction with equa efficiency. Inhdable particulate samplers
generdly collect a greater particle mass than a"tota" dust sampler placed in the same
environment, with greeter disparity occurring for large particles (Werner et d., 1996).
Exposures measured with “total” particulate samplers can be converted to the equivalent
inhdable particulate concentrations by multiplying by a default ratio of 2.0, which istypica of
mists (Werner, et d., 1996).

2.4 Nickel Speciation: Relevance to Exposures Through Water

Nickel carried in water can occur as particles of insoluble compounds or in true solution
asnickel ion (Ni"). However, in agavage study, it was found that absorption was less than
1% when rats were administered nickd in the insoluble forms of nickdl oxides, nickd subsulfide
or metdlic nickel, while 9.8-33.8% was absorbed by rats administered soluble forms of nicke
(Ishimatsu et d., 1995). Therefore, ingestion of insoluble nickel would not be expected to
contribute sgnificantly to nickd toxicity. Asdescribed in Section 4, animd toxicity studies and
human clinical studies involved exposure to defined soluble nickel compounds, such as nickel



chloride, nickel sulfate, or nickel acetate. In these cases, the animals were exposed to the
dissociated divalent nickd cation and its accompanying anion. All dosesin this report were
cdculated in terms of the amount of nickdl. By contrast, nickd concentrations in finished
drinking water consumed by the generd public are typicdly evaduated in terms of tota nicke.
EPA test methods permit the differentiation of soluble and insoluble nickd by filtration of the
sample through a 0.45 m filter, but available reports do not usudly state whether this extra step
wasincluded. If the nickd concentration in adrinking water sample is measured using a
technique that combines both soluble and insoluble nickel compounds, the risk due to the nicke
content will be overestimated, since insoluble nickel compounds appear to have alow toxicity

by ingegtion.
3. TOXICOKINETICSRELEVANT TO ASSESSMENTS

Absorption of soluble nickdl from the lungsis rapid and extensive. Absorption of
ingested nickd isless extensve, and is lower when nickd is administered in food than when it is
administered in water. Absorbed nicke by either route israpidly distributed to the kidney and
lung, but does not accumulate in the body to asignificant extent. Elimination of absorbed nickel
is predominantly by the urinary route.

3.1 Absorption

Soluble nickel sdlts can be absorbed after either inhdation or ingestion exposures.
Anima dudies suggest that the most of intratrachedly ingtilled soluble nickel is absorbed rapidly
into the body. Although absorption of inhaled nickel has not been quantified, the absorption
kinetics following inhalation exposure would be expected to be smilar to the kinetics of
intratrachedly indtilled nickdl. In contrast, asmaller proportion of ingested soluble nickd is
absorbed even by fasting subjects; the presence of food in the gastrointesting tract further
decreases nickel absorption.

3.1.1 Inhaation

Data on nickd absorption are available for both humans and animals. Among the nicke
compounds studied, soluble nickd sdts (e.g., nickel sulfate and nickel chloride) were more
readily absorbed after inhalation exposure than were less-soluble nickel compounds (nickel
subsulfide) and insoluble nicke (nickel oxide). Both anima studies and studies of occupationa
exposure indicate that inhaled soluble nickd salts are absorbed, based on increases in serum
and urine nickel levels shortly after exposure. More quantitative data are available from anima
sudies than from human studies.

Like dl inhaled particulates, inhded nickd particles are deposited in the upper and
lower respiratory tract and are subsequently ether absorbed or cleared from the lung. The



region of particle depogtion is determined by the particle sze. In humans, large particles having
an aerodynamic diameter of 5to 30 Fm are mainly deposited in the nasopharynged region by
interception and impaction. Smaller particles having an aerodynamic diameter of about 2.5t0 5
Fm pass through the nasopharynged region and are deposited in the tracheobronchia regions
by sedimentation. At particle Szes smdler than about 4 Fm, depogtion in the termind airways
and dveoli becomesincreasingly important. At particle szes smaler than about 0.5 Fm,
deposition is primarily by diffuson and eectrodtatic precipitation (U.S. EPA, 1994b). In
addition to the particle size, the breathing pattern can aso affect the pattern of particle
depogition. No information on particle Sze distributions for occupationa exposure to soluble
nickd satswaslocated, and so the deposition pattern of soluble nickd in the lung after
occupationd exposure is unknown.

Several human studies indicate that exposure of eectroplating workers to soluble nicke
sdtsresultsin nicke absorption. In studies on ectroplating workers (workroom air
concentrations ranging from 0.03 to 0.16 mg Ni/n?), the urinary and plasma nickel
concentrations were higher in pogt-shift samples than in pre-shift ones, and a close postive
correlation was found between the air nickel concentrations and the urine and plasma nicke
concentrations (Tolaet d., 1979; Bernacki et d., 1980; Ghezzi et d., 1989). When the nickel
concentration in eectroplating workers urine was measured before, in the middle, and at the
end of thework shift, urinary nicke concentration increased over the course of aregular
working day (Bernacki et a., 1980).

Workersin nickd roasting/smelting are exposed to less-soluble nickel compounds
(such as nickd subsulfide and nickd oxide). Although these compounds are less soluble, they
are also absorbed, as evidenced by elevated nickdl concentrations in the plasmaand urine of
exposed workers. These less-soluble compounds were absorbed less efficiently than the
soluble nickd salts, snce workers exposed to nickel subsulfide and nickel oxide had lower
plasmaand urinary nickel concentrations than workers exposed to lower concentrations of
soluble nickd. The haf-life of nickdl release from the nasdl mucosawas estimated to be about
3.5 years, dthough there is consderable uncertainty in this estimate. By contrast, higher nickel
concentrations in nasal mucosa resulted from exposure to nickel subsulfide and nickel oxide
than from exposures to soluble nickd, indicating that the lower plasma levels result from
reduced clearance from the lung, rather than from reduced deposition (Torjussen and
Andersen, 1979). No other quantitative human data on the amount and rate of absorption are
avalable

The limited available quantitative data from anima studies indicate that clearance of
inhaled soluble nicke is rapid and extensive. Benson et d. (1995) measured clearance of
inhaed radiolabeled nickd sulfate (°NiSO,) in rats and mice that dso were exposed via
inhaation to unlabeled nickd sulfate for 2-6 months. In rats, gpproximately 99% of the inhded
nickel had a haf-time for clearance from the lung of 2-3 days, the rest of the deposited materia
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cleared over an indefinitdy long period. In mice, the hdf-time for the initia phase was fagter,
but accounted for less of the materid. Approximately 80-90% of the materid cleared with a
haf-time of lessthan 1 day, and the half-time for the rest of the materid was 5-17 days.
Although nickel levelsin blood and urine were not measured, it islikely that most of the
clearance was via absorption, rather than clearance of particulates (since the particulates
formed from soluble nickd aerosols rapidly dissolve once they are deposited in the respiratory
tract), and thus the clearance rates give some indication of likely absorption kinetics.

Benson and colleagues a so evauated the absorption and clearance of inhaed nickel
subsulfide and nickel oxide (Ni,S,, ©NiO) (Benson et a., 1994; Benson et al., 1995). They
found that inhaed nicke subsulfide had arelaively rapid clearance hdf-time of 4 days. Thus,
dthough nickd subsulfide is nearly insoluble in water, it is dissolved rgpidly in the lung, and
behaves like ardatively soluble particle. By contrast, nickel oxide was dowly cleared from the
lungs, with a hdf-time of gpproximately 120 days. The differences between these clearance
times and those of Torjussen and Andersen (1979) may reflect the considerable uncertainty in
the human study, the differences in respiratory region (nasd vs. lung), or they may reflect actud
interspecies differences.

More data are available from intratrached indtillation studies, which indicate that soluble
nicke sdtsarerapidly and extensively absorbed from the respiratory tract in animas. In Wigtar
rats, intratrached indtillation of nickel chloride (5.9 Fg Ni in form of ®NiCl,) resulted in rapid
absorption from the lung and distribution of nickd throughout the body, followed by rapid
elimination of nickel from the body. In most tissues, the concentrations of nickd at 0.5 hour
after indtillation were the highest of the study, indicating that significant absorption had occurred
within that time period. By the third day, rats had excreted an average of 70% of the ingtilled
nicke (English et d., 1981).

In another study (Carvalho and Ziemer, 1982), rapid absorption of nickel after
intratrached injection of Sprague-Dawley rats with nickel chloride (1.27 Fg Ni/rat in the form
of ®NiCl,) was also observed. Nicke in blood was increased 35 minutes after the injection,
with smaller increases observed at day 1 and day 3. By days 7 and 21, Ni was not detectable.
Within one day of dosing, 72% of theinitid body burden was diminated in the urine, and 78%
was diminated within 3 days. By day 21, an average of 96% of theinitial body burden was
excreted by the urinary route. The excretion viathe feca route accounted for only 3% of the
initid burden from day 1 to day 21. These data show that only a smdl percentage of the
indtilled nickd was removed by mucocilliary clearance and excreted in the feces, while most of
the nickd was absorbed. This experimental design could not distinguish between nickel
absorbed from the lungs and nickd cleared from the lungs, swalowed, and absorbed from the
gadrointesting tract, but gastrointestingl aosorption of soluble nickd islow, as described in the
next section.
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Rapid absorption of injected soluble nickd salts was also seen in guineapigs.
Intratrached indtillation of 1 mg Ni in the form of NiCl, caused arapid increase in the nickel
levelsin severa organs. The nickel concentration measured as radioactivity in kidney, lung, and
other tissues was determined, and the highest tissue concentration was observed a 6 hours
after the indtillation. The nickel concentration was decreased at 24 and 72 hours after
indillation (Clary, 1975).

The amount of nickel absorption also depends on the exposure level. When rats were
given 17, 190, or 1800 nmoles (1, 11, or 106 Fg) nickd as nickd sulfate (*3NiSO,) by
intratrached indtillation, the nickel concentration measured as radioactivity in blood was highest
4 hours after theindtillation, with blood levels decreasing a 24 and 96 hours after indtillation.
Urinary excretion accounted for 54%, 56% and 82% of the low, mid, and high doses,
respectively, while the corresponding amounts of the administered dose in the feces were 31%,
26%, and 13% (Medinsky et d., 1987). In addition, the absorption and clearance hdf-time
was shorter a the higher doses. Thus, both the extent and rate of absorption and clearance
were higher at the higher doses. The study authors attributed the dose-related changesto a
decreased percentage of nickel binding to lung proteins at the higher dose, and thus alarger
percentage that was available for clearance by diffusion of nickd ions. A possible implication
of thisfinding isthat anima inhaation experiments conducted at high exposure levels would be
expected to under estimate the lung burdens of people exposed at lower levels, where the
relaive rate of clearance and absorption is greeter. However, thisisnot likely to be an issue
for the interpretation of the 2-year bioassay of NTP (1996a), since the maximum lung burden in
that study was lessthan 5 Fg/lung.

3.1.2 Ord

Data from both animals and humans show that only asmall proportion (1- 27%) of
ingested soluble nickel sdts is absorbed; the rest is excreted in the feces (Diamond et dl.,
1998). Aswith theinhdation route, absorption of ingested nickd is evaluated by measuring its
concentration in serum and urine. Ingested nickd reaches the serum rapidly; the mean trangt
time of the meta from the lumen of sdine-perfused jgunum in therat to porta blood is much
shorter than that of cadmium and is gpproximately only 3 minutes (Foulkes and McMullen,
1987). After continuing exposure, serum leves reach a maximum within 25 to 3 hours. The
maxima urinary excretion occurs within 8 hours. The degree of absorption of ingested nicke
absorption is higher when given in water than in food.

Ingestion of nickel ether in food or on a nonfasted stomach decreases the extent of
absorption. Diamond et a. (1998) used a biokinetic moded to estimate nicke absorption,
based on experimentd data from Christensen and Lagesson (1981), Menne et d. (1978), and
others. These results are summarized in Table 2, and show that estimated nicke absorption
ranged from 12-27% of the dose when nickdl was ingested after afadt, to 1-6% when nickel
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was administered ether in food, in water, or in a cgpsule during (or in close proximity to) a
med. When fasting subjects ingested nickel sulfate in water, 27% of the dose was absorbed,
but nickel absorption in fasting subjects decreased to 0.7% when the nickel sulfate was given
with food (Sunderman et d., 1989). Data of Christensen and Lagesson (1981) show that
5.7% of the nickel dose [as estimated by Diamond et a. (1998)] was absorbed after nonfasting
subjectsingested nickd sulfate. The results of Solomons et a. (1982) aso showed that food
inhibited nickel absorption. When fasting subjects ingested nickd sulfate in weter, the nickel
concentration in plasma was eevated while no increase in plasma nickel concentration was
observed when nickdl was administered with food. The plasma nickel concentration incressed
when the nickel was administered in Coca-Cola™, but the increase was diminished when
nicke was given with whole cow’s milk, coffee, tea, or orange juice. Thus, food and beverage
intake can sgnificantly affect absorption of ingested nickd sats. Nidsen et d. (1999) found
that the peak serum concentration was 13-fold higher when nickd was ingested prior to amed,
compared to when it was ingested with amed. Absorption in women was less than that in
men, and the authors suggested the difference was due to differences in gastric emptying rates.
Absorption measured in agroup of nicke-sengitized women did not differ from that in control
women.

Severd human studies with soluble nickd sdts dso demondtrated that the rate of
absorption after ingestion is rapid (see Table 2). Ingestion of nickd sulfate led to increased
nickel concentrations in serum within 1 hour and peeking 1-3 hours after ingestion (Christensen
and Lagesson, 1981; Nidsen et d., 1999; Solomons et d., 1982; Sunderman et d., 1989).
Thisrapid absorption led to increased urinary nickd levelswithin 24 hours (Hindsen et .,
1994), with maximd urinary nickd excretion occurring within the first eight hours after ingestion
(Christensen and Lagesson, 1981).

Rapid nickel absorption was adso observed in anima studies. When non-fasting
Fischer-344 rats were dosed by oral gavage with nicke chloride (3NiCl,), the peak urinary
nickel concentration measured as radioactivity was a 4 hours after dosing. The study showed
that regardless of the quantity of nickd given ordly, the animas diminated the entire amount
within 48 hr. About 3-6% of the nickel dose was excreted in the urine, while the unabsorbed
nickel was eliminated in the feces (Ho and Furgt, 1973).

The absorption of nicke compounds administered oraly is closely related to the
solubility of the compound. Mae Widtar rats were administered a Single dose of anon-
radiolabeled nickd compound (10 mg Ni in the form of NiSO,, NiCl,, Ni(NO),, Ni;S, or
NiO) in 5% starch sdline solution by gavage, and the absorption and distribution of nickd were
determined. Nicke absorption was much higher for the soluble nickel compounds nickel
sulfate, nickel chloride, and nickel nitrate (11%, 9.8%, and 34%, respectively), compared to
0.47% for dightly soluble nicke subsulfide and 0.01% for insoluble green nickd oxide.
Comparison with the solubilities shown in Table 1 for these compounds shows thet the relative
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percent absorption correlates with the solubility of the different compounds. Similarly, nicke
organ levels were higher in rats given soluble nickd compounds [Ni(NOs),, NiCl,, or NiSO,]
than in rats recelving insoluble compounds (Ishimatsu et d., 1995).

3.2 Distribution

Nicke tissue distribution in animals does not gppear to depend sgnificantly on the route
of nickd adminidration. Inhaded nickd israpidly dissolved and distributed to extrarespiratory
tissues, whereits digtribution is Smilar to that of ingested nickdl. Low levels of accumulation in
tissue are observed (generdly <1 ppm), but the increases in tissue levels that are observed
occur rapidly. A primary Ste of devated tissue levelsisthe kidney. In addition, elevated
concentrations of nickel were often found in the lung, even &fter ord dosing, and in theliver.
Elevated nickd levels are less often found in other tissues.

3.2.1 Inhdation

Limited information exists on nicke tissue didiribution in humans after inhaation.
Autopsy digtribution data are only available for lung tissues and not other internd organs. Other
human digtribution data for inhaed soluble nickel only address tissues that can be sampled less
invasively (eg., blood, hair). Anima studies show that inhded soluble nickd sdts primarily
digribute to the lung and kidney, with some digtribution to the liver and other tissues.

Elevated nicke concentrations have been observed in the lungs of workers
occupationally exposed to nickel, presumably due to deposited nickel that has not been cleared
or absorbed. Elevated nickel levelsin nasa mucosa, blood, and hair have aso been observed
after nickel inhdation. Conggtent with the observation that inhded nickd is deposited in the
nose and lungs, and that clearance correlates with solubility of the nickel species, workers
exposed to soluble nickd compounds had devated nickel levelsin the nasa mucosa, and higher
levels were observed in workers exposed to less-soluble nickel compounds (Torjussen and
Andersen, 1979). Among manufacturing workers occupationaly exposed to nickd sdts
(species was not stated) by inhalation, the blood plasmanickel concentration was more than
five timesthat in controls, and the nickel content of scalp hair was approximately ten times
higher than norma (Spruit and Bongaarts, 1977).

Nicke tissue digtribution after exposure was investigated in more detall in animal
gudies. Tissuelevesfollowing inhdation of soluble nickd were generdly low, with the nickel
digtributing primarily to the lung and kidney (Table 2). Lung levelsfollowing inhaation exposure
to unlabeled nickd sulfate for 2 years were much lower than following exposure under smilar
conditions to nickel subsulfide or nickel oxide (NTP, 19963, 1996b, 1996¢). Most of the
sudies of the distribution of inhaled radiolabeed soluble nickel compounds showed that nickel
concentrations were highest in the lung, followed by the kidney (Carvalho and Ziemer, 1982,
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English et d., 1981; Medinsky et d., 1987). However, one study found a dightly higher nickel
concentration (based on radioactivity levels) in the kidney than in the lung 6 hours and 24 hours
after intratrached indillation, athough the nicked level in the lung was higher 72 hours after
exposure (Clary, 1975). The devated kidney levels at the earlier time points appear to be due
to experimentd variability. Other studies (Carvaho and Ziemer, 1982; English et ., 1981,
Medinsky et d., 1987) found much lower nickd levelsin other tested tissues, such asthe
ovaries, testes, skin, pancress, spleen, adrends, pituitary, liver, and heart. Thus, the animal
dudiesindicate that nickd primarily digtributes to the lung and kidney with relatively higher
concentrations in the lung shortly after exposure.

NTP (19964) reported on the lung and kidney burdens of nickel among rats and mice
that were exposed by inhdation to nickel sulfate for 16 days, 13 weeks, 7 months, and 15
months. Inrats, lung burdens of nickd tended to increase with exposure leve, particularly in
the 13-week and longer sudies. Thus, some degree of tissue accumulation occurred, even with
this rather soluble nicke compound. Measurable lung burdens were reported in mice a the
high concentration in the 13-week study, but not at lower exposure levels, or inthe 7- or 15
month studies. In rats, kidney levels showed some tendency to increase with exposure
concentration or duration, but the results were highly variable and not gatisticaly different from
background levels. Kidney levelsof nickd in micein the 7- and 15-month studies were not
elevated above background levels.

Lung levels of nickd were higher in rats and mice exposed by inhdation to nickel
subsulfide or nickd oxide (NTP, 1996b, 1996¢). Lung burdens were much higher following
exposure to nickel oxide than to smilar concentrations of nicke subsulfide, condggtent with the
dight solubility of nickel subsulfidein biologicd fluids. (The NTP studies only looked at tissue
burdensin the lung and kidney.) The solubility of the nicke compound aso affectsthe
distribution of inhaled nicke to tissues beyond the portd of entry. English et d. (1981)
evauated the digtribution of nickd in rat tissues 0.5 hours after an intratrached injection of
soluble #NiCl, or insoluble NiO. In both cases the lungs and mediatind lymph nodes had
the greatest concentration (radioactivity) of nickd. In the animastreated with NiCl,, the kidney
had the next greatest amount (Ni/g wet tissue), followed in order by the femur, heart, and
duodenum. Following NiO treatment, the greatest radioactivity levels after lung and lymph
nodes were found in the heart, followed in order by femur, duodenum, and kidney (English et
d., 1981). Therefore, the relative nicke digtribution varied when animas were exposed to
nickel compounds with different solubilities.

3.2.2 Ord
Very limited information exists on the human tissue distribution of nicke after ora

exposure. Mogt of the data on the distribution of nickd following ord exposure are from animd
Sudies, which are summarized in Table 4. These studies show that after the ingestion of soluble
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nickel sdts, the highest nickd leve is observed in the kidney. The absorbed nickd can dso
cross the placenta and accumulate in fetal tissues.

Data from a case in which workersin an dectroplating plant accidentaly drank water
contaminated with nickel sulfate and chloride (1.63 g Ni/liter) provide information on nicke
toxicokinetics in humans at high doses (Sunderman et d., 1988). The estimated ord intake of
nickel by the symptomatic workers ranged from 0.5to 2.5 g. On day 1 postexposure, serum
nickel concentrations averaged 0.286 mg Ni/liter, compared with 0.004 mg Ni/liter in the
comparison group of nicke plating workers who had not drunk the water. Urinary nickel
concentrations in exposed workers averaged 5.8 mg Ni/liter, compared to the control level of
0.050 mg Ni/liter.

In animas, the highest nickel concentration was commonly seen in the kidney after
ingestion of soluble nickel sdts (Table 4). The sole exception was the study of Schroeder et dl.
(1964), in which unlabeled nickel (compound not reported) was administered in drinking water
in areproductive toxicity study. This study reported that the nickel concentration was higher in
the spleen than in the kidney after mice were chronically exposed to nickel sdts. A amilar
chronic study in rats (Ambrose et ., 1976) showed the kidney as the organ with the highest
nickel concentration after oral exposure, but the spleen was not examined in this study. Thus,
the significance of the result from the study of Schroeder et d. (1964) isnot clear. In studies
where the lung was examined, the second highest nickel concentration was observed in this
tissue (Jasm and Tjave, 1986; Ishimatsu et d., 1995; Borg and Tjave, 1989; Whanger, 1973;
Dieter et al., 1988, Ambrose et d., 1976). In addition, nickel concentrationsin the placenta
and fetus a so increased, showing that absorbed nicke is able to cross the placenta (Jasm and
Tjave, 1986; Schroeder et d., 1964). In fetd tissues, the highest nickel concentration was
observed in the kidney, a pattern of nickd distribution that was smilar to that observed in adults
(Jasm and Tjalve, 1986).

3.2.3 Whole-body Aspects of Distribution

Upon entry into the bloodstream, nickd ion is bound to specific serum components and
rapidly digtributed throughout the body. In blood serum, nicke is present in three forms: as
ultrefiltrable materid (low molecular weight form), as a complex associated with abumin, and
as a complex associated with a nickel-metaloprotein (nickeloplasmin) (Nomoto et d., 1971).
In rabbit serum, 16% of the nickd is present as ultrafiltrable material, 40% is associated with
abumin, and 44% is associated with nickeloplasmin (Nomoto et d., 1971). The digtribution in
human serum is somewhat different: 40% in ultrefiltrable materid, 34% associated with
abumin, and 26% associated with nickeloplasmin [reported by Hausinger (1993a), apparently
based on the results of Nomoto and Sunderman (1988)].

The predominant low molecular weight form of nicke in serum isacomplex of nickd
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with the free amino acid L-higtidine (Lucassen and Sarkar, 1979; Sarkar, 1984). At the pH of
serum, L-higtidine has a greater affinity for Ni(ll) than does human serum dbumin, and L-
higtidine is thought to form the Ni(His), complex (Glennon and Sarkar, 1982; Sarkar, 1984).

The mogt important nickel-binding protein in serum is abumin, which binds nickd & the
amino terminus. Nicked can exchange between abumin and free higtidine via a ternary complex
that binds the metd ion very tightly (Glennon and Sarkar, 1982). Interspecies variation in the
nickel-binding capacity of abumin has been observed. While dbumin from most species
tested, such as humans, rats, rabbits, and cows, had a high binding capacity for nickd, the
nickel-binding capacity of abumin from dogs and pigs is much lower (Calan and Sunderman,
1973).

The high molecular weight nickeloplasmin serum protein has been identified as dpha-2-
macroglobulin (Nomoto et d., 1971; Nomoto and Sunderman, 1988). Nicke isfirmly bound
to nickeloplasmin, so that it is not removed during successive purification procedures. When
pooled serum was didyzed againg solution containing Ni(l1), the concentration of nickel
associated with nickeloplasmin was the same asin the nondidyzed control sample. Thus, the
binding of nickd to nickeloplasmin is not in smple equilibrium (Nomoto et d., 1971). Alpha-2-
meacroglobulin is aso the maor zinc-binding protein in the serum, and it has been suggested that
nicke and zinc bind a the same site.

The predominant intracellular form of nickel has been observed to vary among tissues.
In the lung and liver of NMRI mice, nickel was bound predominantly to a high-molecular-
weight protein; in the kidney, it was bound mainly to low-molecular-weight ultrafiltrable ligands
(Oskarsson and Tjalve, 1979).

3.2.4 Uptakeinto Cdls

Nicked can enter animd cdls by three different mechanisms. upteke viametd ion
trangport systems, diffusion of lipophilic nickel compounds through the membrane, and
phagocytoss. Severd different investigators have reviewed the different mechanisms by which
cdlls uptake different nickel compounds (Oller et d., 1997; IARC, 1989; Hausinger, 1993a).
As described in this section, differences in cdlular uptake of soluble and insoluble forms of
nickel are proported to play a mgor role in the observed differencesin nickd carcinogenicity
among these compounds. According to this hypothes's, insoluble nickel compounds enter the
cdl via phagocytoss, while soluble nickel compounds are not phagocytized, but can enter via
the magnesium trangport system or through membrane diffuson. The latter two processes are
much less efficient, so that the same extracel lular levels of soluble and insoluble nickel
compounds lead to lower nickd levelsinside the cdll for soluble nickel (Fetcher et d., 1994).
Because of the importance of the difference in handling of soluble and insoluble nickel
compounds, this discusson begins with adescription of cdlular uptake of insoluble nickel
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compounds, and then addresses uptake of soluble nickel.

A number of studies have shown that cdlular uptake of the insoluble nicke compounds
nickel subsulfide and nicke sulfide particles occurs via phagocytosis (Costa and Mollenhauer,
1980; Costa et al., 1981; Abbracchio et a., 1982b; Heck and Costa, 1983). Small amounts
of nickd subsulfide may aso dissolve outside the cdll, and enter the cdll as soluble nickd. Ina
comparison of a number of insoluble nicke compounds (using Smilar particle Szes),
transformation activity in Syrian hamster embryo (SHE) cdlls corrdated with the phagocytic
activity of the compound (Costa and Heck, 1982; Abbracchio et a., 1982b). Soluble nickel
chloride has lower tranforming activity than the well-phagocytised compounds. This difference
is attributed to more efficient uptake and better retention of insoluble nickel entering via
phagocytos's, compared to soluble nicke entering via diffusion or transport (Costa et al., 1981;
NTP, 1996g; Oller et a., 1997).

The process by which soluble nickd entersthe cdll isless clearly understood. Uptake
of soluble nickd into cells may occur as aresult of trangport or diffusion of nickd complexes
through the cell membrane. In enteric cdls, nickd interacts with cell membranesin a manner
sgmilar to the interactions of cadmium and other heavy metds (i.e., via passive diffuson),
without the need for assuming specific trangport systems (Foulkes and McMullen, 1986).
Smilar passive diffuson mechanisms may exig in lung cells. Other data are conastent with the
hypothesis that magnesium ion transport system is responsible for the uptake of soluble nickel
sdtsinto cdls, dthough this process has not been directly demongrated in mammdian cdls.
Uptake of nickel viaion transport systems, particularly viathe magnesium transport system, has
been reported as amgor route in microbia cdls (Hausinger, 1993b). The same mechanism
may dso exist in mammdian cdls. In miceinjected intrgperitonedly with a soluble nickd sdit,
magnesium inhibited nicke uptake by lung cdlls, inhibited nuclear and cytosolic uptake of nicke
by pulmonary cdlls, and inhibited nickel binding to pulmonary DNA (Kasprzak et d., 1987).
Smilarly, in frog embryas, magnesum deprivation enhanced, and magnesium supplementation
diminished, nickd-induced embryotoxicity and teratogenicity (Luo et d., 1993). Theseresults
are consstent with the hypothesis that cdlls uptake soluble nicke through aMg(ll) transport
system.

Passive diffusion of nickel across cdl membranes is markedly reduced under normal
physiologica conditions, when nicke is bound to proteins or amino acid ligands, forming
hydrophilic complexes. As noted above, nicke in serum does not exist in afreeionic Sate.
Ingteed, it is primarily complexed with abumin, (which isaso amgor protein compositein
arway lining fluid), alpha-2-macroglobulin, or L-higidine. Asshownin in vitro studies, the
presence of L-higtidine and human serum abumin a physiologica concentrations inhibited the
uptake of nickel by rabbit aveolar macrophages, human B-lymphoblasts and human
erythrocytes (Nieboer et d., 1984a). In another study, Chinese hamster ovary (CHO) cells
maintained in aminima sats/glucose medium display about a 10-fold higher uptake of soluble

18



nickel compounds, and greater consequent toxicity, than cells exposed to soluble nickd ina
complete cdl culture medium supplemented with 109% fetd bovine serum. The inhibitory effect
of serum on the uptake of nicke is subgtantialy reduced by didyss of the serum to remove
smdl molecular weight meta binding ligands such as cysteine and higtidine (Abbracchio et dl.,
1982a). Thus, in cdl culture, physiological concentrations of meta-binding amino acids such as
cysteine and higtidine exert dramatic inhibitory effects on uptake of ionic nickdl, and appear to
account for the mgority of the inhibitory activity of whole serum. Packaging soluble nickel
compounds in liposomes increases nicke trangport by this mechanism, and increased the
resulting DNA damage (Sen and Costa, 1986).

Uptake of nickd viathe magnesium trangport mechanism is dso less efficient than
phagocytoss. Magnesium concentrations indde and outside the cdll are in the millimolar range,
50 nickel would not compete effectively with magnesium for uptake under norma exposure
conditions, which would result in nickel concentrations well below the millimolar range (Oller et
al., 1997).

The differences between the processes by which soluble and insoluble nickel enter the
cdl are reflected in differences in digposition once the nickd isinside the cell. Soluble nickd
directly enters the cytoplasm, where it binds to cdlular proteins, decreasing the bioavailability of
soluble nickd to enter the nucleus and interact with DNA (Cogta et ., 1981). Smdl amounts
of nicke subsulfide may dso be dissolved in the extracelular fluid, and be taken up by cdlsvia
this pathway. The presence of nickd ion in the cytoplasm increases the potentid for
cytotoxicity. By contrast, phagocytosed (insoluble) nickel particles are retained in vacuoles,
and migrate to the region near the nucleus (Evans et d., 1982). The retention of phagocytosed
insoluble nickd particlesin vacuoles decreases the opportunity for insoluble nickd to interact
with cytosolic macromolecules, thus decreasing the potentid for cytotoxicity or for interactions
that render the nickd unavailable for interacting with DNA. After congregating near the
nucleus, vacuoles containing insoluble nickd interact with lysosomes. This interaction decreases
the pH of the vacuole, increasing the rate of dissolution of nickd ion (Evanset d., 1982).

Nickd ions are released from the vacuoles in close proximity to the nuclear membrane, where
they can interact with DNA. The net result of these differencesisthat exposure to insoluble
nickel compounds results in much higher nuclear nickel concentrations and higher DNA binding
than exposure to smilar levels of soluble nickel compounds (Harnett et d., 1982).

Thus, soluble forms of nickd interact with the cell in away that maximizes cytotoxicity
and minimizes nickd ddlivery to the nucdleus, while insoluble forms of nickel, such as nickel
subsulfide, interact with cellsin away that decreases the cytotoxic potentia while increasing the
delivery of nicke to the nucleus. Cytotoxicity isimportant for two reasons. First, in order for
cancer to develop, the dtered cell must survive and transmit precancerous changesto its
daughter cdls. Secondly, high levels of cytotoxicity (resulting ultimately in organ toxicity) can
prevent achemica from being tested a high enough doses for cancer to be evident. Thus,
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athough the observation of DNA damage and chromosome aberrationsin cell cultures (Section
4.4.2) suggests a potentid for direct genotoxic effects of soluble nickel under certain in vitro
conditions (e.g., absence of extracdlular amino acids and serum proteins), these effects may be
prevented or greetly atenuated in vivo by extracdlular complexation and other eimination
mechanisms limiting the availability of extracdlular N7* to the cdll interior and nucleus.

3.3 Metabolism

Nicke isan essentid trace eement in many animal species, dthough the exact role of
nickel has not been identified (reviewed in Nielsen, 1991). Nicke has been identified asa
component of bacterid enzymes, but specific mammalian enzymes that require nickel asa
cofactor have not been identified. Instead, evidence for an essentiad role of nickel derives from
larger-scde sysems. This evidence indicates that nickd actsin synergy with vitamin By, in
dimulating hematopoeisis. Interactions between vitamin B,, and nicke affecting growth,
kidney:body weight ratio, and tissue levels of other metals have been reported in rats deprived
of methionine or methyl groups. Nidlsen (1991) suggested thet nickd playsarolein the
production of a compound that requires vitamin B, for further metabolism. In the absence of
auffident vitamin B,,, the substance accumulates, resulting in depressed growth. Conversdly, in
the presence of low nickel levels, the substance is produced at lower levels, and low vitamin
B,, islessdeleterious. It has been suggested that nickd may be essentia in humans, & leves of
lessthan 0.1 mg Ni/day (<0.001 mg Ni/kg/day for a 70 kg adult), although no nickel
requirement or alowance has been set (Nielsen, 1991).

3.4 Excretion

Regardless of the route of exposure, absorbed nickd is diminated predominantly in
urine, with some loss of the metdl ion in sweet, bile, and hair. Unabsorbed nickel is iminated
in the feces.

34.1 Inhdation

When soluble nickd sdts are inhded or injected intratracheally, most of the nickd is
absorbed and then excreted through the urinary route, athough appreciable fecal excretion has
aso been observed. Animal dataindicate that the rate of urinary nickel excretion increases at
higher (when compared to lower) intratracheal doses.

Elevated urinary nickd levels are observed in eectroplating workers, who are exposed
predominatdy to soluble forms of nickel compounds. Urinary nickd levelsrapidly pardleed
recent exposure, increasing at the end of the workday compared to preshift levels, and then
dropping again by the next morning. This result suggested that a fraction of the nickel was
absorbed and some of the nickd was rapidly diminated through the urinary route (Ghezzi et d.,
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1989; Torjussen and Andersen, 1979). The urinary nickel concentration also increased asthe
workweek progressed, indicating that some nickel accumulation occurred with continued
exposure, and that some of the absorbed nickd was excreted more dowly (Ghezzi et d., 1989;
Tolaet d., 1979; Bernacki et a., 1980).

No information on the excretion of inhaled soluble nickd sdtsby animdsis available,
athough severd studies did evauate the excretion of soluble nickd sdts following intratrachesl
indtillation of rats (summarized in Table 5). Medinsky et d. (1987) found that the haf-time for
excretion in the urine decreased and the extent of excretion increased with increasing dosein
rats (Table 5). They interpreted these results as indicating that the higher intratracheal doses
resulted in saturation or disruption of the processes by which nickd isreabsorbed in the
kidneys, or that the nickel complexesthat predominate at high plasmanickel concentrations are
lesslikely to be reabsorbed. The half-time for excretion in feces was unaffected by dose, but a
higher percentage of the administered dose was excreted in the feces at lower doses. The
study authors noted that the dose-related differences could also be due to differing sites of
nickd indtillation. They suggested that a higher percentage of the dose may have been
deposited in the trachea at the lower doses. The dose deposited in the tracheobronchid region
might then be diminated by mucociliary cearance, svalowed, and excreted in the feces,
athough the test material was administered in solution, rather than as a particulate. Other
intratrached indtillation studies with soluble nickel found 58% to 72% excretion in the urinein
one day, 61% to 78% in 3 days, and 64% to 96% in 21 and 90 days, fecal excretion
accounted for only 3.4-6.4% of the dose (English et d., 1981; Carvalho and Ziemer, 1982).
Although these sudies are viathe intratrached route, rather than the inhaation route, smilar
effects would be expected for inhaation exposure.

The hdf-life of nickd in the lungs after exposure to soluble nickd sdts varied with the
solubility of the nickd species, indicating thet dearanceis rdated to nicke solubility. The half-
life of nickd in the lungs of rats administered unlabeed nickel sulfate by nose-only inhdation or
intratrached indtillation (either ®3Ni SO, or unlabeled NiSO,) was about 21 to 36 hours (Hirano
et a., 1994; Medinsky et d., 1987). Benson et d. (1994) found that the less soluble nickel
compounds nicke subsulfide and nicke oxide had alonger hdf-lifeinthelung. In mae F344/N
rats exposed to nickdl subsulfide (%Ni;S,) or nickd oxide (®NiO), the hdf-life of nickd in the
lungs was 4 days and 120 days, respectively (Benson et d., 1994). Results from these two
studies show that the soluble nickel sat was readily aosorbed and cleared out from the lung,
while insoluble nicke compounds stayed in the lung for longer periods of time,

3.4.2 Ord
In humans, most ingested nicke salts are not absorbed and are excreted in the feces.

Absorbed nickd is excreted primarily through the urinary route, with the maxima excretion in
the first 8 to 9 hours after ingestion. Food markedly decreased nickd absorption, resulting in
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increased fecad and decreased urinary excretion.

Severd dudiesinvestigated the half-time of dimination of ingested nicke in human
subjects. Nicked blood levels pesked 2.5 - 3.0 hours after subjects ingested nicke (NiSO,) in
water (Christensen and Lagesson, 1981; Solomons et d., 1982; Sunderman et ., 1989). The
half-time of serum nickd was 11 hours (Christensen and Lagesson, 1981). The dimination
half-time for absorbed nickd averaged 28 + 9 hr (Sunderman et d., 1989). In workers who
accidentally drank water contaminated with soluble nickel sdts, the serum nickd dimination
haf-time averaged 60 hours. After treatment for 3 days with intravenous fluids to induce
diuresis, the dimination haf-time decreased substantiadly to 27 hours (Sunderman et d., 1988).

Sunderman et d. (1989) compared the absorption of nickd in food and water. This
study aso found that 26% of a dose of soluble nickd given in water was excreted in the urine
within 4 days of trestment, while only 2% was excreted in urine when nickel was given in food.
During the same time, fecal dimination of nickel averaged 76 +19% of the doseingested in
water, compared with 102+20% of the dose ingested in food (Sunderman et al., 1989).
Smilarly, Nidlsen et d. (1999) found that urinary excretion accounted for 23% of the nickel
administered in water 4 hours after amed, but only 2-3% of the dose was excreted in urine if
the nickd was administered with the medl.

A dmilar pattern of nickel excretion has been observed in animas. In non-fasting rats
receiving ®NiCl, by ora gavage, 3-6% of theinitid dose was excreted in the urine within one
day after the dosing, with a peak urinary nickel concentration at 4 hours after dosing. Fecal
excretion accounted for 94-97% of theinitid dose (Ho and Furgt, 1973). Among mae rats
adminigtered unlabeled soluble nickd chloride, nickd nitrate, or nickd sulfate by gavagein a
garch-saline solution, urinary excretion within 24 hours of dosing accounted for 94-96% of the
absorbed dose (Ishimatsu et a., 1995). The absorbed fraction for the soluble nickel
compounds ranged from 9.8% to 33.8%, with the rest presumably excreted in feces.

3.4.3 Other Routes of Nicke Excretion

In addition to excretion through the urinary route, smal amounts of absorbed nickel can
a0 be excreted through other routes, such as via swest, bile, and milk.

Nickel can be rdeased asametd ionin sweat. After hedthy male and femde
volunteers exercised in a chamber at 37.8°C and 35% reative humidity, whole body swesat
(about 850 to 900 ml) was collected during a 90-minute period. An average of 57 Fg/L nicke
was detected in the sweet. The nickel concentration in sweat was more than 3-fold higher than
the nickel concentration in urine. Based on atota sweet excretion of three to Six liters per day,
170 Fgto 340 Fg nickd could be excreted through swesting (Cohn and Emmett, 1978).
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A smilar nickel concentration in the sweet collected from the arm was observed in
hedlthy subjects during a 15-minute exposure to heat in a sauna bath a 93 °C (Hohnaddl et dl.,
1973). Inthissiudy, areciproca relationship between nickel concentration and swesat volume
was noted, indicating that the amount of nickd excretion in sweet might be more important than
the concentration of nickel in sweat. However, this and the previous study were conducted
under conditions of heavy swesating and it is not known how much absorbed nickd is excreted
in Swest under normal condiitions.

Nickel excretion into rat bile has also been noted. Within six hours after subcutaneous
injection of ©NiCl, (1.7 Fmol/kg), 0.26% (62.7 ng/rat) of the dose was excreted in bile. After
recaiving sub-letha doses of unlabeled NiCl, (125 or 250 Fmol/kg), 0.29% to 0.32% of the
nickel dose (5.5-12.4 Fg/rat) was excreted in the bile within 24 hours pogt-injection. These
results suggest that absorbed nickel could be excreted through the bile. However, Marzouk
and Sunderman (1985) dtated that biliary excretion is quantitatively unimportant for the
elimination of exogenous nickd in rats.

Milk is another route for nickd excretion. Theratio for the concentration of nickd in
milk to that in plasmafollowing a single subcutaneous dose of nickd chloride to rats was 0.02
across arange of nickel doses (Dogtd et d., 1989). These authors reported a higher
milk:plasmaratio of 0.1 in the milk of rats subcutaneoudy administered nickel chloride on
lactation days 12-15, suggesting that nickel can accumulate in the milk. Although the kinetics
would differ following ora exposure, these data do show that nickel can be excreted in the
milk. An abstract reported that the nickel concentration in milk specimens obtained from 102
American mothers averaged 17+2 and 14+1 Fg/kg at 4-7 days postpartum and at 30-45 days
postpartum, respectively (Fedley et d., 1983). These nickel concentration were substantialy
greater than the concentrations of nickd in whole blood or serum (0.34-0.28 Fg/L. and 0.28-
0.24 Fg/L, respectively) (Sunderman et d., 1986). It isunclear why Fedley et d. (1983) found
higher levelsin milk than are reported in blood, while Dogtd et a. (1989) found lower
concentrations in milk. The difference may be due to species, dose, Sngle dosing versus
continuous exposure in diet, or the fact that Fedley et d. (1983) and Sunderman et d. (1986)
sampled different human populations. Nonetheless, these data show that nickdl excretion into
breast milk could be an important route for nickel exposure of infants.

3.5 Toxicokinetic Moddls

A toxicokinetic modd is available that predicts nicke absorption, serum levels, and
excretion in humans following ord exposure to nickd in water and food. Thismodel was
developed by Sunderman et a. (1989) based on alinear, compartmenta, toxicokinetic model
that included two inputs of nickd: the sngle ord dose of nickel sulfate administered in water or
food, and the basdline dietary ingestion of nickdl. The two compartments were serum and
tissues. Alsoincluded in the model were the following estimated parameters. afirg-order rate
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congtant for intestinal absorption of nickel from the oral dose of nickel sulfate, a pseudo-zero
order rate congtant for fractional absorption of dietary nickel, afirst-order rate constant for
urinary elimination of nicke, two first-order rate congtants for transfer of nicke between the
compartments, and the mass fraction of nicke absorbed from the ora dose of nickd sulfate.
Thismodd resulted in good fit to the data that were used to estimate the parameters, but it has
not yet been validated with additionad human data. The development of validated modelsin
humans and rats could aid in reducing the uncertainty involved in the extrapolation from rats to
humans. However, it should be noted that the Sunderman modd is an empirica modd using
fitted parameters, rather than atrue physiologically based pharmacokinetic (PBPK) model.

A toxicokinetic model for soluble nicke sdts has dso been developed for the inhdation
route in rats (Menzel et d., 1987; Menzd, 1988). Depostion rate in the lung was cal culated
basad on the respiratory frequency, tidal volume, and deposition fraction. Clearance was
described as following Michadis-Menten kinetics. Such amodd might be useful in evauating
the effect of clearance on nicke lesonsin the respiratory tract. Such amodd might dso aidin
the interpretation of the exposure levels that result in lesions following subchronic or chronic
exposure (see Section 4.2.2). However, thismode has aso not been validated, and different
optimized kinetic parameters were needed for different exposure durations, so it is unclear
whether thismodel could address the duration issue. Menzel (1988) aso described a modd
for the systemic digtribution of nicke following inhaation exposure. By comparing kidney dose
following inhaation exposure to the kidney dose associated with functiond changesin the
Vyskocil et d. (1994b) study (see Section 4.2.1), a systemic model could be used to evauate
the potentid for kidney effects following inhalation exposure. (The inhaation bioassay with
nicke sulfate [NTP, 19964] evauated kidney histopathology, but did not measure sengitive
indicators of kidney function.) However, the Menze modd is not fully documented in the
available publications, and may not be appropriate for such predictive work.

4. HAZARD IDENTIFICATION
4.1 Studiesin Humans —Epidemiology, Case Reports, Clinical Controls

Cancer of the lung and nasal Sinuses were observed in nicke refinery workersin
England as early asthe 1930's. Epidemiologica studies of nickd refinery workersin various
countries have been designed to determine what manufacturing processes, or levels and types
of exposures to nicke, are associated with such cancer increases, and whether other cancer
typesare also increased. Excessrisks of other types of cancer have been reported on
occasion, but increases in lung and nasal Sinus cancers are a consstent observation. Few hedth
endpoints other than cancer have been monitored, but mortdity sudiesin rdativey large
cohorts have not consistently suggested that other cauises of death are increased.

Only one human study reported on possible cancer effects by the ora route; an
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associaion of higher rates of lung and bladder cancer were seen in maes (but not in femaes)
with nickd levels above 0.5 Fg/L of drinking water (Isacson et d., 1985). No epidemiology
studies of non-cancer effects in humans following ingestion of nickel were located. However,
case reports of poisoning incidents provide information about additiona effects of nickd, and
indicate that the kidney effects seen in animas dso occur in humans.

4.1.1 Inhaation Cancer Studies

In 1990 the International Committee on Nickdl Carcinogenesisin Man completed its
evauation of 10 large-scade epidemiologica studies. The purpose of thiswork wasto gain
understanding of the hedlth risks of nickel exposure. The report of the Working Group of the
ICNCM, chaired by Sir Richard Doll of England (ICNCM, 1990) is the most extensive and
detailed assessment of the epidemiologica dataavailable. The report contains data and origina
andyses regarding cancer in nickel workers that are not available esawhere in the published
literature. It focuses solely on the epidemiologica data, and includes information on exposures.

The primary god of the Dall report was to assess which forms of nickd were
associated with increased risk of cancer of the lung and nasa sinuses. The report authors
evauated large scale epidemiologica sudies that met severd criteriac 1) information on
exposure to nickel species in workplaces was ether available or could be obtained, 2) the
cohort was large enough to provide useful information, 3) adequate follow-up was possble,
and 4) good individua work histories could be obtained. Thus, the qudity of these studiesis
generdly adequate for assessng mgor mortality endpointsin the exposed cohort. However,
there are differences among the sudies, and dl share limitations in the quantification of
exposures and lack of information on potential confounding factors, particularly smoking habits.

The Dall report providesinformation that forms a preliminary basis for quaitetive issues
in cancer risk assessment and some information regarding exposure levels. In order to
determine the risks associated with specific forms of nickd, the report compared risksin
workplaces where workers had different exposures. Cumulative exposures were determined
for each individua based on hiswork higtory. In epidemiology, cumulative exposure estimates
serve as a surrogate for dose in order to estimate dose-response relationships. Because most
workers incurred exposure to more than one species of nickel, categorica exposure levels
(high, medium, low) were cross-classfied to estimate risks from exposure to different forms of
nickd. Although the ranges representing the various levels differed across cohorts, this
approach darifies the way in which exposure to one form of nickel modifies the effect of
exposure to another form. The Doll report refers to this effect as “interaction” between forms
of nicke, or to the “accentuation” or “enhancement” of the effect of insoluble nicke from
exposure to soluble nickel. Because these terms risk confusion between biological and
datigtica interaction, the epidemiologic term “effect modification” is more appropriate. Effect
measure modification refers to variation in the magnitude of an effect of exposure across levels
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of another varigble. That is, if the effect of exposure A is not uniform across levels of exposure
B, exposure B is said to modify the effect of exposure A. Measuring effect modification
provides information on causdity.

Data from severd of the cohorts supported the conclusion that metdlic nicke presents
no discernible risk for lung and nasal cancers, therefore, most of the Dall report andysis
focused on exposure to oxidic, soluble, and sulfidic forms of nickd. (In these cohorts sulfidic
refersto nickd subsulfide) The dratified analyssindicated, for example, that in Clydach,
Wales, exposure to soluble nickel has no effect on the lung cancer risk when both sulfidic and
oxidic arelow. When both sulfidic and oxidic nickd are high, high exposure to soluble nicke
increased therisk dgnificantly. High levels of exposure to sulfidic nickel has a significant effect,
increasing risk when exposure to oxidic and soluble are low. The analyses were consistent with
acarcinogenic effect of both oxidic and sulfidic nickd. The authors inferred that soluble nickel
plays an auxiliary role in carcinogenicity, by enhancing risks associated with exposure to other
forms of nicke.

In evauating the nickel epidemiology data, confounding factors must be congdered.
These factors could affect the health outcome of interest, differ between the control and
exposed groups, but are not measured. Confounders have occurred to varying degreesin
amog every cohort studied and include effects of smoking, exposure to insoluble forms of
nickel, and exposures to other chemicasin the workplace. Data are insufficient to control for
the effect of smoking in these workers, and in some cohorts smoking may have been more
prevaent than in the genera population used as the reference. This confounds the assessment
because smoking is aknown cause of lung cancer. In addition, the exposure assessments are
based largdly on process materias and judgement, rather than systematic measurements,
bringing consderable uncertainty to the estimates of exposure to al forms of nicke. Co-
exposures to insoluble nickel may occur even to workers in eectroplating, because of proximity
to other processes, or as aresult of other jobs the workers have held.

Exposure to other chemicals in the workplace must be considered. For example,
electroplating operation can include numerous other chemicas such as organic compounds
including aromatic sulphonamides or sulphonimides, formaldehyde and other ddehydes, amines,
nitriles, and azo dyes (Dennis and Such, 1972). Sulfuric acid migts, linked to both lung and
nasal cancer, have been reported in tankhouses (ICNCM, 1990. Nicke refining processes can
adsoinvolve exposure to other metals, such as arsenic and cobat (UNEP, 1987). Any
exposure that is presumed to cause lung cancer (e.g. arsenic), or nasa cancer (e.g. sulfuric acid
mists) and has not been controlled for will confound the anadysis.

4.1.1.1 Section of Sudies for Discussion

An ided way to consder the question of carcinogenicity of soluble nickel would be to
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study a cohort of workers exposed to soluble nickd asthe only form of nickel. In addition, it
would be useful to compare the risks between workers who were exposed only to soluble
nickel and workers exposed only to other forms of nickel. Although such groups are not
available, these objectives guided the andlysis and the sdection of datato evauate for this
assessment.

The current assessment focuses on studies that include information on cancer risks from
soluble nickd species. The primary criterion for sdecting epidemiologica information was that
the study specify exposure to soluble nickel, or to processes that indicate such exposure (i.e.,
eectrolyss, eectrowinning, or dectroplating). All such studies located, published after the Dall
report, were reviewed and evaluated to determine the nature of the information each provided
regarding the question of soluble nickel exposure and cancer. The occupationa environment
that ismogt likely to meet the criterion of exposure to only the soluble form is dectroplating in
the metd finishing industry. However, only one epidemiology study (Pang et d., 1996)
involved nickel platers. Results from that study are not definitive, because exposures for this
group were of short duration, and appear to have been to low concentrations. Therefore, the
current assessment aso evaluated studiesin the nickel production industry, where workers are
aso exposed to insoluble nickel compounds. These exposures result because of the nature of
the operation and the materials, and exposures from other processesin the work aress. In
addition, workers often hold different jobs during the period of time that they work in a
company, and the different nickel operations involve exposure to different nickel species.

The Dall report focused on the nickel production industry, where the processis one of
producing nickel meta from raw materids by eectrolyss, a process aso cdled dectrowinning
(see Appendix C). Hydrometdlurgy, areated process used in nickel refining, involves
exposure to mist and spray containing soluble nickdl. Nickd refining generdly includes
exposures to other species of nickd, particularly if the dectrowinning facility isin close
proximity to other refinery operations.

Another population of interest, but not addressed in the Doll report, are workersin
eectroplating plants in the metd finishing industry. These workers apply a surface nicke
coating to meta by eectrolyss, and are likely to be exposed to nickel compounds primarily as
soluble nicke sulfate. One study of eectroplatersin the user industry included dectroplaters
who had no exposure to chromium, thus reducing the confounding from another exposure
(Pang et d., 1996).

Five studies, representing five cohorts, were sdlected as possible key studiesfor this
assessment. Three of the ten studies assessed in the Doll report were selected based on
electrolyss work, high exposure to total nickel, or presence of more than extremely low
exposure to soluble nickel. The cohorts were in the INCO operation in Clydach, Wales,
Falconbridge refinery in Krigtiansand, Norway; and the INCO refinery in Port Colborne,
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Ontario. Subsequent to the Doll report, additiona epidemiologica information has been
provided regarding the INCO plant in Clydach, Wales (Easton et d., 1992) and the
Fdconbridge refinery in Kristiansand, Norway (Andersen et d., 1996). Finland’s Outokumpu
Oy was not evauated in the Dall report because of its smdl size and short follow-up time, but a
recent report provides information that is reviewed here (Andersen et d, 1996). The Pang et d.
(1996) study was aso sdlected for this assessment. Several cohorts evaluated by ICNCM
were not consdered in this analys's because they did not include exposure to soluble nickel

(e.g. Hanna mining and smelting, and smdting operations in Faconbridge, Ontario). Other
gudies did not provide additional evidence for cancer risk from nickd, usudly related to small
numbers of workers or limited exposure (e.g. New Caedonia).

Mgor characterigtics of the exposure estimates for each of the five cohorts are
summarized in Table 6, and cohort Sze and cancer risk estimates are summarized in Table 7.
A discussion of exposure issues, relevant to the analysis of these studies is presented below.
Thisisfollowed by asummary of results and commentary for each of the five selected studies.

4.1.1.2 Exposure |ssues

It isdifficult to find afacility or location in nickd production where exposure was solely
to soluble or insoluble nickd. For example, the eectrowinning process involves primarily
exposure to soluble nickel compounds (see Section 2). However, exposures to oxidic nicke,
and to alesser extent to sulfidic nickel, may aso occur in this environment. For most other
nickel production exposures, insoluble nickel compounds are a sgnificant confounder. The
information provided on exposure and the methods of characterizing exposures in work areas
varies among the studies. One gpproach (which is typicd for epidemiology studies) has been
to characterize exposure in particular work areas. Each worker’s exposure at each job can
then be combined to obtain a surrogate estimate of total exposure. However, the methods for
characterizing exposures in work areas are generdly not precise. In addition, the assessment of
exposure is further complicated by mixed exposures in work aress, and workers may hold jobs
in different work areas at different times. Work areas are not necessarily physicaly separated
to confine emissions to that area, and workersin other areas may be exposed. For example,
tankhouses, in which the eectrowinning process occurs, may not be totaly isolated from other
sources of nickd exposure. And, as further discussed in Section 2, air work area sampling is
problematic.

Inanided evauation of human exposure data, each substance in the environment
would be identified and its concentration in the air that could be inhaled would be messured.
However, in red-life stuations, the only data available from occupationd studies are frequently
job titles and generd identifications of the processes with which personsin those jobs are
involved. Careful evauations of the processes are necessary to identify the chemica
substances to which workers are exposed. For nickd it isimportant to determine the chemica
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formsin which the dement occurs. soluble, insoluble, metdlic, etc. Where airborne exposure
samples have been collected and andyzed, it is necessary to identify the collection and
andytica techniques to assure that they can provide accurate quantitative measurements of the
form of concern. For example, ameasurement of total dust levels provides very little
information on nickel exposures, and an anadlysisfor total nickd does not permit independent
assessment of exposures to soluble or insoluble nickel compounds. On amore subtle levd, it
must be recognized that only particlesin certain Size ranges are retained in the respiratory tract,
and only amore redtricted range of particle szes can reach the aveali.

The data available for risk assessment for airborne nickd rely heavily on workplace
exposure in the nickel production industries. However, measurements of exposure have been
sparse, consdering the size and age of the industry, and measurement procedures can best be
described as rudimentary. Much published exposure data are based on quditative recollections
of plant managers who described airborne concentrations as “high”, “medium” or “low”. A few
arborne measurements might have been taken by non-standard techniques to cdibrate these
quditative descriptions. The Dall report (ICNCM, 1990) reviewed hedlth outcomesin over
140,000 nickel workers who were employed during the period of 1902-1979. Only afew
thousand airborne exposure measurements were taken, and most of these were area samples
taken over periods of less than an hour and that were andlyzed for tota nickel.

In analyzing the data from within afacility, such as the Clydach refinery, the Doll report
comparesrisks for low and high levels of each form or species of nickel, controlling for the
levels of other nickel species. It isdifficult to reliably compare quantitative levels of exposure
across cohorts because of the differences in approaches used to estimate exposure. For
example, soluble nickel in Norway’ s Krigtiansand facility included nicke sulfate, chloride,
carbonyl and hydroxide, but other places, such as Clydach, included only the sulfate and
chloride. Assessment of exposuresis based largely on the judgment of personnel experienced
with the process, combined with some information from airborne samples (see Section 2 and
Appendix C). Thisinformation can be used for relative comparisons as long as the limitations
are kept in mind. It should also be appreciated that the exposures of each member of a cohort
can only be estimated and must frequently be reconstructed from sparse data that had been
collected for other purposes (e.g. process control).

When exposures in a particular plant are estimated a a single point in time by a group
of experienced plant personnd, the estimates are likely to be internaly consistent, although
subject to significant random error. However, there are no reports of cross correations
between quditative exposure estimates in different plants. In addition, the few actud
environmenta measurements that may have been taken usudly used different instruments and
sampling techniques. Accordingly, it is necessary to exercise great caution in comparing
expoaures between different fadilities. Even within agiven plant, air sampling instruments and
techniques are likely to have changed over time, so that tempora changes in exposures may be
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the result of instrumenta artifacts rather than actua changes in working conditions,

Because both exposure and hedlth outcome data are extremely sparse in the
electroplating industry, the present assessment is derived largely from nicke production.
Unfortunately, mixed exposures to soluble and insoluble nickel compounds are extremely
prevaent in production indugtries, so that a variety of epidemiologica gatistica methods must
be used to isolate the unique effects of the soluble compounds. Because of ambiguitiesin
exposure assessments, significant inaccuracies in quantitative measurements, and inadequate
adjustment for confounding variables, both quaitative and quantitative epidemiologica
conclusions must be interpreted with greet caution.

4.1.1.3 Nicke Refinery in Clydach, Wales

The cohort study of 2521 men who worked at the Clydach nickd refinery provided an
opportunity for the Working Group of the ICNCM to gain ingght into risks from exposure to
different nickdl species ICNCM, 1990). The variety of activities of thisrefinery resulted in
measurable air concentrations of metallic, oxidic, sulfidic and soluble nickel compounds. In
Clydach, asin most nickel operations, no category of workers was exposed to only one type of
nickel compound. This diversity of exposures, and the long duration of surveillance and study
of the refinery, permitted an extensive andysis of risk of lung cancer and nasal cancer cross-
classfied by rdative levels of each of the other species.

The Clydach plant has been operating continuoudy since 1902. The Dall report
(ICNCM, 1990) describes the processes used and changes over time and provides estimates
of exposures to the various species of nickel (Tables C1 and 2 of that report). However the
report notes that the airborne nickel concentrations and the percentages of nickel species were
estimated on the basis of process knowledge, subjective impressions of relative dustiness, and a
few measurements of totd airborne nicke made with cotton wool as thefilter medium. No
messurements of actua concentrations of nickel were conducted prior to 1950. An gppendix
to the Dall report describes the methods used to estimate nickel exposures in most of the plants
covered by the report, but no information is provided for the Clydach facility. Becausethe
exposures appear to have been estimated by a single group of experienced plant personnd & a
gnglepoint intimeit islikely that any systemétic biases are congant over time. However, the
estimates are likely to be subject to significant random error. Because 0 little data are
provided on the methods used to measure actud airborne nickel concentrations, it isimpossble
to estimate what the concentrations would have been had they been measured using modern
ingruments and techniques.

Observations from this plant had provided the first indication of the increased risks of

lung and nasal Sinus cancersin nickel workers. After changes in operations, the total nickel and
dust levels decreased substantialy after 1930.  The leaching operation was phased out after
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1936, which would seem to have eiminated the source of exposure to soluble nickel between
1936 and 1948. In addition, by 1929, they had introduced gauze masks, and switched to low
arsenic fud, which would lead to decreased exposures to arsenic (Easton et d., 1992; Draper
et a., 1994)!. These changes over timein the plant’s process caused considerable changesin
the airborne concentrations, which permits comparisons of risks under different exposure
scenarios. Lung cancer in the Clydach cohort was lower in the groups that were first employed
in 1930 and thereafter than it was in those employed prior to 1930. The ICNCM andysis
shows that the standardized mortality ratio ( SMR), the measure of the risk for lung cancer
mortality, decreased nearly four-fold after 1930. Easton et al. (1992) shows a substantial
decline by decade of hire, from statisticaly significant SMRs over 600 before 1920, to anon-
ggnificant SMR of 118 in those first employed between 1940 and 1949.

To sudy the effect of the different nickel species on cancer risk, the ICNCM identified
workplace departments by process, such asthe nickd plant, calcining, or hydrometalurgy, and
estimated the concentration of each speciesin each department. For example, the
hydrometdlurgy department is characterized by high levels of exposure to soluble nickel, and
the calcining and furnace aress by high levels of oxidic and sulfidic nickd. Estimated
concentrations are given as ranges because environmental measurements were limited,
scattered in time, and taken with different methods. To estimate cancer risks related to
workers exposure, the data were sratified by duration of employment, or duration of
employment within a specific department. Standardized mortdity ratios were caculated usng
the population of England and Wales as areference. No information on smoking was
provided.

The Dall report contains aremarkable analysis of the risks in the Clydach cohort of
exposures from each species of nickd, and how exposure to other species modifies the
effect.for the Clydach cohort. These are summarized in a series of tables reproduced here
(Tables 10, 11, and 12 for lung cancer risk). Low soluble nickel was defined as <10 mg Ni/m?
x years and high soluble nickel was set a $10 mg Ni/m? x years. Low exposure to oxidic
nickel was <50 mg Ni/m?x years, and low exposure to sulfidic nickel was defined as <15 mg
Ni/m? x years. (As noted before, the criteriafor high and low levels differ among the cohortsin
the Dall report.)

Table 10 shows the different risks for low and high cumulative exposure to soluble
nickel, siratified by degree of exposure to other species. The ICNCM Working Group
concluded that increased exposure to soluble nickel increased the SMR for lung cancer only if

The Doll Report included follow-up through 1984, and Easton through 1985.
However, the numbers are not identicd, but vary by afew cases for unknown reasons. The
differences are amal relative to the number of subjects and do not affect the relative magnitudes
of the SMRs.
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exposure occurred in conjunction with high exposuresto oxidic nickd. Table 11 displays risk
for low and high cumulative exposure to sulfidic nickel. High soluble nicke exposures did not
sgnificantly increase the rdaively high risk from high sulfidic nickd. Table 12 showsthe
different risks for low and high cumulative exposure to soluble nickd, dtratified by degree of
exposure to the other species. Given high exposure to oxidic nickd, the risks were significantly
greater with high soluble nickdl exposure than with low soluble nicke exposure. Thus, soluble
nicke exhibits discernible effect modification with oxidic nickd forms, but not with sulfidic
nicke.

These tables ds0 show the relaive effects of individua forms by considering the cell in
the table in which one exposure is high and the other two are low. For lung cancers, with all
other exposures low, the SMIRs were largest for sulfidic (638) followed by oxidic (350) and
then soluble nickel (168). These numbers should be considered broad and relative estimates,
given the limits of the exposure assessment and epidemiologica andyses. Thus, the rdaive
mortdlity risks for lung cancer are sulfidic>oxidic>soluble.

A dmilar andyssfor nasa cancers to assess the effects of individua species when other
forms were low showed increased SMRs only for sulfidic nicke (see Tables 13 and 14).
Examining for effect modification, high exposure to soluble nickd significantly increased the
SMR only when exposure to sulfidic nickd was high. Thus, in the Clydach cohort, exposure to
high concentrations of soluble nickel and low concentrations of oxidic and sulfidic done was not
associated with increased lung or nasal cancer SMRs (ICNCM, 1990), but exposure to soluble
nickel did increase the risk seen with exposure to high levels of insoluble nickd.

Roberts et d. (1992) conducted a further analysis of the data summarized in the
ICNCM report, and reported declinesin cancer risks with time at Clydach. Risks decreased
after decreasesin exposures to nickel and dusts overdl, consistent with the carcinogenicity
attributed to the nickel production industry.

In afollow-up study, Easton et d. (1992) list atmospheric concentrationsin different
work areas by period of operation in terms of total nickel concentrations over time, and percent
of each of the various speciesin the environment. The data presented in that study are of
interest for showing quantitatively the distribution of different nickel speciesin each work area,
but they provide limited indgght into individua exposures. The totd estimated nickel
concentration in the nickel sulfate process areais estimated as <5 mg Ni/m? in dl periods, with
30-40% as soluble species.

The Easton et d. (1992) update includes a few additiona cancer cases (in addition to
those included in the Doll report) among workers who began work after 1930 (n=2524). An
increased risk of lung cancer in men first employed 1930-1939 was observed in “other
employees,” but not in those who had 10 or more years of service and average levels of
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metallic nickel >1 or soluble nickdl >0.1 mg Ni/m?. Nasa cancer in the Clydach cohort was
confined to those first employed before 1930. Follow-up through 1985 identified cases, mostly
in workers employed before 1930, onein aworker first employed 1930-39, and none among
workers employed thereafter (Kador et d., 1986; Easton et d., 1992).

Thus, the excess in both lung and nasal cancer occurs mostly in cohorts exposed prior
to 1930 (Table 46.3 of Easton). As best as can be determined, reduction in soluble nickel
follows atime frame smilar to that of the reduction in dusts, so it is not possible to attribute
changesin risk over time to any single exposure. In other words, higher exposures to both
soluble nickel and to dusts occurred before 1948. Because the risk reduction was discernible
after 1930, it can be interpreted either as aresponse to the earlier improved overdl hygiene
(reduction in dust and tota nickdl) or to the somewhat later reduction in soluble nickel.
However, congdering the long latency period, particularly that of nasal cancer, the cancer
decline seems to begin before the decrease in soluble nickel. A decrease in exposure to arsenic
isaso likdly to have contributed to the decrease in mortaity from lung cancer.

One step in the process used at Clydach was to reduce the copper content of the
materid (the matte) by leaching with sulfuric acid to produce copper sulfate. The site of this
process is called the copper plant. This step was followed by leaching and recovering nicke as
nickd sulfate in the nickd plant. Both the ICNCM report and Easton et d. (1992) noted that
the risks in the copper plant and in the nickd sulfate plant are Smilar. Both had soluble nicke
concentrations estimated to be about 1 mg Ni/m?, and little subsulfide nickel. Nickel oxide
levels were 5- to 10-fold higher in the copper plant (10 mg Ni/n¥) than in the nickdl plant. On
the surface, this suggests a predominant role of soluble nicke, but these exposure estimates are
not precise.

In an earlier document, the authors of Easton et d. (1992) had fitted amodd to data.on
men first employed prior to 1930, which attributed risk to soluble and metdlic nickd (Kador et
al., 1986). Easton et d. (1992) revised the model based on the more recent data. The risk of
lung cancer aso could be explained in the more recent data by assuming no effect of soluble
nickel. For nasa cancer, assuming no effect of soluble nickel on nasal cancer gave a poorer fit.

4.1.1.4 Falconbridge Nickel Refinery, Kristiansand, Norway
The Andersen et d. (1996) update of the cohort studied by ICNCM (1990) includes
125,000 person years, and isthe largest cohort study of the five selected for discusson in this
report. No working areas with exposure exclusively to soluble or insoluble forms were found.
The analysis was based on ajob and exposure matrix described in the ICNCM report.

This exposure matrix for work areas was based on the subjective judgements of retired
personnel (an “expert group”) supplemented by 127 air samples (13 of which werein
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electrolysis areas) taken a one point in timein 1973 (Hagetveit et d., 1978). Both areaand
persona samples were collected, but there is no information on the types of samplers used,
except that they presumably collected “tota” particulate. Additional aspects to be considered
in ng risk are: concentrations were estimated by the expert group for 82 work areas, and
these were accepted by union and management; and nickel species were assumed to be
present in workers breathing zones in proportion to their presence in thework areas. The
concentrations are presented as ranges, from negligible through low, medium and high, and the
ranges of each level were the samefor dl species of nickd.

Workersin cacining and roasting had minima exposures to soluble nicke and high
exposures to nickel oxides. The epidemiologica analys's expresses exposure by cumulative
estimatesin mg Ni/m? x year for total nickel, soluble nickel, and nickel oxide. Changesin risk
over time were examined by year of first exposure. Exposure to insoluble forms was reduced
after 1968, and exposure to soluble forms was reduced after 1978. The process was said to
be smilar to that used at Clydach, but this plant handled some substances up to 1978 that
Clydach handled only up to 1929. A smdlter plant nearby aso may have affected the exposure
assessment. Exposure to soluble nickd occurs mostly in the eectrolysis department at 0.5 to
2.0 mg Ni/m?, with some higher exposures; levels of insoluble forms were estimated to be 0.1
to 0.5 mg Ni/m? (ICNCM, 1990).

Risk for lung cancer was highest in the group starting exposure from 1916 to 1944, but
risk in workers beginning employment in subsequent decades did not continue to decline. A
major purpose of this study was to assess the effect of smoking when combined with these
occupationa exposures. The data suggest that smoking does modify the effect of exposure
subgtantialy, which indicates that studies without information on smoking that report modest
risks may be confounded.

Of 32 cases of nasd cancer, 12 had worked in cacining and roasting, areas where
soluble nickel isminimal or not present. These 12 cases werein the category of highest
cumulative exposure to nickd oxide. Only 2 of the other 20 workers with nasal cancer were
presumed to have had no exposure to nickel oxide. All 32 of the workers who had nasal
cancer were employed before 1956, after which nickel oxide concentrations in these areas
declined from an estimated time weighted average (TWA) of 10 mg Ni/m?/year to 5 mg
Ni/m?/year. (TWA vaues were reported as per year here, to help estimate cumulative nickel
exposure over time)) The risk increased with cumulative exposure to soluble compounds,
provided that there was some exposure to nickel oxides. Thus, asfor lung cancer inthe
Clydach cohort, higher exposure to soluble nickd increased the risk of nasa cancer only when
there was co-exposure to nickel oxide. By contragt, high risk was observed in the nickel oxide
groups, even with minima (<1 mg Ni/m?® x years) exposure to soluble forms. Thereisno
smilar cross-classfication andysis for lung cancer by Andersen et d. (1996). However, the
data provided by Andersen and submitted by NiPERA in comments on adraft of this
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assessment (NIPERA, 1998) indicate effect modification; lung cancer is more strongly
associated with exposure to soluble nicke in the presence of oxidic nickd than with exposure
to soluble nickel done (Table 8). The lung cancer standard incidence ratios (SIRs) from the
Andersen sudy show an increase in SIR with increasing amounts of soluble nickd that is
grester when oxidic nickel expasure is high than when it is low; these results are Smilar to those
for this cohort reported by the ICNCM . Overal, these data are consistent with the conclusion
that exposure to both oxidic and soluble nickd resultsin a higher lung cancer risk, but the data
areinaufficient to determine the effect of soluble nickd aone.

Table 2 in Andersen's paper shows an imprecise, roughly 2-fold SIR for lung cancer in
those with low cumulative nickel exposure for atime period less than 15 years, which isless
than the likely latency for lung cancer. (Use of the SIR means that the comparison group or
reference population is the entire Norwegian population.) Thus, a plausible dternative
explanation for the 2-fold increase in lung cancer in those exposed to soluble nickd at low
levels (Table 8) isthat there is ahigher rate of smoking in the cohort than in the reference
group. Similarly, for the lowest levels of both oxidic and soluble nickel, the unpublished
NiPERA data (NiPERA, 1998) report an SIR of 1.8 (Table 8). NiPERA (1998) suggested
that the elevated SIR for the group with the lowest exposure to both oxidic and soluble nickd is
due to higher cigarette smoking in the workers than in the comparison population.

Andersen et d. (1996) andyzed the Kristiansand data usng a multivariate regression
andysisfor soluble nickd, adjusted for oxide, smoking, and age. They reported a three-fold
increased risk for lung cancer with cumulative exposure to soluble nickel >15 mg Ni/n? x years
(mean exposure 28.9 mg Ni/m?). For exposure to nickel oxide, only amodestly increased risk
of no greater than 1.6 was observed. However, the authors did not further describe the model
parameters, nor indicate whether they evauated any interactions among the parameters. There
IS no way to determine from this anays's whether those with high exposure to soluble nickel
aso had exposure to oxidic nicke, or to see what these risks were. These data suggest arole
for soluble nickd in cancer. However, the satistical method used, adjusting for other
exposures, does not directly addressthe question of the modification of the effect of insoluble
nickel by exposure to soluble nickd. The authors aso noted that is difficult to identify working
areas Where exposure is limited to soluble or to insoluble nickel compounds.

The andlysis of other cohortsin the ICNCM (1990) report indicated the “interaction”
of soluble and oxidic nickd, or the “enhancement” of the effect of insoluble nickd by soluble
nickd isimportant, but ICNCM had reported that this Norwegian cohort provided little
evidence that oxidic nickel alone increased the lung cancer risk. The data provided by
NiPERA (NiPERA, 1998) provide some support for soluble nicke modifying the effect of
exposure to oxidic nickd.

Although exposure to insoluble forms of nickel was decreased in 1968, prior to the
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reduction in soluble forms (after 1978), it does not appear that this difference will ad in
addressing the contribution of soluble nickd to the cancer risk. At the time of thisandysis
(Andersen et A, 1996), there was insufficient follow-up time to detect a decrease in cancer
from these reductions in exposure. Given the close time frame of the reductions of exposure to
both types of nickd, it isnot certain that such an andysisin the future will permit ditinguishing
between effects of soluble and insoluble forms.

4.1.1.5 Outokumpu Oy Nickel Refinery - Finland

The data on this cohort have been updated since the Dall report (ICNCM, 1990),
which reported one lung, one nasal and one scomach cancer in this smal cohort of 129 men.
They had been exposed in the refinery to soluble nickd at concentrations < 1 mg Ni/m?. The
man who had nasal cancer was exposed to other chemicasas well.

Karjdanen et d (1992) and Antilla et a. (1998) reported on the cohort of mae
workers employed in the Outokumpu Oy nickd refinery in Harjavalta, Finland. The report of
incident (newly diagnosed) cases up to 1995 (Antilla et a., 1998) supercedes that of
Karjdanen et d. (1992) because of the longer follow-up period. The full cohort, both smelter
and refinery workers, now includes 1339 mae workers. The process involved eectrowinning,
where soluble nickel was the primary exposure, and sulfidic nickd isnot present. Numerous
measurements of airborne exposures to soluble nickel were taken over the period of 1966
through 1993 (Kiilunen et d., 1997a). Both area and persona samplers were used and severd
measurements were taken ingde workers' respirators. As described in Section 2.2 and
Appendix C, area measurements ranged from 0.112 to 0.484 mg Ni/m?, breathing zone
measurements were in the range of 0.16 to 0.23 mg Ni/m?, and exposuresinside of respirators
were observed to be 0.0005 to 0.0069 mg Ni/m?. Exposure of refinery workers did not
include nickel oxides. Nicke subsulfide was present in the grinding hal (between 0.05 and 0.2
mg Ni/n?) and is present in the precipitates of the leaching reactors. The matteis ground as
part of therefining process, thusit is reasonable to assume that exposure to subsulfides may
have occurred. Measurements taken in the 1990s (Kiilunen et a., 19974) indicated that 86 to
99.7% of the airborne nicke in the ectrowinning operations was soluble in hot (70°C) weter.
Individuas at the refinery may have been exposed to products from the copper/nickel smelter.
Even prior to 1970, the arsenic content was consdered low.

Antillaet a. (1998) described workers employed from 1953 through 1995, specifying
that the nickel operations began in 1960. Thus, workers whose employment ended before
1960 were not exposed to nickel. Worker exposure was estimated by person-years of
employment in specific work sites. Measurementsin the smelter indicated that nickel exposure
was to insoluble forms (sulfides and subsulfide). Prior to 1973 the location of these activities
was likely to spread these dusts to the area where dectrolysis was performed. After that time,
the predominant exposure to workersin the refinery, where dectrolysis was performed, was to
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nicke sulfate. By 1990, more than 90% of the airborne nickel was water-soluble. No
information on smoking was presented.

Region-specific rates in Finland were used as a reference to calculate the standardized
incidenceratios (SIR). SIRswere calculated for workers unexposed to nicke (those who
terminated before 1960), and workers who began in 1960 or later when the nickel smelter and
refinery were operating. The cohort of 1388 included two main groups; 1155 workers
(including 49 women) whose employment continued or started after 1960 and thus were
considered exposed to nickel, and another 233 workers whose employment ended prior to
1960, and therefore were considered unexposed to nickel. The authors presented various
measurements of nickd a different times, but the cancer andysisis based on the individud’s
workplace location.

Table 9 shows the comparisons among unexposed, exposed, smdter, and refinery
workersfor lung and nasal cancers. Higher SIRs for lung cancer were reported in refinery
workers than in smelter workers. Among the refinery workers, 6 cases of lung cancer
occurred; the SIR was higher in the group with 20 or more years of latency. In the smelter
workers, the lung cancer SIR was only dightly increased (1.39), but was higher in the group
with 20+ years latency, 2.0 (confidence interva [Cl], 1.07-3.42). Two cases of cancer listed
as nasa cancers occurred in the cohort, both in refinery workers, for which the SIR was
caculated to be 67 (Cl, 8-242) after 20 years latency. The authors reported that they
observed two additional cases after the closing date of the follow-up, one of nasal cancer and
one tumor classified as nasopharyngedl. Typically, cases that occur after the cut-off date are
excluded from datistical andysisto avoid bias, however, the infrequency of nasal cancer cases
minimizes biasin thisingdance. That is, adjusting the reference population to account for nasa
cancer in the reference population occurring in the next time interva would have minimd effect.
In addition, examining case-specific data for information on exposure and diagnosisis often
informetive, particularly when the number of casesis small and other causes of the cancer are

recognized.

NiPERA (1998) provided information on the smoking and work history of al 4 cases.
Of the 2 diagnosed within the study’ s time frame, one had both worked in carpentry work and
had been asmoker. He began his 25 years of smoking one year before he began work in the
nickd refinery. Exposure to wood dustsis a recognized risk factor for nasal cancer (IARC,
1998). The other, awoman, was a non-smoker. The working environment in the refinery
included exposure to sulfuric acid mists. Taken together, these data provide additiona
explanations other than that of soluble nickd as the sole explanation for the nasa cancers. Itis
dso plausible that soluble nicke may modify the effect of other exposures, such as sulfuric acid
mists and/or cigarette smoke, or wood dusts from carpentry work. Neither the role of soluble
nicke nor these dternative explanations can easily be ruled out.
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In addition to lung and nasa cancer, somach cancer (not shown) was increased in the
refinery, but not the smelter group. A total of five cases of ssomach cancer were observed, SIR
4.98 (Cl, 1.62-11.6). Three of these were in the 20+-year latency group, and the SIR was
smilar (4.97).

Although exposure to soluble nickel occursin refinery processes, these cases of lung
cancer cannot be attributed solely to soluble nickel for severa reasons. Firdt, al 6 cases of
lung cancer in the refinery cohort were in the 20+-year latency group. This meansthet their
work began before 1975. Thus, exposure to insoluble nickd was likely, because the grinding
and leaching processes, sources of insoluble forms of nicke, were in proximity to the
electrolysis process until 1973. Second, two of the Six lung cancer cases had worked both in
the smelter and in the refinery, and may have incurred exposure to insoluble nickd in the smelter
prior to exposure in the refinery. Findly, Antillaet d., (1998) provide no information on the
smoking habits, or previous occupations, for the individua cases. Given the smal number of
cases and srong influence of smoking on these diseases, confounding by smoking cannot be
ruled out. This study does provide some support for the role of soluble nickd as an effect
modifier for insoluble nicke in lung cancers.

Thisisardaively smdl cohort, and, like the others, lacks information on smoking
habits. The maximum follow-up was only 27 years. Given the long latency of lung cancer,
cases that occurred after less than 15 years of exposure may be attributable to smoking, rather
than to exposure to nickel. However, there is some advantage to the fact that thisis astudy of
newly diagnosed or “incident” cases rather than deaths. The standardized incidence rétio
(SIR), can be more rdigble that standardized mortdity ratios (SVIRS) because incident cases
are identified sooner, and closer to the time of exposure, than is possible for identifying deaths
from the disease. This differenceis more important for those types of cancers that respond to
trestment, because such cases may not be detected by studying mortdity if the individuas die of
other causes.

4.1.1.6 INCO Mining, Smelting and Refining Operations - Port Colborne, Ontario
Canada

This cohort offers the opportunity to compare cancer risks of men who worked in a
snter plant or at leaching, calcining, and Sintering operations, with men who worked only in
other operations, mostly involved with dectrolyss. The eectrolysis work included the activity
of pumping and washing anode scrap, and resulted in exposures to soluble nickel that were 3
t010 fold higher than for other tasks. Electrolysis workers had lower exposure to sulfidic and
oxidic nickd than did leaching, cdcining, and sintering workers.

Airborne exposures to total dust were measured starting in the early 1950s (ICNCM,
1990, Appendix) and samples were analyzed for nickd starting in 1970. High volume samplers
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were used through 1979, although persona samples were collected throughout the 1970s.

Also during the 1970s, a digtinction was usualy made between soluble and insoluble nickd in
the samples of arborne particulate. Exposures to soluble nickel varied from less than 0.05 mg
Ni/m? in the anode and foundry additives department to about 1.5 mg Ni/m? for pumping anode
dimes and washing of anode scrap. Total nickel exposures were higher than soluble nickd,
indicating that insoluble nickel compounds were dso present in the environment.

High volume samples are normaly collected for only five to ten minutes & atime and
frequently only in areas and a times when high exposures are anticipated. The samplerswill
aso collect particlesthat are too large to be inhaed. Accordingly it is not possible to derive
eight-hour time weighted average persona exposures to inhaable particulate from short-term
samples taken with a high volume sampler.

Lung cancer risk was elevated at the sinter plant, where there was high exposure to
soluble and sulfidic nickd. Thereislittle support for alink between work in dectrolyss
(primarily exposure to soluble nickel done) and lung cancer. However, nasal cancer increased
with duration of exposure to sntering (high soluble and sulfidic nickd exposure), with four nasa
cancer deaths observed in the cohort with <5 yearsin sintering. None of the men who worked
in tasks with high exposure to soluble nickel had nasd cancer.

All four of the nasdl cancer desths of eectrolyss workersincluded some sinter plant
exposure. Nasal cancers occurred in men with short-term exposure to large amounts of
insoluble compounds in leaching, cacining, and sntering, with additional long-term exposure to
soluble nickd. Thisfinding is congstent with the hypothesis that sulfidic nicke is carcinogenic
and that soluble nickdl may enhance or promote carcinogenicity.

4.1.1.7 British Electroplaters

The cancer mortdity in the cohort of 284 British dectroplatersis much less likely to be
confounded by other exposures, particularly insoluble nickel compounds, than some of the
cohortsin the nickel producing industry (Pang et d., 1996). Airborne exposuresto nickel had
not been measured while the plant had been operating, but during the 1970s through the 1990s,
severd investigators evauated exposuresto nicke in eectroplating shopsin Italy, France,
Finland, the United Kingdom and the United States. These measurements can be used to
estimate the range of exposures that might have been experienced in the plant studied by Pang
et a. (1996). Table C1 summarizesthe exposure data from 26 surveys and presents estimates
of exposuresto soluble nicke in the inhaable particulate fraction. The median exposure is
about 0.020 mg Ni/m?; 80% of the values are below 0.08 mg Ni/m?® and fewer than 20% are
below 0.01 mg Ni/m?. Accordingly a reasonable estimate of the exposuresin the Pang et dl.
(1996) cohort isin the range of 0.01 to 0.08 mg Ni/n?.
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These authors report, however, that exposures during the early period when most of the
cohort was employed (1945-1961) were higher than those found currently in the industry
(concentration not specified). This cohort included al men first employed in 1945-1975 who
had worked for at least 3 monthsin departments that included nicke, but not chromium, in the
environment. These men were followed until 1993.

Standardized mortdity ratios (SMRs) were caculated for the entire time period based
on the population in England and Wales for that time period. Compared to expected deeths,
lung cancer was not eevated, and no desths from nasal cancer were reported. The risk
estimate for ssomach cancer is elevated, but other cohorts with higher exposures to nickel do
not show increases in this cancer site (Table 7). The follow-up time was long (1945-1993),
and 89% of workers were followed through age 85. The mean duration of exposure of these
workers was short (mean 2.1 years). Using regresson andlys's, the authors calculated relative
risks usng the interna group with less than one year of exposure to nickel as the standard.
Lung cancer was not significantly eevated in those exposed for more than one year.

This study is potentidly sgnificant as the only study of nickd eectroplatersin the metdl
finishing indugtry, for whom exposure is primarily to soluble nickdl. Electroplatersin the nickel
production industries, such as the nicke refineries described above, are likely to be exposed to
other species of nickd. Although the cohort isrdatively small, the long follow-up time
increases the power of the study, as ascertainment of degth ishigh. The observation that no
increase in lung or nasal cancer occurred over timeis consistent with the hypothesis that soluble
nickd isnot a carcinogen by itsalf and does not appear to act as an early stage carcinogen.
However, many of the workers were exposed for less than 1 year, weakening the conclusions
that can be drawn from the absence of an association between nickd exposure and lung cancer
in this sudy.

4.1.1.8 Summary and Conclusions

The relevant epidemiology data includes four cohorts of nickel production workers -
Clydach (Wdes), Kristiansand (Norway), Port Colborne (Ontario), and Harjavata (Finland) -
and acohort of British eectroplaters. The rdlevant data for the Clydach and Port Colborne
cohorts are primarily those published in 1990 by the ICNCM, dthough the cohortsin Norway
and in Finland have been updated. (Andersen et ., 1996; Antillaet a., 1998, respectively). In
these updated cohorts, the approach taken is similar to the analysis used by the ICNCM. The
ICNCM evauated the effects of different species on lung and nasal cancer by cross classifying
the risk estimates, usually SMIRS, by predominate species in the working environment.

Thisevauation by ICNCM indicated an effect of insoluble nickd compounds that

increased with estimated exposure levels, and an “ enhancement” (increased risk) of the effect of
exposure to insoluble compounds when the environment included exposure to soluble forms.
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The relative effects of soluble and insoluble nickd compounds were consstent in Clydach and
Kristiansand, two of the three cohorts analysed that included exposure to soluble species from
nicke refining and were large enough for analysis. A third cohort, Port Colborne, however, did
not show evidence of increases in lung cancer in the subset of the cohort who were dectrolysis
workers, where exposure to soluble nickel occurred. ICNCM interpreted the lack of lung
cancer in dectrolysis workers at Port Colborne as being due to the ratio of soluble to insoluble
compounds being lower a Port Colborne than in the other refineries. In 1990, the ICNCM
had reported that the exposure associations from Port Colborne are “in keeping with the
evidence from Clydach and Kristiansand that soluble nickel enhances the respiratory cancer
risks associated with exposure to other forms of nickel.”

Data from the British electroplaters (Pang et d., 1996) are of particular interest because
thisisthe only cohort that was exposed essentidly to only soluble nickel sdts, without
confounding by exposure to insoluble nickd sdts. There was no evidence of anincreasein lung
or nasa cancer in this cohort. Although this study included along follow-up time, exposures
were much lower than in the nickel production facilities, and many of the workers were
exposed for less than one year, decreasing the strength of the conclusions.

Thefollowing brief summary is an assessment of the weight of the epidemiology
evidence for determining whether soluble nickel, done, is carcinogenic. It provides more detall
on the updates than on the cohorts andyzed by ICNCM. This summary describes data that
support the link between soluble nickel and cancer, data that bear on these observations and
diminish their importance, data that argue against alink between soluble nickel and cancer and
their limitations

The following observations support the link between soluble nickd and cancer:

. The multivariate andysis from the Kristiansand refinery showed increased lung cancer
risk with exposure to soluble nickel (Andersen et d, 1996).

. Lung cancer and nasa cancer were increased in the refinery workers at Harjavata
compared to unexposed workers, and compared to workers in the smelter (presumed
exposure to insoluble nickd). Risksincreased in workers with 20 or more years of
exposure (Antillaet a., 1998). Soluble nickel was estimated to make up 90 % of the
exposure. Nasa cancer risk ratios were quite high. 1n addition, even though the risk
rations were based on only 2 cases, additiona cases occurred after the end of the
follow-up period.

. At Clydach, risks were increased smilarly in the “copper plant” and the “nicked plant,”
and both plants had similar soluble nickel concentrations (about 1 mg Ni/m?). Nickel
oxide levels were 5- to 10-fold higher in the copper plant (10 mg Ni/n?) than in the
“nickel plant” (Easton et d., 1992). (These“plants’ represent stagesin the refining
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process). If the observed increases were due only to insoluble nickel oxide, alarger
increase in risk would have been observed in the “copper plant.”

Multivariate andysis of the Clydach data (Table 10) shows that lung cancer risk
increased with exposure to soluble nicke, athough these increases were observed only
when exposure to oxidic nicke or sulfidic nickd was high.

The importance of these associationsis diminished by the following observations.

Other than the British eectroplaters, none of the cohorts or groups of workers studied
were exposed solely to soluble nickel compounds. The concomitant exposure alway's
included insoluble nickel compounds, which appears to be a strong carcinogen. Other
lung and nasal carcinogensin the workplace have introduced bias in some of the
Sudies.

Smoking has been shown to modify the effect of exposure to nicke, so the absence of
smoking data introduces bias. Thisisimportant particularly in the Kristiansand cohort,
because the data suggest that members of the refinery cohort smoked more than the
generad population, and in the Harjavata cohort, because the number of casesis so
smal (6 lung cancers). Inasmdl cohort, the association is suspect because the
influence of smoking on lung cancer is strong, and misclassification of acase or two
would digtort the resullt.

At Harjavdta, 2 of the 6 lung cancer cases had worked in the smelter, so prior
exposures to insoluble nickel compounds cannot be ruled out. In addition, the lung
cancer cases had 20 years of latency, so their exposure included the time in which
exposure areas form the refiner and the smelter were not isolated, again meaning that
confounding exposures to insoluble nicke compounds may have occurred.

Additiond data from Harjavata showed that 2 of the 4 individuas with nasad cancer
had worked previoudy in occupations that included carpentry work, a recognized
cause of nasal cancers. The ability of soluble nicke to reach the nasal Sinuses has been
questioned.

Other evidence in these cohorts argues againg the hypothesis that soluble nickd doneisa
cause of cancer, but these data also have weaknesses:

No increased risk in the cohort of dectroplaters studied by Pang et d. (1996). The
researchers successfully traced the vital status of most members. However, despite the
completeness of the follow-up, thiswas asmdl cohort. In addition, levels of exposure
to soluble nicke were estimated many years after the exposures of interest.

No increased risk of lung cancer was observed in dectrolysis workers at Port
Colborne, who were exposed to smilar soluble nickd levels as the workers at
Krigiansand, but to 7-fold lower levels of insoluble nickel compounds than in the latter
group. If soluble nickel were responsible for the cancers observed at Kristiansand, an
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increased risk of lung cancer dso should have been seen among the eectrolysis
workers at Port Colborne.

Taken together these epidemiologic data suggest arole for soluble nicke in the
development of cancer. The evidence is congstent with the hypothess proffered by ICNCM
that soluble nickdl modifies (increases) the carcinogenic effect of exposure to insoluble forms of
nickel such asnickd oxide. However, evauation of the role of soluble nickel is complicated by
the potentialy confounding effects of smoking, a known cause of lung cancer, co-exposure to
insoluble forms of nickel as aresult of the processes and work environment, and, in some time
periods, exposures to other chemicasin the workplace. Any exposure thet is presumed to
cause lung cancer (e.g. arsenic), or nasal cancer (e.g. sulfuric acid mists) and not controlled in
the andysswill confound the andyss. Consequently, the role of soluble nickd alonein
carcinogenicity to humans cannot be determined from the epidemiologic sudies.
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4.1.2 Noncancer Effectsin Humans Following Inhdation Exposure
4.1.2.1 Respiratory Effects

Muir et d. (1993) evaluated chest radiographs of 745 nickd sinter plant workers at the
Copper Cliff plant in Sudbury, Ontario. The plant operated between 1948 and 1963. The
exposure data provided by Warner (1985) were very limited. He reported that the total dust
concentration in a single 40-hour sample of dusty air on the operating floor was 46.4 mg Ni/m?
in 1960, but no information on nickel concentration in that sample, or the sampling method
used, was provided. A graph showed the concentration of nickel exiting the roof monitors as
being approximately 50 mg Ni/m? in the late 1950s, and higher at earlier times. Based on this
very limited data and additiond process information, ICNCM (1990) devel oped more detailed
exposure estimates for the Copper Cliff sinter plant (part of the INCO facilitiesin Ontario).
ICNCM (1990) estimated the total nickel workplace exposure as 40-100 mg Ni/m? in 1948-
1954, and 8-40 mg Ni/m? in 1955-1963. Exposure to sulfidic nickel was reported as 15-35
mg Ni/m? and 3-15 mg Ni/m? during these two periods, and exposure to soluble nickdl was
reported only as <4 mg Ni/m? and <2 mg Ni/m?® during these periods, respectively. These
estimates were based, in part, on the assumption that the roof monitors could be considered
high-volume samples of the work area, snce the plant air could leave the building only through
the monitors or through windows just below them. However, that assumption isavery crude
one, in light of the differences in height between the breathing zone and the emissions stack, and
the resulting potentid for larger particles to concentrate gravimetricaly in the breathing zone,
Thus, actuad exposure concentrations may have been higher than those measured. Recent work
by Werner et a. (1996) suggests that the percentage soluble nickel estimated by ICNCM
(1990) may have been underestimated by approximately afactor of 2. Thiswould mean thet
exposure to soluble nickel would be estimated as <8 mg Ni/m?® and <4 mg Ni/ne. It should be
noted, however, that no lower bound estimates for these exposures were provided. On the
other hand, the assessment described below assumesthat al of any observed effect is due to
soluble nickd. Inlight of the relative exposure to soluble and insoluble nickel, and the higher
toxicity of soluble nickd sulfate, a better estimate might be that gpproximately haf of the effect
was due to soluble nickd, and half may have been due to insoluble nickd.

In the Muir et a. (1993) study, the workers were monitored as part of avoluntary
survelllance medicd program, beginning in 1973. No information was provided on the
percentage of workers who participated in the program, or on how successful the authors were
at obtaining radiographs for workers who died or |€eft the program for other reasons. To
control for variability in reading the radiographs, five readers were used to classfy the two most
recent films from each worker, using the Internationa Labour Office (ILO) 1980 protocol.
The most recent films were used to maximize the latency and alow detection of inflammeatory or
fibrotic changes that may have developed after removal from exposure. The authors stated that
opacities due to afibrotic process do not appear to resolve after remova from exposure.
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Contral films were randomized with the index films, but no data on the incidence of opecitiesin
the control filmswere reported. Such interna control data would have been very useful, given
the wide inter-reader variability observed. Information on the age digtribution &t the time of the
radiograph and time since first exposure (ranging from 0-9 years up to 44 years) was provided.
A total of 596 workers were exposed for <5 years, and 149 were exposed for 5 or more
years. No other dose-response information was available. The study authors stated that the
prevaence of irregular opacities was low, and smilar to that observed in studies of smoking
populations and of workers exposed to dusts of low fibrogenic potentia. There was, however,
some evidence of a dose-response, based on prevaences calculated for this assessment. The
total prevaence of filmswith irregular opacities ranged from 3% to 8% among those exposed
<5 years, and from 7.4% to 20% for those exposed for those exposed 5 or more years. In
addition, for each reader the prevalence was higher among those exposed for the longer
duration. These increases suggest that an increase in profusion score with duration of
employment occurred. However, most of the opacities were classfied as ILO profusion score
0/1 or 1/0, which are rdatively common in the generd population. There was no clear
duration-related increase in the prevaence of profusion score 1/2 and higher. In the absence of
appropriate control data, the observed increases aso cannot be clearly attributed to nickel. An
dternative interpretation of the dataiis that the increase in opacities with duration of exposure
may reflect an age-related increase in opacities, rather than an increase related to nickel. These
dternatives cannot be distinguished in the absence of gppropriate controls. Lung function tests
are sometimes more sengitive messures of lung dysfunction than radiographs, but were not
conducted for the study population. In addition, the radiographs would not have detected acute
inflammeatory changes, dthough sgnificant inflammation would have resulted in overt dinica
findings. No information on smoking prevaence was provided.

Inlight of the large uncertainties regarding exposure, the mixed exposure to soluble and
insoluble forms of nickel, the wide variability among readers, the questions regarding degree of
ascertainment, the minima eva uation of effect, the absence of a control group, and the minimal
effect observed, this study is not desirable as abasis for an RfC. If this study were considered
as the bass for the RfC, the single exposure level available would be considered a minimal
LOAEL, based on the observation of a duration-related increase in the prevaence of findings.
Based on the ICNCM (1990) report and the revised (Werner et a., 1996) information on
percent soluble nickel, a reasonable estimate of the exposure is 4 mg Ni/m?. 1t should be
noted, however, that this may be an overestimate, in light of the ICNCM characterization of
exposure as less than 4-8 mg Ni/m?®. Conversdly, an RfC derived from this study would
assumethat dl of the toxicity is due to soluble nickel, while insoluble nickel was aso present
and would have contributed to any observed toxic effects. Thus, attributing the entirety of any
effect to soluble nickel would underestimate the RfC. In light of these two opposing factors, a
reasonable esimate is that 4 mg Ni/m? as soluble nickel isaminima LOAEL. Adjusting for
occupational exposure durations and minute volume, the LOAEL is 1.4 mg Ni/m?.
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An additiona adjustment is necessary because of the large differences between particle
Sizes under occupationd and ambient exposure conditions. No information was available on
the particle size digtribution in the Muir et d. (1993) study, so the particle size was estimated
from information in other sudies. Unpublished particle size digtribution data from Vincent
(1996) indicate marked variability of particle size with process worksite a nickd plants. There
was dso sgnificant variability between different samples taken a a given location within a plant.
These data can be used, however, to estimate rough bounds on the particle Size digtributions,
and the resulting pulmonary deposition. For consistency with the use of animd data, the
particle size distribution under ambient conditions was estimated as the average of the particle
sze digributions for nickd sulfate hexahydrate in the chronic NTP (19964) study. Using these
digributions, the pulmonary dose for humansis 7-80 fold higher (depending on the process
worksgite) when exposure isto the particle size distribution used in the anima studies, compared
to the pulmonary dose when exposure is to the particle Size distribution found under
occupationa conditions! The resulting LOAEL (human equivaent concentration), or LOAEL
(HEC), is0.018t0 0.2 mg Ni/n.

Other indudtrid hygiene data presents information on the percent of particlesin the
respirable fraction. The term “respirable fraction” is used by industrid hygienists, and is defined
operationally based on sampler collection efficiency, but corresponds roughly to the fractiona
pulmonary deposition used in the U.S. EPA (1994b) methodology. A broad range of
respirable fractions has been reported in different nicke refineries. Thomassen et d. (1999)
characterized worker exposure in a Russian nickd refinery, and found that the respirable
fraction was essentially 0%. Werner et d. (1999) evauated the particle size digtributions for

YThe HEC was calculated using the RDDR r11)rogram (U.S. EPA, 1994b) as follows: Deposition in the
pulmonary region for humans was estimated using the particle size distribution datain Table 3.8 of Vincent

(1996). Datafor the matte grinding and roasting/smelting worksites were used, as most representative of
the conditions to which the workersin the Muir et al. (1993) study were exposed. Using the distributions
for matte grinding, the total deposition fraction was 0.015-0.03. The MMAD values for roasting/smelting
were too large for use with the RDDR program, although the large geometric standard deviations suggested
there may have been some pulmonary deposition at that site. The Vincent (1996) report also cal culated the
percent respirable mass, which ranged from approximately 2% for the roasting/smelting area, to 9.2% in the
matte grinding area. Ramachandran et al. (1996) provide a default particle size distribution for the respirable
fraction of MMAD of 4.25 Fm and geometric standard deviation of 1.5 Fm. Using this distribution and the
range of 2-9.2% respirable mass, the fraction pulmonary deposition would be in the range of 0.0027 to 0.012.
Combining these two methods of estimating the fractional pulmonary deposition under occupational
conditions, the range is estimated at 0.0027-0.03. These fractions were compared with the deposition under
the conditions of the NTP study with nickel sulfate hexahydrate (NTP 1996a). For that study, the average
MMAD was 2.33 Fm, and the average geometric standard deviation was 2.22 Fm. (Note that these values
are slightly different from the values used to calculate the HECs for the NTP study itself, because those
calculations used the concentration-specific particle size distributions, not the average values.) The
resulting pulmonary deposition fraction in the pulmonary region for humans was 0.22. Theratio of the
pulmonary deposition under the NTP conditions versus the occupational exposure conditions ranged from
7 to 80, depending on the worksite. Regardless of worksite, however, deposition was |lower under the
occupational conditions, dueto the overall larger particles.
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nickel and other metalsin severd different process areas of the Kristiansand, Norway, nickel
refinery. They found that the respirable fraction ranged from 2% to 6.8%, depending on the
process area. In light of the wide range in respirable fraction for refineries between the
Thomassen et d.(1999) and Werner et d. (1999) studies, and the considerable range between
different worksites at a given plant (Vincent, 1996), there is considerable uncertainty regarding
the actual pulmonary deposition under the conditions of the Muir et d. (1993) study, and under
the conditions of the plants studied in the epidemiology studies discussed in Section 4.1

A mortaity sudy of nickd platersin an engineering firm in England reported an
increased standardized mortality ratio (SMR) for respiratory disease in those with more than
one year of exposure (Burges, 1980). This study was in mae workers exposed only to soluble
nickel, not to chromium or to other nickel compounds. The study size was rdaively smal (508
workers, 101 degths) and no other risk factors were assessed. No other epidemiologic studies
of non-cancer effect of nickel were located.

A series of surveys were conducted in Norwegian nickel workers to assess the extent
of nasa higology and to monitor changesin individual workers over time, particularly those
who had developed dysplasia, which was considered a precancerous lesion (Torjussen et
a.,1979; Boysen et d., 1982, 1984, 1994). Because the studies were designed to estimate
prevaence or to monitor workers over time, and because the sampling was not random or
systematic over time, comparative changes over time were not reliably estimated in these
sudies. In the workers studied, these reports demonstrate smilar rates and extent of
histopathologica changes, including nasal dysplasia, in workersin dectrolyssfacilitiesand in
roasting or Sntering activities. Electrolyssinvolves exposure primarily to soluble nickel
compounds, and roagting and sintering activities expose workers to insoluble compounds.
However, the workers were classified by the activity where they worked the mgority of the
time, and it must be assumed that many workers had experience in both activities. Reliable
exposure estimates are not available for these sudies.

Nickel sat exposure can cause asthmatic symptoms. Most of the cases were observed
in workersin the dectroplating industry, where exposure is primarily to soluble nickd sdlts,
(McConnéll et d., 1973; Mdo et d., 1982; Novey et d., 1983; Mdo et d., 1985; Hong et d.,
1988). The sgnificance of this gpparent specificity isunclear. In these Sudies, respiratory
symptoms, such as cough, wheezing, dyspnea, and chest tightness, devel oped in patients who
were repeatedly exposed to nickel salts. Cessation of the nickel salt occupational exposure
eliminated the reoccurrence of the asthmatic attacks. Nickd sadts were suggested asa causd
factor, based on a postive response in the skin prick test and a decrease in forced expiratory
volume in one second (FEV 1) following inhaation chalenge with nickel sulfate (see Table 28).

A Type hypersengitivity reaction may be responsible for asthmainduced by nickel

sts Thenickd (I1) cation may act as a hapten which, in combination with human serum
abumin, acts as a complete antigen. (When the nicke-specific IgE antibody binds to this

47



antigen, the antibody can bind to receptors on mast cdlls and basophils, and activate the release
of dow reacting substance and histamine from those cells, resulting in a Type | hypersengtivity
response.) Support for thisidea comes from serologica studies, which indicate that, in addition
to the positive response in the skin prick test, IgE
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antibodies to nickd sulfate-human serum abumin antigen were aso present in those patients
(Maoetad., 1982 ; Novey et d., 1983).

A non-antigenic mechanism may aso be responsible for some of the nicke sdt-induced
asthma. In addition to the reports by other authors of an immediate asthmatic attack induced
by nickd sdts, alate asthmatic reaction due to nickd sulfate was aso reported by Mao et d.
(1985). Inthis case, inhdation challenge with nickd sulfate induced a late asthmatic reaction,
garting 3 hours after the exposure. Neither a skin prick test nor serologicd IgE antibody
measurement showed a nickel-specific response. Thus, it is possible that nickd sulfate can
elicit an asthmatic reaction through a non-antigenic mechaniam.

Davies (1986) reported on three cases of occupationa asthmain anicke catalyst
plant. An unspeciated atmospheric nickel concentration of 0.013 mg Ni/m? to 0.067 mg Ni/m?
was estimated based on norma running of the plant. However, this study did not provide any
information on nickd specificity, such as by the skin prick test, serologicd test, or inhalation
chdlenge. Inal of other studies, the occupationa exposure concentrations were not available.
Therefore, the concentration response between nickd inhalation exposure and the nicke-
gpecific asthmatic reaction is unknown.

4.1.2.2 Reproductive Effectsin Nickel Workers

A cross sectiona study of femae nickd hydrometallurgy workers in a Russian refinery
plant reported increased generd hedlth effects and increased rates of congenital malformations
and pregnancy complications (Chashschin et d., 1994). No information is provided regarding
the nickd species, dthough the term hydrometalurgy means it was an dectrolysis plant, in
which exposure is likdly to be al, or largdly, soluble nickd. The published report includes a
gtatement by the editors that the results are “incompletely documented and must be considered
inconclusve” but are presented “because they identify a concern that requiresinvestigetion.”

Although the study reports increases in reproductive endpoints, these data are
unsubstantiated because of the design flaws of the study. Numbers are smdl, and no atistical
measures of variability or tests of hypotheses are used. Chronic diseases are vaguely defined
without reference to standard diagnostic criteria, and reported without reference to a control
group. Ratesfor the reproductive endpoints in women are based on extremely small numbers.
For example, incidence of maformationsis reported as rates per 100 in populations as low as
124. Complications of pregnancy are reported using poorly defined and nonstandard
definitions such as “threatened abortions’ are used. Rates of spontaneous or “threatened”
abortion are reported to be increased in comparison to a control group, but thereis no
information on or control for age, which isamgjor risk factor for spontaneous abortion. Other
environmental conditions were present that may contributeto reproductive outcome, including
hest gtress, lifting heavy anodes, and exposure to chlorine gas.
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4.1.2.3 Other Toxicitiesin Nickel Workers

Three studies of rend toxicity in nickel workers provide information on biochemical
measures of nephrotoxicity related to long term exposures to airborne nicke species
(Sunderman and Horak, 1981; Sanford and Nieboer, 1992; Vyskocil et ., 1994a).

The firgt of these studies provides clinical datain the context of developing a
methodology of biochemicd tests for assessing kidney function in exposed workers.
Sunderman and Horak (1981) compared data from random urinary samples of 30 nickel
refinery workers and 18 dectroplaters to a reference group of hedthy subjects. Exposure was
not discussed. However, based on the occupation described, workers in both places were
likely to have been exposed to soluble nickd. The “nickd dectroplating facility” was not
further described. The reference group consisted of volunteers who did not take medications,
but the age of the subjects was not specified (an important consideration, since kidney function
declineswith age). There was no information on the workers medications or medica history.

The urinary measurements are not 24-hour voids, but appear to be spot samples.
Electroplaters had higher mean and median urinary nickel concentrations than 50 reference
hedthy subjects, but none had urine $, microglobulin ($,m) greater than the upper reference
limit of 240 Fg/L, and their mean level was Smilar to the combined mae and femde reference
group. Nicke refinery workers had higher mean $,m concentrations than the reference group,
particularly in the subgroup that had urinary nickel concentrations greeter than 100 Fg/L. That
subgroup had a significantly grester number of subjects with urinary $,m greater than 240 Fg/L.

Sanford and Nieboer (1992) studied biochemical indices of nephrotoxicity in 26
workersin two eectrolytic refining plants. Multivoid 24-hour urine samples were collected
from the workers. No reference group was included, so the mid-point of the normal range of
reference values was used to assess biochemical indices of nephrotoxicity.

Totd daily excretion of urinary cregtinine and total protein were not sgnificantly
different from the normal range, nor were urinary $,m or serum crestinine concentrations.
Results were compared with those of Sunderman and Horak (1981, described above).
Urinary nickel concentrations were 28 and 60 Fg/L in the two groups of refinery workers,
comparable to the average for the subset of refinery workers with urinary levelslower than 100
Fg/L in the Sunderman and Horak (1981) study. The $,m levelswere 62 and 80 Fg/L,
comparable to the 89 Fg/L for the <100 Fg Ni/L urine in the Sunderman and Horak study.
Based on these biochemica indicators of decreased rend function, presumed to be minimd,
Sanford and Nieboer (1992) concluded that nickel isamild nephrotoxin. These changes were
not viewed as indicating the same extent of nephrotoxicity seen with other metals, such as
cadmium. The $,m levels observed were below those typicaly considered adverse
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(approximately 250 Fg/L). Results from the Sanford and Nieboer (1992) study illustrated the
importance of the difference between spot urine samples and 24-hour voids. For two donors,
elevated leves of $,m were found in oot urine samples, but the totad amount in the 24-hour
void was normdl.

Vyskocil et d. (19944) provided information on exposure to soluble nicke and more
information on individua characteristics of workers than did the other sudies. However, it
appears that only spot urine samples were used. Exposure was defined as 4 to 26 timesthe
Threshold Limit Vaue (TLV) of 0.5 mg Ni/m? of nickel as nickd sulfate and nickel chloride.
Twenty-four exposed mae and fema e workers from a chemica plant that produced soluble
nickel compounds were compared to 22 controls in other plantsin the vicinity who had no
source of exposure to nephrotoxic compounds. Health, occupational, and demographic data
were collected using a questionnaire. Workers who had medica conditions with potential renal
effects were excluded. A single urine sample was collected at the end of the fourth day, at the
end of the shift.

The exposed workers had sgnificantly increased urinary levels of nickdl, and increased
average levelsof $2m and NAG compared to the control workers. Women had higher
increases in urinary nickel, and increases in protein that did not occur in the male subjects.
Smadl increases in the prevaences of “devated’ vaues (defined as more than two geometric
standard deviations above control vaues) were found for several rend parameters, but the
markers with increased prevaences did not completely correspond to markers with increased
average vaues. Albumin and transferrin did not differ between exposed and unexposed
workers. The authors concluded that adverse effects of soluble nickel on kidney tubular
function occurred at these high exposure levels, which were abovethe TLV.

Wall and Calnan (1980) provided a case report of severe dermatitis among
electroforming process operators in a plant where nickd is eectrodeposited on other materids.
Exposures were not measured, but presumably involved ora and inhaation exposure.
Protective gear was worn, but the authors noted that contamination of protective clothing with
nicke sulfideis*impossbleto avoid.” Dermatitis was reported in 7/16 operators, three
affected operators had eft the eectroforming work, and one of them continued to show
evidence of dermatitis. The study reported patch testson al 17 process workers, al 5
supervisory gaff, two cleaners, and one affected fitter. Patch testing reveded sengitivity to
nickel chloride in 13 of the tested subjects, 8 of whom were process operators. All 17 process
operators were negative for proteinuriain a paper-grip test. This study confirms the
sengtization potential of derma exposure to nickd. The negative proteinuriatest is of interest,
but in the absence of exposure data, or more specific measures of tubular or glomerular protein
markers, these data are insufficient to conclude either that there was indeed no adverse effect
on the kidneys, or to determine any exposure levels that are associated with the absence of
such an effect.
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Thus, the overdl epidemiologica database regarding potentia kidney effects of
inhalation exposure to soluble nickd isweak. However, the available data do provide
suggestive evidence that the kidney can be affected under exposure conditions below those
causing acute toxicity. The postive findings (Sunderman and Horak, 1981; Vyskocil et d.,
19944) are limited by the potentid for false postivesin gpot urine samples, while exposuresin
the negative study (Sanford and Nieboer, 1992) were lower than in the other studies.
Respiratory effects were not evaluated in these studies, so the relative sengtivity of the kidney
and respiratory system can not be determined.

4.1.3 Ord Cancer Studies

The only study of cancer in humans exposed to nicke by the ora route compares
cancer rates based on the detectable levels of nickel in the municipa drinking water (Isacson et
da., 1985). Nickd concentrationsin finished drinking water of lowa towns with populations
between 1000 and 10,000 people were measured by the proton induced X-ray emission
technique (PIXE) test in 1979. The percentage of towns having detectable nickel
concentrations is highest in surface water, and decreases with depth of groundwater. Data
were obtained on chlorination, volatile organic compounds, chromium levels, estimated smoking
rates by town, and socioeconomic variables including income and education. Cancer incidence
rates over a 12-year period were age adjusted to the 1970 lowa population for several cancer
types. lung, bladder, female breast, prostate, rectal, and stomach cancer.

Cancer rates were compared among towns with nickel |levels above and below 0.5
Fg/L. Incidencerates of lung and bladder cancer in maes, but not in females, were associated
with living in atown having higher nickd leves. No sgnificant difference was found for
stomach cancer. The association was independent of chlorination status, smoking and
chromium concentrations.

Thistype of ecologica, or geographic corrdation, study, is limited by the absence of
individua exposure assessments. This uncertainty is reduced somewhat because the exposure
is assessed on the leve of the city rather than aggregated over counties, alarger areaused in
other studies of drinking water and cancer. This aggregation gpproach includes uncertainty due
to misclassfication of exposure. The authors suggest that nickel could be a surrogate for other
anthropogenic contamination.

4.1.4 Ora Studies of Noncancer Effectsin Humans
4.1.4.1 Systemic Effects

The mgority of 32 workersin an eectroplating plant who drank water contaminated
with a plating bath solution containing nickel sulfate and nickd chloride (1.63 g Ni /L)
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developed acute gadtrointestind symptoms, and neurological symptoms including heedache and
lassitude (Sunderman et d., 1988). The observed symptoms (nauses, diarrhea, vomiting) were
described as consgtent with the few other reports of acute toxicity. This report includes the
greatest number of subjects of studies of acute nickd toxicity, and detailed information on
biochemical endpoints. Estimated ora intake in the 20 workers who developed symptoms
ranged from 0.5 to 2.5 g nickel consumed over an unspecified timein one evening. Assuming a
body weight of 70 kg, these doses correspond to single acute doses of 7-36 mg Ni/kg. The
exposure included 20 to 100 mg boron, believed to be too low for boric acid poisoning.
Severd subjects were hospitaized and trested by intravenous fluids. After 3 days, symptoms
subsided. Nickel concentrations in body fluids and the rate of dimination are described in
Section 3 above (toxicokinetics). Diagnostic tests focused on nephrotoxicity, and the clinica
course was studied for up to 6 weeks post exposure.

Clinicd testsindicated mild erythrocytosis and reticulocytos's, which decreased 6
weeks post-exposure. Urine abumin levels above the upper limit of the [aboratory’ s reference
range were reported for 3 subjects on day 2 postexposure, and returned to normal by day 5.
Trangent hyperbilirubinemia was aso observed in 2 exposed subjects, but no effects on other
clinica chemistry parameters (serum crestinine, creatine kinase, lactate dehydrogenase,
agpartate aminotransferase, alanine aminotransferase, and adkaline phosphatase) were
observed. Five days after exposure, nickel concentrations in serum and urine decreased, but
had not returned to the levels observed in control subjects. By 6 weeks after exposure, clinical
chemigtries indicated no abnormadities,

As part of astudy of nicke kineticsin humans (Sunderman et d., 1989), one mde
subject developed left homonymous hemianopsia after ingesting 0.05 mg Ni/kg in drinking
water as nickd sulfate. This condition of blindness in the corresponding vison field of each eye
(i.e, theleft fidd is affected in the |eft eye) was consdered nicke-related, because it occurred
shortly after the peak serum concentration of nickel. The condition lasted 2 hours, and a
transient neurologic disturbance was suspected, which the authors suggested may have
reflected acute cerebral vasospasm. Later subjects (4/dose) were dosed with 0.018 or 0.012
mg Ni/kg, and had no adverse effects. It should be noted that the study design maximized
nicke absorption. Subjects fasted overnight, and no food was ingested for 3 hours postdosing.
Since food inhibits nickel absorption, the prolonged absence of food would have increased the
tissue dose for the given ingested amount. I1n addition, the anecdotal nature of the report of a
subjective effect makes this endpoint unreliable for risk assessment. The serum nickel
concentration was approximately 35 Fg/L a 3 hours postdosing.

4.1.4.2 Oral Exposure to Nickel and Hypersensitivity

Sengitivity to nickd, dso known as dlergic contact dermatitis, is more common in
women than in men. Thisdlergy isinduced by skin contact, and dicited by dermd re-
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exposure.  No reports were found of contact dermatitis being induced by oral exposure to
nicke in food, nicke administered experimentaly, or from other sources of ora exposureto
nickel.

In Denmark, this alergy was estimated to be present in 10% of women and 2% of men,
based on patch tests (Nielsen and Flyvholm, 1983). Santucci et a. (1988) reported that the
prevaence of nickd sengtivity isincreasng. The higher occurrence in women than in meniis
attributed to the fact that women more commonly wear nickel-containing jewery, such as
€arings.

The research regarding sengtization effects of ora exposures to nickel addressesthree
issues. 1) whether ord exposures to nickel can dicit responsesin sendtized individuds, a
reection caled systemic contact dermatitis; 2) whether low level of exposure to nickd can
induce tolerance in those not previoudy senstized; and 3) whether long-term exposure to low
levels of nickd can reduce sengtivity in those previoudy senstized.

4.1.4.3 Systemic Contact Dermatitis

There has been some research and controversy regarding whether ora exposure to
nicke can dicit the dlergic response in sengtized individuals (Veien, 1997; Burrows, 1992;
Nielson et d., 1990). Systemic contact dermatitis has been observed for a number of agents,
particularly medicines that can be used both topicaly and oraly, such as corticosteroids (Veen,
1997).

It isdifficult to study the question of nickdl systemic contact dermaititis, in part because
nickd isubiquitousinfood. Nickd isanorma component of the diet, with highly variable
average dally intakes in the population, but usudly averaging lessthan 0.5 mg Ni/day (Veen,
1997).

Based on observations of ord chdlenges diciting aresponsein nickd sengtive
individuas, some researchers have proposed that reducing dietary nickel may reduce dlergic
contact dermétitis. However, nickd in the single doses of nickd sulfate generdly used in
provocation studiesis not the same biologicaly as nickd in the digt, or in drinking water. As
noted in Section 3.1, absorption of dietary nicke is much lower than absorption of nickd in
drinking weter, particularly if the latter is administered on an empty ssomach. Furthermore, the
bolus doses of nickd used in chdlenge studies result in higher pesk serum nickel concentrations
compared to the equivadent dose of nickd in drinking water. Severd studies of nickd-sengtive
individuas on low-nicke diets report some reduction in dermtitis, but results are equivoca
(Veien and Menné, 1990; Nielson et d., 1990; Veien et d., 1993). No studies of nickel
ingestion by drinking weater have been undertaken to test dicitation of dlergic response.



Studies of ingested nicked at low levels that have been conducted to induce tolerance are
reviewed in the next section.

Studies of systemic contact dermetitis include ora chalenge with single bolus doses of
nickel up to 5 mg, usudly as nickd sulfate hexahydrate, as well alonger-term exposures to
lower doses (e.g., Spiechowicz et d., 1984; Veien et d., 1993). These studies were
conducted primarily to investigate the phenomenon of systemic contact dermatitis and for
hazard identification, but some dose-response information is available. Other limitationsto
some of the studies include the absence of controls and not evauating the results in adouble-
blind fashion.

Burrows (1992) reviewed 11 trids of ora chdlenges of nicke-senstized subjects,
including severd double blind, placebo-controlled trids, usudly of sngle doses. Three of these
studies provide the best dose-response information available on doses that cause a flare-up of
eczemain previoudy-senstized individuals. Gawkrodger et d. (1986) conducted arandomized
double-blind cross-over study of systemic contact dermatitis in sensitized women orally
adminigtered 0, 0.4, 2.5, or 5.6 mg nickd as nickel sulfate hexahydrate (approximately O,
0.006, 0.04, or 0.08 mg Ni/kg). Dosing wasin capsules taken before breakfast, and each
woman was tested with only one dose and the placebo. All 6 women receiving the high dose
reacted to the nickel dose. At the other doses (n=10), the number of subjects responding to
nickel aone was comparable to the number responding to both nickel and to the placebo, or to
the placebo aone. Cronin et a. (1980) treated subjects (n=5) with a single dose of capsules
containing 0.6, 1.2, or 2.5 mg nickel as nickd sulfate hexahydrate (gpproximately 0.008, 0.02,
or 0.08 mg Ni/kg). The percent responders (1/5, 3/5, and 4/5) exhibited a clear dose-related
increase, but this study is limited by the absence of blinding or a control group, and the smal
numbers. Kaaber et d. (1979, as cited in Burrows, 1992) conducted a single-blind, placebo-
controlled study of 14 subjects administered 0, 0.6, 1.2, or 2.5 mg nickel as nickd sulfate
hexahydrate. Oneindividua responded at both of the low doses, and 9/14 at the high dose.
Severd other studies of sensitized individuds have reported systemic contact dermatitis,
typicaly with single doses of 2.5 mg (approximatdly 0.035 mg Ni/kg) viathe ord route (Veien
et a., 1987; Veien and Menne, 1990; Christensen et dl., 1981).

It isdifficult to establish aclear NOAEL for ora chalenge, due to the smdl size of the
groups tested, the wide variability among individuas, and the high background of individuas
who respond to the placebo. However, the data are consistent with the conclusion that most
sengitized individuas respond to a single capsule or gavage dose of 5 mg nickd (about 0.08 mg
Ni/kg), and few respond to doses of 1.2 mg nickel (about 0.02 mg Ni/kg). Thesedosesarein
addition to normd dietary nicke intake.

Induced Tolerance: Oral Exposuresto Prevent or Reduce Dermal Contact Sensitivity.
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Anima studies have been reported to show that low doses of dlergens, including nicke,
administered for long periods of time can induce tolerance. To test this concept in humans, Van
Hoogdtraten et d. (1991) studied nickel alergy and low-level ora exposure presumed to occur
from wearing dental braces. (Dentd braces are nicke-containing metal aloys, and can release
nickel ions) They interviewed 2176 mde and femae patients in nine European dermatology
clinicswho had positive skin patch tests. The prevaence of nickel sengtivity (positive nickel
patch test) in men and women was compared in relation to age, sex, pierced ears, and
orthodontic treatment. As expected, the percent with nicke sensitivity was higher in women
than in men, and higher in men or women who had their ears pierced. Nickd senstivity
occurred less often among individuals who had their ears pierced after wearing bracesthan in
those who had the ear piercing before they wore the dental braces. These results provide
indirect evidence of induction of increased tolerance from ord exposure to low levels of nicke
among people who had dental braces for at least 6 months prior to ear piercing. The large
numbers of patients and the information on age and timing of exposure are important measures
of qudity. However, alimitation of the study isthat group Szes differ, and the data for each
category (age, status of braces and ear piercing) are reported in percentages with no measure
of the datistical variability of the estimates (i.e., no confidence interva or standard error). The
authors reported that no data exist regarding the concentration of nickel ionsin the ora cavity
from metal denta appliances, but cited in vitro corrosion studies that reported releases that
vary from 2 - 400 Fg per day depending on the concentration of nicke in the dloy (Newman,
1981, as cited by Van Hoogstraten et a., 1991).

Two studies in humans were designed to determine whether low levels of ord nicke
intake reduce the frequency or intendty of exiding dlergy. Inasariesof smdl trids, Joval e
a. (1987) administered 5 or 0.5 mg nicke per day or a placebo in weekly capsulesfor 6
weeksto dlergic patients. The sum of patch test scores before and after adminigtration of the
nickel provided evidence of reduced sengtization after the course of nickel exposure a 5 mg
but not at 0.5 mg, dthough some patients had flare-ups during the trestment. Panzani et d.
(1995) administered tablets stated as containing 0.1 ng (sc) nickd sulfate up to 2 tablets a day,
for 3 yearsto 51 patientsin an attempt to cure their nickd alergy. The patients were asked to
follow alow-nickd diet by avoiding certain foods. Remission of symptoms was reported in 37
of the patients on this diet and regimen (time not specified), 14 stopped treatment, and 7 had
reactivation of symptoms. All ten control individuas with chronic skin symptoms who were
asked to follow anickel-free diet for one year o reported remisson of symptoms, but
symptoms regppeared after reintroduction of prohibited foods. The authors claimed that an
overal increase in tolerance was observed, as measured by remission of derma symptoms, and
by results of provocation testsin which a higher ord dose was needed to dlicit response after
trestment. However, severd factors limit the conclusions of thisstudy. Severd patients
stopped treatment because symptoms were aggravated, patch tests showed no significant
difference, and the numbers are amdl, inconsstent across trids and difficult to interpret.
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Some ingght into this phenomenon is provided by the sudy of Santucci et d. (1988).
These authors dosed 25 nicke-sensitized women with asingle ora chdlenge dose of 2.2 mg
Ni, and found that 22 reacted. After a 15-day rest period, the subjects were given gradualy
increasing doses under the following schedule: 0.67 mg Ni/day for one month, 1.34 mg Ni/day
for the second month, and 2.2 mg Ni/day for the third month. In this phase of testing, 3/17 of
the subjects had flare-ups even at the lowest dose. The other 14 subjects, however, did not
respond even to the highest dose, even though they had responded to that dose in the initia
testing. These patients did have flare-ups, however, when they resumed wearing (presumably
nickd-containing) earrings, indicating that this was not srictly a hyposenstization phenomenon.
Instead, the authors suggested that nickel absorption may have decreased, but no
measurements of absorption were made in this study. By contrast, Nielsen et d. (1999) found
no such decrease in absorption amnong sendtized subjectsin a detailed toxicokinetics study.

These smdl studies in humans provide some limited support that sengtivity can be
reduced by long-term, low-level exposure. The single study of nicke sengtivity in people with
and without long-term, low-level exposures to nickel from dental braces (Van Hoogtraten et d.,
1991) provides evidence in support of the hypothesis that chronic low-level exposures reduce
the frequency of alergy. These data suggest no adverse effects on sendtized individuads, and
possibly abeneficia effect, from short-term ora exposuresto nicke at levels below about 0.5
mg per day (approximately 0.007 mg Ni/kg/day).

4.2 Prechronic and Chronic Studies and Cancer Bioassaysin Animals— Oral and
Inhalation

4.2.1 Ord Exposure

Systemic studies of the toxicity of soluble nickel have been conducted in rats, mice, and
dogs. Primarily nongpecific indications of toxicity, such as decreased body weight, have been
observed. However, diminished kidney function has been observed at low doses.
Immunosuppressive effects have dso been observed. Relevant benchmark doses (BMDs)
caculated for each study are briefly presented for each study writeup, and are presented in
greater detail in Appendix A. Thetext and analyss for the development of the BMDs islargdy
derived from Haber et a. (1998), and from the related EPA report (U.S. EPA, 1997).2

Asin therest of this document, al doses are reported in terms of nickel, rather
than the nickel compound. For one study (American Biogenics Corporation, 1988), it is unclear
whether the authors reported doses in terms of nickel or the nickel compound,
and the doses under both conditions are noted. A further complication isrelated to the

2Some doses and calculated BMDs/BMCs presented here differ from those in Haber et
a. (1998) or U.S. EPA (1997), due to minor differencesin dose conversons.
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fact that most nickel compounds are sold primarily as the hydrate, with the anhydrous form
available at a premium price. For some studies, the authors did not specify whether they used
the hydrate or anhydrous form, but it is reasonable to assume that the hydrate was used, since
the material was administered in water. Because the use of the hydrate would affect the nicke
dose ca culated from the total compound dose, Stuations of ambiguity are noted.  In other
Stuations, the authors reported the dose in terms of nickel
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amounts, but may not have reported whether the hydrate was used. In these cases, the doses
reported by the authors were used.

Vyskocil et d. (1994b) trested Wistar rats (20/sex/group) with 0 or 100 ppm nickel as
nicke sulfate (hydration state not noted) in drinking water for up to 6 months, with an interim
sacrifice of 10/sex/group at 3 months. Nicke intake was calculated by the authors based on
drinking water consumption. Averaged over the two 3-month periods, maes consumed 6.9 mg
Ni/kg/day, and females consumed 7.6 mg Ni/kg/day. Urindysis was conducted after 3 and 6
months of exposure; histopathology was not evauated. Parameters measured in urine were
abumin as amarker of glomerular function, and lactate dehydrogenase (LDH), $,-microglobulin
($2m), and N-acetyl- $-D-glucosaminidase (NAG) as markers of tubular function, aswell as
total protein. Kidney and body weights were aso determined. There was no effect on body
weight gain in ether sx. Kidney weightsin both sexes a dl time points were dightly higher in
the exposed groups, and adight but gatistically sgnificant increase in kidney weight was
observed in males a 6 months. There was no effect on the markers of tubular function.
However, urinary albumin levels amarker of glomerular function, were sgnificantly increased in
femdesa 6 months (Table 15). Although the increase in urinary dbumin in maes was not
gatigicaly sgnificant, evaluation of the individud anima data showed a clear increase & 6
months, the lack of adatidticaly sgnificant effect in maes was atributable to two control males
with abnormdly high values. Thus, the sSingle dose in this study, 6.9 mg Ni/kg/day in males and
7.6 mg Ni/kg/day in femaes, was a LOAEL for decreased kidney function. BMD modding is
not useful for this study, because only one dose of nickel wastested. A limitation of this Sudy is
that there was congderable variability in response in both males and femdes. As part of this
assessment, the study authors were contacted in order to obtain the individua animal dataand to
evduate the implications of the variahility, including a determination of whether individua nicke-
exposed animals showed increased abuminuria between the 3- and 6-month andlyses (basdine
vaues were not obtained). However, theindividua data were no longer available. The results
in the maes are less rdiable than those in the femdes, in light of the high degree of varigbility in
urinary dbumin levels seen in maeratsin generd, and because the results in the maes were not
daidicdly sgnificant (athough they did reflect a population shift). Therefore, the study LOAEL
isthe LOAEL infemdes, 7.6 mg Ni/kg/day.

A chronic feeding study was conducted in which groups of 25 mae and 25 femde
weanling Wigtar rats were fed 0, 100, 1000 or 2500 ppm dietary Ni as nickd sulfate
hexahydrate for up to 2 years (Ambrose et d., 1976). Information on the amount of nicke in
the basal diet was not reported. Using areference food factor (amount of food ingested on a
body weight basis) of 0.079 kg food/kg body weight/day, based on the strain- and sex-specific
food consumption and body weights reported in U.S. EPA (1988), daily intakes are estimated
to have been gpproximately 0, 8, 80, and 200 mg Ni/kg body
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weight®. Longevity was poor in al exposed groups (68-92% mortdity) but not nickel-related,
astwo-year surviva in mae and femade controls was smilarly low (84% and 92% mortdlity,
respectively). Body weights were sgnificantly lower than control valuesin femdes at $80 mg
Ni/kg/day from week six and in both sexes a 200 mg Ni/kg/day from the beginning of the study.
Body weights a 78 weeks (the next longest duration) were considered to be more reflective of
toxicity than body weights a study termingtion, in light of the high mortality during the last 6
months of the study. At 78 weeks, body weights were decreased 18% in mid-dose females and
8% in mid-dose males; corresponding decreases at the high dose were 32% and 35%. The
investigators noted that the decreased weight gains, particularly at the high dose, may have been
partly due to reduced food consumption (data not reported). Limited clinical pathology analyses
found no exposure-rdated changes in hematology (hemoglobin, hematocrit, and differentia
leukocyte counts) or urinalys's (reducing substances and protein) endpoints. Relative liver
weights were significantly decreased in females at 80 mg Ni/kg/day and relative heart weights
were gatisticaly sgnificantly increased in the same group, athough there was no clear dose-
response. Complete histologica examinations showed no exposure-related neoplastic or non-
neopladtic lesonsin ether sex. This sudy islimited by the high mortdity in dl groups, resulting
inareatively smal number of animas that were exposed for afull 2 years, and thusasmadl
number at risk for developing cancer over the 2-year observation period. Overdl, these findings
strongly suggest that chronic exposure to dietary nickel sulfate was not carcinogenic, but are not
conclusivein thisregard. Based on the decreased body weight in females, this sudy identified a
NOAEL of 8 mg Ni/kg/day and a LOAEL of 80 mg Ni/kg/day. BMDs cdculated for this study
ranged from 11 to 58 mg Ni/kg/day, depending on whether the benchmark response (BMR)
was defined as a 10% increased risk of low body weight (lower vaue) or 10% decrease in the
mean body weight (higher value). Low body weight was defined as a 10% decrease in body
weight compared to controls. This difference in definition is discussed further in Appendix A.
Thisstudy islimited by the high mortdity in the control and exposed groups, and by the limited
reporting of the study design and results.

The carcinogenicity of nickel acetate was tested in three drinking water studies with rats
and mice (Schroeder et d., 1964, 1974; Schroeder and Mitchener, 1975). These studies had
amilar experimenta designs, with groups of 50-54 mae and 52-54 femae Long-Evans rats or
Charles River Swiss mice being exposed to 0 or 5 ppm Ni as nickel acetate (hydration state not
reported) from the time of weaning until natural death. The diet in the first mouse study
(Schroeder et d., 1964) was different from that used in the other studiesin that it was devoid of
cadmium and low in other trace metas. All three studies used a pathology protocol in which
histologica examinations were limited to the lungs, heart, liver, kidneys, and spleen.

3The NOAEL and LOAEL were reported as 5 mg Ni/kg/day and 50 mg Ni/kg/day in
the nickel RfD verified on 07/16/87, due to the use of a generic food factor of 0.05, rather than
the strain-specific vaue used for this assessment.

60



In the rat study, the reported estimated total daily nickd intakes (water plusfood) in the
control and exposed groups were 2.6 and 37.6 Fg/rat, respectively (Schroeder et d., 1974).
Assuming an average body weight of approximately 300 g for males and 220 g for femaes
(based on the authors data), the controls received approximately 0.009 mg Ni/kg/day (maes)
or 0.012 mg Ni/kg/day (females), and the 5 ppm group received approximately 0.13 mg
Ni/kg/day (mdes) or 0.17 mg Ni/kg/day (females). Mean body weights were dightly reduced
in maes and femaes a 18 months (10-13% lower than control values). There were no
exposure-related effects on longevity or tumor incidencesin ether sex. The only histologica
lesion attributable to nickd exposure was a dightly increased incidence of myocardid fibross
(13.3% higher than contrals, p<0.025, sex not specified).

Nickd intake data were only reported in the firgt of the two mouse drinking water
studies (Schroeder et d., 1964). The maximum daily nickel intake from water was estimated to
be 0.45 to 0.51 mg Ni/kg bw (~20 Fg Ni/mouse), dthough the actud vaue may be lower
because of some weter spillage. No estimate of nicke intake from the low trace metdl diet was
reported. Body weights were dightly reduced in both sexes after one year (4-13% lower than
controls) in the first mouse study, but there were no changesin body weight clearly attributable
to exposure in the second study. No adverse exposure-related effects on surviva or occurrence
of tumors and other lesions occurred in ether mouse study. Early mortality occurred in both
exposed and control groups in the firgt study, the number of deeths from al tumor types was
ggnificantly lower in exposed femaes than in controls in the first sudy, and the lifespan of
exposed femaes was significantly longer than controls in the second studly.

None of the studies summarized above (Schroeder et d., 1964, 1974; Schroeder and
Mitchener, 1975) provided any indication that nickel acetate in drinking water was carcinogenic
inrasor mice. However, due to the single exposure levels and other limitations in the design of
these dudies, the findings are not conclusively negative. In particular, it isunclear if amaximum
tolerated dose was achieved in any of the studies because the decreases in body weights
(~10%) were not clearly adverse. In addition, the first study islimited by high (>30%) autolys's,
and it is unclear whether non-neoplastic lesions not considered to have caused desth were
evaduated. Similarly, lessthan haf of the animalsin the laiter two studies were necropsied, and
even fewer were sectioned. Therefore, nonneopladtic lesons and any smal tumors could have
been missed. These studies are dso inadequate for evauation of noncancer effects, in light of
the incomplete evauation of noncancer endpoints.

Male and femae Sprague-Dawley rats were administered 0, 5, 35, or 100 mg
Ni/kg/day nicke as nickd chloride hexahydrate by gavage in water for 92 consecutive days
(American Biogenics Corporation, 1988)*. All high-dose animals died; other toxicology data

“The study is rather ambiguous regarding whether the doses were reported as nickel or
asnickd chloride. Some other reviews (e.g., ATSDR, 1997 and Health Canada, 1993) have
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were not reported for these animals. At the mid dose, 6/30 males and 8/30 females died; desths
of 3/6 males and 5/8 females was attributed to gavage errors, based on histopathol ogical
andyss. One mde and one femae died a thelow dose. Sdivation, lethargy, and irregular
breathing were observed both in rats that died early and in those that survived. Fina body
weight was significantly decreased in maes and females at the mid dose, to 81% and 92% of the
corresponding controls, respectively. Food consumption was also decreased in males, but there
was no gatigticaly sgnificant decreasein femdes. Significantly increased relive organ weights
(adrend, brain, testes in maes; adrends and heart in females) were gpparently related to the
decreased body weight. Similarly, decreased absolute organ weights (kidney, liver, and spleen
in maes; kidney in femaes) were probably related to the decreased body weight, in the absence
of dataindicating that nickel causes atrophy of these organs. Urinalyss evaluated protein,
glucose, specific gravity, and pH; no individua proteinsin urine were evaluated. The study
authors stated that a gatisticdly and dinicaly sgnificant increase in white blood cellswas
observed in maes at the mid dose at the interim sacrifice, and there was aminor increase in low-
and mid-dose femaes, but there was no effect at the termind sacrifice. Blood glucose was
datidticaly sgnificantly decreased in femades treated with 35 mg Ni/kg/day at the termind
sacrifice, but not a the interim sacrifice or in males a any time point. Pneumonitis, characterized
by intra-alveolar accumulation of pulmonary macrophages and degeneration of type |
pneumocytes, was reported in mid-dose males (7/25) and femaes (10/25). However,
histopathology was not conducted on low-dose animals. No histopathologica effectsin other
organs were observed. The NOAEL in this study was 5 mg Ni/kg/day, and the LOAEL was 35
mg Ni/kg/day, based on decreased body weight in maes and pneumonitis in both sexes. It
should be noted, however, that deathsin 10% of the males and 10% of the femaes were
attributed to nickd at this dose. BMDs caculated for this study ranged from 6.8 to 36 mg
Ni/kg/day, depending on whether the benchmark response (BMR) was defined as a 10%
increased risk of low body weight (lower vaue) or 10% decrease in the mean body weight
(higher vaue).

In a28-day study, Weischer et d. (1980) administered drinking water containing
0, 2.5, 5, or 10 ppm Ni as nickd chloride (hydration state not reported) to groups of ten mae
Widtar rats. These doses correspond to 0, 0.37, 0.7, and 1.5 mg Ni/kg/day,
assuming abody weight of 0.22 kg and water consumption of 0.032 L/day, as reported in U.S.
EPA (1988). A dose-reated, Satigticaly sgnificant increase in serum glucose was observed at
al doses. Although this endpoint is supported by severa studies via other routes by this and
other authors, and by other authors investigating mechanism, the smal degree of increase (14-

interpreted the study as reporting doses as nickel chloride. However, based on the reporting of
andytica determinations, it gppears that the doses were actudly reported as nickd. If the
reported doses were as amount of nickel chloride hexahydrate, the nickel doses would have
been 0, 2.7, 19, and 55 mg Ni/kg/day, and the study NOAEL would have been 2.7 mg
Ni/kg/day, with a LOAEL of 19 mg Ni/kg/day.
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28%) is probably pre-adverse. Decreased body weight gain of >10% was observed at al
doses, but the body weight at dl three doseswas smilar. The biologicd significance of this
decrease at doses as low as 0.37 mg Ni/kg/day is unclear, in light of the lack of decreasing body
weight as dosesincreased. The response at the high dose is smilar to that of some other
drinking water studies, but a much higher NOAEL for this endpoint was observed by Ambrose
et a. (1976) and other authors for this endpoint for exposuresin diet and drinking water.

Dietary exposure of beagle dogs (3/sex/group) to 2500 ppm Ni (about 63 mg
Ni/kg/day, assuming afood factor of 0.025) resulted in depressed body weight gain; no effects
were seen at either 100 ppm (about 2.5 mg Ni/kg/day) or 1000 ppm Ni (about 25 mg
Ni/kg/day) in the diet (Ambrose et d., 1976). The authors noted that the high dose caused
vomiting, and required stepwise increases from 1700 ppm to reach the find dose. One high-
dose mae and femae had polyuriawhen measured at the end of 2 years. This study indicates
that rats (see previous description) are more sendtive than dogs, athough the dog study is
limited by the smdl samplesze.

The effect of nickd on the immune system is complex. Asdiscussed in Section 4.1.4.2,
both ord and inhaation exposure to nickel can lead to sengtization, dthough the immune
mechanism for nicke-induced asthmais different from that for derma sengitization. However,
despite this evidence of immune stimulation by nickel, decreased immune response has been
observed following ord dosing.

Effects on immune endpoints were investigated in groups of ten female B6C3F1 mice
provided drinking water containing 0, 1000, 5000, or 10,000 ppm nickd sulfate (hydration State
not reported) for 180 days (Dieter et a., 1988). The measured intake was 0, 115.7, 285.7, and
395.7 mg nickd sulfate’lkg/day (O, 44, 108, 150 mg Ni/kg/day). (If
the reported doses were redlly as nickd sulfate hexahydrate, the nickel doses would have been
0, 25, 64, and 88 mg Ni/kg/day.) Immune function assays included measurements
of plaque-forming cdl (PFC) response to sheep red blood cells (SRBC), lymphoproliferative
response, naturd killer (NK) cdl activity of spleen cdls, and resistance to chalenge with the
bacterium Listeria monocytogenes. Mye oproliferative assays included bone marrow cdlularity
and stem cdll proliferative response. Water consumption was markedly decreased at the two
highest doses, and the study authors suggested that there may have been some dehydration at
the high dose. Higtopathology was evauated in 6/group. Mild tubular nephrosis was observed
in al evduated mid- and high-dose mice, but not at the low dose or in controls. Mild thymic
atrophy,
characterized by a decrease in Sze of the lymphocyte-rich thymic cortex, was observed in dl
treated mice (6/6 in dl groups), while minimal atrophy was observed in only 1/6 control. The
histologic finding of thymic atrophy was supported by satisticaly
sgnificant decreases in thymusweight a al doses. A sgnificant decreasein the
lymphoproliferative response to a B-cell mitogen, but not to a T-cell mitogen, was observed at
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al doses. In addition, statistically significant decreases in PFC response and spleen cdllularity
were observed at the high dose. A statigticaly significant, dose-related decrease in the
granulocyte-macrophage proliferative response was observed at al doses, and adecreasein
bone marrow cdlularity occurred a the two highest doses. Although the decreasein
lymphoproliferative response was observed at the low dose, the study authors considered this
effect to be secondary to effects on the myeloid system because other immune function
parameters were not affected. However, based on the histologically-observed thymic atrophy
and decreased thymic weight, the LOAEL in this study was 44 mg Ni/kg/day.

Inhibition of immune function compared to controls was dso observed in femae SIL
mice fed diets containing 2700 ppm nickd sulfate hexahydrate (600 ppm nickel) for 4 weeks
(Schiffer et d., 1991). This concentration corresponds to approximately 120 mg Ni/kg/day,
assuming afood factor of 0.20 for asubchronic study. Both in vivo and in vitro proliferative
responsesto T cell-dependent antigens, and thein vitro proliferative responseto aB cdll-
dependent antigen, were decreased. The impaired response continued even after culture of
gpleen cdls from exposed animasin standard (nicke-free) mediafor 5 days.

Ora nickd administration has aso been reported to overcome the senstizing effects of
derma exposureto nickel. The ddayed type hypersengtivity (DTH) reection to nickd sulfate
was significantly reduced in C3H/He mice (sex not specified) treated for 10 weeks with 0.1,
0.25, or 0.5% nickel as nickd sulfate in drinking water (Ishii et d., 1993). Based onthe
authors caculations of the amount of nicke ingested per mouse, and a default mouse body
weight of 0.03 kg, the corresponding doses were 178, 155, and 237 mg Ni/kg/day. (Mice at
the two highest doses drank less)) Exposure for 7 weeks was insufficient to icit tolerance a
any dose, and trestment with 0.05% nicke (87 mg Ni/kg/day) or less had no effect at ether
duration. The induction of tolerance was specific for nickd, since there was no effect on DTH
to CrCl;. The suppression was attributed to CD4°CD8" suppressor T cells, but could be
overcome by CD4" helper T cells. Nickd tolerance resulting from ord exposure to nicke has
a so been reported in human studies, as discussed in Section 4.1.4.2.

4.2.2 Inhaation Exposure

Data from well-conducted chronic and subchronic inhaation studiesin rats and mice
with nickel sulfate are available from NTP (1996a). These studies found that the respiratory
tract isthe primary target of inhaed soluble nickel, with effects occurring in both the lungs and
nose. Supporting mechanigtic data are available from related studies conducted by the same
group (Haley et al., 1990; Benson et a., 1989).

The Nationd Toxicology Program (NTP) performed a comprehensive chronic inhaation
bioassay of nickd sulfate hexahydrate aerosol in which groups of F344/N rats (53-55/sex) and



B6C3F1 mice (60-62/sex) were exposed for 6 hours/day®, 5 days/week for up to 104 weeks
(NTP, 1996a). The core studies included an additiona 5 animal s/sex/group that were sacrificed
at 7 months for histopathology exams, and at 15 months for histopathology and hematology
andyses. Additional groups of 5-7 animals/sex were sacrificed a 7 and 15 months for tissue
burden studies (lungs and kidneys in mice and lungsin rats). The aerosol mass median
aerodynamic diameters (MMADS) ranged from 2.27-2.53 um (Table 16). Endpoints evaluated
in the core study were dlinical signs, body weight, organ weights (interim sacrifices only), and
complete histopathol ogy.

Male and female rats were exposed to 0, 0.12, 0.25, or 0.5 mg compound/m? (0,
0.027, 0.056, or 0.11 mg Ni/m?) for 6 hours/day, 5 days/week for 2 years (duration adjusted to
0.0048, 0.010, and 0.020 mg Ni/m®). In therat study, mean body weights of the females were
decreased by ~6% at the high exposure level; mae body weights were unaffected. No clinica
sgns of toxicity or biologicaly sgnificant hematologica changes were observed. The primary
target of toxicity was the respiratory tract, as summarized in Table 16. Lung nicke burdens
were significantly higher than control valuesin male and femaerats at 0.11 mg Ni/n? after 7
months and mae and femae rats at $0.027 mg Ni/m? after 15 months (concentration-rel ated).
At the 2-year sacrifice, nonneoplagtic inflammatory lesions of the lung were observed at
exposure concentrations $0.056 mg Ni/m? in males and femaes, with no eevation over control
incidence at the low concentration. Chronic active inflammation of the lung was described as
multifocal, minima to mild accumulations of macrophages, neutrophils, and cdl debrisin aveolar
gpaces. Fibrosis occurred at the same levels, and was described as “increased connective tissue
and collagen involving dveolar septae in the parenchyma and subjacent to the pleura and foca
sclerotic areas ether subjacent to the pleura or at the tips of the lung lobes.” Alveolar
proteinosis was aso observed, at alower incidence. A lesion described by NTP as “dveolar
macrophage hyperplasia’ was aso reported at a high incidence a $0.056 mg Ni/m?. The
hyperplasiawas described as being of minimal to mild severity, and conssted of “macrophages
(usualy with abundant pae vacuolated cytoplasm) within aveolar spaces” NTP stated that the
meacrophages were probably derived from the pool of circulating monocytes. However, it isnot
possible to definitively identify the source of the macrophages. Nonetheless, “aveolar
macrophage accumulation” may be a better
term than “ aveolar macrophage hyperplasa,” and will be used for the rest of this document,
even though the NTP tables refer to hyperplasia. If the macrophages did not originate in the
lung, their presence would reflect lung damage that circulating macrophages have been recruited
to repair. Thelung toxicity was more saverein rats
than in mice as indicated by higher incidences of inflammation and macrophage accumulation in
rats at an exposure level of 0.056 mg Ni/m?® and progression to fibrosis.

°Daily exposure time was actudly 6 hrs plus Ty, (the time for the chamber
concentration to reach 90% of target, pproximately 8 minutes).
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Lymphoid hyperplasa of the bronchia lymph node and arophy of the olfactory epitheium aso
occurred at the high exposure level (0.11 mg Ni/m?) in both sexes of rats.

Asshown in Table 18, the incidence in males of chronic active inflammetion was
ggnificantly increased at the 7-month interim evauation, and al mid-concentration maes & this
sacrifice time exhibited macrophage accumulation. Smadler increases that were not datisticaly
sgnificant at the low concentration were dso observed in females at this time point.

M acrophage accumul ation was observed in al maes and 4/5 females a 0.056 mg Ni/m? in the
7-month evauation, but the incidence was lower at this concentration in the 15-month
evauation. Thelesonsin males gppear to be atrandent, reversible effect, since they were not
Seen & the low concentration following exposure for 15 months or 2 years. In addition, athough
aveolar macrophage accumulation was observed a 0.027 mg Ni/m? in the subchronic rat study
(see below), the leson termed “ chronic active inflammation” was not observed in the subchronic
study until the much higher concentration of 0.22 mg Ni/m?. Therefore, the inflammation
observed in maes at the 7-month interim sacrifice was not considered to be an appropriate bass
for aLOAEL.

Another endpoint that requires additiona discusson is macrophage accumulation.
Because the evaluation of the potentid adversity of this endpoint required an integrated
evauation of the entire database, this discussion addresses results from both the chronic and
subchronic rat and mouse sudies. In the chronic rat studies, macrophage accumulation in males
and femaes was one of the more sengitive endpoints, but it ways occurred in the presence of
chronic active inflammeation at the same or higher incidence. In the chronic mouse sudies,
macrophage accumulation was the lung lesion found at the lowest concentration in maes and
females, or occurred at the same concentration as other lesons, but a a higher incidence. The
higher sengtivity of this endpoint was more gtriking in the subchronic sudies. In both maes and
femdesin therat and mouse
sudies, adveolar macrophage accumulation was observed at a high incidence at least two
exposure levels below the concentration that induced increases in other lesons. The authors
noted, however, that only minimal increases in the number of macrophages were observed. As
noted above, the macrophage accumulation may be arepair response to tissue damage, and
may be an adaptive effect. Alternatively, this accumulaion may
reflect part of a continuum of effects, leading to inflammation, and ultimately to fibrogs.
However, this progression appears to be one that increases in severity with increasing exposure
levels, rather than progressing with increasing exposure duration.  The observation of
macrophage accumulation at lower exposure levels in the subchronic study than any effect was
observed in the chronic study indicates that early macrophage accumulation &t low
concentrations does not lead to more severe lesons a the same concentrations and longer
exposure times. Macrophage accumulation can aso be a physica response to particulate
exposure, dthough the low exposure level a which it was seen and the differences between
responses in rats and mice suggests that the response
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was & least partidly nickd-specific. A definitive conclusion regarding the adversity of

the endpoaint is not possible. However, based on the occurrence of macrophage accumulation at
concentrations that do not result in other effects, the decreased response

at longer exposure periods, and the potentia nonspecificity of the response, this endpoint may be
on a continuum of more severe effects, but does not appear do progress to these effects with
continued exposure. The implications of the dternative interpretation (that macrophage
accumulation can form the basis for an equivocad LOAEL) on the development of the RfC is
discussed in Section 5.2.

Thus, the NOAEL for lung effectsin ratsin the chronic study was 0.027 mg Ni/m? and
the NOAEL (HEC) for the lung effects (al of which were considered to occur in the pulmonary
region) was 0.0021 mg Ni/n? for males and 0.0024 mg Ni/m? for femaes. The NOAEL for
atrophy of the olfactory epithelium was 0.056 mg Ni/m?, corresponding to a NOAEL (HEC) of
0.0019 mg Ni/m? in femaes and 0.0033 mg Ni/m? in males. No exposure-related neoplasmsin
the lungs or other tissues were observed (Table 19). The lowest BMC(HEC) was 0.0017 mg
Ni/m?, caculated for lung fibrosisin males; aBMC(HEC) of 0.0023 mg Ni/n could be
caculated for this endpoint in femaes. The BMC(HEC) caculated for atrophy of the olfactory
epithelium was 0.0025 mg Ni/m? for female rats and 0.004 mg Ni/m?® for maeras. The
BMC(HEC) cdculated for dveolar proteinosisin femae rats was 0.0028 mg Ni/m?. The
overdl NOAEL (HEC) for this study was 0.0019 mg Ni/m?, based on atrophy of the olfactory
gpithelium in femaes. The lowest BMC(HEC) was 0.0017 mg Ni/n, calculated for lung
fibrogsin maes. The BMC caculations are documented in further detail in Section 5.2.2 and
Appendix A.

In the chronic mouse study (NTP, 19964), male and female mice were exposed to O,
0.25, 0.5, or 1 mg compound/m?® (0, 0.056, 0.11, or 0.22 mg Ni/m?) using the same protocol as
used intherat study. The duration-adjusted values for the mice were 0, 0.010, 0.020, and
0.040 mg Ni/m?. Body weights were dightly reduced during most of the second year, with fina
body weights decreased at the high exposure level by 8.7% in males and by 12% in females.
Lung nickd burdens were significantly higher than control vauesin femde mice a 0.22 mg
Ni/m? after 15 months. Asin the rats, histologic lesions were confined to the respiratory tract.
Femaes were more sengtive than maes to pulmonary effects of nicke sulfate, but males were
more sengtive to nasd effects. In femaes, chronic active inflammeation (intra-alveolar
accumulation of inflammatory cells), bronchidization, and aveolar macrophage accumulation
were observed at the low exposure level (0.056 mg Ni/m?) and higher. As noted for therats,
macrophage accumulation is judged not to be an adverse effect. Bronchidization was described
as hyperplagtic and/or hypertrophic cuboidd epithdlia cells extending from the termina bronchia
into the alveolar ducts and proximal aveoli, and thus was considered a thoracic (combined
tracheobronchia and pulmonary) effect. The same lesions were observed a $0.11 mg Ni/m? in
maes. Interdtitid infiltration and aveolar proteinosis were dso observed in femdes at $0.11 mg
Ni/m? and in maes a 0.22 mg Ni/m?. In the bronchia lymph node, macrophage accumulation
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occurred in both sexes at $0.11 mg Ni/m?, and lymphoid hyperplasia was seen in both sexes at
the high concentration. Atrophy of the olfactory epithelium was dso observed in mdes a $0.11
mg Ni/m? and in femaes at the high concentration. No exposure-related neoplasms in the lungs
or other tissues occurred in mae or femae mice. The LOAEL (HEC) for the pulmonary effect
of inflammation in females was 0.0088 mg Ni/m?; no NOAEL was identified for this endpoint in
females, although a NOAEL (HEC) of 0.0090 mg Ni/m® was identified in maes. For the
tracheobronchia endpoint of bronchidization in femaes, the LOAEL (HEC) was 0.012 mg
Ni/m?. For the extrathoracic endpoint of olfactory epithdliad atrophy, males were more senitive,
with aNOAEL (HEC) of 0.0028 mg Ni/m?; the NOAEL for females was a the next higher
exposure level, with aNOAEL (HEC) of 0.0054 mg Ni/m?.  The BMC(HEC) values for
chronic inflammation in femaes and for bronchidization in femaes were both approximately
0.006 mg Ni/m?. The BMC(HEC) for olfactory epithelia atrophy in males was approximately
0.004 mg Ni/rr?,

Overdl, NTP (1996a) concluded that there was “no evidence’ of nickd sulfate
carcinogenicity in male and femae ratsand mice.  In smilarly designed inhdation bioassays of
poorly soluble nickel compounds, NTP (1996b, 1996¢) found “some evidence” of nickel oxide
carcinogenicity in male and femae rats (based on lung and adrend tumors, see Table 20) and
“clear evidence’ of nickd subsulfide carcinogenicity in male and femderats (lung tumors, Table
20). There was no evidence of nicke subsulfide carcinogenicity in mae or femae mice, no
evidence of nicke oxide carcinogenicity in male mice, and “equivoca evidence” of nickd oxide
carcinogenicity in femae mice, in light of the absence of an increase @ the high concentration,
and the “margindly increased incidences’ & the two lower concentrations.

Some arguments have been raised that the negative evidence from the NTP (19964)
bioassay's cannot be congdered definitive. Thefirgt line of reasoning is that insufficiently high
concentrations were tested in the rat bioassay. Thisline of reasoning is based on the observation
of asomewhat higher incidence of lung lesionsin rats exposed to 0.11 mg Ni/m? for two years
as nickel subsulfide than in rats exposed to the same concentration as nickel sulfate (compare
Tables 17 and 21). (Nasal lesions, however, occurred at a higher incidence in the rats exposed
to nicke sulfate) Nickd subsulfide at this concentration produced smdl Satisticaly sgnificant
increases in lung adenomas and carcinomas (combined). Larger satigticaly significant increases
were observed at the higher nickel subsulfide concentration tested - 0.73 mg Ni/m?. According
to this argument, the toxicity of nickd sulfate was comparable to, or lower than, the toxicity of
nickel subsulfide; nickd sulfate could have been tested at higher concentrations, and may have
been carcinogenic at higher concentrations.

The NTP review panel considered whether adequately high concentrations were tested
in the nicke sulfate bioassay. The panel members noted that dightly higher concentrations
could have been tested, but overd| the study was judged to be adequate. NTP (1996a) noted
that the high concentration in the nickel sulfate bioassay was chosen based on the observation
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of chronic active inflammeation in the lung in the 13-week study. This leson was congdered to
be potentidly life-threatening, because of the possibility of reduced lung function. The high
nickel sulfate concentration in the 2-year bioassay was just below the concentration at which
mild chronic active inflammation was seen in the 13-week study. The 13-week dataaso
suggest a steeper concentration-response curve for nickel sulfate than for nickd subsulfide.
One male rat exposed to 0.44 mg Ni/m? as nickel sulfate died.

The second line of reasoning questioning the adequacy of the NTP bioassay relates to
questions regarding how informative the mouse bioassay data are considered to be. Nickel
subsulfide was classified as having “clear evidence” of carcinogenicity in mae and femderats,
but “no evidence’ of carcinogenicity in male and female mice. Similarly, nicke oxide was
cassfied as having “some evidence’ of carcinogenicity in male and femde rats, but “no
evidence’ in male mice and “equivocd evidence’ in femademice. In light of ether “no” or
“equivocd” responses for nickd subsulfide and nickel oxide in mice, it has been argued thet the
mouse data are not informative for nickel compounds. 1t should be noted, however, that this
argument presumes that nickel sulfateis carcinogenic. Without this presumption, nickd sulfate
would be considered to have been adequately tested in two species. Moreover, a search of the
NTP bioassay results database found no tendency for mice to be less likely to develop lung
tumors than rats, even when consdering only inhaation studies or metals (cobdt sulfate,
molybdenum trioxide, and sdlenium sulfide) (NTP, 1999).

A third line of reasoning questions the relevance of the NTP bioassay results,
contending that occupational exposures are much higher than the exposures tested in the NTP
study. However, while the concentrations of nickd particles may have been higher under
occupationa conditions (with exposure levels up to 1-10 mg Ni/n), the actual doseto the
lungs of the workers was smaller than or comparable to that in the bioassays. The animd and
human doses can be compared by converting both to the human equivaent concentration
(HEC). Asnoted in Section 4.1.2, an exposure level of 4 mg Ni/m? for occupationa exposure
in anicke refinery corresponds to an HEC of approximately 0.001 mg Ni/m?. The
BMC(HEC) based on lung effectsin the rat bioassay was 0.0017 mg Ni/m?. Thereis
condderable variability in the particle Sze digtributions observed under occupationd exposure
conditions, with alarger respirable fraction (which would reach the pulmonary region of the
lung) reported in adifferent refinery (Werner et d., 1999), but the lung dose is much closer to
that in the bioassay even under the latter conditions.

Thefind line of reasoning states that the bioassay with nickd sulfate hexahydrate did
not test high enough concentrations, based on the low lung burden in that assay, compared to
that observed in the nickel subsulfide and nickel oxide bioassays (NTP, 1996a, 1996b, 1996¢).
However, the lung burden of nickel reflects the rate of deposition and clearance of each nickel
compound. Toxicity data, rather than lung burden results, should be used in evaduating whether
sufficiently high concentrations were tested.
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Results from the related subchronic studiesin mice and rats dso show that the
respiratory tract is the primary target of inhaled soluble nickel aerosol (NTP, 1996a;, Dunnick et
al., 1989). F344/N rats (10/group/sex) were exposed to 0, 0.12, 0.25, 0.50, 1, or 2 mg
compound/m? (0, 0.027, 0.056, 0.11, 0.22, or 0.45 mg Ni/n?) for 6 hours/day, 5
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days/week for 13 weeks (duration adjusted to 0, 0.0048, 0.010, 0.020, 0.040, and 0.080 mg
Ni/m?). The MMAD and sigma g vaues are presented in Table 22. Therewere no clinical
ggnsof toxicity. One high-concentration maerat died. Absolute and relative lung weight were
datigticaly significantly increased in a concentration-related manner at dl but the low exposure
level in females and the lowest two exposure levelsin males. Neutrophiliawas observed in
femades a $0.056 mg Ni/m? and in maes a $0.11 mg Ni/n?, and was considered to be
conggtent with the pulmonary inflammeation. Minimal hematological changes (increased
hematocrit, hemoglobin concentration, and erythrocyte count) were observed in femaes at 0.22
and 0.45 mg Ni/m?, and were attributed to either mild dehydration, or to possible tissue
hypoxia. Females exposed to $0.11 mg Ni/m? had lymphocytosis, which the authors suggested
may have been reated to the observed lymph node hyperplasia. There were no significant
effects on sperm morphology or vagina cytology. Alveolar macrophage accumulation was
observed in dmogt dl of therats a dl exposure levels. The increasesin the number of
macrophages at the two lowest concentrations was described as minimd, and there was no
other accompanying evidence of inflammation at these concentrations. (The number of
macrophages increased a higher exposure levels, at which there was additiona evidence of
inflammation.). Chronic lung inflammation and interdtitia infiltrate were observed in femderats
at $0.11 mg Ni/m? and in maeras at $0.22 mg Ni/m?. Atrophy of the olfactory epithdium
and hyperplasia of the bronchia and mediastind lymph nodes occurred in both sexes a $0.22
mg Ni/m?. The NOAEL (HEC) for lung lesionsin femaes (considered to be pulmonary effects)
was 0.0047 mg Ni/n, and the NOAEL (HEC) for increased lung weight, a thoracic effect, was
0.0032 mg Ni/m?. The NOAEL (HEC) for olfactory epithelia arophy in femae rats was
0.0016 mg Ni/m? and the corresponding NOAEL (HEC) for males was 0.0024 mg Ni/n?.
Thus, the overal NOAEL (HEC) for this study was 0.0016 mg Ni/n¥, based on olfactory
epithelid atrophy in female rats; the corresponding BMC(HEC) was 0.0005-0.0007 mg Ni/m?,
depending on the modd used.

Mice in the subchronic study were also exposed to 0, 0.027, 0.056, 0.11, 0.22, or
0.45 mg Ni/m? for 6 hours/day, 5 days/week for 13 weeks (duration adjusted to 0, 0.0048,
0.010, 0.020, 0.040, and 0.080 mg Ni/m?). Increased neutrophil counts and lymphocyte
counts were observed in females at $0.11 mg Ni/m?, athough the authors noted that
inflammation and lymph node hyperplasia were not observed until higher concentrations. There
were no sgnificant effects on sperm morphology or vagina cytology. Alveolar macrophage
accumulation was the most sensitive endpoint, and was observed in dl animas a $0.11 mg
Ni/m?. Other histologic lesions were confined to the high exposure level in maes and femdes,
and consggted of chronic active inflammation, fibrogs, and interdtitid infiltrate of the lungs,
bronchia lymph node hyperplasia, and olfactory epithelid atrophy. No histologic lesons were
found in any other tissue. The lowest NOAEL (HEC) was 0.007 mg Ni/n?, for olfactory
epithdid atrophy in femdes.

71



In arelated study, Haley et a. (1990) exposed groups of 40 female B6C3F; miceto
nickel sulfate hexahydrate at actua concentrations of 0, 0.12, 0.52, or 2.01 mg compound/m?
(0, 0.027, 0.12, and 0.45 mg Ni/m?) for 6 hours/day, 5 days/week for 13 weeks (duration
adjusted to 0, 0.0048, 0.021, and 0.080 mg Ni/m?). The MMAD was reported as 2.3 um and
the GSD was 2.4 um. The mice were subjected to a battery of immune function tests, including
the antibody forming cell (AFC) response in lung-associated lymph nodes (LALN) and in the
gpleen, pulmonary aveolar macrophage (PAM) response, mixed lymphocyte response (MLR),
spleen cdl proliferative response to mitogens, spleen cdl naturd killer (NK) cdl activity, and
lung host resstance to tumor chalenge. The only Satigticaly sgnificant effects were an increase
in the number of nucleated cdlls recovered in lavage fluid (due to an increase in the percent and
numbers of aveolar macrophages and neutrophils) and a decrease in AFC/spleen at the high
concentration. The study authors noted that the increased numbers of macrophages and
neutrophils in lavage samples were consstent with pulmonary inflammeation observed in a
paradle study (Dunnick et a., 1989; NTP, 19964), and that this response is probably
associated with nongpecific mediators of inflammeation, rather than an dtered immune response.
The decrease in spleen AFCs was not accompanied by other changes in immune function.
Overdl, these results show that the immune effects of soluble nickel occur a higher exposure
levels than effects on the respiratory system.

The same group dso investigated biochemica responses of the lung to inhaed nickd,
athough this work appears to have been conducted with a separate group of animals. Benson
et al. (1989) exposed mae and femae rats (6/sex/group) and mice (8/sex/group) to 0, 0.02,
0.1, or 0.4 mg Ni/m? for 6 hours/day 5 days/week for 13 weeks. Bronchoalveolar lavage was
conducted at the end of the study, and the fluid was andyzed for lactate dehydrogenase (LDH),
beta-glucuronidase, and total protein, and total and differentia cell counts were performed.
Higtologica andyses of the lungs were dso conducted. The authors stated that no significant
sex-related differences were observed, and so results were reported for both sexes combined.
Marked concentration-related and atistically significant increasesin LDH and beta:
glucuronidase were observed in rats and mice at the mid-and high-exposure levels, and for total
protein in rats a the same concentrations. A concentration-related, statisticaly significant
increase in total nucleated cells was obsarved in rats a 0.02 mg Ni/m? and higher, and in mice
inmiceat 0.1 mg Ni/m?® and higher. In rats, the percent neutrophils was significantly devated
and the percent macrophages was sgnificantly depressed at the mid and high concentrations.
Chronic inflammation and interstitial infiltrates were obsarved in rats at 0.1 mg Ni/m?® and
higher, and macrophage accumulation was observed at dl exposure levels. Inmice,
macrophage accumulation and interdtitia infiltrates were observed a the mid and high
concentrations, and chronic inflammation and fibross were observed only & the high
concentration.

4.3 Reproductive/Developmental Studies— Oral and Inhalation
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As noted in Section 3.2, nickdl can cross the placenta, and severd ora studies have
reported increased neonatal mortality at doses below those resulting in maternd toxicity.
Severa ord multigeneration reproduction studies are available (Research Triangle Indtitute,
1988; Smith et a., 1993; Ambrose et a., 1976; Schroeder and Mitchener, 1971), and one
(Research Triangle Indtitute, 1988) included teratologica evauation of the F2 generation rets.
No multigeneration reproduction study is available via the inhaation route, athough evauation
of reproductive structure and function as part of generd inhaation toxicity studies has found no
evidence of effects at concentrations causing respiratory effects (Dunnick et d., 1989; NTP,
19964). No standard developmenta studies with soluble nickel species via ether the ordl or
inhaation routes were located. There is an inhdation developmenta toxicity study in rats
exposed to nickel oxide (Weischer et d., 1980), but there was only minima eva uation of the
pups. Although nickd oxide is an insoluble form of nickd, any observed systemic effects would
be attributable to absorbed nickd, which presumably would be in a soluble form.

Smith et a. (1993) conducted a 2-generation reproductive toxicity study of Long-
Evans rats administered 0, 10, 50, or 250 ppm nickel as nickel chloride hexahydrate in drinking
water. Groups of 34 females were administered the nickd for 11 weeks prior to breeding,
mated with experienced, unexposed maes. Exposure of the femaes continued during two
successive gestation periods (G1 and G2) and lactation periods (L1 and L2). The overall
average doses were reported as 0, 1.33, 6.80, and 31.63 mg Ni/kg/day. Average water intake
was unaffected except at the high dose. Average doses were about 20% lower during
prebreeding and gestation, and about 60% higher during lactation, due to higher water
consumption during lactation. Materna body weight was saidicaly sgnificantly reduced & the
high dose, and a datigticaly sgnificant decrease in body weight gain was observed a the mid
and high doses. A smdl, but gatidticaly sgnificant decrease in prolactin was observed in high-
dosedams. There was no treatment-related effect on reproductive performance indices
(mating success, rate of impregnation, pupsllitter, gestation length), or on mean pup birth weight
or weight gain in either generation. However, the number of litters with dead pups at birth was
sgnificantly increased at the high dose in both the first and second breeding. There was no
effect on other measures of pup mortdity in the first generation, but the total number dead pups
and the percentage of dead pups per litter on postnatd day 1 were satistically significantly
increased at al dosesin the second generation, and the number of litters with dead pups was
aso borderline significant (p<0.06) at the low dose of the second generation. The inconsistency
between generations and the absence of a clear dose-response make it difficult to identify a
NOAEL or LOAEL for thisstudy. However, the study authors noted that al three measures of
pup desth were datigticaly sgnificant or borderline sgnificant at the low dose in the second
generation, and stated that the abbsence of a clear dose-response should not resultin a
discounting of aresponse a the low dose. The study authors aso suggested that the dose-
response curveis shallow in the low- and mid-dose regions, and is steeper at higher doses after
a homeostatic mechanism regulating nickel absorption is overcome. Based on the observation
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of increases in two measures of pup deaths, an equivoca LOAEL for this study was 1.33 mg
Ni/kg/day.

Research Triangle Indtitute (1988) administered nickel chloride hexahydrate to mae
and female CD rats (30/sex/dose) at 0, 50, 250, or 500 ppm nickd in drinking water in a 2-
generation study. (An additiond dose level of 1000 ppm was diminated after 2 weeks dueto
excessvetoxicity.) The parenta animals were exposed beginning 11 weeks before
cohabitation, and continued for atotal of 24 weeks (maes) or 30 weeks (females). Groups of
10 rats/sex comprised a satdllite subchronic nonbreeder sudy. The average nickel
consumption reported by the authors varied by more than afactor of 2, with the highest
consumption at the beginning of the premating exposure and during the laiter part of the
lactation period. As a conservative estimate, the average exposure during gestation, which was
on thelow end of overal exposure levels, was used as the dose level for each group. This
choice aso takes into account the possibility that gestational exposure aone could have
accounted for the observed effects. Thus, the estimated doses were 0, 6.0, 25, and 42 mg
Ni/kg/day. At the 500 ppm dose level there was a statigticaly sgnificant decrease in the Po
meaterna body weight, dong with absolute and rdldtive liver weights, Smilar effects were
observed in males. Thus, 250 ppm (25 mg Ni/kg/day) was a NOAEL for Po breeders.
Histopathology was performed for liver, kidney, lungs, heart, pituitary, adrends and
reproductive organs to make this assessment. This maternd NOAEL is higher than the
NOAEL derived based on body weight changes in the chronic Ambrose et d. (1976) and
subchronic gavage (American Biogenics Corporation, 1988) assays.

In the Research Triangle Indtitute (1988) Fla generation a the 500 ppm dose levd, the
number of live pups/litter was significantly decreased, pup mortdity was significantly increased,
and average pup body weight was sgnificantly decreased in comparison with controls.
Although there was no Satisticaly sgnificant effect a 250 ppm, there was some indication of
decreased live pupgllitter. Similar effects were seen with F1b litters of Po dams exposed to
500 ppm nickel. In the 50 and 250 ppm dose groups, increased pup mortaity and decreased
live litter Sze was observed in the F1b litters. However, these effects seen with F1b litters are
questionable because the room temperature tended to be 10EF higher than normd at certain
times (gestation-postnata days) aong with much lower levels of humidity. Asevidenced inthe
literature, temperatures that are 10EF above normad during fetal development cause adverse
effects (Edwards, 1986). Therefore, the above results seen at 50 and 250 ppm cannot be
considered to be genuine adverse effects. The study authors aso noted that the results could
not distinguish between direct effects of nicke on the pups and effects secondary to decreased
materna water consumption, and possibly dehydration, during gestation. A dose-related
increase in deaths during ddlivery was aso observed in both the parentd femaes, and in F1
femaes in the second phase of the study.
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F1b maes and femaes of the Research Triangle Indtitute (1988) study were randomly
mated (19-30/sex/group) on postnatal day 70 and their offspring (F2a and F2b) were
evauated through postnatal day 21. This phase included teratologica evauations of F2b
fetuses. The average gestationd nickel consumption of F1b damswas0, 6.2, 23, and 42 mg
Ni/kg/day. Evduation of the dataindicated that the 500 ppm dose caused significant body
welght depression of both mothers and pups, and increased neonatd mortdity during the
postnatal development period. The intermediate dose, 250 ppm nickel, produced transent
depression of materna weight gain and water intake during gestation of the F2b litters. The 50
ppm nicke exposure caused a gatisticaly sgnificant increase in the incidence of fetuses with
short ribs, to 11%. However, since this effect was not seen in both of the higher dose groups,
the reported incidence of short ribs in the 50 ppm group is not considered to be biologicaly
sgnificant. Overdl, this study supports the results of Smith et a. (1993) that nicke ingestion
can cause increased neonatal mortality at doses below those causing maternd toxicity, but a
reliable developmental NOAEL cannot be identified in this studly.

A 3-generation reproduction study in Wistar rats was briefly described by Ambrose et
al. (1976). Groups of 30 weanling rats per sex per group were fed 0, 250, 500, or 1000 ppm
nickd as nickd sulfate hexahydrate for 11 weeks (0, 20, 40, and 80 mg Ni/kg/day). Twenty
fema es/group were mated individudly with maes from the same group for up to three
successive 7-day rotations. The number of mated animas, number of pregnancies, dive and
dead litters, pupsin litter at 1, 5, and 21 days, and totd litter weight at weaning was recorded.
The Fla pups were sacrificed and necropsied at weaning, and the parental (Po) rats were
remated to produce the F1b generation. Mating of the F1b and F2b generations was as for the
parental generation (17-20 rats mated/group). A complete histopathology examination was
conducted on F3b weanlings (10/sex/group). Body weights of the Fo rats were decreased only
at the high dose, with an average decrease of 13% reported for males and 8% reported for
femaes. Thefertility index was only ~60% at 250 and 1000 ppm in the Fla generation, and at
1000 ppm in the F2b generation, but this effect was not nicke-related, since fertility was high at
the high dose in dl other generations. The total number of pups born dead was increased at dl
nickel dosesin the Fla generation and at 500 ppm in the F1b generation, but there was no
effect on pup mortdity in later generations. The study authors stated that there was no
evidence of teratogenicity, based on gross examinations, and no histopathol ogic effects on the
F3b generation, but presented no supporting data. Evauation of this study is complicated by
the lack of atigtica analyses and the reporting of results using pups, rather than litters, asthe
unit of analyss. There was, however, a clear and consstent decrease in live pups/litter on pnd
5 and in mean weanling body weight a the high dose in al generations, dthough a NOAEL or
LOAEL could not be clearly defined.

Schroeder and Mitchener (1971) conducted a 3-generation study of rats administered

nicke as an unspecified sdt at 5 ppm in drinking water (estimated at 0.43 mg Ni/kg/day), and
observed sgnificantly increased neonatd mortality and incidence of runts. Thissudy is
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sgnificantly limited, however, by the use of only 5 mated pairs/dose group. In addition, the
matings were not randomized and the males were not rotated. This study was conducted in an
environmentaly controlled facility where rats had access to food and water containing minimal
levels of essentid trace metals. Because of the interactions of nickel with other trace metad's
(chromium was estimated as inadequate), the restricted exposure to trace metals may have
contributed to the toxicity of nickel. Therefore, this study does not present a reliable estimate of
nicke toxicity.

In astudy validating the Chernoff-Kavlock short-term test, Seidenberg et d. (1986)
found no effect on litter Size or weight, or surviva on postnatd days 1-3, among the pups of
ICR-SIM mice administered nickel chloride (hydration state not reported) at 200 mg Ni/kg/day
(90 mg Ni/kg/day) by gavage on gedtation days 8-12. This dose did, however, resultin a
gatigicaly sgnificant decresse in maternd body weight gain.

Reproductive endpoints were dso evauated in the systemic toxicity studies discussed
above. No effects on sperm morphology or matility, or on vagind cytology, were observed in
rats or mice exposed to concentrations up to 0.45 mg Ni/m? as nicke sulfate hexahydrate for 6
hourg/day, 5 days'week for 13 weeks (Dunnick et d., 1989; NTP, 19964). In addition, no
histopathol ogic effects on reproductive tissue were observed in the chronic studies, with
exposures at concentrations up to 0.11 mg Ni/m? (rats) or 0.22 mg Ni/m?® (mice) for 6
hours/day, 5 daysiweek for 2 years. Degeneration of the germind epithelium of the testeswas
observed only a the much higher concentration of 1.6 mg Ni/m?® in mae rats exposed for 6
hourg/day for 12 days over a 16-day period (Benson et al., 1988).

In an evauation of the potentid effects of nickd on functiond development, Gray et d.
(1986) treated pregnant CD1 mice with nickel chloride (hydration state not reported) at 100
mg/kg/day (45 mg Ni/kg/day if as anhydrous nickd chloride, 25 mg Ni/kg/day if as nicke
chloride hexahydrate) by gavage on gestation days 8-12. The dams were dlowed to ddiver,
litters were culled, and locomotor activity was evauated at postnatal days 22, 58, and 200.
No effect was observed, athough this assay was able to detect effects of other chemicals.

In the only study located that evauated developmenta or reproductive effects of
inhaling any nickel compound, Weischer et d. (1980) exposed groups of 10-13 pregnant
Wistar rats continuously to NiO at 0.8, 1.6, or 3.2 mg/mE NiO (0.6, 1.2, or 2.5 mg Ni/n) for
21 days, beginning on gestation day 1. Materna endpoints evaluated were body weight, organ
welights, serum urea, and hematology. The only fetal endpoints evaluated were fetd weight,
leukocytes, and serum urea. Maternd body weight gain was satisticaly significantly reduced in
al exposed groups, and atistically significant decreases in fetal body weight were observed a
the top two exposure levels. Feta weight was sgnificantly decreased a the mid- and high-
concentration level. Other developmentd effects, such asfetd surviva, were apparently not
evauated.
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Overdl, these dataindicate that ingested nickel can cause increased neonatd deaths at
relatively low doses, but no reliable NOAEL for this endpoint has been identified. An
equivocal LOAEL of 1.33 mg Ni/kg/day was observed in a 2-generation study with Long-
Evans rats administered nicke chloride in drinking water (Smith et d., 1993). Increased
neonatal mortality at doses below those causing maternd toxicity was aso observed by
Research Triangle Indtitute (1988) in a 2-generation study of nickd chloride in drinking water
with CD rats. However, ardiable developmenta NOAEL could not be identified for this
sudy. The Research Triangle Ingtitute (1988) study was aso the only ord study that included
teratologica evauations; no nickel-related effects were observed.  In a 3-generation study of
Widar rats administered nickd sulfatein feed, aclear and consstent decreasein live pups/litter
was observed on postnata day (pnd) 5 and in mean weanling body weight at the high dosein
al generations, but aNOAEL or LOAEL could not be clearly defined (Ambrose et d., 1976).
Increased neonatal mortality was also observed by Schroeder and Mitchener (1971) ina 3-
generation drinking water study in rats, but areiable LOAEL could not be identified in this
study, due to methodologica inadequacies. No effect on sperm morphology or vagina
cytology, and no histopathology of reproductive tissue, was observed in the NTP (19964)
subchronic and chronic inhdation studies. In the only inhaation study evauating reproductive
function or developmenta effects, Weischer et d. (1980) found decreased fetal weight at
concentrations that also caused decreased maternad body weight gain. Neonatal surviva was
gpparently not evaluated.

4.4 Other Studies
441 Parentera and Initiation-Promotion Cancer Studies

Parenteral carcinogenicity studies have been conducted in which animals were exposed
to soluble nicke compounds by intramuscular or intraperitoned administration. As summarized
below, intramuscular injection or implantation sudiesin rats congstently found that soluble
nickel compounds were not tumorigenic at the Site of adminigtration. Other studies provide
limited evidence that repeated intraperitoned injections of nickd chloride, sulfate and/or acetate
induced tumors in the peritoned cavity of rats and lungs of Strain A mice. Offgpring of rats that
were administered nickel acetate by intrgperitoned injection during pregnancy developed
pituitary tumors, suggesting that soluble forms of nickel can act as trangplacenta carcinogens.
Initiation-promotion studies indicate that intraperitoneal injection of nickel acetate can initiate
development of kidney tumorsin rats and their offspring, and provide suggestive evidence that
intrgperitoned injection of nickd chloride or sulfate can promote development of
nasopharynged tumorsin ras.

4.4.1.2 Intramuscular Administration
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Groups of 32 Widter rats (age 2-3 months, sex not reported) were given asingle 5 mg
injection of nicke sulfate hexahydrate or a single 20 mg injection of nicke subsulfide or nickel
oxide as sugpensions in one or both thigh muscles (Gilman, 1962). No control group was
included in the study. Pathology examinations evauated both loca tumors and metastases. No
injection-gte or other trestment-related tumors were found in the nickd sulfate hexahydrate-
treated rats (54 total injection Stes) after #603 days of observation. Examination of the nickel
subsulfide and nicke oxide-treated animals showed that loca tumors were induced in 25/28
rats (36 total tumors/45 total injection sites) observed for #365 days and 21/32 rats (26 total
tumors/64 total injection Sites) observed for #595 days, respectively.

A study that compared the solubility and injection-site tumorigenic activity of nicke
sulfate and five other nickel compounds in Fischer rats was incompletely reported by Gilman
(1966). Doses, trestment schedule, anima numbers, and gender were not specified by the
investigator, dthough it gppears that the animals were observed for six months following
treatment and IARC (1990) noted that 20 rats/group were tested. No control group was
included in the sudy. Nicke sulfate did not induce any tumors, athough tumors were observed
with dightly soluble nicke fluoride, and more so with less soluble nickel hydroxide and insoluble
nicke oxide and nickd subsulfide. As summarized in Table 23, tumorigenicity generdly
increased with decreasing compound solubility.

Similar results were reported for groups of 35 NIH Black rats (sex unspecified)
adminigtered intramuscular implants of sheep fat pellets containing 0 or 7 mg of various nickel
compounds (Payne, 1964; abstract only). Treatment was reported to have been repeated
three times (interva ungpecified), suggesting that each animd received three implants. The
animals were observed for up to 18 months following trestment. There was no evidence of
treastment-related tumorigenicity for most of the soluble nicke compounds tested in this study.
No locd tumors were found in rats treeted with nicke chloride, anhydrous nickel acetete,
nicke ammonium sulfate, or nicke (111) oxide. Implantation-site sarcomas developed in 1/35,
1/35, 6/35, 4/35, and 12/35 rats trested with nickel sulfate, nickel acetate, nickel carbonate,
nicke (I1) oxide, and nickel subsulfide, respectively, compared to 0/35 animasin the sheep-fat
control group. These latter results should not be over interpreted, since they are from an
abgtract only.

Groups of 20 mae Widar rats were given an intramuscular injection of 4.4 Fmol (0.26
mg) nicke as anhydrous nickd sulfate every dternate day for atota of 15 injections (3.9 mg
Ni/rat total) (Kasprzak et a., 1983). Other groups of 20 rats were given asingle 120 Fmal (7
mg) intramuscular injection of nickel as agueous suspensons of nickd (11) hydroxides (freshly
precipitated colloida gel, air-dried colloida gdl or crysalized) or nickd subsulfide. The nicke
subsulfide-treated rats served as a positive control group. An untreated control group was
comprised of 20 rats that were administered 15 injections of sodium sulfate on dternate days.
Examinations performed 24 months after the start of the experiment showed no injection site
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tumorsin the nickel sulfate-treated, colloida nickel hydroxide-trested, or untrested control rats.
Locd sarcomas were induced in the air-dried colloidd nickel hydroxide, crystallized nickel
hydroxide, and nickel subsulfide groups at incidences of 4/19, 3/20, and 15/20, respectively.

Sunderman (1984) investigated the tumorigenicity of 18 nickd compoundsin mae
Fischer rats using standardized experimenta conditions and an equivaent intramuscular dose
(14 mg Ni). The only soluble nickel compound in the study was nickel chromate, which
induced one loca sarcomain 16 rats that were observed for up to two years following
intramuscular injection. The tumor incidence (6%) and survivd rate (63%) in the nicke
chromate-trested rats were not significantly different from vehicle control values. The water-
insoluble nickel compounds induced much higher (50-100%) incidences of locd sarcomas
(eg., 65, 93, and 100% for nickel metd, nickel oxide, and nickd subsulfide, respectively).

In astudy reported as an abstract, Kasprzak (1994) compared the carcinogenic
potentias of two forms of the same nickd (I1) st that differ in in vivo solubility: nickd sulfate
hexahydrate, which is readily soluble in serum (minutes), and anhydrous nickel sulfate, whichis
very dowly solublein serum (days). Groups of 30 rats were given asingle intramuscular
injection of 7.5 or 15 Fmol of NiSO, hexahydrate or 7.5, 15, 30, or 60 Fmol anhydrous
NiSO, powder (particles $10 Fm), dissolved or sugpended in 50% glyceral, in the thigh
muscles of both hind limbs. Control rats were smilarly treated with 50% glycerol. The dose
range of the hexahydrate was limited by acute toxicity. No injection site tumors developed in
any of the treated rats and incidences of tumors at other Sites were Smilar in treated and control

groups.

4.4.1.3 Intraperitoneal Administration

In contragt to the generdly negetive results with soluble nickd sdtsin intramuscular
studies, weskly positive results have been seen in anumber of intraperitoned studies.

In an intraperitoned study with Wistar rats, groups of 18-week-old females were
injected once or twice weekly with nickd in various forms, including four soluble sats (Pott et
a., 1989; 1990, as cited by IARC, 1990). The animals were sacrificed 30 months after the
firg injection for assessment of locd (non-uterus abdomina) tumor induction. As summarized
in Table 24, induction of low incidences of abdomina mesotheliomas and sarcomas was
associated with exposure to nicke chloride, nickd sulfate, or nicke acetate.

Two studies tested the lung tumorigenic activity of soluble nickd compoundsin Strain A
Mouse carcinogen screening bioassays (Stoner et a., 1976; Poirier et d., 1984). In the Stoner
et a. (1976) study, groups of 10 mae and 10 female 6- to 8-week-old mice were
intraperitonedly injected with nickd (I1) acetate in 0.85% physological sdinethreetimesa
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week for 8 weeks at doses of 0, 3, 7.5, and 15 mg compound/dose, yielding tota nickel
acetate doses of 0, 72, 180, and 360 mg/kg, respectively. These doses correspond to 0, 24,
60, and 120 mg Ni/kg, if the doses were reported in terms of anhydrous nickel acetate, or O,
17, 42, and 85 mg Ni/kg under the more likely conditions of the doses being reported as nicke
acetate tetrahydrate. The total doses represented the maximum tolerated dose (MTD) and 1:2
and 1.5 dilutions of the MTD. Lung tumors (adenomas) were counted in al survivors 30 weeks
after the firgt injection. Assummarized in Table 25, the incidence and average number of lung
tumors per mouse were significantly increased in the high-dose group compared to the vehicle
controls.

In the Poirier et a. (1984) Strain A mouse assay, groups of 30 male and 30 female 6-
to 8-week-old mice were injected with 0 or 10.7 mg/kg (MTD) doses of nickel acetate
tetrahydrate (2.5 mg Ni/kg) in 0.9% saline three times aweek for 8 weeks (total dose 256.8
mg compound/kg, or 61 mg Ni/kg). Examinations 30 weeks after the first injection showed
that the mean number of lung adenomas/mouse was significantly higher in 24 trested survivors
than in 25 surviving vehicle controls (1.50 + 0.46 S.E compared to 0.32 + 0.12, p<0.05), but
ubgtantiadly less than the urethane positive control vaue of 21.6+/- 2.8. Interestingly, co-
injection of magnesum acetate with the nickd acetate significantly reduced the number of lung
adenomas/mouse to control levels, Tumor incidences were not reported.

The Stoner et d. (1976) and Poirier et a. (1984) bioassays provide adight indication
that nickel acetate was tumorigenic in Strain A mice. However, these findings are insufficient
for establishing carcinogenicity of the compound. This bioassay system isawell-vaidated
carcinogen screening test based on amouse strain that has a high spontaneous lung tumor rate
and is particularly sengtive to development of chemicaly-induced lung tumors. Chemicals that
induce a positive response in this test, however, are not necessarily carcinogenic in chronic
assays using inhalation and other natura routes of exposure (Shimkin and Stoner, 1975).

4.4.1.4 Initiation-Promotion Studies

A two-stage carcinogenesis study was performed in which nickel acetate was tested as
atumor initiator in mae F344 rats using sodium barbital as the promoter (Kasprzak et d.,
1990). Two groups of 24 rats were given asingle intraperitoned injection of 90 Fmol/kg of
nicke acetate tetrahydrate (5.3 mg Ni/kg) in water, and two groups of 24 rats were given a
sngle intraperitoned injection of sdine. One of the nicke-acetate treated groups and one of
the sdine-treated groups were subsequently (two weeks later) exposed to drinking water
containing 500 ppm of sodium barbital. Rats were observed for up to 96 weeks following the
intrgperitoned injections. Assummarized in Table 26, incidences of rend cortical adenomas
aone and combined adenomas and adenocarcinomas were significantly increased in the
initiated/promoted rats compared to those administered nicke without subsequent sodium
barbita promotion. The adenocarcinomas were found to have metastasized to the lung, liver
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and/or spleen. Mogt of theinitiated/promoted rats developed multiple renal tumors whereas
none were found in the nicke-only and sdline control groups. Sodium barbital by itself
increased the adenoma response ~6-fold higher than nickel alone. No nicke-rdated tumors
were found in the thyroid, prostate, or testes.

A trangplacenta carcinogenicity study was performed in which an unspecified number
of pregnant F344/NCr rats were administered nickel acetate by intraperitoneal injection in a
single 90 Fmol/kg (5.3 mg Ni/kg) dose on gestation day 17 (Group 1), 45 Fmol/kg (2.6 mg
Ni/kg) doses on gestation days 16 and 18 (Group 2), or 45 Fmol/kg (2.6 mg Ni/kg) doses on
gestation days 12, 14, 16, and 18 (Group 3) (Diwan &t a., 1992). Control rats were treated
with sodium acetate on day 18 of gestation (Group 4). Offspring from each litter that was
treated with one or two doses of nickd acetate (Groups 1 and 2) or sodium acetate (Group 4)
were distributed into two subgroups which received drinking water that was untreated
(offspring in Subgroups 1A, 2A, and 4A), or contained 500 ppm sodium barbita (Subgroups
1B, 2B, and 4B) from 4 weeks of age until the experiment was concluded at 85 weeks of age.
Group 3 was deleted from the study due to high perinatd toxicity (dl offspring died within 72
hours of birth). Necropses were performed on remaining offspring that included
comprehensive gross examinations and histologica examination of kidneys, liver, lungs, spleen,
thyroid, pituitary, prostate, and testes. As summarized in Table 26, the incidences of kidney
tumors (adenomas or carcinomas of the rend cortex and pelvis) were significantly higher in
male offspring that were treated with nickd acetate prenatally and sodium barbital postnataly
(Subgroups 1B and 2B) than in control maes initiated with sodium acetate (Subgroup 4B) or
given prenatd sodium acetate only (Subgroup 4A). No kidney tumors developed in males
given prenatd nicke acetate only (Subgroups 1A and 2A) or in any of the femae rat groups.
There was no indication that the gender-related induction of kidney tumors (maes only) was
associated with **5,-globulin nephropathy because careful histologic scrutiny of the kidneys
showed no lesions or hyaline droplets compatible with the **,,-globulin syndrome.  Pituitary
tumors (combined adenomas and carcinomas) were significantly increased in offspring of both
males and females that were exposed to trangplacenta nicke acetate only (Subgroups 1A and
2A) compared to controls that were transplacentally-exposed to sodium acetate only
(Subgroup 4A). Pogtnatal adminigtration of sodium barbital had no influence on the
development of the pituitary tumors. The pituitary tumorsin the offgpring initiated with nicke
acetate had shorter latency periods than those induced by sodium acetate only (mean ~58-74
weeks in Groups 1 and 2, compared to 81-85 weeks in Group 4), and were mixed adenomas
and carcinomas, unlike those in the offspring exposed to sodium acetate, which were only
adenomas. The results of this study indicate that nickel acetate was atrangplacentd initiator of
kidney tumors and a complete transplacenta carcinogen for pituitary tumors.

The tumor-promoting effect of nickel chloride on rend carcinogenesis by N-ethyl-N-

hydroxyethylnitrosamine (EHEN) was tested in rats (Kurokawa et d., 1985). One group of 15
male Fischer 344 rats was provided drinking water containing 500 ppm EHEN initiator for two
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weeks followed by 600 ppm nickel chloride hexahydrate in the water for 25 weeks. A second
group of 15 maes received 500 ppm EHEN in drinking water for two weeks followed by
untreated water for 25 weeks. Additiona groups of 15 males received untreated water for two
weeks followed by 600 ppm nickel chloride hexahydrate for 25 weeks, or untreated drinking
water for 27 weeks. Mean daily intake of nickd was ~10 mg Ni/kg. Histological examinations
of the kidneys at the end of 27 weeks showed that the incidence of rend cdll tumorsin the
group receiving EHEN followed by nicke chloride (8/15) was significantly higher (p<0.05) than
in the controls given EHEN aone (2/15), nickd chloride done (0/15), or water aone (0/15).
There were no intergroup differencesin incidences of liver neoplagtic lesons. The authors
concluded that nickd chloride exerted atumor promotion effect on the kidney.

Nicke chloride showed no promoting activity in livers of Fischer 344 rats after initiation
with N-nitrosodiethylamine, in gadtric tissue of Widtar rats after initiation with N-methyl-N’-
nitro-N-nitrosoguanidine, in the pancreas of Syrian golden hamgters after initiation with N-
nitrosobi(2-oxypropyl)amine, or in the skin of SENCAR mice initiated with 7,12-
dimethylbenz] a]anthracene (Hayashi et d., 1984, ascited by IARC, 1990,). The method of
exposure and other additiond data on this study were not available for review.

The tumor-promoting activity of nickel sulfate for nasopharynged carcinogenesis has
been tested in rats initiated with dinitrosopiperazine (DNP) (Ou et d., 1980, 1983; Liu et d.,
1983), as summarized below. Small numbers of animals were tested in these Studies, however,
the results suggest that nickd sulfate may have had some tumor-promoting effect.

One of the studies (Ou et d., 1980) administered a single subthreshold injection of
DNP (9 mg) to groups of 12 rats, followed either Sx days later by exposure to nickel sulfatein
the drinking water for six weeks (3.7 mg Ni/day), or one day later by weekly local applications
of nickd sulfate in gdatin solution in the nasopharynx for seven weeks (37 Fg Ni/week).
Control groups of 12 rats received DNP done, nickd sulfate alone by either route, or both
vehiclesadone. Two nasopharyngea tumors developed in both groups of 12 rats that received
DNP in combination with nickdl sulfate (one carcinomaand one fibrosarcomain the ord
promotion group, one papilloma and one carcinomain the nasopharynx gpplication group),
whereas no tumors occurred in any of the five control groups. In afollow-up study, 5/22 rats
given an initiating injection of DNP (dose not reported) developed carcinomeas (two in the
nasopharynx, two in the nasa cavity, one in the hard paate) following ord administration of
nicke sulfatein gelatin (Liu et d., 1983). No tumors developed in unspecified numbers of rats
treated with DNP followed by agueous nickel sulfate, nickd sulfate in gelatin aone, or DNP
aone.

Inthe Ou et d. (1983) study, agroup of 13 femae rats was administered asingle

subcutaneous injection of DNP (9 mg) on day 18 of gestation. One-month-old pups of the
trested dams were fed nicke sulfate (0.05 ml of a 0.05% solution) daily for one month. The
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dose of nickd sulfate was subsequently increased by 0.1 ml per month for the next five months.
Nasa carcinomas developed in 5/21 pups. The incidence of tumors in a comparison group of
untrested pups of DNP-initiated dams was 3/11, but tumor types were different (one
nasopharyngeal squamous-cdll carcinoma, one neurofibrosarcoma of the peritoned cavity, one
granulosa-theca-cell carcinoma of the ovary). No tumors developed in groups of seven pups
that were treated with nickel sulfate, groups of seven untreated pups, or in any of the dams.

4.4.2 Genotoxicity Studies

Results of representative genotoxicity studies of water soluble nickel compounds are
summarized below. Mogt of these studies tested the activity of nickel as nickd chloride, nickel
sulfate, and/or nicke acetate. Evidence for genotoxicity is mixed, dthough water soluble nickel
compounds have been generdly consigtent in inducing effectsin certain kinds of mammalian
assays, particularly mutagenic responses and DNA damagein vitro, chromosoma effects
including aberrations and sister-chromatid exchangesin vitro and in vivo, and carcinogenic
trandformation of mammdian cdlsin vitro. Responsesin many of these assays were weak and
occurred at toxic doses. The genotoxicity of nickel compounds has been reviewed by
numerous authors, including Sunderman (1989), Coogan et a. (1989), IARC (1990), Snow
(1992), NTP (1996a), and Oller et a. (1997). Thisdiscussion islargely based on those
previous reviews.

In vitro assays have demondirated that soluble nickel compounds are dmost dways
non-mutagenic in bacteriaand other prokaryotes. Nicke chloride, nickd sulfate, and nickel
nitrate did not induce gene mutationsin Salmonella typhimurium and Escherichia coli, even
at toxic doses (Arlauskas et d., 1985; Marzin and Phi, 1985; Biggart and Costa, 1986; Wong,
1988). Nicke sulfate was aso not mutagenic in the yeast Saccharyomyces cerevisiae,
athough it was weakly positive for gene conversion (Singh, 1984). In contrast to in vitro
findings in microorganisms, soluble nicke isweskly mutagenic in cultured mammalian cdlls
Mutagenicity of nicke chloride and nickd sulfate has been expressed in certain mammadian
systems, especidly assays with mouse L5178Y lymphoma cells (tk locus), Chinese hamster
V79 (hgprt locus) cdls, and Chinese hamster G10 and G12 cells (gpt bacteria gene integrated
into ahprt Chinese hamgter V79 cdl line), dthough the mutagenicity was often much lower
than for insoluble forms of nickd (Miyaki et d, 1979; Amacher and Paillet, 1980; Swvierenga
and McLean, 1985; McGregor et d., 1988; Hartwig and Beyersmann, 1989; Moritaet d.,
1991; Kargacin et a., 1993; Leeet d., 1993). In vivo testswith Drosophila found that nicke
chloride was aweak inducer of mutations for wing spots but not eye-color (Rasmuson, 1985;
Ogawaet d., 1994), and that nickel sulfate induced sex-linked recessive mutations and sex
chromosome loss in male germ cdlls (Rodriguez-Arnaiz and Ramos, 1986). Intraperitoned
injection of nickd chloride or nitrate did not induce dominant lethd mutationsin mae mice
(DeKnudt and Leonard, 1982).
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Soluble nickel compounds can cause DNA and chromosome damage. DNA damage
induced by nicke chloride and sulfate in vitro included strand bresks and nickel-DNA-protein
crosdinksin cultured human and rat gastric mucosa cells, Chinese hamster ovary cell, human
osteosarcoma cells, and rat hepatocytes, dthough no strand breaks were detected in human
fibroblasts (Fornace, 1982; Robison et d., 1982; Robison and Costa, 1982; Swierenga and
McLean, 1985; Patierno and Costa, 1985; Petierno et ., 1985, 1987; Hamilton-Koch et d.,
1986; Conway et a., 1987; Coogan et al., 1989; Pool-Zobel et a., 1994). Other DNA
effects of soluble nickd sdts observed in mammaian cdlsin vitro and/or in vivo incude
inhibition of DNA replication and transcription, DNA depurination, and structurd dteration of
DNA from the normal right-handed B-helix to the | eft-handed Z-helix conformation
(Sunderman, 1989; Coogan €t a., 1989).

Soluble nickd sdts produced chromosoma effectsin mammadian cells both in vitro or
in vivo, with damege preferentidly occurring in the heterochromatic regions of the chromatin.
Nickd chloride and nickd sulfate induced chromosoma aberrations in Chinese hamster ovary
and embryo cdls, mouse mammary carcinoma cells, and human peripherd lymphocytesin
vitro (Nishimura and Umeda, 1979; Larramendy et d., 1981; Sen and Costa, 1985, 1986;
Conway et al., 1987; Conway and Costa, 1989; Lin et al., 1991; Howard et al., 1991). In
vivo (intraperitonedl) studies showed induction of chromosoma aberrationsin mouse and
hamster bone marrow cells by nicke chloride (Chorvatovicova, 1983; Mohanty, 1987),
athough not in rat bone marrow or spermatogonia cells by nickd sulfate (Mathur et d., 1978).
Nicke chloride and nickd sulfate dso induced sister-chromatid exchanges in Chinese hamster
cdls and human peripherd lymphocytesin vitro (Larramendy et al., 1981; Ohno et al., 1982,
Newman et d., 1982; Conway et d., 1987; Montddi et d., 1987). Other clastogenic effects
of soluble nickd sdtsincludein vivo induction of micronucle in polychromatic erythrocytes
(DeKnudt and Leonard, 1982) and sperm head abnormdities (Sobti and Gill, 1989) in mice.

Soluble nickel compounds can cause morphologica transformation of mammaian cdlls
invitro. Nicked chloride and nickel sulfate congstently induced transformations in hamster
embryo cell cultures (DiPaolo and Casto, 1979; Costa and Heck, 1982; Costa et d., 1982;
Conway et d., 1987; Conway and Costa, 1989). Soluble nickel salts aso induced
transformations in hamster kidney cdlls and BALB/3T3 mouse clone cells (Hansen and Stern,
1984; Little et d., 1988), dthough not in mouse embryo or human bronchid epithdlia cels
(Lechner et d., 1984; Miuraet d., 1989). Additiondly, thereis evidence that nicke chloride
and nickd sulfate can inhibit cell-to-cdll communication via gap junctions in Chinese hamster
V79 and other mammaian cdll lines (Loch-Caruso et d., 1986; Miki et d., 1987).

Severd in vitro sudies found that nickd chloride, nickd sulfate, and other soluble

nickel sdts had synergidtic effects with known genotoxic agents, including 9-aminoacridine on
mutagenessin Salmonella, UV light on mutagenesisin Chinese hamger V79 cdlls, and
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benzo(a)pyrene on morphologica transformation in Syrian hamster embryo cells (Sunderman,
1989; Coogan €t a., 1989).

4.4.3 Other Mechanigtic Studies

Because chromaosome aberrations and other genotoxic effects are observed following
exposure to soluble nickel sdts, but the nicke ion interacting with isolated DNA does not form
premutagenic DNA lesions, a number of studies have investigated the mechanism by which
nickel can form mutations and chromosome aberrations.

Severa studies have suggested that one way that nickel produces mutations is viathe
production of reactive oxygen species. However, insufficient dose-response or tissue-specific
data are available to demondirate this mode of action as being responsble for carcinogenesis of
any nickel species. The incubation of DNA with hydrogen peroxide and nicke chloride (but
not either chemical aone) caused DNA strand breaks, a reaction that was inhibited by singlet
oxygen scavengers (Kawanishi et d., 1989). The authors suggested that nickel bound to DNA
and reacted with hydrogen peroxide, forming reective oxygen species. Indirect messurements
of the oxidation level in cdls aso showed an increase following nickd exposure (Costaet d.,
1994). Theinduction of oxidative DNA base modifications was observed in HeL a cells
exposed to nickd chloride, dthough this lesion was restricted to doses causing at least 50%
cytotoxicity. Nickd ion inhibition of the repair of glycosylase-sensitive DNA damage induced
by vishle light was aso observed, at much lower concentrations (Ddly and Hartwig, 1997). A
role of reactive oxygen speciesin the nickd inhibition of DNA repair has aso been suggested
(Lynn et d., 1997). However, as noted, the data are insufficient to definitively implicate this
mode of action in nicke carcinogenes's, particularly in light of the endogenous background
levels of reactive oxygen species, and the body’ s ahility to protect itself from the resulting
damage.

A number of sudies, primarily on insoluble nickdl, have implicated nickd interactions
with heterochromeatin in the induction of carcinogenesis by these compounds. Heterochromatin
iS DNA that remains highly condensed beyond mitoss and is transcriptiondly inactive (i.e., not
expressed genetically). Dueto thislack of expression, heterochromatin has generaly not been
thought to be important in the development of carcinogenesis, but several studies have indicated
aspecific, direct interaction between nicke and heterochrometin.

Heterochromatin islocalized next to the nuclear membrane (Alberts et d., 1994), and
thusis more accessible than euchromatin (which is more centraly located in the nucleus) to
nicke entering the nucleus. Interaction between nickel and heterochromatin is aso favored by
the high protein content of heterochromatin and the fact that the affinity of nicke for amino acids
is severd orders of magnitude higher than the affinity for DNA (Codtaet d, 1994). In
Chinese hamgter embryo cells transformed with soluble (nicke chloride) or insoluble (crystdline
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nickel sulfide) forms of nickd, there was a high frequency of chromosome ddetionsin the long
arm (q) of the X chromosome, particularly in the male cultures (Conway and Cogta, 1989).
Although ionic nickd aone resembled insoluble nickd formsin preferentialy targeting
chromosome aberrations to heterochrometin, the incidence of aberrations was much lower with
soluble nickd (Sen and Codta, 1986). Similarly, thelong arm of the X chromosome was
fragmented by exposure to nickel sulfide or liposome-encapsulated soluble nickel chloride, but
not nickel chloride done (Sen and Costa, 1985). This part of the X chromosome islargely
heterochromatic in Chinese hamgter cdlls. Regtoration of an intact X chromosome into the mae
cdlswith deletions of portions of the X chromosome resulted in senescence of the previoudy
transformed cells. This senescence was reversed by demethylating the X chromaosome (Klein
etd., 1991). Increased DNA methylation can inactivate DNA transcription, leading to the
formation of facultative heterochromatin. Heterochromatic proteins aso enhanced the
formation of the oxidized base 7,8-dihydro-8-oxo-2'-deoxyguanosine by nickel chloride and
hydrogen peroxide, while euchromatin inhibited the oxidized base formation (Huang et d.,
1995).

A hypothess has been proposed that unifies the oxidative heterochromatin-related
mechanisms (Costa et d., 1994; Klein and Costa, 1997). According to this hypothess, there
may be a population of nickd- and magnesum-binding proteins in heterochromatin. Binding of
nicke inhibits magnesium binding to these proteins, and resultsin the generation of oxygen
radicals that damage the DNA in heterochromatin. DNA oxidation can dso result in atered
DNA methylation patterns. In ardated modd (Huang et ., 1995), nickel interaction with
heterochromatin has been observed to enhance chromatin condensation (Leeet d., 1995, as
cited in Huang et d., 1995). In thisStuation, nickd transformetion is hypothesized to involve
the slencing of a putative X-linked senescence gene by enhancing DNA methylation (Klein and
Codta, 1997). If the aberrantly condensed DNA contains genes essentia for regulation of
norma cell function, as described by Klein et d. (1991), these changes can be a precursor to
carcinogenesis.

Thus, severd biologicaly plausible mechaniams for the production of DNA damage by
exposure to soluble nickel have been proposed. Severa of these mode sinvolve some sort of
indirect interaction with DNA, suggesting a nonlinear dose-response curve. However, the
avallable data are insufficient to determine the doses at which such nonlinearities occur.
Nonethd ess, the suggestion of such nonlinearities, together with the lower cdlular uptake and
nuclear delivery of soluble nickel species (compared with nickel subsulfide), are consistent with
the negative anima carcinogenicity studies for soluble nickd.

45 Synthesisand Evaluation of Major Noncancer Effectsand Mode of Action —Oral
and Inhalation
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The most sengitive effect of ora exposure to nickd was decreased glomerular function
in rats exposed via drinking water for 6 months (Vyskocil et a., 1994b). Increased levels of
abumin in urine was observed femae rats exposed for 6 months; the increase observed in
males was not datigticaly significant. No effect was seen at the 3-month sacrifice. No
datidicdly sgnificant effects on $2m or on tota protein were observed. Although this was the
only study that reported kidney effects at such low doses, most chronic sudies (e.g., American
Biogenics Corporation, 1988; NTP, 19964) included kidney histopathology andysis, but did
not evaluate sengitive measures of kidney function. The chronic rat feeding study of Ambrose
et d. (1976) included only semiquantitative tests for reducing substances and protein. Because
these studies did not include sensitive measures of kidney function, it is possible that minor
effects could have been missed.

Both anima and human studies provide wesak support for the kidney as atarget organ
of nickel toxicity. Dieter et a. (1988) reported mild tubular nephrosis in B6C3F1 mice treated
with 108 or 150 mg Ni/kg/day as nickel sulfate in drinking water; no effect was seen a 44 mg
Ni/kg/day (no effect at 25 mg Ni/kg/day if the doses were reported as nickel sulfate
hexahydrate instead of anhydrous nickel sulfate). It is possible, however, that the nephrosis
was related to decreased water consumption, rather than nickel exposure. Among workers
who accidentally drank weater contaminated with nickel sulfate, nicke chloride, and boric acid,
atransent increase in urine abumin was observed in 3/21 exposed workers (Sunderman et dl.,
1988). It isunclear whether the boric acid would have contributed to the kidney effect. This
study suggests that a high bolus dose of nickel can lead to glomerular effects, athough it is not
clear whether smilar effects would be seen at lower doses. Among nicke refinery workers,
urinary $2m leves correlated with nickel levelsin urine (a measure of exposure) (Sunderman
and Horack, 1981). Urinary $2m levels were not elevated in eectroplating workers, but
urinary nickd levels were dso lower. Vyskocil e d. (1994a) found Setigticdly sgnificant
effects on markers of tubular function (urinary NAG levesin both sexes, and $2m and RBPin
females) in workers exposed to soluble nickel compounds at a chemical plant. Correlations
between leves of these proteins and urinary nickel levels were also observed. Urinary albumin
was increased in both maes and femaes, but the increase was not Satidicdly sgnificant. Itis
unclear why tubular damage was reported in most of these studies, while Vyskocil et d.
(1994b) reported glomerular damage. It should aso be noted that the studies with positive
results were based on spot samples, which can lead to false positives or false negativesin
comparison with 24-hour samples. Indeed, Sanford and Nieboer (1992) found elevated levels
of $,m in spot urine samples from two subjects, but the total amount in the 24-hour void from
these subjects was normal.

The limited available data dso indicate thet the kidney is abiologicaly plausible target
organ for oral nickd toxicity. Asdescribed in Section 3.2, severd studies have found that,
following gavage, drinking water, or feed adminigtration of soluble nickd, the highest tissue
concentrations are in the kidney (Ishimatsu et ., 1995; Jasm and Tjave, 1986; Borg and
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Tjave, 1989; Whanger 1973; Dieter et d., 1988; Ambrose et d., 1976). Nickel binding to the
glomerular basement membrane has been observed, accompanied by a reduction of net charge
of ~44% (Templeton, 1987). Moreover, biosynthess of glomerular basement membrane,
requiring the incorporation of a heparin sulfate proteoglycan, wasinhibited by nickel chloride at
10 FM. Thus, at least some of the toxic effects of nicke in the kidney appear to berelated to
surface phenomena. Other kidney effects of nicke may be related to lipid peroxidation, which
can result in destruction of membrane lipids by free-radical reactions (Sunderman et d., 1985;
Hausinger, 1993a).

Other ord studies investigating systemic effects of nickd primarily reported nonspecific
indicators of toxicity, such as decreased body weight (Ambrose et d., 1976; American
Biogenics Corporation, 1988). The mechaniam for this effect is not known, but it is
conceivable that nickd may interfere with generd bodily functions by replacing other metalsin
metalloenzymes. It isaso possible that high nickel doses may interfere with the transport of
trace dement nutrients, such as magnesum.

Severa ora studies have reported evidence of increased neonatal mortaity or
decreased litter Size at doses below those resulting in maternd toxicity (Smith et d., 1993,
Research Triangle Indtitute, 1988; Ambrose et d., 1976; Schroeder and Mitchener, 1971), but
al of these sudies are limited by design, conduct, or reporting problems. The mechanism of
effects on progeny is not known, athough nickel can cross the placenta (Jasm and Tjave,
1986; Schroeder et d., 1964). An effect of nicke on placentd function remains a possbility.
It has aso been proposed that the reproductive effects of nickd (neonatal mortality and
materna deeths during ddlivery) may be due to effects of nickel on prolactin, rather than due to
direct reproductive effects of nickd. (Prolactin isahormone that causes the initiation and
maintenance of lactation, and maintains the corpus luteum in rodents)) Nicke has been found
to inhibit the rlease of prolactin from the pituitary in vitro at doses that had no effect or
gimulated the levels of other hormones (LaBdllaet d., 1973). The authors dso found that
nickd may be part of a prolactin inhibiting factor in hypothadamus extracts. This hormona
effect of nickel may explain the lack of a clear dose-response seen multiple reproductive
Sudies.

Although kidney effects have been observed following inhalation exposure to nickd, the
primary target of inhalation exposure to soluble or insoluble nickd isthe respiratory tract.
Effects have been observed at dl levels of the respiratory tract, including the nose,
tracheobronchid region, and pulmonary region (NTP, 1996a; Dunnick et d., 1989). These
effects were attributed to the direct action of nickd, rather than to systemic exposure. Chronic
active inflammation of the lungs was a primary effect, with inflammation-rdaed lesons ranging
from aveolar macrophage accumulation to fibross. On the molecular level, exposure of rats or
mice to soluble nickdl (NiSO,) resulted in increases in lactate dehydrogenase and $-
glucuronidase activities, and in total protein in bronchoaveolar lavage (BAL) fluid (Benson et
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a., 1989). Lung effects of nickd may aso be attributable to lipid peroxidation (Sunderman et
al., 1985; Hausinger, 1993a).

Only limited data are available on noncancer effects in humans of inhdéation exposure to
nickel compounds. One study (Muir et d., 1993) evaluated x-rays of workersin anicke sinter
plant, and found only minimd effects. However, when the particle size digtributions are taken
into account, exposure was comparable to the NOAEL in the chronic NTP study.

Peroxidative damage to membrane lipids has been observed in the lung, liver, and
kidney following subcutaneous injection of nickel chloride, suggesting that such damage may
result in cdl injury, and ultimately lung inflammation or kidney injury (Sunderman et d., 1985).
Possible mechanisms for nicke-induced lipid peroxidation could be the displacement of ferrous
ions by nickel from cdlular proteins, nickd ion participation in radical-generating reactions
smilar to those catdyzed by iron, or nickd ion interference with the norma cdlular machinery
that protects the cell against endogenous peroxidative damage. Other aspects of nickel-related
cdll damage may be attributable to dtered protein function related to direct or indirect
interactions between nickel and metabolic enzymes or structurd proteins (Sunderman et d.,
1985).

4.6 Weight of Evidence Evaluation and Cancer Classification
4.6.1 Epidemiology Data

The epidemiologic observations of nicke workers provide substantid quditative
information, and information regarding relative levels of exposure. All of the nickel industry
data are mixed exposures to soluble and insoluble nickel compounds, but data from work areas
where one species or another predominates are informative. Co-exposure to insoluble nickel
compoundsis of concern because of the known carcinogenicity of thisform of nickd. The
epidemiologic observations are subgtantialy consistent with the comparative carcinogenicity of
the different speciesindicated by the anima data discussed below.

At Clydach, cdciners had higher risks of both lung and nasal cancer than the
hydrometdlurgy workers. Caciners were exposed primarily to oxidic and sulfidic nickel, and
had lower exposure to soluble nickel than hydrometallurgy workers. Exposure was highest for
those calciners who worked prior to 1936, and this group had the highest risk. Cleaners, who
had low exposure to soluble nickd but high exposures to oxidic and sulfidic nickd, had
remarkably high lung cancer rates. Most informative are the Clydach data summarized in tables
33-38 of ICNCM (1990), and reproduced as Tables 10-14 of this document. Table 10
indicates that high exposure to soluble nickd has no effect on the lung cancer risk when both
aulfidic and oxidic nicke (both insoluble forms) arelow. When both sulfidic and oxidic nickel
are high, high exposure to soluble nickdl doubles the lung cancer risk rdative to low soluble
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nickd exposure (Table 10). High exposure to sulfidic nickel has asignificant effect on lung
cancer, increasing risk when exposure to oxidic and soluble nickel are low (see Tables 11, 12).
High exposure to oxidic nicke increases risk primarily when exposure to soluble nicke isaso
high, which is presumed by ICNCM to indicate that soluble nickel acts synergidticaly with
oxidic nickd. These effects are consstent with a carcinogenic effect of both oxidic and sulfidic
nickel, with soluble nickd increasing the risk when insoluble nickdl is present at high levels. For
nasal cancers, asfor lung cancers, high exposure to sulfidic nickd increases risk even when
oxidic and soluble nickel arelow (Table 13). High exposure to soluble nickel increases nasdl
cancer risk mogt strongly when both sulfidic and oxidic nickd are high (Table 14). Similarly,
excess lung cancers were observed in Krigtiansand electrolysis workers, but not in Port
Colborne dectrolyss workers. These two groups were exposed to Smilar levels of soluble
nickel, but the exposures to insoluble nicke compounds were subgtantialy higher for the
Krigiansand workers. Again, this observation is consstent with the suggestion that soluble
nickel enhances the effect of exposure to other nickel compounds.

Additiona data from Krigtiansand (Andersen et d., 1996) and Harjavdta (Antillaet d.,
1998) update the ICNCM report. These data indicate increases in lung cancer and nasal
cancer in workers exposed to soluble nickdl. However, these increases in lung cancer were not
clearly atributable to soluble nickdl alone, elther because most soluble nickd exposures
occurred in conjunction with exposure to insoluble nickd, primarily nickel oxide, or because of
potentia confounding factors that could not be accounted for. These sources of confounding
include smoking (presumed to be high in these workers), as well as concomitant exposures
during some periods to potential lung carcinogens such as arsenic (in the case of Kristiansand)
and sulfuric acid migts (in the case of Harjavalta). Nasa cancer increases occurred in both
operations, but effects of prior occupational exposures to other forms of nickel in both cohorts
cannot be ruled out. In the case of Kristiansand, no new nasal cancers have been seenin
workersfirst employed since 1957 and careful examination of the data reveals a predominant
association of the earlier nasal cancers with exposure to oxidic nickel. 1n the case of
Harjavata, concomitant exposures to sulfuric acid mist, and prior occupationa work in
carpentry in at least two of the observed nasal cancer cases, further confounds any conclusions
that might be reached with respect to soluble nickel done acting as the putative carcinogenic agent.

Overdl, the epidemiology data suggest a contribution of soluble nickel to cancers
observed in workers exposed to both soluble and insoluble nickel compounds. These data are
consgtent with soluble nickel acting to enhance the carcinogenicity of insoluble nicke
compounds, or otherwise differing from insoluble formsin the mechanism of carcinogenicity.
However, the epidemiology data are insufficient to determine whether soluble nickel adoneis
carcinogenic. If itis, however, the dataindicate it would be a much weaker carcinogen than
insoluble nickd species. Thelack of sufficient quantitative exposure data, and confounding by
smoking and other potentid factors, preclude a more definitive conclusion regarding the
carcinogenic potentid of soluble nickd or its putative mode of action.
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4.6.2 Animd Bioassays

Standard animd bioassays of soluble nickel compounds administered to rats or mice by
the oral (Ambrose et ., 1976; Schroeder et d., 1964, 1974; Schroeder and Mitchener, 1975)
or inhaation (NTP, 1996a) routes have not shown soluble nickel compounds to be
carcinogenic. Of these studies, NTP (1996a) is considered to be the highest quality cancer
bioassay, in that the study assayed dl maor organs and included chronic exposure
concentrations a and below the maximum tolerated exposure (MTE) concentration for soluble
nicke (nicke sulfate hexahydrate) inar. NTP (19964) found no evidence of carcinogenicity of
nickel sulfate hexahydrate in rats or mice, while smilar studies of insoluble nicke compounds
(nickd subsulfide and nickel oxide) provided evidence for carcinogenicity of these compounds
in rats, and there was equivoca evidence for nicke oxide carcinogenicity in femae mice (NTP
1996b, 1996c). There are, however, two interpretations to the negative mouse data for nickel
aulfate. Oneinterpretation isthat the mouse bioassay congtitutes avalid test in a second species
(in addition to the rat), and that the negetive result in the mouse study (together with the
negative result in the rat bioassay) suggests that soluble nickd is not carcinogenic. A second
interpretation is that, based on the negative and equivoca results for nickel subsulfide and nickel
oxide, respectively, in mice, the mouse is not a suitable species for sudying nicke
carcinogenesis. The mouse is, however, considered an appropriate mode for inhalation
carcinogenesis of metals. Nonethdess, it is clear that the mouse data do not provide a basis for
distinguishing between the effects of soluble and insoluble nickd compounds, whereas the data
inrats do dlow such adigtinction. Concerns have aso been raised about workers being
subject to higher exposure levels than were used in the NTP study. However, the particle Szes
under occupationd conditions are much larger, resulting in much lower doses penetrating to the
lung. The results after normalization by converting to human equivadent concentrations (HECs)
varies with the occupationa particle Size distribution used, but the resulting occupationd tissue
doses are much closer to (but ill higher than) the animal dose (Werner et d, 1999), or
comparable to the anima doses (Yu et d., 1998).

Since the key dataimplicating soluble nickel in carcinogenesis come from epidemiology
studies showing that co-exposure to soluble nickel increases the cancer risk from exposure to
insoluble nickel, the question of interactions between soluble and insoluble forms of nickd is
important. As described below, several mechanisms have been proposed that could explain
such interactions. However, the animal bioassay data provide no indgght about the potentia
carcinogenicity of mixed exposures to insoluble and soluble forms of nickel, Snce cancer
bioassays of mixed exposures have not been reported.

Parenterd studies of nickd compounds of differing solubilities follow a smilar pattern to
that seen after experimenta animd inhalation exposures. The parentera data show some dight
evidence of carcinogenicity of soluble nickd, dthough the carcinogenic activity is much lower
than that of insoluble nickel. Thisisin contrast to the clear negative results for soluble nicke
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compounds obtained via the inhdation route and in partialy deficient sudies viathe ord route.
Following intramuscular injection, the tumor response gppears to be lower or absent for nickel
compounds of higher solubility (Gilman, 1966; Table 22). Tumors at the Site of intraperitoned
injection aso show asmilar trend. Four of five soluble nickel forms were wesakly postive and
one was negtive, in contrast with metallic nickd, which is dramétically postive (Pott et d.,
1989; 1990, Table 23). Intraperitonea exposure of nickd acetate (a soluble nickel form)
shows only awesk response in the mouse lung adenoma system, but far below the standard
positive control of urethane (Stoner et d., 1976; Table 24). Nickd acetate aso shows
evidence of carcinogenicity in initiation-promotion studies and demongtrates transplacental
initiation (Diwan et al., 1992; Kasprzak et a., 1990; Tables 25 and 26) and of promotion of
carcinogenes's (Kurokawa et al., 1985; Liu et d., 1980, 1983; Ou et &, 1980). (Insoluble
nickel forms were not testable in these latter systems.)

4.6.3 Mode of Action Considerations

Congderation of the results discussed in the previous two sections raises the question of
whether soluble forms of nickd differ from insoluble nickel in carcinogenic potential (i.e, the
qualitative description of carcinogenicity), or only in potency (i.e., the quantitative description of
carcinogenicity, the size of therisk). Because the NTP bioassays had only one overlapping
exposure level between the nickd subsulfide and nickel sulfate sudies, the negative result in the
nicke sulfate bioassay cannot be attributed specificaly to differencesin potentid. However, a
number of mechanigtic studies address this question, and point to a difference in carcinogenic
potential between soluble and insoluble forms of nickd.

An extensve body of evidence argues that crystaline nickel subsulfide readily enters
cdlsand interacts with DNA, but soluble forms of nickel are much less effective a entering
mammdian cdls. Furthermore, the soluble nickd that does enter the cdll is much more likely to
interact with cytoplasmic condtituents, causing toxicity, but not interacting with DNA.

Nicke subsulfide is readily taken up by phagocytosis (Costa and Mollenhauer, 1980;
Codta et d., 1981; Abbracchio et d., 1982b; Heck and Costa, 1983). Nickel subsulfide
particles are taken up in vacuoles that aggregate near the nucleus, where they interact with
lysosomes (Codta et d., 1981). Thisinteraction then leads to the release of nickel ionsthat
mostly locaized near the nucleus, and can interact with DNA.

By contrast, particles of soluble nickd readily dissolve when deposited on lung
surfaces, and so do not remain in the particulate form long enough to be phagocytized. Instead,
the nickd ions can enter the cell via either of two inefficient uptake mechanisms. Nickd can
enter cells by passve diffuson, but the efficiency of this process decreases markedly when
nickel is complexed with amino acids or protein, the norma form of nickel under physiologica
conditions (Nieboer et a., 1984a; Abbracchio et d., 1982). Nickd ions may aso enter cells
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viathe magnesum trangport system, but nicke is present in extracdlular fluid at much lower
concentrations than magnesium, and would be able to compete for uptake only at high nicke
doses (Oller et d., 1997; Hausinger, 1993b). The competition for uptake of soluble nickd is
reflected in decreases in the incidence of colony transformation of CHO cdlls when the cdlls are
incubated with comparable concentrations of nickel sulphate in a complete medium rather than
one devoid of amino acids and protein (DiPaolo and Casto, 1979). Reatively rapid lung
clearance of soluble nickd sdts (dimination half-time ~ 20-40 hours, Hirano et d., 1994,
Medinsky et d., 1987) can remove soluble nickd sdts from the extracellular space before the
nickd istaken up intracdlularly. Therefore, the intracelular concentration of nickd ion is much
lower following exposure to a given concentration of a soluble nickel compound than the same
concentration of an insoluble nickel compound. Furthermore, while insoluble nickd is
protected from cytoplasmic proteins, soluble nickd istaken up directly into the cytoplasm,
where it can react with cytoplasmic proteins and cause cytotoxicity. This reduces the nickel
dose to the nucleus, and results in competing cytotoxicity.

Thus, soluble forms of nickd interact with the cell in away that maximizes cytotoxicity
and minimizes nickd ddivery to the nucleus, while insoluble forms of nickedl, such as nicke
subsulfide, interact with cellsin away that decreases the cytotoxic potentid while increasing the
delivery of nicke to the nucleus. Cytotoxicity isimportant for two reasons. Firdt, in order for
cancer to develop, the dtered cell must survive and transmit precancerous changesto its
daughter cdls. Secondly, high levels of cytotoxicity (resulting ultimately in organ toxicity) can
prevent a chemica from being tested a high enough doses for cancer to be evident. Thus,
athough the observation of DNA damage and chromosome aberrationsin cell cultures suggests
apotentia for direct genotoxic effects of soluble nickel under certain in vitro conditions (e.g.,
absence of extracd lular amino acids and serum proteins), these effects may be prevented or
greatly attenuated in vivo by extracdlular complexation and other dimination mechanisms
limiting the availability of extracelular NF* to the cell interior and nucleus.

Water-soluble nickd compounds, in generd, have congstently induced effectsin certain
kinds of mammalian assays, DNA damagein vitro, chromosomal effects such as aberrations
and sister-chromatid exchanges in vitro and in vivo, and carcinogenic transformetion of
mammadian cdlsin vitro. Production of point mutations gppears to occur with much lower
efficiency. Responsesin many of these assays were weak and occurred at toxic doses.

Single strand breaks, DNA-protein cross-links and chromosome aberrations (gaps,
breaks, exchanges, dicentrics and fragments) have been shown to occur in Chinese hamster
ovary (CHO) cellswhen cultures are incubated with nickel chloride in a sats/glucose medium
that enhances nickd uptake (Patierno and Costa, 1985; Sen and Costa, 1985, 1986). Various
mechanisms have been proposed for these effects, including binding of NF* to histone protein
(Huang et d., 1995), redox cycling of nicke-histone complexes (Dattaet d., 1992; Miga et
a., 1993) and oxidative damage to heterochromatin and possibly of DNA bases (e.g.,
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production of 8-oxo-deoxyguanosine) (Huang et a., 1995; Kasprzak et d., 1992; Nackerdien
etal., 1991,

Codaet d., 1994; Kleinet d., 1991). Note that many of these mechanismsinvolve indirect
interactions between the nickd ion and DNA, rather than adirect DNA interaction.

In addition to causng DNA damage in a number of ways, there are anumber of means
by which soluble nickd could increase the carcinogenicity of other chemicas. In light of the low
efficiency for soluble nickd uptake by cdls, these activities of soluble nickel may explain the
effect modification observed in epidemiology studies of workers exposed to soluble and
insoluble forms of nicke.

Inhaled soluble nicke produces an inflammatory response and enhances el
proliferation (e.g., epithelia hyperplasa) in the respiratory tract of rats and mice (NTP 1996a).
Thereis some evidence for amilar effects in humans, based on evidence of dysplasia of the
nasal epitheia mucosain humans exposed to nickel (Boysen et d., 1982,1984). The severity
and frequency of the dysplasiawere smilar in eectrolysis workers (who are only exposed to
soluble nickel) and in workers in roasting/sintering (who are less likely to be exposed to soluble
nickel). Neither the species nor the levels of nickd  that would lead to hyperplasia or other
changes indicative of overt toxicity in humans are known. Epithdia hyperplasaand dysplasia
are of interest for the development of cancer, since in humans, head and neck cancer generaly
develop in an area of diffuse epithelia injury, such asthat caused by tobacco or acohol
(Benner et d., 1995). Loca generation of oxygen radicals by activated macrophages and
polymorphonuclear cells, and enhanced cell proliferation associated with the inflammatory
response could contribute to DNA damage or promotion of DNA damage into heritable
mutations (Cerutti, 1985; Driscoll et a, 1996; Oberdorster, 1995; Swenberg, 1995). Soluble
nickel dso may act directly on dveolar epithdid cdlsto enhance cel proliferation. Limited
evidence for this comes from studies of in vitro cdl cultures. Enhanced cdl proliferation has
been observed in cultures of rat trached epithdid cellsincubated in the presence of nickel
sulfate (Patierno et ., 1993). Nicke sulfate has been shown to induce expression of the
proliferin gene family, a class of mitogen-regulated genesinvolved in cdl proliferation, in
cultured C3H cdlls (Parfett, 1992).

Soluble nickedl may dso impair clearance of insoluble particles from the lung, which, in
turn, may enhance inflammation and cell proliferation associated with the accumulation of
insoluble nickd partidesin thelung. Evidence regarding this potential mechanismismixed. An
in vitro study found that nickel chloride has been shown to inhibit phagocytosis of nickd sulfide
particles by cultured CHO cells (Heck and Costa, 1983). However, in vivo results on
inhibition of clearance are equivocd. Inhaation of nickd sulfate for 6 months had no effect in
mice, while in rats clearance was reduced after 2 months of exposure, but not after 6 months,
even though mild respiratory lesions were observed (Benson et d., 1995).

94



4.6.4 Summary and Narrative Statements

Ovedl, inhdation biocassays in rats and mice found “no evidence’ of carcinogenicity,
athough questions have been raised about how informative the mouse data are for nickel
compounds. However, a search of the NTP bioassay results database found no tendency for
mice to be less likely to develop lung tumors than rats, even when considering only inhaation
dudies or metas. The epidemiology dataindicate that exposure to soluble nickd increasesthe
risk of cancer resulting from the highest cumulative exposures to insoluble forms of nickd.
However, coexposures and unaccounted-for confounding factors prevent the use of the
epidemiology data by itsdf to determine the carcinogenicity of exposure to soluble nicke done.
Mechanigtic sudiesindicate that cdlular uptake of soluble nickel and potentia for interaction
with DNA is much lower than thet of nicke subsulfide, a clear carcinogen. Mechanigtic sudies
a0 suggest saverd means by which soluble nickel can enhance the carcinogenicity of other
chemicds, but none of these sudies provide sufficient dose-response information to be useful in
risk assessment or to fully explain the epidemiologica obsarvations.  Therefore, the overal
welight of evidence, based on the negative results in the various bioassays in experimenta
animds, the epidemiologica data complicated by confounding, and the available data on mode
of action, suggest the following weight of evidence statement under the proposed Guiddines for
Carcinogen Risk Assessment of EPA (U.S. EPA, 1996a):

The carcinogenicity of soluble nickel viathe inhdation route cannot be deter mined.
According to EPA’s 1996 draft cancer guidelines, the following subdescriptor applies:
The carcinogenic potentia of inhaation exposure to soluble nickd “ cannot be
determined because the exigting evidence is composed of conflicting data (e.g., some
evidenceis suggestive of carcinogenic effects, but other equaly pertinent evidence does
not confirm a concern).” Epidemiology studies have demongtrated an association with
increased cancer only when co-exposure or prior exposure to insoluble forms of nickel
was likdly. Thus, datafrom epidemiology studies are insufficient to determine whether
exposure to soluble nickel alone causes cancer. In anima studies, response to
exposure to soluble nicke is negative in well-conducted 2-year bioassays in both mae
and femderrats, and male and female mice. Severd parenterd studies have been
conducted with soluble nickel and results from these studies are either negative or
weekly postive. Results from parenteral studies make definitive statements regarding
inhaation difficult.

The carcinogenicity of soluble nickel compounds for ora exposures cannot be
determined at thistime. According to EPA’s 1996 draft cancer guidelines, the
following subdescriptor applies: The carcinogenic potentid of ord exposure to soluble
nicke “ cannot be determined because there are inadequate data to perform an
assessment”.  Severd negative ord experimental animal studies exigt, but each of them
has a deficiency that makes conclusive statements difficult. Moreover, the available
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parenterd and initiation/promotion studies, which have indirect relevance to tumor
formation after ord (or inhalation) exposure, suggest some tumorigenic activity for some
soluble nickel compounds in some assays.

Under EPA’s 1996 proposed cancer guidelines, the category “cannot be determined”
is gppropriate “when available tumor effects or other key data are suggestive or conflicting or
limited in quantity and, thus, are not adequate to convincingly demondirate carcinogenic
potentia for humans.” Note that, although the same mgjor descriptor of “cannot be
determined” gpplies to both the oral and inhdation routes, the reasons for this descriptor and
the associated subdescriptors differ for the two routes.

Under the current EPA cancer guidelines (U.S. EPA, 1986a), exposure to soluble
nickel compounds via both the oral and inhaation routes would be classfied as“D”, not
cassfiable asto human carcinogenicity. Thisis the dassfication most dosely corresponding to
the narrative statements under the 1996 proposed guidelines. EPA does not classify the
carcinogenicity of chemicasfor parenterd routes of exposure.

In contragt, insoluble nickd compounds appear to be associated with tumor responses
after inhdation by humans. Moreover, in experimental animalsinsoluble nickd forms are
unequivocaly positive for carcinogenicity by the inhdation and parenterd routes. The
mechanisms for the gpparent difference in carcinogenic potential between water soluble and
insoluble nickel compounds are not completely understood and may be related to differencesin
the whole anima and/or cdllular pharmacokinetics and/or bioavailability and clearance of nicke
when administered in soluble and insoluble forms.

47 Other Hazard | dentification |ssues
4.7.1 Possible Childhood Susceptibility

Soluble nickel has been tested in newborn and young animals in a number of 2- or 3-
generation studies. Effects were seen in these animals at doses that were materndly toxic in
many cases, and in some cases at lower doses. Each of these studies had design flaws that
preclude definitive analys's regarding the effects in neonates or the reproductive effects of
soluble nickd in the parenta and succeeding generations. Thus, the available data do not
unequivocaly rule out the development of adverse effectsin newborn and young animals at
doses lower than that seen in adult animas. This scientific uncertainty, dong with thet fact that
reproductive and developmenta endpoints have not been fully explored, supports the use of a
database uncertainty factor in the development of both the RfD and the RfC.

4.7.2 Possible Gender Differences
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Human studies are unavailable to assess whether the sexes differ in toxic response to
soluble nickel compounds. Clear data are dso absent regarding the relative sengtivity of males
and femaesto the kidney effects of soluble nickd, the critical effect after ora exposure
(Vyskocil et d., 1994b). However, a human toxicokinetics study found that nickel absorption
was lower in women than in men (Nidsen et d., 1999). Nickd accumulation in the kidney of
ratsthat inhaled nickel sulfate aerosols for up to 13 weeks was markedly higher in malesthan in
femdes, but variability was very high and the measured levels were not Satistically sgnificantly
higher than background levels (NTP, 1996a). Because inhded nickd is efficiently absorbed,
these results are applicable to ingestion exposure. However, the gpplicability of these datais
limited, due to the wide variability and lack of clear concentration-response relaionship
observed.

The results from the inhaation studies of soluble nickd sdts do not suggest a sex
difference in response to the toxicity of these compounds.
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5. DOSE RESPONSE ASSESSMENTS
5.1 Oral Reference Dose (RfD)
5.1.1 Choiceof Principad Study and Critica Effect - with Rationale and Judtification

The studies consdered as the bagis for the RfD for soluble nickd sdts are summarized
in Table 29. The mogt sengtive endpoint was increased dbuminuria (indicating rend glomerular
dysfunction) in mae and femde rats exposed to nickd in drinking weter for 6 months (Vyskocil
et a., 1994b). Effects were seen at 6 months at the only dose tested (6.9 mg Ni/kg/day for
males and 7.6 mg Ni/kg/day for femaes) but not after 3 months of exposure. The study
evauated sengtive functiona endpoints, and included both group-level and someindividua
animd data. Thisminima LOAEL was closely supported by severd other studies. For
example, based on decreased body weight, the NOAEL was 8 mg Ni/kg/day in rats
administered nickel sulfate in feed for 2 years (Ambrose et d., 1976). The corresponding
BMDL,, was estimated as 6.8-36 mg Ni/kg/day, depending on whether the BMR was defined
asa 10% increased risk of low body weight (lower value) or a 10% decrease in the mean body
weight (higher vaue). This study, however, islimited by minima reporting and high mortdity in
both the control and exposed groups. American Biogenics Corporation (1988) administered
nickel by gavage in drinking water to male and female rats, and found that decreased body
weight in males was aso the most sengitive endpoint, dong with pneumonitis in both sexes. The
NOAEL in that study was 5 mg Ni/kg/day (assuming that the doses were reported as nickel
amounts, or 2.7 mg Ni/kg/day, assuming the doses were reported as amounts of nicke chloride
hexahydrate). The utility of this study for risk assessment islimited, however, by uncertainties
regarding the dose (i.e., whether the doses were reported as nickel or as nickel chloride
hexahydrate).

Neither the Vyskocil et a. (1994b) nor the Ambrose et a. (1976) sudies are idedly
auited for sdlection as the principa study for the development of the RfD. The former study
was conducted for only 6 months, tested only one dose, did not provide a comparison to
basdine vaues, and evauated only 10 rats/sex/time point. Only one measure of rend function
was clearly affected (and the increases were not large even for that endpoint), and the
interpretation of the results was complicated by consderable variability in response in both the
control and exposed groups. Although it is biologicaly plausible that the kidney is a target
organ, the supporting data are weak and it is not clear whether the kidney is the most
sensitivetarget organ. Kidney histopathology has not been observed in chronic studies
testing to letha doses, dthough no other study included evaluation of senstive measures of
kidney function (i.e, individuad protein markers of glomerular and tubular function). Findly,
athough occupationd studies have reported eevated levels of urinary protein markers, these
elevations have been observed only in spot urine samples (Sunderman and Horak, 1981,
Vyskocil et d., 19944), which are subject to fase positives in comparison to 24-hour multi-
void samples (Sanford and Nieboer, 1992).
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Two sgnificant deficiencies gpply to the Ambrose et d. (1976) sudy. First, mortdity
was high in both the control and exposed groups, markedly decreasing the sengtivity of the
sudy. Second, reporting of the methods and results is rather minima, limiting the degree to
which an independent evauation of the data are possible.

A continuing issue related to the assessment of an RfD for soluble nickel compounds is
the incongstent results in the reproductive studies. Thisis discussed at length in Section 4.3, but
summarized here. In brief, soluble nicke compounds can cause reproductive toxicity, but the
doses at which such effects occur generdly fal above those which cause kidney toxicity. Thus,
the critica effect, increased buminuriain rats, should be protective of the reproductive
endpointsaswell. Uncertaintiesin this judgment are addressed in the section on uncertainty
factors. 1t should be noted, however, that the Metals Subcommittee of the U.S. EPA Science
Advisory Board reviewed the reproductive toxicity datain 1991, and concluded that the “ most
cogent” of the reproductive toxicity sudies “failed to yidd an RfD that was substantialy
different” from that derived from the Ambrose et d. (1976) study (SAB, 1991) (and thus the
RfD derived from the Vyskocil et a. study would aso be protective from reproductive effects).

After consderation of these issues, the Vyskocil et a. (1994b) study was chosen asthe
principa study. Although there are uncertainties associated with this study, they are insufficient
to discount the observed effects, and the RfD based on the Vyskocil study would be more
hedlth-protective than an RfD derived based on Ambrose et d. (1976).

Although it can be useful to compare risk values prepared by different agencies using
gmilar methods, ATSDR (1997) did not develop any ord minimd risk levels (MRLS) for
nickd. Aspart of the rationae for not developing an MRL, ATSDR noted the report by
Sunderman et d. (1989) that a mae volunteer developed left homonymous hemianopsa
following a single dose of 0.05 mg Ni/kg in drinking water. It should be noted, however, that
the conditions of this study maximized the potentid for atoxic effect. Nickd was administered
in drinking water, resulting in higher absorption than if it had been adminigtered in food. The
use of asingle, bolus dose administered to a fasting subject aso meant that pesk serum
concentrations were rapidly reached, and were much higher than if the same dose were
administered over a 24-hour time span. Findly, the anecdotd nature of the report of a
subjective effect dso makes this endpoint unrdliable for risk assessment. Findly, it should be
noted that the RfD derived in Section 5.1.3 islessthan 1/10 the dose in this study. Taking into
account the high peak serum levesin this sudy, and that serum nickd levels would be much
lower in the genera population continuoudy exposad to nickd in drinking water at that dose,
the RfD is protective of this effect. The American Biogenics (1988) study aso evauated
histopathology in the eyes of rats administered nickd as nickel chloride by gavage a doses up
to 35 mg Ni/kg, and found no abnormdlities, suggesting that eye effects are not of sgnificant
concern.
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A second reason that ATSDR (1997) provided for not deriving oral MRLs was due to
concerns about ord exposure causing dermd reactions in sengtized individuas. Although the
RfD is designed to protect sengitive populations, and to protect against sengtization to a
chemicd, it is not designed to protect people who have dready been sengtized to the
substance, in light of the vasily greater senditivity of such individuds. Therefore, the RfD
developed here may not necessarily protect sengtized individuas. The limited dose-response
data on protection of sengtized individuas was presented in Section 4.1.4.2. Although these
gudies are limited by relatively small numbers and, in some cases, the absence of adequate
controls, the data are fairly consistent that a bolus dose (in water or capsule) of gpproximately
0.08 mg Ni/kg dlicits a response in mogt sengitized individuas, and few individuds respond to a
dose of gpproximately 0.02 mg Ni/kg (Burrows, 1992; Cronin et a., 1980; Gawkrodger et d.,
1986; Kagber et al., 1979). No datawere located on the dose that first produces sensitization.

Even if it were desired to develop an RfD to protect sengtized individuds, the available
data areinsufficient. Asdiscussed in Section 4.1.4.2, there is no clear dose-response
relationship for the development of nickd sengtization. Similarly, athough there have been
reports of oral nicke exposure resulting in dermal reactions, moderate nickel doses have dso
resulted in at least short-term desengtization. The dataare dso insufficient to develop an RfD
based on the sengitizing dose.

An dternative endpoint considered as a potential basis for the RfD was the equivoca
LOAEL of 1.3 mg Ni/kg/day for increased postnatd deaths in the study of Smith et . (1993).
Thisequivocad LOAEL is gpproximately afactor of 5 below the LOAEL for kidney effectsin
the study by Vyskocil et d. (1994b). This study was not chosen as the principa study, due to
the equivoca nature of the response (in the absence of a clear dose-response) and the absence
of reproductive effects in other reproductive toxicity sudies a thisdose. The results of Smith et
a. (1993) were, however, consdered in the choice of uncertainty factorsin Section 5.1.3.

5.1.2 Method of Analysis-No Observed Adverse Effect Level and Lowest Observed Adverse
Effect Leve

Inthe Vyskocil et d. (1994b) study, increased urinary dbumin levels of were observed
at the only dose tested, 6.9 mg Ni/kg/day in maesand 7.6 mg Ni/kg/day in femaes. Because
smdl, but biologicaly meaningful, changesin sengtive measures of kidney function were
observed, thisresult is consdered aminimal LOAEL. In light of the large degree of varighility
for dbuminuriain mae rats, and the absence of a gatidticdly significant response in maes, the
LOAEL of 7.6 mg Ni/kg/day in females was consdered the study LOAEL. Meaningful
benchmark dose modeling could not be conducted for this study, because only one dose was
tested.

5.1.3 RfD Derivation
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The nicke intake was caculated separately for maes and females by the study authors
based on drinking water consumption and body weight. The resulting LOAEL was 7.6 mg

Ni/kg/day.

The composite uncertainty factor (UF) to use with a given database for developing
RfDs is a case-by-case judgment by experts. U.S. EPA describes its choice of composite UF
and subcomponents for individua assessments on its IRIS database (U.S. EPA, 1998b). For
soluble nickel, atotal uncertainty factor of 1000 was used, resulting in an RfD of 0.008 mg
Ni/kg/day. The following discussion addresses each of the areas of uncertainty considered in
the development of the RfD, and the sdection of uncertainty factors for the soluble nickel RfD.

Human Variability (H)
This factor addresses the question: Do exigting data account for sengtive individuas?

If yes, this suggests an uncertainty factor other than a default value of 10---aslow asa
vaue of 1 in some ingtances [see for example, the description of the uncertainty factor for
nitrateson U.S. EPA’sIRIS (U.S. EPA, 1998b) where aNOAEL of a sengitive population
was used asthe bass of the RfD].  Scientigts familiar with this area have considered this default
factor to be composed of roughly equa parts for toxicodynamic and toxicokinetic differences
among humans. Some recent work has attempted to quantify these distinctions (Renwick,
1993).

The criticd effect for the soluble nickd RfD isincreased urinary dbumin levels, a
marker of decreased glomerular function of the kidney. Other than people who have been
dermaly sengtized, sendtive populations have not been specificdly identified for nicke.
However, based on the critica effect and the observed concentration of nickd in the kidney of
animds and humans, it is reasonable to expect that people with kidney dysfunction would be
more sengtive to ingested nickd. In addition, such individuas would likely have decreased
urinary excretion of nickd, and thus might have higher nickd levelsin the kidney. Particular
groups with decreased kidney function include diayss patients and digbetics. The default UF
of 10 is considered appropriate for protecting these populations, in the absence of datato
address the varigbility of individuas in toxicokinetics and toxicodynamics of soluble nickd.

Inter-Species Variability (A)
This UF addresses the following questions: Do exigting deta alow for a quantifiable

extrgpolation of anima dose to the expected human equivaent dose for effects of amilar
magnitude? Or, asis more likely the case, for NOAELS?
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If yes, this suggests an uncertainty factor other than a default vaue of 10 --- with
inhaation RfCs, for example, avaue of 3 is often used when dosmetric adjusments are used in
the determination of the HEC [see the RfC methods document (U.S. EPA, 1994b) and
numerous examplesin U.S. EPA’sIRIS (U.S. EPA, 1998b)]. Scientigts familiar with thisarea
have consdered this default factor also to be composed of roughly equa parts for
toxicodynamic and toxicokinetic differences between experimental animals and humans. In
addition, they recognize that some overlap with the uncertainty factor for intra-species
variability exists. Some recent work has atempted to quantify these digtinctionsin generd
(Renwick, 1993).

Although some data on absorption and excretion of ingested soluble nickel compounds
are available for both humans and rats, the data are not detailed enough to quantitatively
compare the rate of nickel absorption or excretion. 1t does appear that the absorption of
ingested soluble nickd is higher in rats than in humans, dthough the rat data are limited.
Ishimatsu et a (1995) found that nonfasted male Widtar rats absorbed 9.8-34% of asingle
gavage dose of soluble nickel sdts administered in a 5% starch sdine solution. By contradt,
absorption by nonfasted human subjects of soluble nickd saltswas only 5.7% (Christensen and
Lagesson, 1981, as caculated by Diamond et d., 1998). Itisnot clear if this differenceis due
to interspecies differences or to the differences in dosing vehicles. Thus, the default UF of 10
for intergpecies extrapolation is appropriate in the absence of data to specificaly address the
extrapolation from experimental animals to humans on toxicokinetics and toxicodynamics.

Subchronic-to-Chronic Extrapolation (S

This UF addresses the following questions: Do exigting deta dlow for a quantifiable
extrapolation of the critica effect after subchronic exposure to that after chronic exposure?
Will NOAELSs of different critica effects from subchronic and chronic exposure differ
Quantitatively?

U.S. EPA has occasondly used values less than 10 (nearly dways 3-fold) for less-
than-chronic exposures when data were available to support such areduction [for example, see
the RfD for a'sneon U.S. EPA’sIRIS (1998b)]. Scientists familiar with thisarea dso
recognize that this factor overlgps somewhat with the database uncertainty factor.

The principa study (Vyskocil et a., 1994b) reported albuminuria after 6 months of
exposure in drinking water, but only minima increases that were not biologicaly or satigticaly
ggnificant after 3 months of exposure. Single-dose studies found that absorbed nicke israpidly
and extensively excreted. NTP (1996a) measured the kidney nickd levelsin mae and femde
rats and mice that inhaled nickel sulfate aerosols for up to 13 weeks (rats) or 15 months (mice).
Because soluble nickd is absorbed from the lung, this study could provide information on the
accumuletion of nicke in the kidney over time. The data provide some indication of higher
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nickel concentrations at later time points, but are too inconsistent for aclear concluson. Based
on the rapid excretion of nicke, but taking into account the suggestive evidence of increased
severity of effects between a 3- and 6-month exposure, apartid UF is judged to be
gppropriate and is discussed further in the text on composite UF below.

Insufficient Database (D)

This UF addresses the questions: Do exigting data alow for a reasoned judgment of
likely critica effect, given that any one toxicity study is unable to adequately address al possible
outcomes?

If data exist from at least five studies (two chronic standard toxicity bioassaysin
different pecies, one two-generation reproductive bioassay and two developmentd toxicity
gudiesin different species), an uncertainty factor of 1 is generdly appropriate. U.S. EPA has
occasiondly used vaues less than 10 (nearly dways 3-fold) when data were available on
severd, but not dl 5 studies [for example, see the RfD for acetaldehyde on U.S. EPA’SIRIS
(U.S. EPA, 1998b)], and factors of 10 (generdly) when data were only available from asingle
gudy. Scientigts familiar with this area aso recognize that some overlgp occurs with the
subchronic to chronic uncertainty factor. The generd approach when subchronic studies are
available in two species, isto assign the uncertainty to the subchronic-to-chronic factor, and not
to the database factor.

Two chronic studies that evauated nonneoplastic lesons are available in rats (Ambrose
et a., 1976; American Biogenics Corporation, 1988). Ambrose et d. (1976) aso evauated
nonneoplagtic effects in dogs exposed for 2 years, and Dieter et a. (1988) evaluated mice
exposed in drinking water for 180 days. Severd multigeneration studies have been conducted
with ingested nickel (Research Triangle Indtitute, 1988; Smith et d., 1993; Ambrose et d.,
1976; Schroeder and Mitchener, 1971), and one (Research Triangle Ingtitute, 1988) included
teratological evauation of the F2 generation rats. These studies found increased neonata pup
death, but no evidence of teratologica effects. A clear reproductive NOAEL could not be
established for any of these studies, however, due to inconsistent dose-response results,
incomplete reporting, and technica experimentd difficulties. In light of these issues, some
uncertainty remains regarding the reproductive toxicity of nickel compounds. In addition, no
developmental toxicity study has been conducted in a second species. Based on these
consderations, a partid UF for database deficiencies is appropriate for nickel and is discussed
in the text on composite UF below.

LOAEL to NOAEL (L) Extrapolation

This UF addresses the question: Do exigting data dlow for the use of aLOAEL, rather
than aNOAEL for the estimation of an RfD?
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If awell-defined NOAEL does not exist, afactor of 10 is often used. However, U.S.
EPA has often used vaues less than 10 (nearly aways 3-fold) when data suggest that the
LOAEL isfor aminimally adverse effect, snce the hypothesized NOAEL would likdly be
closer toaminima LOAEL then to a LOAEL with greater severity. For example, compare the
RfCsfor acrylonitrile and 1,2-epoxybutane on U.S. EPA’SIRIS (U.S. EPA, 1998b). The
former RfC uses a 3-fold factor with degeneration and inflammation of nasa respiratory
epithdium; the latter RfC uses a 10-fold factor with more severe degenerative lesons of the
epithdium.

The principa study identifiesa LOAEL of 6.9 mg Ni/kg/day, based on a senstive
biochemical measure of kidney function in rats (albuminuria) administered nickd in drinking
water for 6 months; histopathology was not evaduated in this study (Vyskocil et d., 1994b).
However, no histologica changes were observed by Dieter et d. (1988) at 44 mg Ni/kg/day in
a180-day mouse study, but mild tubular nephrosis was observed at 108 mg Ni/kg/day and
higher. Based on the minimal adversity of the criticd effect, apartial UF is gppropriate for
nickel and is discussed in the text on composite UF below.

Modifying Factor

A modifying factor is not considered necessary with this database because the
outstanding uncertainties are adequately addressed with the standard uncertainty factors above.
U.S. EPA only occasondly uses amodifying factor. For example, see the RfC for methyl ethyl
ketoneon U.S. EPA’SIRIS (U.S. EPA, 1998b). The default value of 1 is appropriate for
soluble nickd sdts.

Composite Uncertainty and Modifying Factors

For soluble nickel sdts, two full factors of 10 (for intrahuman varigbility and interspecies
extrapolation) and a combined factor of 10 (for subchronic-to-chronic extrapolation, an
insufficient database, and use of aminimal LOAEL) were used. A composite factor of 1000

results®

A combined factor of 10 is gppropriate for subchronic-to-chronic extrapolation, use of
aminima LOAEL, and for an incomplete database, based on four points:

. the minimd severity of the adverse effect;

®It is of note that standard EPA practiceis to condense four full UFsof 10to a
composite UF of 3000 (due to overlap of UFs) (Dourson, 1994). Thus, even if two full UFs
and three partid UFs were used for the nickel RfD, the composite UF could be 1000 or 3000,
depending on the overall judgement of the database (so standard U.S. EPA practice).
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. the availability of chronic sudiesthat do not identify alower LOAEL thanin the critica
study;

. athough soluble nickel did have an effect in reproductive studies, the studies do not
collectively indicate that reproductive effects occur a alower dose than the critical
effect (Asnoted in Section 5.1.1, even if the RfD were based on the equivocal LOAEL
of 1.3 mg Ni/kg/day for reproductive effectsin Smith et d. (1993), the RfD would
change by only afactor of approximately 2-6, depending on a potentid different choice
of UFs); and

. the toxicokinetic data suggest that absorption of ingested soluble nickel is higher in rats
(9.8-34% of agavage dose; Ishimatsu et d., 1995) than in humans (5.7% for soluble
nickd satswith nonfasted subjects; Christensen and Lagesson, 1981, as calculated by
Diamond et d., 1998); it is not clear if this difference is due to interspecies differences
or to the differencesin dosing vehicles, but lower absorption by humans would mean a
lower human tissue dose for a given ingested amount, and therefore that the use of the
rat LOAEL asthe bass of the RfD is consarvative.

Based on these considerations, a composite UF of 1000 is considered sufficient. Thus,
the RfD isderived as.

7.6 mg Ni/kg/day +1000 = 0.0076 mg Ni/kg/day = 8 E-3 mg Ni/kg/day

The nickd dosesin the anima studies did not include the nickel in the diet. Therefore, the RfD
presented here represents the dose of nickd in addition to the amount in food.

The RfD based on the minima LOAEL from Vyskocil et d. (1994b) can be seen as consstent
with the exigting soluble nickel RfD described on IRIS (U.S. EPA, 1998b). (In brief, IRIS ligts
achronic NOAEL of 5 mg Ni/kg/day for body weight decreasein the Ambrose et d. (1976)
study, and a 300-fold UF: 10-fold for within human varigbility, 10-fold for animd to human
extrgpolation, and 3-fold for uncertaintiesin the database on reproductive endpoints,) Firs, the
current RfD is based on totd nickd, while the RfD proposed here is based on nickd in addition
to diet, and so would be expected to be lower than an RfD based on total nickel. Second, the
RfD on IRIS of 2E-2 mg Ni/kg/day iswithin afactor of 2 of the RfD proposed here, a
difference wdl within the inherent uncertainty of the RfD.

5.2 Inhalation Reference Concentration (RfC)
5.2.1 Choiceof Principad Study and Critical Effect - with Rationale and Judtification
Reiable inhdation toxicity studies with soluble nickel compounds are limited to the

chronic and subchronic NTP (19964) studies with rats and mice, the related analysis by Benson
et a. (1989) of biochemicd effects on the lung, and the study by the same laboratory group
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(Haey et d., 1990), showing that immune effects occurred at higher exposure levels than
respiratory effects. Rats were more sengitive than mice. Severd different lesons were
observed a smilar exposure leves, with dightly differing response incidences. The most
sengtive endpoints were lung fibross and chronic active inflammeation in mae rats, with a
NOAEL (HEC) of 0.0021 mg Ni/m?, and olfactory epithelid atrophy in femderats, with a
NOAEL (HEC) of 0.0019 mg Ni/m?, both in the chronic study (Table 30). The principa study
(NTP, 19964) was a well-designed and executed study of chronic duration that used afairly
large number of rodents of both sexes and two species, and measured multiple endpoints. A
well-defined NOAEL and LOAEL were determined and the responses were concentration
related.

Asnoted in Section 4.2, chronic active inflammation was observed in the lungs of mde
rats a alower concentration at the 7-month interim evauation than in the chronic evauation.
Thisleson was transent and reversible, was not seen at the same concentration at a shorter
duration (in the 13-week study) or at longer durations (15-month or 2 year) in the same study,
and is not supported by other lung effects at the same concentration. Macrophage
accumulation was aso observed at lower concentrations in the subchronic study, but was a
transient and possibly nonspecific response, and not supported by other lesions a smilar
exposure levels. In addition, athough macrophage accumulation may be part of a continuum of
effects that includes inflammation a higher exposure levels, the macrophage lesion does not
appear to be a precursor with increased exposure duration. Thisis because no effects were
seen in the chronic study at concentrations that did result in macrophage accumulation in the
subchronic study. As noted in the next section, using ether of these endpoints asthe critica
effect would not have alarge impact on the RfC.

It isinteresting to note that, athough the exposure levels used in the chronic study were
the same as the lowest three exposure levels used in the subchronic study, the NOAEL (HEC)
for olfactory epithdia atrophy in femaes in the subchronic rat study (0.0016 mg Ni/nm?) was
dightly lower than the NOAEL (HEC) for this endpoint in the chronic study (0.0019 mg Ni/n).
Similarly, the BMC(HEC) of 0.0005-0.0007 mg Ni/m? in the subchronic study was markedly
lower than the value of 0.0025 mg Ni/m? calculated for the chronic study, due to the high
response at the subchronic LOAEL. Thelow BMC is not due solely to the smdler sample size
in the subchronic study, since the maximum likelihood estimate (MLE), which does not teke
sample sze into account, was dso smdler for the subchronic than the chronic sudy. On the
surface, these estimates suggest some sort of adaptation, with longer exposure resulting in less
severe effects. However, these estimates are for the human equivaent concentrations (HECS).
When the actua animal exposure concentration alone is considered, the exposure duration-
response has the expected relationship. No effect was seen at 0.11 mg Ni/n in the subchronic
Sudy, while that concentration was the LOAEL in the chronic study. These results suggest that
the HEC may not completely adjust for anima/human differencesin the dosmetry of inhaded
nicke sulfate. In particular, clearanceis not taken into account in the HEC calculations. As
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described in Section 3.1, clearance of inhaed soluble nicke is rgpid and extensive in rats and

mice, but clearance in humans has not been quantified. Based on these consderations, it was
not considered appropriate to derive the RfC from this endpoint in the subchronic study, even
though it did correspond to the lowest BMC(HEC).

Only one human study was located that examined noncancer effects of inhdation
exposure to soluble nickel and included effects on the respiratory tract (Muir et d., 1993). In
this study, radiographs from nickel workers exhibited an increase in the prevaence of irregular
opacities with duration of exposure. However, there was no control group, and the increase
was largdly attributable to ILO profusion scores of minimal severity, a severity comparable to
values seen in the generd public. Exposure measurements were dso highly approximate.

Other uncertainties in the study include mixed exposure to soluble and insoluble forms of nickd,
wide variability among radiograph readers, and questions regarding degree of ascertainment. In
light of these uncertainties, this study is not desirable as abasis for an RfC. However, because
this study does provide some insght regarding the inhaation toxicity of soluble nickd in humans,
an RfC can be derived from this study for comparison to the more reliable RfC derived from
the anima data. If this study were consdered as the basis for the RfC, the single exposure level
available would be consdered aminima LOAEL, based on the observation of a duration-
related increase in the prevaence of findings. Thus, this study identifiesaminima LOAEL of 4
mg Ni/m?.

5.2.2 Method of Analyss - Benchmark Concentration

NTP (19964) reported lesons in the extrathoracic (nose) and pulmonary (lesions such
as inflammation and fibross) regions of the rat and mouse, and in the thoracic region
(bronchidization, acombined tracheobronchid and pulmonary lesion) of mice. Human
equivaent concentrations (HECs) for particulates are caculated by multiplying the exposure
concentration by the Regiona Deposited Dose Ratio (RDDR). The RDDR is caculated using
the RDDR program (U.S. EPA, 1994b), and takes into account the relative regiona deposition
in humans and the anima species of interest, the species-pecific minute volume (the volume of
ar inhaded per minute), and the surface areain humans and the experimenta animal species of
the affected region of the respiratory tract. Inputs to the caculation of the RDDR are the mass
median aerodynamic diameter (MMAD) and geometric standard deviation (Sgma g) that
describe the particle size digtribution for the experimenta anima study, and the body weight of
the experimental anima. NTP (1996a) provided concentration-specific values for the MMAD
and sgma g, and these vaues, rather than average vaues, were used in the caculations. The
concentration-specific MMAD and sgma g vaues, the corresponding RDDRS, and the
resulting HECs are presented in Appendix B. In light of the marked effect of the respiratory
tract region on the caculated RDDR, it was necessary to caculate the HECs for lesonsin
different regions of the respiratory tract in order to determine which endpoint was most
sengtive,
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Quantal data from NTP (19964) on the incidence of respiratory tract lesions werefit to
a polynomia mean response regression model (THRESH, ICF Kaiser, 1997a) and a Weibull
power mean response regresson modd (THRESHW, ICF Kaiser, 1997b) by the maximum
likelihood method. The lower bounds on the concentrations corresponding to 5% and 10%
risk (BMCLs and (BMCL,,) were cdculated. The 10% benchmark response level (BMR)
was used, based on two considerations. First, BMC vaues for both the 5% and 10% BMRs
for severd upper respiratory tract toxicants were found in an EPA review to generdly fall
between the corresponding NOAEL and the LOAEL (Gift, 1996). Second, results of Allen et
a. (1994) with developmenta toxicity endpoints found that the 10% response leve is only
dightly conservative, on average, compared to the corresponding NOAELSs. For severa of the
datasets, there were one or more exposure levels with no response above background, and
high response at the higher exposure levels. Such concentration-response patterns are poorly
fit when the threshold is st to zero in the modding. However, improved fit in many cases was
obtained by dlowing the program to caculate the threshold value. (Note that thisisa
mathematica threshold, does not necessarily correspond to atrue biological threshold.) In
other cases, the concentration-response data showed a plateau at high concentrations.
Because it was not desirable to have high exposure levels that were not informetive with regard
to the shape of the concentration-response curve drive the modding, these endpoints were dso
modeled with the high exposure level dropped. These results are described in more detail in
Appendix A.

Based on the results of the BMC modding, the most sengitive endpoint was lung
fibrosisin maerats chronically exposed to nickd sulfate (response 3/54, 6/53, 35/53, and
43/53). An unacceptablefit (p<0.01) was obtained with the threshold set to zero for this
endpoint, but the fit was markedly improved by alowing a threshold to be caculated by the
program. Although the overal goodness-of-fit p vaue for this endpoint was dill low when the
threshold parameter was included (p=0.032), agood visud fit was obtained in the low-
concentration region (see Figure 1). The resulting BMCL,,(HEC) of 0.0017 mg Ni/m? was
only dightly lower than the NOAEL (HEC) of 0.0021 mg Ni/m? for this endpoint. The same
result was obtained with the polynomia and Weibull modes.

Acceptable, but dightly higher BMCL,o(HEC) vaues were calculated for severd other
endpoints from NTP (1996a). No acceptable fit could be obtained for chronic active
inflammation in mae rats when dl of the data were used or when a threshold was alowed, but
aBMCL,,(HEC) of 0.0020 (Weibull model) mg Ni/m? was obtained (p=0.53) when the high
exposure level was dropped; no acceptable fit could be obtained with the polynomia mode.
Smilarly, no acceptable fit could be obtained for lung fibrossin femae rats when dl of the deta
were used, when athreshold was dlowed, or with the polynomia modd under any conditions,
but a BMCL,,(HEC) of 0.0024 (Weibull model) mg Ni/m? was obtained (p=0.75) when the
high exposure level was dropped. A BMCL,,(HEC) of 0.0025 (Weibull model) or 0.0026
(polynomia model) mg Ni/m? was obtained for atrophy of the olfactory epithelium in femade
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rats. The same result was obtained whether or not the modd was alowed to estimate a
threshold, and a good fit was obtained (p=0.73 with the polynomia model and p=0.32 with the
Weibull modd).

The effect of severd scientific judgements made in deriving the RfC was investigated by
determining the effect of dternative choices on the RfC. Macrophage accumulation was
consdered to be a possible precursor to adverse effects for the purposes of this assessment,
based on the possihility for this effect to fal on a continuum of effects induding inflammation and
fibross Evidence opposing this determination include the lack of other supporting evidence of
damage at the low concentrations in the subchronic studies, and the potentia for hyperplasiato
be a physical response to particulate exposure. Nonetheess, BMCL,o(HEC) values of
0.0012-0.0016 (male rats) and 0.0013-0.0019 (female rats) mg Ni/m? were calculated for this
endpoint in the chronic study. Acceptable fits could not be calculated with dl of the data
without a threshold, but dropping the high concentration (maes and femades) or dlowing a
threshold (femaes only) resulted in an acceptablefit. Better fits (indeed, perfect fits) were
obtained with the Weibull mode, but the estimates obtained had no degrees of freedom. The
BMCL,(HEC) vaues cdculated based on macrophage accumulation were within afactor of 2
of the value used as the bass for the RfC. This differenceis well within the uncertainty
associated with the RfC.

For comparison with the animal data, an RfC based on the Muir et . (1993) study
was considered. A minima LOAEL of 4 mg Ni/m? as soluble nickel can be estimated for this
study, based on increased prevaence of opacities with exposure duration. After adjusting for
occupationa exposure durations and minute volumes, the LOAEL is 1.4 mg Ni/m?. A further
adjustment was used to account for differences between particle sizes under occupational and
ambient exposure conditions. Using the data of Vincent (1996) on particle Sizes at nickel
plants, and using the average particle size digtribution in the NTP (1996a) chronic rat study with
nicke sulfate hexahydrate to estimate the distribution under ambient conditions, the pulmonary
dose for humans is gpproximately 7-80 fold higher when exposure is to the particle size
distribution used in the anima studies, compared to the pulmonary dose when exposureisto the
particle size digtribution found under occupationd conditions. The resulting LOAEL (HEC) is
0.018t0 0.2 mg Ni/n?.

5.2.3 Chronic RfC Derivation

The BMCL,o(HEC) for lung fibrosisin mae rats in the chronic NTP (1996a) study was
0.0017 mg Ni/m?. The scientific bases for the uncertainty factors are described in greater detall
in Section 5.1.3, and are not repeated here. 1n the absence of sufficient data on sengitive
human subpopulations, an uncertainty factor of 10 was gpplied to account for intrahuman
vaiability. Scientists familiar with this area have congdered the default factor of 10 for anima
to human extrapolation to be composed of roughly equa parts for toxicodynamic and
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toxicokinetic differences between animas and humans. Because dosmetric adjusments were
used to account for interspecies differences in toxicokinetics, afactor of 1 was used for the
toxicokinetic portion of the factor. In light of the minimal effects seen under occupationd
exposure conditions (Muir et al., 1993) at exposure concentrations 10 to 100-fold higher than
those that resulted in significant respiratory toxicity in the chronic rat bioassay (NTP, 1996a)
(based on comparison of HEC, after duration adjustments and accounting for dosmetric
differences, including the particle Size gppropriate for the different exposure conditions) humans
appear to be less sengtive than rats to the respiratory effects of nickd. The minima LOAEL in
the

Muir et d. (1993) study is 10 to 100-fold higher than the BMCL ;o(HEC) used as the basis for
the RfC. Additiona support for the lower sengtivity of humans comes from the lack of worker
complaints of respiratory problems (Mastromatteo, personal communication). Thus, the data
support atoxicodynamic factor of 1, resulting in atota factor of 1 for interspecies
extrapolation. Because a BMCL,, from a chronic sudy was used, no additiond uncertainty
factors are needed for subchronic to chronic extrgpolation or for extrapolation from a LOAEL
to aNOAEL.

Although a database uncertainty factor was included in the development of the RfD, it
was not considered necessary to include such afactor in the development of the RfC, because
the critica effect for inhdation exposure occurs a an exposure level well below that which
would be expected to result in reproductive effects, based on the ord data. This conclusonis
based on the following estimation of corresponding absorbed doses. The study with a
reproductive effect at the lowest dose wasthat of Smith et d. (1993), who found an equivoca
LOAEL of 1.3 mg Ni/kg/day, based on increased pup death. Absorption of ingested soluble
nickd in rats has been reported to range from 9.8% to 34% (Ishimatsu et d., 1995). Using
9.8%, to be on the conservative end, results in an absorbed dose of 0.13 mg Ni/kg/day
associated with the equivocal LOAEL. The absorbed dose corresponding to inhalation
exposure at the NOAEL of 0.027 mg Ni/m?® was caculated as follows. Because the aim was
to identify the rat inhalation exposure level that corresponds to a specified absorbed dosein
rats, the duration-adjusted rat value of 0.0048 mg Ni/m® was used, rather than the HEC.
Based on adaily inhdation rate for mae rats of 0.36 m?/day and a body weight of 0.38 kg
(U.S. EPA, 1988), and making the conservative assumption thet al inhded soluble nickd is
absorbed, the duration-adjusted exposure level corresponds to an absorbed dose of 0.0045
mg Ni/kg/day. Thisvdue is approximately 1/30 the absorbed dose corresponding to the
reproductive equivoca LOAEL of Smith et d. (1993), and so no additiona uncertainty factor is
needed. No modifying factor was applied to the estimation of thisRfC. A composite
uncertainty factor of 10 results. Thus, the RfC is derived as.

RfC = 0.0017 mg Ni/m? + 10 = 0.00017 mg Ni/m® = 2 E-4 mg Ni/m?
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An RfC based on the Muir et d. (1993) study can be derived for comparison with this
vaue. Inthat study, aminima LOAEL (HEC) of 0.018 to 0.2 mg Ni/m® was identified. The
following uncertainty factors would be used for this sudy: An uncertainty factor of 10 would be
used for intrahuman varigbility, Since sengtive subpopulations may not have been included in
this occupational cohort. A partia uncertainty factor of 3 would be used to account for the
minima LOAEL, based on the minima effects observed. Because exposure was only
described as“>5 years,” and the comparison group was exposed for <5 years, apartia
uncertainty factor of 3 is used to account for less-than-lifetime exposure. Using reasoning
amilar to that in the previous paragraph, no database uncertainty factor to account for the
potentia for reproductive effectsis needed. Thus, a composite UF of 100 issuggested. The
resulting RfC basaed on human datais

RfC = 0.018 to 0.2 mg Ni/m® + 100 = 0.00018 to 0.002 mg Ni/m? = 2E-4 to 2E-3 mg
Ni/m? *

This RfC is hot recommended, in light of the numerous uncertainties associated with the human
study. However, it isof interest that the range of RfCsis comparable to, or an order of
magnitude higher than, the RfC based on the animd data.

5.3 Cancer Assessment
5.3.1 Choice of Study/Data

The database on the ord carcinogenicity of soluble nickd satsis inadequate for
ng carcinogenic potentid. Severd negative ora experimental animal sudies exist
(Ambrose et a., 1976; Schroeder et d., 1964, 1974; Schroeder and Mitchener, 1975), but
each of these Sudies has a deficiency that precludes definitive conclusons.

No appropriate data exist from occupationa exposures to support development of a
quantitative estimate for excess cancer risk from exposure to soluble nickel compounds.
Moreover, available animd inhaation studies for soluble nickd are negative for the cancer
endpoint after inhalation exposure, and equivocaly negative after oral exposure. Parentera
adminigration of some soluble nickel compounds yielded dightly positive resultsin some
bioassays and negative resultsin others. The parenterd route is not appropriate for quantitative
risk determination for the ord or inhdation routes. Based on the existing data and the weight of
evidence determination, the development of a cancer dose-response curve for soluble nickel for
ether the oral or inhdation routes is not recommended. Because thereis no clear evidence of
carcinogenicity, no dose-response calculations can be conducted.

" The caculations for the RfC based on the human data have changed somewhat since
the peer review meeting, due to improved particle Sze ditribution informeation.
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6.0 MAJOR CONCLUSIONSIN THE CHARACTERIZATION OF HAZARD AND
DOSE RESPONSE

6.1 Hazard |dentification
6.1.1 Exposure

Soluble nickel compounds are used in avariety of plating processes and in metd dloys.
Occupational exposure dso occursin nickel refinery workers. The generd public is exposed to
nickel asanormd condtituent in food, in contaminated drinking water, and to insoluble and
soluble forms of nicke emitted into the air from combustion, incineration, refining, and other
industries (ATSDR, 1997).

Ambient concentrations of nickel are seldom reported as soluble or insoluble forms;
rather, an estimation of total nickd isgiven. ATSDR (1997) and Hedth Canada (1993) both
give esimations of total nickd in ambient air. ATSDR (1997) datesthat average nickel
concentrationsin ambient air of U.S. cities range from about 0.5 to 5 E-5 mg Ni/n?. Hedth
Canada (1993) states that average nickel concentrationsin ambient air of Canadian cities range
from 0.1 to 2 E-5 mg Ni/m?. For comparison, the etimated RfC for soluble nickel of 2 E-4
mg Ni/m?. 1t should be noted that nickel in ambient air includes both soluble and insoluble
forms (although the rel ative amounts cannot be quantified with the available data), and that
noncancer effects of nickd occur a lower inhdation exposure levels with soluble forms of
nickd than with insoluble forms (NTP, 1996a, 1996b, 1996¢). Thus, the exposure to soluble
nickel in ambient air islikely to be lower than the RfC by alarger margin than is apparent from
the exposure values listed above.

ATSDR (1997) and Hedlth Canada (1993) aso give estimations of total nickel in food
and water. ATSDR (1997) dtates that daily average U.S. intakes from water or food are about
3 E-5 mg Ni/kg/day or 2 E-3 mg Ni/kg/day, respectively. Health Canada (1993) states that
average intakes from drinking water or food fdl in the range 4 E-6 to 8 E-4 mg Ni/kg/day or 4
E-3to 2 E-2 mg Ni/kg/day for different age groups, respectively. All of these estimated intakes
are a about or below the estimated RfD for soluble nickd of 7 E-3 mg Ni/kg/day. 1t should
be noted, however, that the nickd dosesin the anima studies did not include the nickd in the
diet. Therefore, the RfD presented here represents the dose of nickd in addition to the
amount in food. The absorption of nickel from food by humansis approximately 1/30 that from
water (Sunderman et d., 1989).

Asnoted in Section 3.3, nickel is aso an essentia trace ement for many animal
gpecies. It has been suggested that nickel may be essential in humans, at levels of lessthan 0.1
mg Ni/day (<1E-3 mg Ni/kg/day for a 70 kg adult), dthough no nickel requirement or
alowance has been set (Nielson, 1991). Thisvaueis gpproximatdy 8 times lower than the
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RfD of 7E-3 mg Ni/kg/day developed in this assessment.
6.1.2 Noncancer Effects

Minimal information is available on the noncancer effects in humans of inhaed soluble
nicke, dthough there is one study (Muir et d., 1993) of radiographic evidence of lung effectsin
exposed workers, and kidney effects have been reported (Sunderman and Horak, 1981;
Sanford and Nieboer, 1992; Vyskocil et d., 19943). Inhaled soluble nickel compounds are
rapidly absorbed and are quickly excreted by the urinary route (Benson et ., 1995). In
contrast, absorption of ingested nickel islower. Ora absorption is reduced when nickel is
ingested in food or with food, compared to absorption of nickel ingested in water (Sunderman
et a., 1989; Christensen and Lagesson, 1981). Unabsorbed ingested nickel is eiminated in the
feces. Nickd absorbed via both the inhdation and oral routes distributes primarily to the
kidneys and lungs. Some interspecies variation may exigt in the toxicokinetics of soluble nickd.

The target organ for noncancer effects of inhdation exposure to nickd is the respiratory
tract, with effects seen in both the lungs and the nose (NTP, 1996a; Dunnick et d., 1989). A
varigty of inflammatory lesions have been identified in the lungs of rats and mice following
subchronic and chronic exposures. Atrophy of the olfactory epithelium was observed a smilar
HECs. Thesefindings are supported by biochemica evidence of lung damage, based on
increased enzyme levelsin BAL fluid (Benson et d., 1989). The critical effect for the RfC was
lung fibrosisin mae rats exposed for 2 years. The observed lung effects are attributed to the
direct action of nicke, rather than to systemic exposure.

Although the critica effect was not in the nose, it isinteresting to note that the NTP
(19964) study found degeneration of the olfactory epithdium in ratsand mice. Thislesonis
consstent with anecdota reports of anosmiain nickel workers (Mastromatteo, 1995).

Only one study was |located of respiratory effects in humans exposed to soluble nicke
(Muir et d., 1993). Radiographs from nickel workers were evauated, and there was a
duraion-related increasein the prevaence of irregular opacities. Numerous uncertainties limit
the use of this study for risk assessment, including very crude exposure measurements, the
absence of acontrol group (particularly important because the observed lesons were smilar in
Severity to those seen in the generd public), mixed exposure to soluble and insoluble forms of
nickel, wide variability among readers, and questions regarding degree of ascertainment.
However, this study, together with the absence of reports of significant respiratory effects of
nicke in the nicke industry, does provide some insght regarding the inhdation toxicity of
soluble nickd in humans.

Aress of scientific uncertainty in the development of the RfC relate to dosimetric
condderations and the interpretation of aveolar macrophage accumulation. The
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NOAEL (HEC) for dlfactory epithelid atrophy in femalesin the subchronic rat sudy was
dightly lower than the NOAEL (HEC) for this endpoint in the chronic study, even though the
subchronic NOAEL (i.e., based on exposure concentration) was higher than the chronic
NOAEL. Thus, response increased with exposure duration when only exposure concentration
was considered, but appeared to decrease with exposure duration after dosimetric adjustments
were made. This suggests that the dosmetric conversion used may not completely adjust for
anima/human differences in the dosmetry of inhaed nickel sulfate, possibly because clearance
is not taken into account in the adjusment. Alternatively, the observed difference may be due
to inter-experiment variability. The effect of thisareaof uncertainty is not eadly quantified, but
useof the lung endpoint from the chronic study appears to provide a reasonable estimate of the
critica effect. The chronic study is preferred as the basis for the RfC, because it was
conducted with a higher number of animals and included alonger exposure and observation
time.

A second area of uncertainty is the adversity of aveolar macrophage accumulation
observed in the subchronic and chronic inhaation mouse and rat sudies. In the subchronic
dudies, this leson occurred at two exposure levels lower than dl other lesons, dthough in the
chronic sudies thislesion was of comparable or lower sengitivity than the critica effect of
fibrogs. Macrophage accumulation can both be a cause of tissue damage, and can reflect
tissue damage. Thislesion may be on a continuum of effects that indudes inflammation and
fibrogis, but the macrophage accumulation does not gppear to progress with time. Macrophage
accumulation was observed in the subchronic study at concentrations below those a which any
lesion was observed in the chronic study. Furthermore, as noted in Section 5.2, considering
macrophage accumulation to be adverse would result in only ardatively smdl quantitative effect
on the RfC.

The most sengitive target for noncancer effects of oral exposureis the kidney,
specificaly decreased glomerular function in rats exposed via drinking water for 6 months
(Vyskocil et d., 1994b). Thisisthe only animal study that evaluated sensitive biochemical
indicators of kidney function. However, this endpoint is supported by histological evidence of
kidney damagein animals at higher doses (Dieter et d., 1988) and evidence of nickel
distribution to the kidney (Ishimatsu et d., 1995; Dieter et d., 1988; Ambrose et d., 1976).
Thereis someindication of support for kidney damage following occupationa inhalation
exposure to nickel (Sunderman and Horack, 1981; Vyskocil et ., 19944), but these sudies
were done using spot urine samples, which can result in false postives. Sanford and Nieboer
(1992) found two individuds with devated $2m vauesin spot samples did not have elevated
vaues based on 24-hour sampling. These authors did not find nicke-related increases, but
exposure levels were lower than for the other two studies. 1t is unclear why tubular damage
was reported in the human inhdation studies, while Vyskocil et d. (1994b) reported glomerular
damage. Sunderman et d. (1988) reported atransient increase in urinary abumin among
workers who accidentally drank water contaminated with anickd plating solution containing
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nickel sulfate, nickel chloride, and boric acid. Although this study represents unusua exposure
conditions, it does provide support for the target organ. Estimated doses in this acute bolus
exposure were 7-36 mg Ni/kg body weight.

Severd deficienciesin the principad study limit the strength of the conclusions that can
be drawn from it. The study duration was only 6 months, and only one dose was tested, with
only 10 rats/sex evaluated at each sacrificetime. In addition, there was considerable variability
within groups (decreasing the confidence that the increase was exposure-related), and the
response was not very strong. In light of these limitations, additiona studies designed to
examine sengtive indicators of kidney toxicity would be useful for confirming the critica effect.
If such studies are conducted, the hamster would be the experimenta species of choice (see
Appendix D).

Other ora studies have reported primarily nonspecific indicators of toxicity at low
doses, such as decreased body weight (Ambrose et d., 1976; American Biogenics
Corporation, 1988). This decreased body weight may reflect nickd interfering with metals
binding to metalloenzymes, or possibly to effects on nutrient trangport.

Complex effects of nickel on the immune system have been observed. Ord
adminigration of high nickd doses to anima's has resulted in decreased immune function (Dieter
et a., 1988; Schiffer et a., 1991), and to decrease the delayed type hypersensitivity reaction (a
measure of cdlular immunity) (Ishii et d., 1993). Sengtivity to nickd (contact dermdtitis)
results from dermal contact with nickd. Oral exposure of sensitized individuals may dso dicit
dermatitis reactions (termed systemic contact dermatitis). On the other hand, the data also
suggest that low levels of ord exposure may induce tolerance, either preventing or reducing
derma contact sengtivity. Either way, there is no evidence regarding whether ora exposure to
nicke can causetheinitia sendtization. Becausethelevd of nickd in drinking water varies
among municipa water supplies, it may be possible to obtain information regarding the effects
of low level exposures on the frequency of nickd dlergy, and whether low-level exposures do
decrease the occurrence of nickel sengtivity. Thefeashility of epidemiologica studies
regarding nickel sengitivity and drinking water concentrations should be explored. The RfD is
designed to protect people from sengtization, but may not necessarily be protective for
sengtized individuds. No data were available on the dose that produces sengtization.
However, the limited dose-response data on systemic contact dermatitis indicates that few
sengitized individuas respond to a bolus dose of approximatdly 0.02 mg Ni/kg, while a dose of
approximately 0.08 mg Ni/kg dlicits aresponse in most sensitized individuas (Burrows, 1992;
Cronin et al., 1980; Gawkrodger et a., 1986; Kaaber et a., 1979). These doses were on top
of dietary nickd intake.

An area of uncertainty for both the oral and inhdation noncancer assessments relaesto
the potential reproductive effects of nicke. Several multigenerationd studies have been
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conducted (Smith et d., 1993; Research Triangle Ingtitute, 1988; Ambrose et d., 1976), and
have found evidence of decreased pup viability, but no clear NOAEL or LOAEL could be
established. In particular, severd of these studies were limited by incons stent dose-response
data. Teratogenicity data have been obtained in only one species (rats), viathe ora route
(Research Triangle Indtitute, 1988). Nonetheless, the available data indicate that reproductive
effects would occur above the levels causing kidney or lung effects viathe ord or inhdation

routes, respectively.

Sensitive populations specificaly related to nickel exposure have not been identified.
Based on the target organs of the kidney and the lung following ord and inhaation exposure,
respectively, people with compromised kidney and lung function would be expected to be more
sengtive to the adverse effects of nickel. Certain rena conditions may aso inhibit the body’s
ability to diminate soluble nickd. In such cases, higher toxicity might be expected for agiven
dose when compared to healthy people.

6.1.3 Cancer

Extengve epidemiology data are available that show that inha ation exposure to mixed
soluble and insoluble nickd salts causes the development of lung and nasal cancer in humans.
However, the possible contribution of soluble nickel exposure to the observed cancer deaths
has long been debated and is difficult to ascertain. Interpretation of the datais complicated by
co-exposure to soluble and insoluble forms of nickel and by limitations in exposure
measurements. Other confounding factors include include smoking (presumed to be high in
these workers), as well as concomitant exposures during some periods to potentia lung
carcinogens such as arsenic (in the case of Krigtiansand) and sulfuric acid mists (in the case of
Harjavata). Although ectrowinning and dectroplating have been described as operations for
which arborne nicke exposures are exclusvely to soluble sdts (and thus would form the basis
for the cleanest epidemiology data), estimates of water-soluble nickdl exposure in these
industries varied from as low as 18% to as high as 100%, with most estimates falling in the 60
to 90% range (Kiilunen et d., 1997b; Tsai et d., 1995). Exposure estimates were often based
on worker recollections or reconstructions from sparse data, and so limit both quantitative and
qudlitative epidemiologica andyss. Electroplaters condtitute the workers exposed to the
highest percentage of nickd as soluble nicke, with the lowest likelihood of confounding by
exposure to insoluble nickel compounds. However, only one study (Pang et a., 1996)
investigated cancer mortality in eectroplaters, and this study investigated a relaively small
cohort, most of whom were exposed for less than 1 year, with negative results.

Subgtantialy more information is available for nickd refinery workers, who are exposed
to soluble and insoluble forms of nickd, with clearly higher exposures to insoluble nickd than
for dectrowinning and dectroplating. In particular, a semiquantitative analysis of cancer risk
among groups at the Clydach refinery exposed to low or high levels of soluble, oxidic, or
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aulfidic nickel found that respiratory cancer risk was higher in groups exposed to soluble and
insoluble forms of nickd together than in those exposed to the same leve of insoluble nicke or
soluble nickel aone (ICNCM, 1990). The epidemiology data are insufficient to determine
whether soluble nickd alone is ahuman carcinogen. Overdl, the evidence reviewed in this
assessment suggests that soluble nickd is not carcinogenic by itsdlf, but rather acts as an effect
modifier, increasing the lung cancer risk associated with exposure to other forms of nickel.
Soluble nickel aso appears to contribute to the risk of nasal cancer only with concomitant
exposure to insoluble nickdl. This conclusion does not differ substantively from that reached by
ICNCM (1990).

In contrast, when nickel compounds of different solubilities are tested separately in
experimenta anima systems, differencesin the ability to evoke tumors by inhded soluble and
insoluble nicked are readily gpparent. For example, in inhaation sudiesfor nickd sulfate (a
soluble form of nickel) no evidence for tumorigenicity was found (NTP, 1996a). By contradt,
for nickd oxide (an insoluble form of nickel) there was some evidence for tumorigenicity in mae
and femaerats, no evidence in mae mice and equivoca evidence in femae mice (NTP,
1996b). For nickd subsulfide (aform of nicke that isinsoluble in water, but dightly solublein
biologicd fluids), there was clear evidence for tumorigenicity in mae and femaderats, and no
evidence in mae and female mice (NTP, 1996¢). An animd carcinogenesis sudy involving co-
exposure by inhalation
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to soluble and insoluble forms of nickel would be very useful in addressing the potential
interaction between these forms.

An area of uncertainty isin the comparison between tissue doses in the animas in the
NTP (19964) study and under occupationa conditions. Typica particle Szes under
occupationa conditions are much larger than those used in the bioassay, resulting in lower
doses. However, widdy varying particle size distributions have been reported. Reports of the
respirable fraction in nickd refineries (corresponding gpproximately to the percent pulmonary
deposition) range from essentialy 0% in a Russian refinery (Thomassen et d., 1999) to 2-6.8%
in the Kristiansand, Norway, refinery (Werner et d., 1999). Using the data of Vincent (1996)
on particle Szes a nickd plants, the pulmonary dose for humansis gpproximately 7-80 fold
higher when exposure is to the particle size digtribution used in the anima studies, compared to
the pulmonary dose when exposure isto the particle size distribution found under occupationd
conditions.

Parentera exposures of animasto nickel compounds of different solubilities follow a
gmilar pattern to that seen after inhalation exposure of experimental animas. The parentera
data, however, provide evidence of weak carcinogenicity of soluble nickd sdts. Tumors at the
gte of intramuscular injection gppear to be invoked in an inverse manner with solubility (the
greater the solubility, the less the response, or the response is negetive). Tumors at the Site of
intraperitoned injection show a smilar trend, with soluble nickel forms being ether negative or
dightly positive (depending on the compound), in contrast with metalic nicke, which is
dramaticaly postive. Intraperitoned exposure to nickd acetate (a soluble nickd form) results
in only aweak response in the mouse lung adenoma system, far below the standard positive
control of urethane. Nickel acetate aso shows some dight evidence of initigtion in initiation-
promotion studies and demongrates transplacentd initiation. (Insoluble nicke forms were not
testable in these latter systems.) A direct test of the hypothesis that soluble nickel enhancesthe
carcinogenicity of insoluble nicke compounds might be to eva uate soluble and insoluble forms
together in an initiation-promotion study.

Multiple ord studies of soluble nicke compoundsin different experimental anima
species (Ambrose et a., 1976; Schroeder et a., 1964, 1974; Schroeder and Mitchener, 1975)
did not indicate any cancer-causing potentia. (Ora exposures of nickel have only tested
soluble forms)) However, each of these oral studies had design flaws that preclude a definitive
conclusion that soluble nickel is not carcinogenic after ord exposure. Even though flawed, the
results of this ord testing are not incons stent with those seen after inhdation and parenterd
adminigration of nicked compounds; inhdation anima studies were negtive, and the parentera
studies were negative or a most dightly postive. Nonethdess, the lack of definitive ora
carcinogenicity data for soluble nickdl, and absence of ord studies investigating potential
interactions between soluble and insoluble forms of nickd viathe ord route, are areas of
scientific uncertainty for this assessment.
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Evidence for genotoxicity of water soluble nickel compounds is mixed. Water soluble
nickel compounds have been generdly consgtent in inducing effects in certain kinds of
mammadian assays. In particular, these effects include mutagenic responses and DNA damage
in vitro, chromosoma effects including aberrations and s ster-chromatid exchangesin vitro
and in vivo, and carcinogenic transformation of mammadian cellsin vitro. Responsesin many
of these assays were weak and occurred at toxic doses. However, standard animal
carcinogenicity studies conducted a high dose are negative. Thisinconsstency may be due to
differencesin the nickd clearancein thetest sysem. In anima studies, soluble nicke
compounds are rgpidly cleared from the lung after exposure, compared with no clearance
mechanigmin in vitro genotoxicity assays. In addition, cell culture conditions dlow high
concentrations of nickel st trestment, while thisis precluded in anima studies due to the toxic
effects of soluble nicke compounds. Thus, in vitro assays subject cdlsto congtant high nickel
exposure that could eventudly lead to a high concentration of nicke in the nucleus and cause
the genotoxic effects.

Kinetic factors aso indicate that exposure to soluble nickel done hasalow
carcinogenic potentid. Unlike insoluble forms of nickel, which can enter the cdll via
phagocytods, soluble forms are inefficiently taken up by cdls by passve diffuson viathe
magnesium transport system. The soluble nickd that does enter cdlls binds preferentidly to
proteins over DNA, further reducing the amount of soluble nickd ion available to react with
DNA. Combined, these factors tend to increase the cytotoxic potential and decrease the
potentia for DNA damage. There are anumber of means by which soluble nickd could
increase the carcinogenicity of other chemicas, including the production of an inflammatory
response and associated enhanced cell proliferation, impaired clearance, and local generation of
oxygen radicas. Overal, these studies suggest that soluble nickel can enhance the
carcinogenicity of other chemicas, but the data are insufficient to provide sufficient dose-
response information to be useful in risk assessment.

Taken together, these results suggest the following:

*  human studies suggest a secondary role for soluble nicke in occupational carcinogenicity,
whereas water-soluble nickel sdts are not carcinogenic in experimental animas exposed by
the inhalation or ord routes;

» water-soluble sdts of nickd are digtinctly different from water-insoluble nickel compounds
with respect to carcinogenic potentid, as demonstrated by data from both the inhalation and
parentera routes;

» assaysof the carcinogenic activity of water-insoluble nickel compounds should not be used
to predict the carcinogenic potential of water-soluble nickd salts.

Thus, under the 1996 proposed Guiddines for Carcinogen Risk Assessment, inhded
soluble nickel compounds would be classified as cannot be deter mined, because the exigting
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evidence is composed of conflicting data.
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The carcinogenicity of soluble nickel compounds following oral exposures cannot be
determined because there are inadequate data to perform an assessment. Severd negative
ora experimental animal studies exi<, but each of them has a deficiency that makes conclusive
gatements difficult. Under the current (1986) guidelines, classfication of the carcinogenic
response of soluble nickel compounds would be classfied as“D”, not classfiable asto human
carcinogenicity, for both the ord and inhaation routes of exposure.

The mechanisms for the gpparent difference in carcinogenic potentia between weter-
soluble and insoluble nickel compounds are not completely understood and may be related to
differencesin the whole anima and/or cdlular pharmacokinetics and/or bicavailability and
clearance of nickd when administered in soluble and insoluble forms.

6.2 Dose Response

Mechanigtic data are not sufficiently developed in order to generate a biologically-
based, or case specific, modd for soluble nickd’ stoxicity for either cancer or noncancer
toxicity, for ether inhaation or ord exposure.

6.2.1 Noncancer

In the absence of adequate human data, a Reference Concentration (RfC) of 0.0002
mg Ni/m? (2E-4 mg Ni/m?) is recommended based on fibrosisin male rats exposed to soluble
nickel sulfate for 2 years (NTP, 1996a). The RfC was calculated from a Benchmark
Concentration (BMC)-Human Equivalent Concentration [BMC(HEC)] of 0.0017 mg Ni/m?
and an overdl uncertainty factor of 10. This uncertainty factor is composed of a 10-fold factor
for the potentid sengtivity of certain populations of humans to the toxicity of soluble nickd (in
the absence of data to change the default). Because comparisons of occupationa exposure
data and data from anima studies indicate that humans are less sengtive than rodents to the
respiratory effects of inhaled soluble nickel sulfate, afactor of 1 was used to address potential
toxicodynamic differences between the rat and the human. Because dosmetry adjustments
were used to extrapolate between the rat and humans, a 3-fold factor for kinetic differencesis
not needed. Therefore, the total uncertainty factor for anima to human extrgpolation is 1, and
the composite uncertainty factor for the calculation of the RfC is 10.

Confidence in the critica study used as abasis of the RfC is consdered high. This
study is of chronic duration, used afairly large number of animas, measured multiple endpoints,
and included an extensive evauation of the respiratory tract. Multiple BMCsusing severd
different mode's and endpoints have been evauated in the selection of this critica effect (see
Appendix A). Confidence in the supporting database is considered medium to high. A second
chronic bioassay in a different species supports the choice of study and critica effect, but
supporting developmenta and reproductive toxicity sudies are from ora exposure and have
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severd inadequacies that preclude a
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gtatement of high confidence in the database. Overdl confidence in the RfC is dso consdered
medium to high. This meansthat additiond datamay more likely change the vaue of this RfC
when compared to a high confidence RfC (for another chemical).

For comparison purposes, an RfC was aso developed from the limited human data
(Muir et d., 1993), astudy of radiographic findingsin the lung of nickel workers. Consdering
the exposure duration-related increase in the prevaence of lung opacities to be aminimal
LOAEL, based on the low saverity of thelesons, the study identified aminimal LOAEL of 4
mg Ni/m?, or 1.4 mg Ni/m?, after accounting for occupationa exposure conditions and minute
volumes. After taking into account differencesin the particle size under occupationa and
ambient exposure conditions, a LOAEL (HEC) of 0.018 to 0.2 mg Ni/m? can be estimated.
The range results from uncertainty in estimation of the particle Sze digtribution to which the
workersin the Muir study were exposed, due to variability in the particle size digtribution
between different workstations at a given nicke plant. A tota uncertainty factor of 100 would
be appropriate with this study. Thisfactor is composed of afull factor of 10 for intrahuman
variability, a partia factor of 3 for the use of aminima LOAEL, and a partia factor of 3 for the
use of alessthan-lifetime study. The resulting RfC based on the human data would be
0.00018 to 0.002 mg Ni/nm? (2E-4 to 2E-3 mg Ni/n). These RfCs range from comparable to
the RfC based on the animd data, to an order of magnitude higher than the RfC based on the
animd data Use of the RfC derived from the animd studly is preferred, in light of the numerous
uncertainties in the human study.

A Reference Dose (RfD) of 0.008 mg Ni/kg/day is recommended, based on aminima
LOAEL of 7.6 mg Ni/kg/day for decreased glomerular function (the critica effect) found in rats
exposed via drinking water (Vyskocil et a., 1994b), and an overdl uncertainty factor of 1000.
This uncertainty factor includes a 10-fold factor for the potentia sengtivity of certain human
subpopulations to the toxicity of soluble nickd (in the absence of data to change the default)
and a 10-fold factor to address the potentia toxicokinetic and toxicodynamic differences
between the rat and the human. An additiond factor of 10 was used to address remaining
uncertaintiesin the reproductive studies, the use of aminima LOAEL, and the progression of
the criticd effect in the critical study between the 3- and 6-month sacrifice times.

Confidence in the critical study is consdered low. The critica study was of 6 months
duration and measured multiple sengtive endpoints for kidney function. However, the sudy
only tested one dose and only tested ten anima s/'sex/exposure duration. Confidence in the
supporting database is consgdered medium.  Although the critical study was the only one that
reported kidney effects at such low doses, kidney effects have been seen in human studies
(Sunderman et a., 1988; Sunderman and Horack, 1981; Vyskocil et d., 1994a). However, a
well-conducted human study at lower exposures did not observe any kidney effects (Sanford
and Nieboer, 1992). Kidney histopathology has generdly not been seen at higher dosesin
anima studies (American Biogenics Corporation, 1988; Ambrose et ., 1976), and may have
been associated with low water intake in the one study in which it was seen (Dieter et .,
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1988). However, no other studies included sensitive measures of kidney function.
Uncertainties in the developmenta and reproductive toxicity studies o preclude a higher
rating for database confidence. Overdl confidence in the RfD is consdered low, meaning that
additiond data may more likdly change the value of this RfD when compared to a high
confidence RfD (for another chemica).

The experimenta anima studies on which the RfC and RfD are based are from long-
term exposures and continuous dosing, in which careful atention has been paid to determining
the doses associated with effects of soluble nickdl. Exposure routes in these studies closely
match the expected human exposure routes from environmenta exposure, thereby increasing
the confidence in the resulting estimates of risk.

The data on the toxicity, kinetics, and dynamics of soluble nickel are sufficient to
support the development of an RfC and an RfD from the available experimenta animd data.
Standard assumptions were used in their development, and include:

. the use of experimenta anima data as a surrogate for humans,

. the use of lung effectsin rats (for inhaation noncancer effects) and kidney responsein
rats (for ora noncancer effects) as meaningful for extrapolating to human disease;

. the use of factors based on alogarithmic scde (10, 3 or 1) with ether the RfC or RfD
that address additiona scientific uncertainties in the overd| database; and

. the use of 1 digit of arithmetic precison for the RfC and RfD, because our
understanding of the underlying biology is unlikely to be more precise than this.

The use of these and smilar assumptions is common practice in conducting dose response
assessments by other environmenta and health agencies throughout the world.

6.2.2 Cancer

Specific data from occupationa exposures do not exist for soluble nickel compounds
from which a quantitative estimate for excess cancer risk could be developed. Moreover,
available animd inhadation studies for soluble nickd are unequivocaly negative for the cancer
endpoint (in contrast to such data on insoluble forms of nickel). Thus, quantitative estimates of
cancer risk from the inhdation of soluble nickel compounds, either from the occupationa
studies or anima bioassays, are not recommended. Furthermore, quantitative estimation of
cancer risk from the inhdation of soluble nickel compounds based on the animal bioassay
results for insoluble nickel compounds or based on the human occupationa data for mixed
soluble and insoluble exposures is dso not recommended.

Chronic ord bioassays found no indications of carcinogenicity in experimental animas.
However, these studies had design limitations that preclude drawing definitive conclusons
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regarding the ora route of exposure. Human studies from which to make this determination are
not available. Parenterad adminidtration of soluble nicke compounds has yielded dightly
positive results in some bioassays, but are not appropriate for quantitative risk determination.
Thus, quantitative estimates of cancer risk from the oral exposure of soluble nickel compounds
are not recommended.

Severd biologicdly plausible mechanisms for the production of DNA damage by
exposure to soluble nickel have been proposed, many of which would indicate a nonlinear
dose-response curve. However, the available data are insufficient to determine the doses at
which such nonlinearities might occur. Nonethdess, the suggestion of such nonlinearities,
together with the lower cdlular uptake and nuclear ddlivery of soluble nickel species (compared
with nickel subsulfide), are conastent with the negative anima carcinogenicity studies for soluble
nickd. If sufficient quantitative mode of action datawere available, soluble nickd might be
dassfied as “unlikely to be carcinogenic at low concentrations but may be carcinogenic
at high concentrations,” but the data are not sufficient to support such a classfication.

7.0 REFERENCES

Abbracchio, M.P. , RM. Evans, J.D. Heck, O. Cantoni, and M. Costa. 1982a. The
regulation of ionic nickd uptake and cytotoxicity by specific amino acids and serum
components. Biol. Trace Elem. Res. 4: 289-301.

Abbracchio, M.P., J. D. Heck, and M. Costa. 1982b. The Phagocytosis and transforming
activity of crystdline metd sulfide particles are related to their negeative surface charge.
Carcinogenesis. 3. 175-180.

ACGIH (American Conference of Governmentd Indugtria Hygienists). 1998. Threshold Limit
Vaues (TLVs) for Chemicd Substances and Physical Agents and Biologica Exposure Indices
(BEls). ACGIH, Cincinnati, Ohio.

Allen, B.C,, R.J. Kavlock, C.A. Kimmel, and EIM. Faustman. 1994. Dose response
assessments for developmental toxicity: 1. Comparison of generic benchmark dose estimates
with NOAELs. Fundam Appl Toxicol 23: 487-495.

Alberts B. et d. 1994. The Molecular Biology of the Cell. 3rd ed. Garland Publishers, New
York.

Ameacher, D.E., and S.C. Paillet. 1980. Induction of tribluorothydmidine-resistant mutants by
meta ionsin L5178Y/TK*" cells. Mutat. Res. 78: 279-288.

125



Ambrose, AM., P.S. Larson, JF. Borzelleca, et d. 1976. Long term toxicologic assessment
of nickd in ratsand dogs. J. Food. Sci. Technal. 13: 181-187.

American Biogenics Corp. 1988. Ninety day gavage study in dbino rats using nickel. Draft
final report submitted to Research Triangle Indtitute and U.S. EPA, Office of Solid Wadte.
Study 410-2520.

Andersen, AA., SR. Berge, A. Engeland, and T. Norseth. 1996. Exposure to nickel
compounds and smoking in relation to incidence of lung and nasa cancer among nicke refinery
workers. Occupational and Environmental Medicine. 53: 708-713.

Anttila, A., E. Pukkala, A. Aitio, et d. 1998. Update of cancer incidence among workersat a
copper/nickel smelter and nicke refinery. Int. Arch. Occup. Environ. Health 71: 245-250.

ATSDR (Agency for Toxic Substances and Disease Registry). September 1997.
Toxicologicd profile for nickd (update). Prepared by Sciences Internationd, Inc. under
subcontract to Research Triangle Institute under contract No. 205-93-0606. U.S. DHHS,
Atlanta, GA.

Barnes, D.G., and M. Dourson. 1988. Reference dose (RfD): Description and use in health
risk assessments. Regulatory Toxicology and Pharmacology. 8: 471-486.

Benner, S.E., SM. Lippman, and W.K. Hong. 1995. Cancer of the head and neck. In:
Greenwald, P., B.S. Kramer and D.L. Weed, eds. Cancer Prevention and Control.
Marcel Dekker Inc., New Y ork Pp. 641-658.

Benson, JM., I-Y Chang, Y.S. Cheng, et d. 1995. Particle clearance and histopathology in
lungs of F344/N rats and B6C3F mice inhaling nickel oxide. Fundam. Appl. Toxicol. 287:
232-244

Benson, JM., E.B. Barr, W.E. Bechtold, and Y-S. Cheng. 1994. Fate of inhaled nickel
oxide and nickel subsulfide in F344/N rats. Inhalation Toxicol. 6: 167-183.

Benson, JM., D.G. Burt, Y.S. Cheng, et d. 1989. Biochemicd responses of rat and mouse
lung to inhaled nickel compounds. Toxicology. 57: 255-266.

Benson, JM., D.G. Burt, R.I. Carpenter, et d. 1988. Comparative inhaation toxicity of nickel
sulfate to F344/N rats and B6C3F1 mice exposed for twelve days. Fundam. Appl. Toxicoal.
10: 164-171.

Bernacki, E. J, E. Zygowicz, and F. W. Sunderman Jr. 1980. Fluctuations of nickel

126



concentrations in urine of dectroplating workers. Ann. Clin. Lab. Sci. 10(1): 33-39.

127



Biggart, N.W., and M. Cogta. 1986. Assessment of the uptake and mutagenicity of nickel
chloride in SAmonellatester strains. Mutat. Res. 175: 209-215. (Ascited in NTP, 1996a).

Borg, K. and H. Tidve. 1989. Uptake of 63N#* in the central and peripheral nervous system
of mice after oral adminigtration: Effects of trestment with halogenated 8-hydroxyquinolines.
Toxicology 54. 59-68.

Boysen, M., A.M. Downs, JP. Rigaut, et al. 1994. Rates of regression and progression of
dysplagtic lesonsin the nasd mucosain nickd workers: A Markov modd approach. Science
Tota Env. 148: 311-318.

Boysen, M., L.A. Solberg, I. Andersen, et d. 1982. Nasd histology and nickel concentration
in plasmaand urine after improvementsin the work environment at anickd refinery in Norway.
Scand. J. Work. Environ. Health. 8: 283-289.

Boysen, M., L.A. Solberg, W. Torjussen, et d. 1984. Histological changes, rhinoscopica
findings and nickel concentration in plasmaand urinein retired nickd workers. Acta
Otolaryngol. (Stockh). 97: 105-115.

Burges, D.C.L. 1980. Mortaity study of nickd platers. _In: Brown, S.S. ed. Nickel
Toxicology. Academic Press, London. Ppl5-18.

Burrows, D. 1992. |Issystemic nickel important? J. Am. Acad. Dermatol. 26(4): 632-635.

CaEPA. 1991. Cdifornia Environmenta Protection Agency. Health Risk Assessment for
Nickd. Office of Environmental Hedlth Hazard Assessment (OEHHA).

CaEPA. 1997a. Cdifornia Environmental Protection Agency. Air Toxics Hot Spots Program
Risk Assessment Guiddines Part |1, Technica Support Document for Describing Available
Cancer Potency Factors. Office of Environmenta Hedlth Hazard Assessment (OEHHA).
Dréft.

CaAEPA. 1997h. Cdifornia Environmenta Protection Agency. Draft Technica Support
Document for the Determination of Noncancer Chronic Reference Exposure Limits. Air

Toxicology and Epidemiology Section. Draft.

Cdlan, W.M., and F.W. Sunderman . 1973. Species variationsin binding of ©Ni(ll) by
serum abumin. Res. Com. in Chem. Pathol. Pharmacol. 5(2): 459-472.

Carvaho, SM.M. and P L. Ziemer. 1982. Distribution and clearance of #NiCl, in therat:
Intratracheal sudy. Arch. Environ. Contam. Toxicol. 11: 245-248.

128



Cerutti, P.A. 1985. Pro-oxidant states and tumor promotion. Science 227: 275-381.

Chashschin, V.P., G.P. Artuning, and T. Norseth. 1994. Congenitd defects, abortion and
other hedlth effectsin nickd refinery workers. Science Tota Env. 148: 287-291.

Chorvatovicovg, D. 1983. Vplyv NiCl, na hladinu chromozomovych aberacii u chrcka
cinskeho cricetulus griseus [ The effect of NiCl, on the level of chromosome aberrationsin
chinese hamgter Cricetulus griseus]. Biologia (Bratidava). 38: 1107-1112. (Ascited in
NiPERA (1996))

Christensen, O. B. and V. Lagesson. 1981. Nicke concentrations of blood and urine after
ord adminigration. Ann. Clin. Lab. Sci. 11: 119-125.

Chrigtensen, O.B., C. Lindstrom, H. L6fberg, and H. Mdller. 1981. Micromorphology and
gpecificity of ordly induced flare-up reactions in nickel-sengtive patients. Acta Dermatovener.
61: 505-510.

Clary, JJ. 1975. Nicke chloride-induced metabolic changesin therat and guinea pig.
Toxicol. Appl. Pharmacol. 31: 55-65.

Cohn, J. R., and E. A. Emmett. 1978. The excretion of trace metdsin human sweat. Ann.
Clin. Lab. Sci. 8: 270-275

Conway, K., X.-W. Wang, L.-Sha Xu and M. Costa. 1987. Effect of magnesium on
nicked-induced genotoxicity and cdll transformation. Carcinogenesis. 8: 1115-1121.

Conway, K. and M. Costa. 1989. Nonrandom chromosomal dterationsin nickel transformed
Chinese hamster embryo cells. Cancer Res. 49: 6032-6038.

Coogan, T.P., D.M. Latta, E.T. Snow, and M. Costa. 1989. Toxicity and carcinogenicity of
nickel compounds. CRC Ciritica reviewsin toxicology. 19(4): 341-384.

Costa, M., M. P. Abbracchio, J. Smmons-Hansen. 1981. Factorsinfluencing the
phagocytos's, neopladtic transformation, and cytotoxicity of particulate nickel compoundsin
tissue culture systems. Toxicol. Appl. Pharmacol. 60: 313-323.

Costa, M. and J.D. Heck. 1982. Specific nickel compounds as carcinogens. Trends
Pharmacol. Sci. 3: 408-410.

Costa, M., D.J. Heck, and SH. Robison. 1982. Selective phagocytosis of crystaline metal
aulfide particles and DNA strand bresks as a mechanism for the induction of cellular

129



transformation. Cancer Res. 42:; 2757-2763.

130



Cogta, M. and H. H. Mallenhauer. 1980. Phagocytosis of nickel subsulfide particles during
the early stages of neoplagtic transformation in tissue cultrue. Cancer Res. 4: 1688-1694.

Codta, M., Z. Zhuang, X. Huang, et d. 1994. Molecular mechanisms of nickd carcinogeness.
Sci. Tot. Environ. 148: 191-199.

Cronin, E., A.D. Di Michid, and S.S. Brown. 1980. Ord chalengein nickd in nicke-
sengtive women with hand eczema. In: Nickel Toxicology. Academy Press, New York. Pp
149-162.

Crump, K.S. 1995. Calculation of benchmark doses from continuous data. Risk Analysis.
15(1): 79-89.

Daly, ., and A. Hartwig. 1997. Induction and repair inhibition of oxidative DNA damage by
nicke (1) and cadmium(ll) in mammaian cdlls. Carcinogen. 18(5): 1021-1026.

Daniels, W. and B.Gunter. 1987. Hedth hazard evaluation report HETA 86-063-1843,
Olson Industries Industries, Denver, Colorado. Cincinnati, OH: U.S. Department of Health and
Human Services, Nationd Ingtitute for Occupationd Safety and Hedlth.

Datta, A K., M. Misra, S. L. North, and K. S. Kasprzak. 1992. Enhancement by nickel (I1)
and L-higtidine of 2'deoxyguanine oxidation with hydrogen peroxide. Carcinogenesis 13:
283-287.

Davies, JE. 1986. Occupationa asthma caused by nickd sdts. J. Soc. Occup. Med. 36:
29-31.

Deknudt, G. and A. Leonard. 1982. Mutagenicity tests with nickd sdtsin the male mouse.
Toxicology. 25: 289-292.

Dennis, JK. and T.E. Such. 1972. Nickd and Chromium Plating. John Wiley & Sons, New
York.

Diamond, G.L., Goodrum, P.E., Fdter, S.P., and Ruoff, W.L. 1998. Gastrointestinal
absorption of metals. Drug and Chemical Toxicology. 21(2): 223-251.

Dieter, M.P., C. W. Jameson, A. N. Tucker, M. |., et a. 1988. Evauation of tissue
disposition, myelopoietic and immunologic responses in mice after long-term exposure to nicke
aulfate in the drinking water. J. Toxicol. Environ. Hedth. 24: 356-372.

DiPaolo, JA. and B.C. Casto. 1979. Quantitative studies of in vitro morphologica
transformation of Syrian hamster cells by inorganic meta sdts. Cancer Res. 39: 1008-1013.

131



Diwan, B.A., K.S. Kasprzak, and JM. Rice. 1992. Transplacenta carcinogenic effects of
nickel(11) acetate in the rend cortex, rena pelvis and adenohypophysisin F344/NCr rats.
Carcinogenesis. 13(8): 1351-1357.

Dogd, L.A., SM Hopfer,.SM Lin, and FW. Sunderman Jr. 1989. Effects of nickel
chloride on lactating rats and their suckling pups, and the transfer of nickel through rat milk.
Toxicol. Appl. Pharmacol. 101: 220-231.

Dourson, M.L. 1994. Methods for establishing ord reference doses (RfDs). In: Risk
Assessment of Essential Elements, W. Merts, C.O. Abernathy and S.S. Olin, Eds. ILSI Press,
Washington, D.C. Pp. 51-61.

Draper, M. H., J. H. Duffus, P. John, et d. 1994. Analyssof nickd refinery dusts. Science
Total Env. 148: 263-273.

Driscall, K.E., J. M. Carter, B. W. Howard, et al. 1996. Pulmonary inflammatory
chemokines and mutagenic responses in rats after subchronic inhdation of carbon black.
Toxicol. Appl. Pharmacol. 136: 372-380.

Dunnick, J. K., M. R. Elwell, J. M. Benson, et a. 1989. Lung toxicity after 13-week
inhalation exposure to nickel oxide, nicke subsulfide, or nickd sulfate in F344/N rats and
B6C3F1 mice. Fundam. Appl. Toxicol. 12: 584-594.

Easton, D.F., J. Peto, L.G. Morgan, et d. 1992. Respiratory cancer mortaity in Welsh nickel
refiners: Which nickel compounds are respongble? In: Nieborer, E. And J.O. Nriagu eds.
Nickel and Human Hedlth: Current Perspectives. John Wiley & Sons, Inc., New York. Pp.
603-619.

Edwards, M.J. 1986. Hyperthermia as ateratogen: A review of experimental
gudies and their clinicd dgnificance. Terat. Carcin. Mutagen. 6: 563-582.

English, J. C., R. D. R. Parker, R. P. Sharma, et d. 1981. Toxicokinetics of nickd in rats
after intratracheal administration of asoluble and insoluble form. Am. Ind. Hyg. Assoc. J. 42:
486-492.

Evans, RM., P.J. Davies, and M. Costa. 1982. Video time-lapse microscopy of
phagocytosis and intracdlular fate of crystdline nicke sulfide particlesin cultured mammdian
cells. Cancer Res. 42: 2729-2735.

Fedey, R. M., R. R. Kitenmiller, J. B. Jones J., et d. 1983. Manganese, cobalt, nickel,
glicon and duminum in human milk during early lactation. Fed. Pro. 42: 931.

132



Fletcher et a. 1994. Environ. Hedlth Persp. 102: 69-79.

Fornace, A.J., Jr. 1982. Detection of DNA single-strand breaks produced during the repair
of damage by DNA-protein cross-linking agents. Cancer Res. 42: 145-149.

Foulkes, E.C., and D.M. McMullen. 1986. On the mechanism of nickel absorption in the rat
jgunum. Toxicology 38: 35-42.

Foulkes, E.C. and D.M. McMullen. 1987. Kinetics of transepithelia movement of heavy
metasin rat jgunum. Am JPhysiol. 253(2 Pt 1):G134-8.

Gawkrodger, D.J., SW. Cook, G.S. Fdll, et a. 1986. Nickel dermatitis: the reaction to oral
nickel challenge. Br. J. Dermatol. 115: 33-38.

Ghezzi, 1., A. Bddasseroni, G. Sesang, et d. 1989. Behaviour of urinary nickel in low-leve
occupationa exposure. Med. Lav. 80: 244-250.

Gift, JS. 1996. Deriving reference concentrations when adverse effects are reported in al
exposure groups. 1996 Society for Risk Analyss Annud Meseting, New Orleans, LA,
December, 1996.

Gilman, JPW. 1962. Metd carcinogenesis. 1. A study on the carcinogenic activity of cobalt,
copper, iron, and nickel compounds. Cancer Res. 22: 158-162.

Gilman, JP.W. 1966. Muscletumourigenesis. I1n: Proceedings of the Sixth Canadian Cancer
Research Conference, Begg, R.W., ed. Pergamon Press, Oxford. p. 209-223.

Glennon, JD., and B. Sarkar. 1982. Nickel(ll) transport in human blood serum. Biochem. J.
203: 15-23.

Gray, L.E. J., RJ Kavlok, J. Osthy, et d. 1986. An evaluation of figure-eight maze activity
and generd behaviord development following prenata exposure to forty chemicas: Effects of
cytosine, arabinoside, dinocap, nitrofen, and vitamin A. Neurotoxicology. 7(2): 449-462.

Haber, L.T., B.C. Allen and C.A. Kimmd. Non-Cancer risk assessment for nickel

compounds. |ssues associated with dose-response modeing of inhaation and ora exposures.
Toxicol. Sci. 43: 213-229.

133



Hagetveit, A.C., RT. Barton, and C.O. Kostal. 1978. Plasmanickel asaprimary index of
exposurein nickd refining. Ann. Occup. Hyg. 21: 113-120. (asreported in NiPERA, 1996).

Haley, P.J., G.M. Shopp, JM. Benson, et d. 1990. The immunotoxicity of three nicke
compounds following 13-week inhaation exposure in the mouse. Fundam. Appl. Toxicol.
15(3): 476-487.

Hamilton-Koch, W., R.D. Snyder, and JM. Lavelle. 1986. Menta-induced DNA damage
and repair in human diploid fibroblasts and Chinese hamster ovary cdls. Chem. Bidl. Interact.
59: 17-28.

Hansen, K., and RM. Stern. 1984. Toxicity and transformation potency of nickel compounds
in BHK cdlsinvitro. In: Nicke in the human environment, Vol. 53, Sunderman, FW., J.,
A. Aitioand A. Berlin, eds. 1ARC, Lyon, Fr. p. 193-200.

Harnett, P.B., SH. Robison, D.E. Swartzendruber, and M. Costa. 1982. Comparison of
protein, RNA, and DNA Binding and cell-cycle-specific growth inhibitory effects of nicke
compounds in cultured cdls. Toxicol. Appl. Pharmacol. 64: 20-30

Hartwig, A., and D. Beyersmann. 1989. Enhancement of UV-induced mutagenesis and
sgter-chromatid exchanges by nickd ionsin V79 cdls: evidence for inhibition of DNA repair.
Mutat. Res. 217: 65-73.

Hausinger, RP. 1993a. Anima nicke metabolism. In: Biochemigtry of Nickd. Hausinger,
R.P., ed. Plenum Press, New Y ork and London. Pp. 221-269.

Hausinger RP. 1993b. Microbid nickd metabolism. In: Biochemistry of Nickel. Hausinger,
R.P., ed. Plenum Press, New Y ork and London Pp. 221-269.

Hayashi, Y., M. Takahashi, A. Magkawa, Y. Kurokawa, and T. Kokubo. 1984. Screening
of environmental pollutants for promation effects on carcinogenesis (Jon.). In: Annua Report of
the Ministry of Health and Welfare, Japan, for Fiscal Y ears 1982-1984, Val. 20, Tokyo,
Ministry of Hedlth and Welfare. Pp. 20-1-20-10. (Ascited in IARC, 1990).

Hedth Canada. 1993. Canadian Environmenta Protection Act. Priority substanceslist:

Supporting documentation, health-related sections; nickel and its compounds. Ottawa,
Canada.

134



Heck, J.D., and M. Cogta. 1983. Influence of surface charge and dissolution on the selective
phagocytosis of potentially carcinogenic particulate metd compounds. Cancer 45: 5652-5656.

Hindsen, M., O.B. Chrigensen, and B. Moller. 1994. Nickd levesin serum and urinein five
different groups of eczema patients following ora ingestion of nickdl. Acta Derm. Venereol.
74: 176-178.

Hirano, S, T. Shimada, J. Osugi, et d. 1994. Pulmonary clearance and inflammeatory potency
of intratrachedly indtilled or acutely inhaled nickd sulfatein rats. Arch. Toxicol. 68: 548-554.

Ho, W., Furst A. 1973. Nicke excretion by rats following asingle trestment. Proc. West.
Pharmacol. Soc. 16: 245-248

Hohnadel, D.C., F.W. Sunderman J, M.W. Nechay, and M.D. McNedly. 1973. Atomic
absorption spectrometry of nicke, copper, zinc, and lead in swest collected from hedlthy
subjects during sauna bathing. Clin. Chem. 19: 1288-1292.

Holst, M., Nordlind, K. 1988. Phosphorylation of nuclear proteins of periphera blood T
lymphocytes activated by nickd sulfate and mercuric chloride. Int. Arch. Allergy Appl.
Immunol. 85: 337-340.

Hong, C.S.,, SH. Oh, H.C. Lee, K.B. Huh, and S.Y. Lee. 1986. Occupationa asthma
caused by nickel. Korean. J. Int. Med. 1(2): 259-262.

Howard, W., B. Leonard, W. Moody, and T.S. Kochhar. 1991. Induction of chromosome
changes by metal compoundsin cultured CHO cells. Toxicol. Lett. 56: 179-186.

Huang, X., J. Kitahara, A. Zhitkovich, K. Dowjat and M. Costa. 1995. Heterochromatic
proteins specificaly enhance nicke-induced 9-oxo-dG formation. Carcinogenesis 16:
1753-1759.

IARC. 1990. Monographs on the Evauation of Carcinogenic Risks to Humans: Chromium,
Nickd and Welding. Vol. 49. WHO Internationa Agency for Research on Cancer. Lyon,
France.

IARC. 1998. Monographs on the Evauation of Carcinogenic Risks to Humans: Cancer Risk
from Occupational Exposure to Wood Dust. Vol. 30. WHO International Agency for Research
on Cancer. Lyon, France

135



136



ICF Kaiser. 1997a. THRESH: A computer program to compute a reference dose from
quanta animd toxicity data using the benchmark dose method. KS Crump Divison, Ruston,
LA

ICF Kaiser. 1997b. THRESHW: A computer program to compute areference dose from
guantal animd toxicity data using the benchmark dose method. KS Crump Divison, Ruston,
LA

ICNCM. 1990. Report of the International Committee on Nickdl Carcinogenesisin Man.
Scand. J. Work Environ. Hedlth. 16(1): 1-82.

Isacson, P., JA. Bean, R. Splinter, D.B. Olson, and J. Kohler. 1985. Drinking water and
cancer incidencein lowa [11. association of cancer with indices of contamination. Am. J.
Epidemiol. 121: 856-859.

Ishii, N., N. Moriguchi, H. Nakgima, et d. 1993. Nickel sulfate-pecific suppressor T cells
induced by nickel sulfate in drinking water. Journd of Dermatological Science. 6: 159-164.

Ishimatsy, S., T. Kawamoto, K. Matsuno, and Y. Kodama. 1995. Distribution of various
nickel compoundsin rt organs after orad administration. Biol. Trace Elem. Res. 49(1): 43-52.

Jasm, S, H. Tjave. 1986. Effects of sodium pyridimethione on the uptake and distribution of
nickel, cadmium and zinc in pregnant and non-pregnant mice. Toxicology 38: 327-350.

Kaaber, K. T. Menne, JC. Tjdl, et d. 1979. Antabuse treatment of nickel dermatitis.
Chelation - anew principle in the trestmentof nickel dermatitis. Contact Dermatitis 5: 221-228.

Kador, J.,, J. Peto, D. Easton, et d. 1986. Modds for respiratory cancer in nickel refinery
workers. JNCI. 77: 841-848.

Kargacin, B., C.B. Klein, and M. Costa. 1993. Mutagenic responses of nickel oxides and

nicke sulfides in Chinese hamster v79 cdl lines a the xanthine-guanine phosphoribosyl
transferase locus. Mutat. Res. 300: 63-72.

137



Karjdainen, S, R. Kerttula,, and E. Pukkala. 1991. Cancer risk among workers at a
copper/nickd smdter and nickd refinery in Finland. Internationa Archives of Occupationd
and Environmenta Hedlth. 63: 547-551.

Kasprzak, K.S. 1994. Lack of carcinogenic activity of promptly soluble (hydrated) and
gparingly soluble (anhydrous) commercid preparation of nicke (1) sulfate in the skeletd muscle
of male F344/NCR rats. Toxicologist. 14: 239. (Abstract)

Kasprzak, K.S,, B.A. Diwan, N. Konishi, M Misra, and JM. Rice. 1990. Initiation by nickel
acetate and promotion by sodum barbita of rend cortical epitheliad tumorsin mae F344 rats.
Carcinogenesis. 11(4): 647-652.

Kasprzak, K.S.,, B.A. Diwan, JM. Rice, et a. 1992. Nicke (I1)-mediated oxidative DNA
base damage in rend and hepatic chromatin of pregnant rats and theri fetuses. Possble
relevance to carcinogenesis. Chem. Res. Toxicol. 5: 809-815.

Kasprzak, K.S., P. Gabryd, and K. Jarczewska. 1983. Carcinogenicity of
nickel (11)hydroxides and nickd (Il)sulfate in Widtar rats and itsrdlation to the in vitro
dissolution rates. Carcinogenesis. 4(3): 275-279.

Kasprzak, K.S., M.P. Waakes, and L.A. Poirier. 1987. Effects of essentia divalent metas

on carcinogenicity and metabolism of nickel and cadmium. Biologicd Trace Elem. Res. 13:
253-273.

Kawanishi, S, S. Inoue, and K. Yamamoto. 1989. Site-specific DNA damage induced by
nickel(I1) ion in the presence of hydrogen peroxide. Carcinogen. 10(12): 2231-2235.

Kenny, L.C., R. Aitken, C. Chalmer, et a. 1997. A collaborative European study of persona
inhalable aerosol sampler performance. Ann. Occup. Hyg. 41(2): 135-153.

Kiilunen, M., J. Utda, T. Rantanen, et d. 1997a. Exposure to soluble nickd in eectrolytic
nickd refining. Ann. of Occup. Hyg. 41: 167-188.

Kiilunen, M., A. Atio, and A. Tossavainen. 1997b. Occupationa exposure to nickd satsin
eectrolytic plating. Ann. Occup. Hyg. 41(2) 189-200.

Klein, C.B., and M. Costa. 1997. DNA methylation, heterochromatin and epigenetic
carcinogens. Mut. Res. 386: 163-80.

138



139



Klein, C.B., K. Conway, X.W. Wang, et a. 1991. Senescence of nicke-transformed cells by
an X chromosome: possible epigenetic control. Science 251: 796-799.

Kurokawa, Y., M. Matsushima, T. Imazawa, et d. 1985. Promoting effect of metal
compounds on rat rena tumorigenesis. J. Am. Call. Toxicol. 4(6): 321-330.

LaBdla F.S, R. Dular, P. Lemon, et d. 1973. Prolactin secretion is specificaly inhibited by
nickel. Nature. 245: 330-332.

Larramendy, M.L., M.C. Popescu, and JA. DiPaolo. 1981. Induction by inorganic metal
sdts of sster chromatid exchanges and chromosome aberrations in human and Syrian hamster
cdl grains. Env. Mutagen. 3: 597-606.

Lechner, JF., T. Tokiwa, I.A. McClendon and A. Haugen. 1984. Effectsof nickel sulfate on
growth and differentiation of norma human bronchia epithdid cdls. Carcinogeness. 5:
1697-1703.

Lee Y.W.,, C. Pons, D.M. Tummolo, C.B. Klein, T.G. Rossman, and N.T. Christie. 1993.
Mutagenicity of soluble and insoluble nickd compounds at the gpt locus in G12 Chinese
hamster cdlls. Environ. Mol. Mutagen. 21: 365-371.

LeeY.W., CB. Klein, B. Kargacin, et a. 1995. Carcinogenic nickel silences gene expression
by chromatin condensation and DNA methylation: anew model for epigenetic carcinogens.
Mol. Cel Biol. 15(5):2547-57.

Lide, D.R., ed. 1992. CRC Handbook of Chemistry and Physics, 69th ed. CRC Press, Inc.,
Boca Raton, FL.

Lin, X., M. Sugiyama, and M. Cogta. 1991. Differencesin the effect of vitamin E on nickel
aulfide or nickd chloride-induced chromosomd aberrations in mammdian cdls. Mutat. Res.
260: 159-164.

Little, J.B., JM. Frenid, and J. Coppey. 1988. Studies of mutagenesis and neoplasic
transformation by bivalent metal ions and ionizing radiation. Teratogenesis Carcinog. Mutagen.
8: 287-292.

Liu, T., et d. 1983. Therole of nickd sulfate in inducing nasopharynged carcinoma (NPC) in
ras. (Abstract) In: Cancer Research Reports-WHO Collaborating Centre for Research on

140



Cancer. Val. 4 pp. 48-49. Guangzhou, China, Cancer Ingtitute of Zhongshan Medica
College. (Ascitedin IARC, 1990).

Loch-Caruso, R., I.A. Corcos, and J.E. Trosko. 1986. Inhibition of metabolic cooperation by
metals. Toxicologist. 6: 267. (Ascited in Sunderman, 1989).

Loch-Caruso, R, I.A. Corcos, and J.E. Trosko. 1991. Inhibition of metabolic coupling by
metals. J Toxicol. Environ. Hedlth 32: 33-48.

Lucassen, M., and B. Sarkar. 1979. Nicke (I1)-binding consgtituents of human blood serum.
J. Toxicol. Environ. Hedlth. 5: 897-905.

Luo, S.Q., M.C. Plowman, SM. Hopfer, et al. 1993. Mg**-deprivation enhances and
M ¢f*-supplementation diminishes the embryotoxic and teratogenic effects of N#*, Co?*, Zné*,
and Cd?* for frog embryosin the FETAX assay. Ann. Clin. Lab. Sci. 23: 121-129

Lynn, S, F.H. Yew, K.S. Chen, and K.Y. Jan. 1997. Reactive oxygen species areinvolved
in nicke inhibition of DNA repair. Environ. Mol. Mutag. 29: 208-216.

Mdo, JL., A. Cartier, M. Doepner, E. Nieboer, S. Evans, and J. Dolovich. 1982.
Occupationa asthma caused by nickd sulfate. J. Allergy Clin. Immunol. 69: 55-59.

Malo, JL., A. Cartier, G. Gagnon, S. Evans, and J. Dolovich. 1985. Isolated late asthmatic
reaction due to nickel sulphate without antibodiesto nickel. Clinica Allergy 15: 95-99.

Marzin, D.R. and H.V. Phi. 1985. Study of the mutagenicity of metal derivatives with
Salmonella typhimurium TA102. Mutat. Res. 155(1-2): 49-51.

Marzouk, A., and FW. Sunderman Jr. 1985. Biliary excretion of nicke inrats. Toxicol. Lett.
27: 65-71.

Marzouk, A. and F. William Sunderman, J. 1985. Biliary excretion of nickd inrats.
Toxicology Letters. 27: 65-71.

Magtromatteo, E. 1995. Nickd: Summary review of Toxicity, Carcinogenicity, and Dietary

Needs. Paper prepared for presentation at the Toxicology Forum, Given Institute of
Pathobiology, Aspen, Colorodo. July 10-14.

141



Mathur, A.K., T.S.S. Dikshith, M.M. Ld, and SK. Tandon. 1978. Distribution of nickel and
cytogenetic changesin poisoned rats. Toxicology. 10: 105-113.

142



McConndl, L.H., JN. Fink, D.P. Schlueter, and M.G. Schmidt. 1973. Asthma caused by
nickd sengtivity Annds of Interna Medicine 78: 888-890.

McGregor, D.B., A. Brown, P. Cattanach, et a. 1988. Responses of the L5178Y tk+/tk-
mouse lymphoma cell forward mutation assay: 111. 72 coded chemicads. Environ. Mal.
Mutagen. 12: 85-154.

Medinsky, M.A., JM. Benson, C.H. Hobbs. 1987. Lung clearance and disposition of 63Ni
in F344/N rats after intratrached indtillation of nickd sulfate solutions. Environ. Res. 43:
168-178.

Menne, T., H.L. Mikkelsen and P. Solgaard. 1978. Nickel excretion in urine after oral
adminigtration. Contact Dermatitis. 4: 106-108.

Menzd, Danid B., Donna L. Ded, Mohammed |. Tayyeb, et d. 1987. Pharmacokinetic
modding of the lung burden from repeeted inhdation of nickel aerosols. Toxicology Lett. 38:
33-43.

Menzdl, Danid B. 1988. Planning and using PB-PK modds: An integrated inhaation and
digtribution modd for nickel. Toxicology Lett. 43: 67-83.

Mikasen, SO. 1990. Effectsof heavy metd ions on intercdlular communication in Syrian
hamster embryo cells. Carcinogenesis 11: 1621-1626.

Miki, H., K.S. Kasprzak, S. Kenney, U. Heine. 1987. Inhibition of intercellular
communication by nickd (11): antagonistic effects of magnesum. Carcinogeness 8:
1757-1760.

Misra, M., R. Olinski, M. Dizdaroglu, and K. S. Kasprzak. 1993. Enhancement by
L-higtidine of nickd (I1)-induced DNA-protein cross-linking and oxidetive DNA base damage
intherat kidney. Chem. Res. Toxicol. 6: 33-37.

Miurg T., SR. Patierno, T. Sakuramoto, and JR. Landolph. 1989. Morphologica and
neoplastic transformation of C3H/10T1/1 Cl 8 mouse embryo cells by insoluble carcinogenic
nickel compounds. Env. Mol. Mutag. 14: 65-78.

Miyaki, M., N. Akamatsu, T. Ono, and H. Koyama. 1979. Mutagenicity of meta cationsin
cultured cdls from Chinese hamster. Mutat. Res. 68: 259-263.

143



144



Mohanty, P.K. 1987. Cytotoxic effect of nickel chloride on the somatic chromosomes of
Swissdbino mice, Mus musculus. Curr. Sci. 56: 1154-1157. (Ascited in Sunderman,
1989).

Montddi, A., L. Aentilin, M. Zordan, V. Bianchi, and A.G. Levis. 1987. Chromosoma
effects of heavy metas (Cd, Cr, Hg, Ni and Pb) on cultured mammalian cdlls in the presence of
nitrilotriacetic acid (NTA). Tox. Env. Chem. 14: 183-200.

Morita, H., M. Umeda, and H.I. Ogawa. 1991. Mutagenicity of various chemicalsincluding
nickel and cobalt compoundsin cultured mouse FM3A cells. Mutat. Res. 261: 131-137.

Muir, D.C., J. dulian, N. Jadon, et d. 1993. Prevalence of small opacitiesin chest radiographs
of nickel sinter plant workers. Br. J. Ind. Med. 50: 428-31.

Nackerdien, Z., K. S. Kasprzak, G. Rao, B. Halliwdl, and M. Dizdaroglu 1991. Nickd (I1)
and cobdt (I1)-dependent damage by hydrogen peroxide to the DNA basesin isolated human
chromatin. Cancer Res. 51: 5837-5842.

Nationa Research Council. 1983. Risk Assessment in the Federd Government: Managing the
Process. National Academy Press.

Newman, S. 1981. Nicke solubility from nicke-chromium denta casting dloys.
J. Biomed. Mater. Res. 15: 615. (Ascited in Van Hoogstraten et al. (1991)

Newman, SM., R.L. Summitt, and L.J. Nunez. 1982. Incidence of nickd-induced
sster-chromatid exchange. Mutat. Res. 101: 67-75. (Ascited in Sunderman, 1989)

Nieborer, E., A.R. Stafford, S.L. Evans, et d. 1984a. Celular binding and/or uptake of
nicke(11) ions. In: Sunderman, F.W. . ed., Nickd in the Human Environment (IARC
Scientific Publications No. 53), Lyon, IARC, pp. 321-331

Nieborer, E., SL. Evans, and J. Dolovich. 1984b. Occupationd asthma from nickel
sengitivity: 11 factors influencing the interaction of NP*, HSA, and serum antibodies with nickel
related specificity. Br. J. Ind. Med. 41: 56-63.

Nidsen, F.H. 1991. Nutritiona requirements for boron, silicon, vandium, nickdl, and arsenic:
current knowledge and speculation. FASEB J. 5: 2661-2667.

145



146



Nielsen, G.D., L.V. Jgpsen, P.J. Jorgensen, et . 1990. Nicke-sengtive patients with
vescular hand eczema Ord chdlenge with adiet naturdly highin nickd. Br. J. Dermatol. 122:
299-308.

Nielson, G.D., and Flyvholm. 1983. Risksof nickel intake with diet. In: Nicked in the Human
Environment. |ARC Scientific Publication No. 53. Lyon, France.

Nielsen, G.D., U. Sederberg, P.J. Jargensen, et al. 1999. Absorption and retention of nickel
from drinking water in rdation to food intake and nickel sengtivity. Toxicol. Appl. Pharmacol.
154: 67-75.

NiPERA. 1996. Nickd Producers Environmental Research Association. Occupational
Exposure Limits: Criteria Document for Nickel and Nickel Compounds. Washington, DC.

NiPERA. 1998. Nickd Producers Environmental Research Association. Comments of nickel
producers environmental research association on the risk assessment titled, Toxicological
Review of Soluble Nickel Salts. September 28, 1998.

Nishimura, M. and M. Umeda. 1979. Induction of chromosomal aberrations in cultured
mammaian cells by nickel compounds. Mutat. Res. 68: 337-349.

Nomoto, S., M.D. McNedey, F.W. Sunderman Jr. 1971. Isolation of anickel
a2-macroglobulin from rabbit serum. Biochemistry 10: 1647-1651.

Nomoto S., F.W. Sunderman Jr. 1988. Presence of nicke in apha-2-macroglobulin isolated
from human serum by high performance liquid chromatography. Ann. Clin. Lab. Sci. 18:
78-84.

Novey, H.S., M. Habib, and 1.D. Wells. 1983. Asthmaand IgE antibody induced by
chromium and nickd sdts. J. Allergy Clin. Immunol. 72: 407-412.

NTP (Nationa Toxicology Program). 1996a. Toxicology and carcinogenesis studies of nicke
sulfate hexahydrate (CAS NO. 10101-97-0) in F344/N rats and B6C3F1 mice (Inhalation
Studies). U. S. DHHS. NTP TR 454. NIH Publication No. 96-3370.

NTP (Nationa Toxicology Program). 1996b. Toxicology and carcinogeness studies of nickel
oxide (CASNO. 1313-99-1) in F344/N rats and B6C3F1 mice (Inhaation Studies). U. S.
DHHS. NTP TR 451. NIH Publication No. 96-3367.

147



NTP (Nationa Toxicology Program). 1996c¢. Toxicology and carcinogeness studies of nicke
subsulfide (CAS NO. 12035-72-2) in F344/N rats and B6C3F1 mice (Inhaation Studies).
U.S. DHHS. NTP TR 453. NIH Publication No. 96-3369.

NTP (National Toxicology Program). 1998. Online database.
http://ntp-server.niehs.nih.gov/htdocs/'Sites/Lung.Html.

Oberdorgter, G. 1995. Lung particle overload: Implications for occupationa exposuresto
particles. Regul. Toxicol. Pharmacol. 21: 123-135.

Ogawa, H.I., T. Shibahara, H. Iwata, et al. 1994. Genotoxic activitiesin vivo of cobatous
chloride and other meta chlorides as assayed in the Drosophilawing spot test. Mutat. Res.
320: 133-140.

Ohno, H., F. Hanaoka, and Masa-atsu Yamada. 1982. Inducibility of sister-chromatid
exchanges by heavy-metd ions. Mutat. Res. 104: 141-145.

Oller, A.R., M. Cogta, and G. Oberdorster. 1997. Carcinogenicity assessment of selected
nickel compounds. Toxcol. Appl. Pharmacol. 143: 152-166.

Oskarsson, A., and H. Tjdve. 1979. Binding of ®Ni by cdlular congtituentsin some tissues of
mice after the adminigration of *NiCl, and *Ni(CO),. ActaPharmacol. et Toxicol. 45:
306-314.

Ou, B., Y. Liu,and G. Zheng. 1983. Tumor induction in next generation of
dinitropiperazine-treated pregnant rats (abstract). In: Cancer Research Reports - WHO
Collaborating Centre for Research on Cancer, Val. 4, Guangzhou, Cancer Ingtitute of
Zhongshan Medica College. Pp. 44-45. (Ascited in IARC, 1990)

Ou, B., Y. Lu, X. Huang, and G. Feng. 1980. The promoting action of nickdl in the induction
of nasopharyngeal carcinomain rats (Chin.). In: Cancer Research Reports - WHO
Collaborating Centre for Research on Cancer, Vol. 2, Guangzhou, Cancer Indtitute of
Zhongshan Medical College. Pp. 3-8. (Ascited in IARC, 1990)

Pang, D., D.C.L. Burges, T. Sorahan. 1996. Mortdity study of nickel platers with specia

reference to cancers of the ssomach and lung, 1945-93. Occupational and Environmental
Medicine. 53: 714-717.

148



Panzani, R.C., D. Schiavino, E. Nucera, et d. 1995. Ora hyposenstization to nickddlergy:
preliminary clinicd results. Int. Arch. Allergy Immunal. 107: 251-254.

Parfett, C.L.J. 1992. Induction of proliferin gene expression by diverse chemica agents that
promote morphologicd transformation in C3H/10T1/2 cultures. Cancer Lett. 64: 1-9.

Patierno, SR., and M. Costa. 1985. DNA-protein cross-links induced by nickel compounds
inintact cultured mammdian cells. Chem. Bidl. Interact. 55: 75-91. (Ascited in Sunderman,
1989)

Petierno, SR., L.A. Dirscher, and J. Xu. 1993. Transformation of rat trached epithelid cells
to immorta growth variants by particulate and soluble nickel compounds. Mutat. Res. 300:
179-193.

Patierno, SR., M. Sygiyama, J.P. Basilion, and M. Costa. 1985. Preferential DNA-protein
cross-linking by NiCl, in magnesum insoluble regions of fractionated Chinese hamster ovary
cdl chromatin. Cancer Res. 45: 5787-5794. (As cited in Sunderman, 1989)

Petierno, SR., M. Sugiyama, and M. Costa. 1987. Effect of nickel(I1) on DNA-protein
binding, thymidine incorporation, and sedimentation pattern of chromatin fractions from intact
mammalian cdls. J. Biochem. Toxicol. 2: 13-23. (Ascited in Sunderman, 1989)

Payne, W.W. 1964. Carcinogenicity of nickel compounds in experimental animas. Proc.
Am. Assoc. Cancer Res. 5: 50.

Pairier, L.A., J.C. Theiss L.J. Arnold, and M.B. Shimkin. 1984. Inhibition by magnesum and
cacium acetates of lead subacetate- and nickd acetate-induced lung tumorsin strain A mice.
Cancer Res. 44: 1520-1522.

Pool-Zobdl, B.L., N. Lotzmann, M. Knall, et d. 1994. Detection of genotoxic effectsin
human gastric and nasal mucosa cdlsisolated from biopsy samples. Environ. Mol. Mutagen.
24: 23-45.

Pott, F., R.M. Rippe, M. Raller, M. Cscsaky, M. Rosenbruch, and F. Huth. 1989. Tumours
in the abdomind cavity of rats after intrgperitoned injection of nickel compounds. In:
Proceedings of the International Conference on Heavy Metds in the Environment, Geneva,
12-15 September 1989, Val. 2, J-P. Vernet, ed. World Health Organization. Pp. 127-129.
(Ascited in IARC, 1990).

149



Pott, F., RM. Rippe, M. Roller, M. Csicsaky, M. Rosenbruch, and F. Huth. 1990.
Carcinogenicity studies on nickel compounds and nicked aloys after intraperitoned injectionin
rats. In: Advances in Environmental Sciences and Toxicology, Nickd and Human Hedth:
Current Pergpectives John Wiley & Sons, NY. (In press). (Ascited in IARC, 1990).

Ramachandran, G., M. Werner, and JH. Vincent. 1996. On the assessment of particle size
distributions in workers aerosol exposures. Anayst. 121: 1225-1232.

Rasmuson, A. 1985. Mutagenic effects of some water-soluble meta compoundsin a somatic
eye-color test system in Drosophila melanogaster. Mutat. Res. 157: 157-162.

Renwick, A. G. 1993. Data derived safety factors and establishment of acceptable daily
intake. Food Add. Contam.. 8(2): 135-150.

Roberts, R.S,, JA. dulian, N. Jadon, et a. 1992. Chapter 48. Cancer mortdity in Ontario
nickel workers: 1950-84. In: Nickdl and Human Hedlth; Current Perspectives. E. Nieboer,
and J.O. Nriagu Eds. John Wiley & Sons, New Y ork.

Research Triangle Indtitute. 1988. Two-generation reproduction and fertility study of nicke
chloride adminigtered to CD ratsin the drinking water: Fertility and reproductive performance
of the Po generation. Find study report (11 of 111), and Fertility and reproductive performance
of the F1 generation. Fina study report (part 111 of 111). Report to Office of Solid Waste
Management, US Environmenta Protection Agency by Research Triangle Indtitute.

Robison, SH. and M. Costa. 1982. The induction of DNA strand breakage by nickel
compounds in cultures Chinese hamster ovary cells. Cancer Lett. 15: 35-40. (Ascited in
Sunderman, 1989).

Robison, SH., O. Cantoni, and M. Costa. 1982. Strand breakage and decreased molecular
weight of DNA induced by specific metal compounds. Carcinogenesis. 3: 657-662. (Ascited
in Sunderman, 1989).

Rodriguez-Arnaiz, R., and P. Ramos. 1986. Mutagenicity of nickel sulphate in Drosophila
melanogaster. Mutat. Res. 170: 115-117.

SAB 1991. U.S. Science Advisory Board, Metals subcommitte, letter to William Rellly, EPA
Administrator. EPA-SAB-LTR-91-002, March 15, 1991.

150



Sanford, W.E., and E. Nieboer. 1992. Rend toxicity of nickd in humans. In: Nickd and
Human Hedlth: Current Perspectives. John Wiley & Sons, Inc., New Y ork.

Santucci, B., A. Cristaudo, C. Cannistraci, and M. Picardo. 1988. Nicke senstivity: Effects
of prolonged oral intake of the element. Contact Dermatitis. 19: 202-205.

Sarkar, B. 1984. Nickd metabolism. In: Nickel in Human Environment (IARC Scientific
Publication N0.53.) Lyon, France.

Schiffer, R.B., F. William Sunderman, Jr., Raymond B. Baggs, et d. 1991. The effects of
exposure to dietary nickel and zinc upon humora and cdlular immunity in SIL mice. J.
Neuroimmunology. 34: 229-239.

Schroeder, H.A., J.J. Balassa, and W.H. Vinton Jr. 1964. Chromium, lead, cadmium, nickel
and titanium in mice: effect on mortdity, tumors and tissue levels. J. Nutr. 83: 239-250.

Schroeder, H.A., and M. Mitchener. 1971. Toxic effects of trace e ements on the
reproduction of mice and rats. Arch Environ Hedlth 23: 102.

Schroeder, H.A., and M. Mitchener. 1975. Life-term effects of mercury, methyl mercury, and
nine other trace metalson mice. J. Nutr. 105: 452-458.

Schroeder, H.A., M. Mitchener, and A.P. Nason. 1974. Life-term effects of nickd in rats
surviva, tumors, interactions with trace dements and tissue levels. J. Nutr. 104: 239-243.

Seidenberg, JM., D.G. Anderson and Richard A. Becker. 1986. Vdidation of anin vivo
developmentd toxicity screen inthe mouse. Teratogenesis, Carcinogenes's, and Mutageness.
6: 361-374.

Sen, P., and M. Costa. 1985. Induction of chromosomal damage in Chinese hamster ovary
cdls by soluble and particulate nickel compounds: Preferentid fragmentation of the

heterochromatic long arm of the X-chromosome by carcinogenic crystdline NiS particles.
Cancer Res. 45: 2320-2325.

Sen, P. and M. Costa. 1986. Pathway of nickd uptake influencesits interaction with
heterochromatic DNA. Toxicol. Appl. Pharmacol. 84: 278-285.

Shimkin, M.B., and G.D. Stoner. 1975. Lung tumorsin mice: Application to carcinogenesis

151



bioassay. Adv. Cancer Res. 21: 1-57.

Singh, I. 1984. Induction of gene conversion and reverse mutation by manganese sulphate and
nickel sulphatein Saccharomyces cerevisiae. Mutat. Res. 137: 47-49.

Sovadl, P., O.B. Chrigensen, and H. Maller. 1987. Ora hyposenstization in nickd dlergy. J.
Am. Acad. Dermatol. 17: 774-8.

Smith, M K., E.L. George, JA. Stober, et d. 1993. Perinata toxicity associated with nickel
chloride exposure. Environ Res 61: 200-211.

Snow, E-T. 1992. Metd carcinogeness Mechanigtic implications. Pharmac. Ther. 53:
31-65.

Sobti, R.C. and R.K. Gill. 1989. Incidence of micronuclel and abnormalitiesin the head of
spermatozoa caused by the salts of aheavy metd, nickd. Cytologia. 54: 249-253.

Solomons, N.W., F. Viteri, T.R. Shuler, and F.H. Nidsen. 1982. Bioavailability of nickd in
man: Effects of food and chemically defined dietary congtituents on the absorption of inorganic
nickel. J. Nutr. 112: 39-50.

Spiechowicz, E., P.O. Glantz, T. Axdl, and W. Chmielewski. 1984. Oral exposureto a
nickel-containing denta aloy of persons with hypersensitive skin reactionsto nickd. Cont.
Derma. 10: 206-211.

Spruit, D., PJM. Bongaarts. 1977. Nickd content of plasma, urine and hair in contact
dermatitis. Dermatologica. 154: 291-300.

Stoner, G.D., M.B. Shimkin, M.C. Troxell, T.L. Thompson, and L.S. Terry. 1976. Test for
carcinogenicity of metallic compounds by the pulmonary tumor responsein srain A mice,
Cancer Res. 36: 1744-1747.

Sunderman, F.W., Jr. 1989. Mechanisms of nickel carcinogenesis. Scand. J. Work Environ.
Hedth. 15: 1-12.

Sunderman, FW. J. 1984. Carcinogenicity of nickel compoundsin animals. 1n: Nickd inthe
human environment, Vol. 53, Sunderman, FW., J., A. Aitio, and A. Berlin, eds. IARC, Lyon,
Fr. p. 127-142.

152



Sunderman, Jr., F. William, and EvaHorak. 1981. Biochemicd indices of nephrotoxicity,
exemplified by studies of nickel nephropathy. In: Brown, S.S.,, and D.S. Davies, Pergamon
Press, Oxford, UK. Organ-Directed Toxicity. pp 55-67.

Sunderman, FW. J., A. Aito, L.G. Morgan, and T. Norseth. 1986. Biologica monitoring of
nickel. Toxicol. Industr. Hedlth. 2(1): 17-78.

Sunderman, FW. Jr., A. Marzouk, SM. Hopfer, et d. 1985. Increased lipid peroxidation in
tissues of nickel chloride-treated rats. Ann. Clin. Lab. Scai. 15: 229-236.

Sunderman, FW. X, B. Dingle, SM. Hopfer, and T. Swift. 1988. Acute nickel toxicity in
electroplating workers who accidently ingested a solution of nickd sulfate and nicke chloride.
Am. J. Ind. Med. 14: 257-266.

Sunderman, F.W. Jr., SM. Hopfer, K.R. Sweeney, et d. 1989. Nickel absorption and
kinetics in human volunteers. Proc. Soc. Exp. Biol. Med. 191: 5-11.

Swenberg, JA. 1995. Bioassy design and MTD setting: Old methods and new approaches.
Regul. Toxicol. Pharmacol. 21: 44-51.

Swierenga, SH.H. and JR. McLean. 1985. Further ingghtsinto mechanisms of
nicke-induced DNA damage: Studies with cultured rat liver cdls. In: Progressin nicke
toxicology, S.S. Brown, F.W. Sunderman, J., ed.

Templeton, D.M. 1987. Interaction of toxic cations with the glomerulus. Binding of Ni to
purified glomerular basement membrane. Toxicol. 43: 1-15

Thomassen, Y., E. Nieboer, D. Ellingsen, et d. 1999. Characterisation of workers exposure
in aRussan nickd refinery. J. Environ. Monit. 1: 15-22.

Tolg, S, J. Kilpio, M. Virtamo. 1979. Urinary and plasma concentrations of nickel as
indicators of exposure to nickel in an eectroplating shop. J. Occup. Med. 21(3): 184-188.

Torjussen, W., and Andersen, I. 1979. Nicke concentrations in nasal mucosa, plasmaand
urinein active and retired nicke workers. Ann. Clin. Lab. Sci. 9: 289-298.

Tsa, P.J., JH. Vincent, G. Wahl, et al. 1995. Worker exposure to nickel-containing aerosol
in two dectroplating shops. comparison between inhaable and total aerosol. App. Occup. Env.

153



Hyg. 11(5): 484-492.

Tsa P.J., JH. Vincent, G.A. Wahl, et a. 1996. Worker exposures to inhaable and total
aerosol during nickd aloy production. Ann Occup Hyg. 40(6): 651-9.

U.S. EPA. 1986a. Guiddinesfor carcinogen risk assessment. Federa Register 51(185):
33992-34003.

154



U.S. EPA. 1986h. Guiddinesfor the hedth risk assessment of chemical mixtures. Federd
Register 51(185): 34014-34025.

U.S. EPA. 1986c¢. Guidelinesfor mutagenicity risk assessment. Federal Register 51(185):
34006-34012.

U.S. EPA. 1988. Recommendations for and documentation of biologica vauesfor usein risk
assessment. EPA 600/6-87/008, NTIS PB88-179874/AS, February 1988.

U.S. EPA. 1991. Guideinesfor developmentd toxicity risk assessment. Federal Register
56(234): 63798-63826.

U.S. EPA. 19%a Interim policy for particle 9ze and limit concentration issues in inhaation
toxicity: notice of availability. Federd Register 59(206): 53799.

U.S. EPA. 1994b. Methods for derivation of inhalation reference concentrations and
gpplication of inhalation dosmetry. Washington, DC: Office of Research and Devel opment,
EPA/600/8-90/066F.

U.S. EPA. 199%4c. Peer review and peer involvement at the U.S. Environmenta Protection
Agency. Signed by the U.S. EPA Adminisgtrator Carol M. Browner, dated June 7, 1994.

U.S. EPA. 1995a. Proposed guiddlines for neurotoxicity risk assessment. Federal Register
60(192): 52032-52056.

U.S. EPA. 1995b. Use of the benchmark dose approach in hedlth risk assessment.
EPA/630/R-94/007.

U.S EPA. 1996a Proposed guiddinesfor carcinogen risk assessment. Federal Register
61(79): 17960-18011.

U.S. EPA. 1996b. Reproductive toxicity risk assessment guiddines. Federd Register
61(212): 56274-56322.

U.S. EPA. 1997. U.S. Environmenta Protection Agency. Application of Benchmark Dose

Methodology to a Variety of Endpoints and Exposures. Office of Research and Development.
EPA/600/R-97/138.

155



156



U.S. EPA. 1998a Science policy council handbook: peer review. Prepared by the Office of
Science Policy, Office of Research and Devel opment, Washington, DC. EPA 100-B-98-001.

U.S. EPA. 1998b. U.S. Environmentd Protection Agency. Integrated Risk Information
System (IRIS). Cincinnati, OH.

U.S. EPA. 1998c. Guiddinesfor neurotoxicity risk assessment. Federa Register
63(93):26926- 26954

Van Hoogdtaten, 1.M.W, K.E. Andersen, B.M.E. Von Blomberg, et d. 1991. Reduced
frequency of nicke dlergy upon ora nickd contact & an early age. Clin. Exp. Immunol. 85:
441-445.

Veen, NK. 1997. Ingested food in systemic dlergic contact dermatitis. Clinicsin
Dermatology. 15: 547-555.

Veen, N.K.,and T. Menné. 1990. Nickel cantact alergy and anickel-restricted diet.
Seminarsin Dermatology. 9(3): 197-205

Veen, N.K., Hattd, O. Justesen, and A. Norholm. 1987. Dietary restrictions in the treatment
of adult patients with eczema. Cont. Dermat. 17: 223-228.

Veen, N.K,, T. Hattel, and G. Laurberg. 1993. Low nickel diet: An open, prospective trid.
J. Am. Acad. Dermatol. 29(6): 1002-1007.

Vincent, JH. 1996. Assessment of aerosol exposures of nickel industry workers. Final report
to the Nickel Producers Environmental Research Association (NIPERA).

Vincent, JH. 1995. Aerosol Sciencefor Industria Hygienists. Pergamon/Elsevier Science,
Ltd. Tarrytown, NY.

Vyskocil, A., V. Senft, C. Viau, et d. 1994a. Biochemica rend changes in workers exposed
to soluble nickel compounds. Human Exper. Toxicology. 13: 257-261

Vyskaocil, A., C. Viau and M. Cizkova. 1994b. Chronic nephrotoxicity of soluble nickd in
rats. Human & Experimenta Toxicology. 13: 689-693.

Wal, L.M., and C.D. Cdnan. 1980. Occupationd nicke dermatitisin the eectroforming

157



industry. Contact Derm. 6: 414-420.

Warner, J. S. 1984. Occupational exposure to airborne nicke in producing and using primary
nickel products. In: Nicke in the Human Environment, IARC Scientific Publication No. 53,
Lyon, France, Pp. 419-437.

Weischer, C.H., W. Kordd and D. Hochrainer. 1980. Effectsof NiCl2 and NiO in Wistar
rats after oral uptake and inhalation exposure respectively. Zbl. Bakt. Hyg., 1. Abt. Orig B.
171: 336-351.

Werner, M.A., T.M. Spear, and JH. Vincent. 1996. Investigation into the impact of
introducing workplace aerosol standards based on the inhaable fraction. Analyst 121:
1207-1214.

Werner, M.A., JH. Vincent, Y. Thomassen, et d. 1999. Inhdable and ‘total’ metal and metal
compound aerosol exposures for nicke refinery workers. Occupational Hygiene, In Press.

Whanger, P.D. 1973. Effectsof dietary nickel on enzyme activities and mineral content in rats.
Toxicol. Appl. Pharmacol. 25: 323-331.

Wong, P.K. 1988. Mutagenicity of heavy metas. Bull. Environ. Contam. Toxicol. 40:
597-603.

Yu, C.P., Oberdorster, G, et al. 1998. Presentation at American Association for Aerosol
Research meeting, Cincinnati, OH.

Zatka, V. J.,, J. S. Warner, and D. Maskery. 1992. Chemica speciation of Nickel in airborne

dusts. Andytica method and results of an interlaboratory test program. Environ. Sci. Technal.
26: 138-144.

158



APPENDIX A. BENCHMARK CONCENTRATION ANALYSES?
1. Methodsfor Modeling

The data sets available for andyssinclude both quantal and continuous endpoints. The
quanta endpoints were modeled using the Weibull mean response regresson modd (THRESH,
|CF Kaiser, 1997a) and polynomia mean response regression modd (THRESHW, ICF
Kaiser, 1997b):

Weibull modd: P(d) = 1 - exp{-"" - $*(d-d,)}, Eqg. 1

where P(d) is the probability of response at dose d and the four unknown parameters, **, $, d,,
and ( are estimated by maximum likelihood methods. The parameter ( is not constrained to be
an integer, but it is congrained to be greater than or equa to 1. A "threshold” (intercept)
parameter was included in the modding only when a sufficient number of dose groups were
available (at least 4) and when the models without a threshold provided areatively poor fit to
the data

The polynomia model can be described as.

P(d) = 1- exp{-0, - as* (d-b) - G;* (d-c)* - ... - g (d-0)'}, Eq. 2

where the parameters, the g's and d,, are estimated by maximum likelihood methods. The
degree of the polynomia was restricted to be no greater than the number of dose groups minus
one. The same redtrictions on estimation of the threshold parameter, d,, were applied here as
with the Weibull modd. In the case of the polynomia mode, the total number of parameters
estimated was constrained to be no greater than the number of dose groups. Both models are
fit by methods of maximum likelihood.

For the continuous endpoint of body weight, severa different modeling approaches
were used. Firgt, we used the "hybrid" modeling approach described by Gaylor and Slikker
(1990) and daborated by Crump (1995). This gpproach uses dl of the information contained
in the origina observations, by modeling changes in mean response as a function of dose, but
defines BMDs in terms of probability of response.

8The modeli ng presented here was conducted by | CF Kaiser, K.S. Crump Group. Technical
contributions were made by Bruce Allen and Harvey Clewell. Expert modeling assistance was provided by
S. Eric Brooks, Holly Bartow, and CynthiaVan Landingham.
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For the hybrid modeling approach, the two models used to describe how the
probability of regponse is assumed to vary with dose are the Welbull model and the power
modd. The Weibull modd,

P(d) = po + (1-py) [1 - exp{-$*d)}, Eq. 3

isidentica to the Weibull model used for the quantal endpoints. Maximum likelihood methods
are used to estimate the parameters, $ and (, as well as a background mean response level,
m(0), and afixed standard deviation estimate for dl dose groups, F. If anormd digtribution for
the continuous measure around the dose-specific means is assumed, the Weibull modd can be
expressed as the change in mean as afunction of dose:

m(d) = m(0) + FIN"(1-py) - N*((1-po)exp{-($*d)})], Eq. 4
where N isthe inverse norma function.
The power modd was aso used to model continuous endpoints:
m(d) =" + ($*d), Eq. 5

where m(d) is the mean response a dose d and the three unknown parameters, **, $, and k, as
well as the dose group standard deviations, are estimated by maximum likelihood methods.

The dose group standard deviations estimated by the model account for both the variation in the
observed data and for any difference between the observed mean and the mean estimated by
the model. The parameter k is not constrained to be an integer, but it is congtrained to be
greater than or equa to 1. The underlying change in probability of response as a function of
dose induced by Equation 5 (assuming norma variation around the dose-specific meansand a
congtant variance) is

P(d) =1 - N[N*(1-py) - ($*d)*/F], Eq. 6

where N isthe cumulative norma function, N isitsinverse, and F is the sandard deviation
assumed for dl doseleves. Thisform isfor those casesin which increased vaues of the
endpoint are adverse; asmilar equation holds for those cases in which decreased vaues of the
endpoint are consdered adverse. The Weibull and power models for continuous endpoints
were fit using the software program Bench C (ICF Kaiser, 19964).

Use of the Welbull or power modes for continuous endpoints requires definition of a
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background incidence of aonormality, p,, or the specification of aleve of response that can be
congdered the cut-point between normal and abnormal responses, x,. Specification of p, (and
of the type of distribution -- assumed here to be normd for dl endpoints) implicitly definesa
cut-point, X,, when the parameters for the background variability are estimated as part of the
modding. Smilarly, specification of a cut-point determines the background incidence once the
background variability is estimated (Crump, 1995). The BMD isthen defined asthe lower
bound on dose a which the increased probability of an abnormal response is equa to 10% (see
below). As described below, the cut-point, %, was specified in the case of models applied to
body weights (data from Ambrose et ., 1976, and American Biogenics Corporation, 1988).

The continuous form of the Weibull modd used here assumes that the standard
devidtion is congtant for al dose groups. The power model was run ether assuming a constant
variance or dlowing dose-specific sandard deviations. Although the standard deviations do
not appear explicitly in the power model (Equation 5), they are also estimated and affect
estimates of the probability of response (see Equation 6).

In keeping with EPA practice, extrarisk was generaly used for these andyses as the
more conservative choice in the absence of information on whether the background response
occurs via the same mechanism as the chemical-induced response. The dose corresponding to
agiven extrarisk will dways be the same or lower than that corresponding to the same percent
additiond risk. Thereis very little difference between additiona risk and extrarisk for low
vaues of P(0), but a background response of 20-50% was observed for some of the endpoints
modeled. The exceptionsto this rule were the following. The software that is currently in use
for applying the Weibull or power mode s for probability of response for continuous endpoints
will only caculate additiond risk. In addition, for the body weight change endpoaints, only a
gpecific "relative” change level (10%) was consdered asthe BMR. This choice corresponds to
the hitorical and commonly accepted practice of conddering a 10% change in mean body
weight to represent an adverse effect.

In order to mimic a commonly accepted practice with respect to body weight, the
power mode (Equation 5) and a corresponding continuous polynomia model

m(d) ="+ $,d + $,d° + ... + $, Eq. 7
were gpplied to the body weight endpoints and used to predict the doses for which there would
be a 10% change in mean weight. This gpproach was implemented using the THC and THWC

programs (ICF Kaiser, 1996b, 1996¢). The BMDs derived in this approach do not
correspond to specified changes in the probability of response. Rather, they correspond to
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doses for which the relative change in mean response ([m(d)-m(0)]/m(0)) is 0.10, regardless of
variability around the means. In addition, because individua body weight data were available
from one study (American Biogenics Corporation, 1988), the body weights were quantized
(considered abnormd if they were below a chosen x, and norma otherwise), and the counts of
abnormal body weights were modeled using the quanta Weibull and polynomia modes.

For the quantal models, goodness of fit was determined using the chi-square test. For
the continuous model's, goodness of fit was determined using an F test that normdizesthe
differences between the observed and predicted means (using variabilities observed within dose
groups) and accounts for the degrees of freedom associated with the predictions and those
associated with the within-group varigbility.

2. Results
2.1 Inhalation

All inhalation endpoints modeled were from NTP (1996a), and, except where
otherwise noted, were for chronic exposure. Results of the benchmark concentration modeling
for inhalation exposure are presented in Table Al. For severd of the endpoints modeled, there
were one or more exposure levels with no response above background, and high response at
the higher exposure levels. Such concentration-response patterns are poorly fit when the
threshold is set to zero in the modeling. However, improved fit in many cases was obtained by
alowing the program to caculate the threshold value. (Note that thisis a mathematica
threshold, not atrue biologica threshold.) In other cases, the concentration-response data
showed a plateau a high concentrations. Because it was not desirable to have high exposure
levels that were not informative with regard to the shape of the concentration-response curve
drive the modeling, these endpoints were also modeled with the high exposure level dropped.
For dl of the modeled endpoaints, the results of the modding of dl of the data with no threshold
are presented in Table A1, The choice of whether it was necessary to try an dternative model
(i.e, dlow athreshold or drop the high concentration), and which dternative was more
appropriate, was based on an eva uation of the goodness of fit of the initid modeling, and a
quditative assessment of the shape of the concentration-response curve. When adequate fits
were obtained with both of the aternative approaches, the BMC was in close agreement with
(or dightly higher than) the BMC for the dternative shown. All acceptable modding
dternatives were within afactor of two or less.

Because use of the threshold parameter often resulted in the use of an additiona
parameter (in other cases, it meant that some of the parameters were zero), and dropping the
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high-concentration group resulted in one fewer dose group, there were concerns about the
potentia for overparameterizing the modding. Indeed, there were severd cases for which the
resulting estimates had no degrees of freedom (indicated with a#in Table A1). However, in dl
such cases, a perfect fit was obtained. Because the BMCsfor these endpoints were dl at least
50% above that for the critical effect, or the effect was considered nonadverse (macrophage
accumulation), and because these results were obtained with an dternative modeling approach
(i.e, dlowing athreshold or dropping a dose group), no atempt was made to further refine the
modeling by requiring the modeling to be lineer.

The endpoints modeled were those with the highest responses at the lowest human
equivaent concentrations (HECs). Macrophage accumulation was modeled even though it was
not congdered an adverse leson, in order to facilitate a quantitative discussion of the
implications of the dternative judgement (i.e, that it isan adverseleson). The incidence data
from the 7-month interim sacrifice were not modeled, because the high response made such
modding less informative, and because the wide confidence limits related to the smal sample
sgze would not be reflective of the overdl results from the 2-year study.

The mogt sengitive endpoint was lung fibrossin male rats chronicaly exposed to nickel
sulfate, for which avisudly acceptable fit was obtained only when athreshold was calculated
by the program (Figure A1). The calculated BMCL,,(HEC) was 0.0017 mg Ni/m?. A dightly
higher BMCL,o(HEC) of 0.0020 mg Ni/m? was obtained with the Weibull model for chronic
active inflammation in mae rats when the high concentration was dropped; no acceptable fit
could be obtained with the polynomiad mode (Figure A2). A BMCL,4(HEC) of 0.0021 mg
Ni/m? was obtained for chronic active inflammation in female rats, but an acoeptable fit was
obtained only for the Weibull model with the high concentration dropped, and there were no
degrees of freedom in the estimate. The BMCL,(HEC) vaues caculated for lung fibrogsin
femderats and for dveolar proteinossin femde rats were of Smilar magnitude (Table AL1). As
noted in the main document, the BMCL ,o(HEC) vaues cdculated for olfactory epithdid
arophy in femade rats following chronic and subchronic exposure did not follow the expected
exposure duration-response relationship. Asshown in Table A1, an excellent fit was obtained
for subchronic exposure, and with the polynomia model for the chronic data. These results are
shown graphicaly in Figures A3 and A4, respectively. The lines shown are the maximum
likelihood estimates (MLES), and so do not take into account differencesin samplesize. The
smdler sample size for the subchronic sudy means that the difference between the
BMCL,,(HEC) and the MLE islarger for the subchronic study than for the chronic study.

Table A1 dso presents modeling results for macrophage accumulation, an endpoint
judged to be nonadverse. For al of the sex/species combinations modeled, an acceptable fit
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could be obtained only by dropping the high-concentration group, and the resulting estimate
had no degrees of freedom. Figure A5 presents the graphica results for the sex/species
combination for macrophage accumulation with the lowest BMCL,4(HEC), 0.0012 to 0.0016
mg Ni/m? for maerats.

22 Ord

The only ord endpoints modeled were the body weight changes reported by Ambrose
et d. (1976) and American Biogenics Corporation (1988). Results of the modeling are shown
in Table A2. Thistable presents the results of modeling using the hybrid continuous modd, with
the BMR defined as a 10% additiond risk of a 10% decrease in the mean, and the results of
modeling usng THC/THWC, with the BMR defined as a 10% decrease in the mean. The
decreased body weight compared to controlsin the American Biogenics Corporation, (1988)
study could be well represented by the continuous endpoint models (Figure A6). The Weibull
mode alows a"plateau-ing" that gppears to be more congstent with the data, but, with only
three dose groups, the linear representation provided by the power moded cannot be ruled out.
Satisfactory fits for both models were also obtained for decreased body weight data following
chronic exposure to nickel sulfate (Ambrose et d., 1976) (Table 6).

Because individud animd data were available for the American Biogenics Corporation
(1988) study, the data were aso quantized using the same cut-point as used in the hybrid
modeling, and modeled as quantal data. This alowed a direct comparison between modeling
basad on the actud number of low-body-weight animas, and modeling using the hybrid
gpproach that predicts the probability of low-body-weight animals based on the variability
around the mean. As shown, the results are very smilar, with some small differences
attributable to differences in the method used to maximize the likelihood for the two
goproaches. The BMD estimates (representing lower bounds on the maximum likelihood
estimates) show much closer agreement than do the MLES.

Haber et a. (1998) presented a discussion of the choice of the appropriate benchmark
response for the body weight endpoint. They stated:

Draft U.S. EPA guidance (U.S. EPA, 1996c¢) and a peer review of that
guidance (U.S. EPA, 1996d) have recommended that biological sgnificance
should be the preferred basisin the choice of the BMR. The body weight
results provide a particularly relevant basis for arting to carefully consder
some of the issues associated with specifying biologicaly sgnificant changes,
where the concept of biologica sgnificance rdates to the identification of a
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certain degree of change in a continuous measure that is congdered indicative
of abnormdity or adverse response. At issue are questions concerning whether
biologica significance should be based on group-level observetions
(corresponding, in our analyses, to BMDs based on a 10% decrease in the
mean body weight), which appears to be the commonly accepted practice, or
on changesin incidences of individual adverse responses (corresponding to
the hybrid approach).

The difference between these two gpproaches can beillustrated smply by
assuming asymmetrica distribution of body weight and that an effect on body
weight is evenly didtributed in the population. In this case, a 10% decreasein
the mean corresponds to a 10% decrease in body weight for 50% of the
animds. A dose that affects 50% of the animasis dmos certainly greater than
adose that causes the 10% increased risk that isthe basis for the BMR in the
hybrid approach. As expected from this analysis, BMDs based on current
toxicological practice (i.e, a 10% decrease in the mean response being
adverse) resulted in higher MLEs and BMDs than those estimated based on a
10% increase in the incidence of "low-weight” animas (Table A2). (For the
purposes of comparison, "low-weight”" was defined to be 10% below the
control group mean.) A BMD of 1.5-4.9 mg Ni/kg/day was calculated for the
American Biogenics Corporation datawhen the BMR was defined in terms of a
10% increase in incidence of low weights. In contrast, the BMD was 17 mg
Ni/kg/day (power modd or polynomia model) based on a 10% decrease in the
mean. While a 10% decrease in the mean body weight may be an adequate
cutpoint for determining when agroup of animas can be consdered adversely
affected, it may be a poor indicator of abiologicaly significant change for an
individual animd. Although this point isillustrated here usng body weight
data, smilar problems are likely to arise in other attempts to use biologica
ggnificance as the basis for the choice of BMR, because biologica significance
in animalsis often defined in terms of changes & the group leve, while the
probakility of an effect is modded for an individua.

Haber et d. (1998) dso noted that the current definition of adversity for body weight is
congstent only as anindicator of LOAELS, and that, therefore, the 10% decrease in mean
weight identifies when adver sity (on agroup level) has become apparent. This means that the
defining the BMR as a 10% decrease in mean weight may result in estimates that are more like
LOAELsthan NOAELs.
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Because the body weight BMDs ca culated using the hybrid model were based on an
endpoint (10% increased risk of a 10% decrease in body weight) that is clearly more sengdtive
than the stlandard definition of adversity of a 10% decrease in mean weight, these BMDs were
not considered appropriate as the basis for the RfD. The BMDs based on a 10% decreasein a
mean body weight were well above the LOAEL used asthe basis for the RfD, and thus were
not of further relevance to the assessment.
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Table A1l. Summary of Results of Modeling Quantal Datafor Nickel Sulfate Inhalation?

Polynomial Weibull

Endpoint Compute MLE BMC G-O-FP- MLE BMC G-O-FP-

Threshold value value
M rat Lung No 0.0012 0.00069 0.00075 0.0014 0.00084 0.0017
fibrosis

Yes 0.0022 0.0017 0.032 0.0022 0.0017 0.032
Mirat Chronic — [Noj High /) 31¢ 0.0011 0.031 0.004 0.0020 053
Active dose dropped
Inflammation

No 0.0012 0.00059 0.000065 0.0013 0.00073 0.00014
Frat Chronic NoiHigh 5 m3 00011 0.00055 0.0044 00021 1#
Active dose dropped
Inflammation

No 0.0016 0.00081 0.000007 0.0013 0.00087 0.000009
Frat Lung NojHigh ) ho1s 0.0012 0.0004 0.0045 0.00240 01
fibrosis dose dropped

No 0.0016 0.00078 0.0 0.0015 0.00093 0.0
Frat Alveolar No 0.0033 0.0025 0.010 0.0032 0.0026 0.016
proteinosis Yes 00032 00028 1# 00036 00028 1#
FratOlfactory g 00011 000048 096 00011 000073 072
epithelial atrophy,
subchronic Y 0.00098 0.00053 0.99 0.0011 0.00073 0.72
exposure es ) X ) ) X )
Frat Atrophy of  |No 0.0035 0.0026 0.73 0.0035 0.0025 0.32
olfactory
epithelium Yes 0.0035 0.0026 0.73 0.0035 0.0025 0.32
M rat Atrophy of |Yes 0.005 0.0038 0.79 0.0056 0.0042 0.79
Olfactory
Epithelium No 0.0056 0.0043 058 0.0056 0.0042 033
M mouse atrophy |No 0.0051 0.0036 011 0.0049 0.0039 0.14
of olfactory
epithelium Yes 0.0045 0.0039 1# 0.0047 0.0037 1#
F hroni No High

mouse Chronic o High dose 0. 0. 14 0. 0. 14

active dropped
inflammation

No 0.0095 0.0060 0.7 0.010 0.0070 0.35
F mouse No; High
Bronchialization dose dropped 0.004 0.0058 071 0.010 0.0064 1#
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Polynomial Weibull
Endpoint Compute MLE BMC G-O-FP- MLE BMC G-O-FP-
Threshold value value
No 0.0065 0.0039 0.061 0.0074 0.0045 0.0%
Fmouse NoiHigh 55y 00024 042 00051 0.0032 1#
Macrophage dose dropped
accumulation
No 0.0035 0.0017 0.024 0.0037 0.0022 0058
M rat No; High 0.0016 0.0012 0.10 0.0026 0.0016 1#
Macrophage dose dropped
accumulation No 0.0017 0.00088 0019 0.0016 0.0010 0029
Yes 00023 0.00180 052 00023 00018 052
Frat Macrophage |No High 1) 00013 015 0003 00019 1#
accumulation dose dropped
No 0.0019 0.00001 0.026 0.0019 0.0010 0029
Yes 0.0028 0.0019 035 00028 0.0019 0.039

Al modeled datafrom NTP 1996a, BMR of 10%, chronic exposure unless otherwise stated.

# No degrees of freedom in the estimate

All




Table A2. Decreased Body Weight Following Oral Exposure to Nickel

BMR Definition Power Weibull Polynomial
MLE BMDL G-OF MLE BMDL G-OF MLE BMDL GO-F
P-value P-value P-value
American Biogenics Corporation 1988, Decreased body weight at 13 weeks in male rats exposed via gavage to nickel chloride
10% decrease in mean 21 17 0.15 N/D* N/D N/D 21 17 0.15
10% additional risk of N/D N/D N/D 44 15 1.0 44 15 1.0
10% decrease,
quantal modeling
10% additional risk of 59 49 0.17 24 15 N/A? N/D N/D N/D
10% decrease,
continuous modeling,
"hybrid approach”
Ambrose et al. 1976, Decreased body weight at 78 weeksin female rats exposed in diet to nickel sulfate 34

10% decrease in mean 67 58 0.60 N/D N/D N/D 67 58 0.60
10% additional risk of 30 24 0.68 16 11 0.95 N/D N/D N/D
10% decrease,
continuous modeling,
"hybrid approach"

IN/D = Not Done; this form of the model does not exist
2N/A = Not available. Goodness-of-fit p values could not be cal culated for some models due to insufficient degrees of freedom.
3Quantal modeling could not be conducted for Ambrose et al. (1976), because individual animal datawere not available.

“The MLE and BMD values shown differ from those shown in Haber et al. (1998), due to the use of ageneric food factor of 0.05, rather than the strain-specific
value used for this assessment.
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APPENDIX B. DOCUMENTATION OF PARTICLE SIZE DISTRIBUTIONS AND
CALCULATION OF HECSFOR NTP 1996A

The attached tables present the exposure concentrations reported by NTP (1996a) for nickel
sulfate hexahydrate, the calculated nickel exposure levels, and the duration-adjusted values. In
addition, the concentration-specific particle sze distributions and the corresponding region-specific
RDDR vaues are presented, as well as the caculated HEC vaues.
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TableB1. Cdculation of the HEC Vdues for the Chronic Mouse and Rat Studies
with Nicke Sulfate Hexahydrate (NTP, 19964)

Mouse Data
NiSO, [Ni conc|Duration|MMAD| GSD |RDDR |RDDR|RDDR |RDDR| RDDR | RDDR HEC |HECM |HECF |HECM | HEC HEC
*6H,0 adj ETF |ETM | PUF |PUM |Thoracic| Thoracic | FET ET PU PU [Thoracic | Thoracic
F M F M
0.25 0056 | 0.010 23 22 | 026 | 028 | 088 | 090 12 13 0.0026 | 0.0028 | 0.0088 | 0.0090 | 0.012 0.013
05 011 0.020 23 21| 027 | 029 | 083 | 090 13 13 00054 | 00058 | 0.018 | 0018 | 0.025 0.026
1 0.22 0.040 25 20 | 026 | 028 | 085 | 087 12 12 0010 | 0011 | 0034 | 0035 | 0.047 0.049
Rat Data
NiSO, [Ni conc|Duration]MMAD| GSD |RDDR |RDDR|RDDR |RDDR| RDDR | RDDR | HECF |HECM | HECF |HECM | HEC HEC
*6H,0 adj ETF |ETM | PUF |PUM |Thoracic| Thoracic ET ET PU PU |Thoracic| Thoracic
F M F M
0.12 0.027 | 0.0048 25 24 |1 018 | 031 | 051 | 045 0.64 0.62 0.00084 | 0.0015 | 0.0024 | 0.0021 | 0.0031 | 0.0030
0.25 0.056 | 0.0100 22 22 1 019 | 033 | 053 | 047 0.68 0.66 0.0019 | 0.0033 | 0.0053 | 0.0046 | 0.0068 | 0.0066
05 011 0.020 23 21 |1 020 | 034 | 054 | 048 0.69 0.66 0.0039 | 0.0068 | 0.011 | 0.0095 | 0.014 0.013
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TableB2. Cdculation of the HEC Vdues for the Subchronic Mouse and Rat Studies
with Nicke Sulfate Hexahydrate (NTP, 1996a)

Rat Data
NiSO, | Ni conc| Duration|MMAD] GSD |RDDR |RDDR |RDDR| RDDR | RDDR | RDDR |HECET |[HECET| HECF | HECM HEC HEC
*6H,0 adj ETF |ETM | PuF | PuM |Thoracic | Thoracic F M PU PU Thoracic | Thoracic
F M F M
012 | 0027 | 0.0048 23 21 10092)| 015 | 056 | 056 0.66 0.68 | 0.00044 |0.00069| 0.0027 | 0.0027 0.0031 0.0033
025 | 0056 | 0.0100 21 27 10084 | 013 | 047 | 048 0.61 0.65 | 0.00084 | 0.0013 | 0.0047 | 0.0048 0.0061 0.0065
05 011 0.020 31 29 10079 | 012 | 048 048 0.56 058 0.0016 | 0.0024 | 0.0096 | 0.009 0.011 0.012
1 0.22 0.040 18 22 10090 | 015 | 052 053 0.68 0.73 0.0036 | 0.0058 | 0.021 0.021 0.027 0.029
2 0.45 0.080 20 2 |00%4| 015 | 057 | 057 0.70 0.74 0.0075 | 0012 | 0045 0.046 0.056 0.059
Mouse Data
NiSO, | Ni conc| Duration|MMAD| GSD |RDDR |RDDR |RDDR| RDDR | RDDR | RDDR |HECET |HECET| HECF | HECM HEC HEC
*6H,0 adj ETF |ETM | PUF | PUM |Thoracic|Thoracic F M PU PU Thoracic | Thoracic
F M F M
012 | 0027 | 0.0048 23 211017 | 023 | 074 | 083 10 12 0.00079 | 0.0011 | 0.0035 | 0.0040 | 0.0050 0.0057
025 | 0056 | 0.0100 21 27 1 016 | 022 | 074 | 085 11 12 0.0016 | 0.0022 | 0.0073 | 0.0085 0.011 0.012
05 011 0.020 31 29 1013|018 | 071 | os81 0.97 11 0.0027 | 00037 | 0014 | 0.016 0.019 0.022
1 0.22 0.040 18 22 1 018 | 026 | 0.76 0.88 11 13 0.0073 | 0010 | 0.030 0.035 0.045 0.051
2 0.45 0.080 20 2 1018|026 ]| 075 )| 08 11 13 0015 | 0020 | 0.060 0.069 0.088 0.100
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APPENDIX C. ANALYS SOF OCCUPATIONAL EXPOSURE TO NICKEL

Information on the human toxicity of nickd is gleaned primarily from occupationa
exposures where many epidemiologic observations of nickel workers have been conducted.
Mogt of the data that form the basis of these observations are from exposures to both soluble
and insoluble nickel compounds. Due to these mixed exposures, it has not been possible to
distinguish between the contributions of insoluble and soluble nicke to observed cancers.

Because the rdliability of much of the epidemiology data is related to the accuracy of the
exposure assessments, an understanding of the issues related to exposure assessment for nickel
workersisimportant. The following section describes processes and work activities related to
nickel exposure, the relative predominance of different nickel species for various processes, air
sampling considerations, and some exposure assessment issues related to the dectrowinning
Sudies.

1. Occupational Processand Work Activities: Implicationsfor Nickel Speciation

There are many occupational processes that involve potentia exposuresto nickel.
Mining, milling, and smdting processes involve the purification of nicke from nicke ores.
Impure nicke can undergo further purification during refining. Metd finishing involves solutions
of soluble nickdl sdts. Three operationsin the nickel industry have been identified in which
arborne nickel exposures have been reported to be dmost exclusvely to soluble sdlts:
eectroplaing, dectrowinning, and nicke chemicas industry segmernt.

Metd finishing isa series of different processes in which the characterigtics of the
surfaces of metal objects are modified to provide desirable physica properties, such as
hardness, corroson resstance, and reflectivity (shininess). One form of metd finishing involves
the application of a surface coating of nickd by severa different processes. The most common
method of applying anicke coating is eectroplating, athough a smilar process caled
electroless plating iswidely used. In eectroplating, an object to be plated (the workpiece) and
abar of nickel metal are connected to a source of direct current such that the workpiece is
negatively charged with respect to the nickd bar. The workpiece is frequently caled the
cathode and the nickel bar is cdled the anode. The workpiece and the nickel anode are
immersed in asolution of nickd sdts and other chemicds cdled the plating beth. In the
solution, the nickd exigs as divaent ions (Ni™") complexed with water molecules or other
chemica species dso present in the solution. The nickel ions migrate to the cathode, where
they receive dectrons and are converted to nickd metd:
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Ni** + 2e 6 Ni

In order to maintain electrical neutrdity, eectrons are removed from the nickel anode to form
nickel ions.

Ni 6 Ni'* + 2¢

In essence, nickd istransferred from the meta anode through the agueous plating bath to the
workpiece.

The sdts commonly used in eectroplating, listed in order of decreasing solubility, are:

Nicke fluoroborate
Nickd sulfamate

Nickel formate

Nicke chloride

Nickd sulfate

Nickd ammonium sulfate
Nickel acetate

Plating baths aso can contain boric acid, phosphoric acid, phosphorous acid,
ammonium chloride, fluoroboric acid, sodium thiocyanate and avariety of proprietary
ingredients that help in the formation of anickel coating with the desired physica characterigtics.
These proprietary ingredients include a variety of organic compounds, including aromatic
sulphonamides or sulphonimides, formadehyde and other ddehydes, amines, nitriles, and azo
dyes (Dennis and Such, 1972).

The process known as e ectroless plating aso deposits metalic nickel onto workpieces,
but the converson of nickd ion in solution to the metd is mediated by a chemical reducing
agent rather than through dectrolyss. The nickd sdts used in dectroless plating are anong
those ds0 used in eectroplating baths.

During the deposition of nickel metal onto the workpiece, nickd ions are removed from
the solution around the workpiece. Although nickd ions are migrating into this area from the
bulk of the plating bath, nickel ions may plate onto the workpiece faster than they are
replenished by migration. The resultant decresse in the concentration of nickel around the
workpiece may adversdly affect the qudity of the plated coating or decrease the efficiency of
the process. To counter this depletion, plating baths are agitated, commonly by bubbling air
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through them. Asthe ar bubbles rise to the surface and break, smal droplets of the plating
solution arereleased into the air. Larger droplets fall back into the tank or deposit on surfaces
nearby. Smaller droplets become airborne and drift into the generd plant air where the
workers can inhae them.

Smadll dropletsrapidly lose their water by evaporation at a rate dependent on humidity,
leaving behind solid particles made up of crystas of nickd salts and the other components of
the plating bath. Because of the way arborne nickd is sampled from the environment, it is not
usualy possible to determine the proportions of solid particles and liquid dropletsintheair. In
sampling arborne contaminants, ar is drawn through afilter by asmdl suction pump. Airborne
particles depogit on the filter and remain there while air is drawn over them continuoudy. The
water in deposited droplets evaporates, leaving solid particles behind on the filter. Microscopic
examination of the depost would show only those particles.

Electrowinning, an dectrolytic processin nickd refining, is a process smilar to that of
eectroplating and employs smilar aqueous solutions of nickd sdts. Different degrees of
electrica current are used, and impure forms of nickel are present during eectrowinning, since
thisisarefining process. The pure metalic nickd can then be used in metd finishing operations.
Aswith the plating operations, the aerosolization of the soluble nickel sdts accounts for thehigh
soluble nickel exposures rdative to insoluble forms.

A third nickel operation with rdatively high soluble nickel exposures is the nicke
chemicasindustry which includes the use of many different compounds. The manufacture and
processing of nickel sulfate and nickd chloride, as well as the other soluble sdltsused in
electroplaing are included in this category. Facilities that manufacture nickel pigments
(insoluble), coatings for welding rods, and miscellaneous substances such as nickd carbonate
and oxide are dso usudly included. The soluble nickel sdts are handled as crystdline solids as
well as solutions. However, no human health observations have been published for workersin
thisindustry segment.

As noted above, eectrowinning and electroplating baths are both aqueous sol utions of
nicke sdts. Sincethe airborne nickd in these operationsis derived from droplets of the
solutions, it has generdly been assumed that exposuresin eectrowinning and eectroplating
operations are to soluble nickel compounds with no exposure to insoluble compounds. Four
investigations have examined the proportions of soluble and insoluble nickd in arborne nickd in
these environments.

Kiilunen et d. (1997a) measured exposure to soluble nickd in an eectrowinning
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operation at the Outokumpu Oy, Finland refinery. Areaand persond air samples were
collected on mixed cdllulose ester filters from which soluble nickd was extracted with hot water
(70EC for one hour). After decanting the extract, the filters were rinsed with water three times
and dried overnight at 100EC. The dry filters and back-up pads were dissolved in
concentrated nitric acid followed by hydrochloric acid to identify the insoluble nickd fraction.

A total of 140 sampleswere collected in 50 locations in Sx identified areas of the plant, as well
as severd other Stes. Water-soluble nickel congtituted 86% of arborne nickd in the leaching
area, 96% in the solution purification area, 99.7% in the tankhouses, and 92% in other aress.

Kiilunen et d. (1997b) adso measured soluble and tota airborne nickel exposuresin
three electroplating shops drawn from alarger survey of 38 Finnish plating shops. The shops
were sdlected to represent what the authors felt were clean, intermediate and dirty shops.
Soluble and insoluble nickel was identified by hot water and acid extraction asin the previous
study. Airborne nickel exposures are reported for the clean and dirty shops. The soluble
fraction of the airborne nickd varied from 18% to 100%. Similar results were found in two
American dectroplating shops where the soluble fraction of the airborne nickd was 90.3% and
63.7% (Tsa et d., 1996). This study identified the various nickel speciesin the airborne
particulate through a complex leaching procedure (Zatka et d., 1992). Although specific
chemicad compounds were not identified, sulfidic, oxidic and metdlic nickd were found in the
arrborne particulate in both shops. In another study, soluble forms of nickel predominated in
two eectroplating facilities. Oxidic and metdlic forms of nickel were present, but no sulfidic
nickel was found (Vincent et d., 1995). The origin of the insoluble nickdl is not clear.
However, it has been hypothesized that these other nickd forms result may have been formed
from additivesin the plating beth.

Unlike dectrowinning and dectroplating, nickd mining, milling and smdting operations
have been thought to primarily involve exposure to insoluble forms of nickd.  The Doll report
(ICNCM, 1990) and the NiPERA Criteria Document (NiPERA, 1996) both report that in
mining, milling and smelting operations, expasures were to insoluble nickel compounds.
Conddering that the nickd sdts used in dectroplating had been purified extensively, it appears
to be unlikdly that the insoluble airborne nicke contains the same chemical compounds as are
observed in nickd mines, mills and smelters. However, smadl exposures to soluble nicke may
have occurred.. For example, Warner reports that an andysis of airborne dust at INCO's
Sudbury, Ontario smelter showed that about 5-25% of the nickel was soluble in a solution
buffered a pH 5. About 10% of ore dust was smilarly soluble (Warner, 1984).
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2. Air Sampling Congderations

In caculating risk estimates, it isimportant to recognize thet different methods of
measuring aerosol concentrations can produce sgnificantly different exposure estimates.
Edtimating the potentid tissue does requires knowledge and understanding of the air sampling
method employed to estimate the worker exposure. Different sampling methods were used in
different gudies. There are anumber of factorsto consder, including the location of the
sampling insrument relative to the breething zone, the areas the worker is in during the course
of aday, the size digtribution of the particulates, and the design of the sampler used to measure
the exposure.

One of the dgnificant parametersto condder isthe location of a sampling instrument
with respect to the breething zone of workersin the environment being evaluated (i.e. the
contrast between areaand persond samples). Before the generd availability of persond air
sampling pumps, ar contamination was commonly measured using samplers placed in fixed
locations in areas of a plant where exposures were considered to be "typica." However,
contaminant concentrations commonly vary during aworkday, and workers move around a
workplace between areas of different contaminant levels, and are thus exposed to varying
concentrations of contaminants. Therefore, when ng worker exposure, it is preferred to
take persond breathing zone air samples rather than area samplesin fixed locations. Current
industrid hygiene practice isto attach small battery-operated vacuum pumps to aworker's
clothing and connect these to a sampling head placed in the worker's breathing zone. The
sampler collects the airborne contaminant throughout the exposure period and integrates the
concentration changes in the process as the worker movesin and out of areas of different
concentrations. The measured exposure is thus a time weighted average (TWA) for the whole
period that the sampler was running.

Industrid hygiene experience has shown that there is no uniform relationship between
work area and personal measurements taken in the same workplace on the same day. The
amount of time that aworker spendsin an area where airborne contamination is being
measured will depend on the process and the work routine at the facility. Where aworker's
activities bring him or her close to a point of contaminant generation, the exposure will be higher
than the concentration in the generd work area. Conversdly, when aprocessis largely
automatic, aworker may spend alarge fraction of the workday in a control room or other
relatively clean area. Reports of exposure surveys often do not describe work routines and do
not provide enough information to estimate persona exposures from areasamples. When using
reported workplace exposures as the dose metric in developing estimates of risk, it is advisable
to restrict congideration to persona exposure measurements. Incorporating area sampling
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messurements into arisk anaysswill increase the uncertainty of the caculated risk vaues.

Ancther key determinant for the risk of disease from inhaed toxic materid isthe actud
dose of the substance to the target organ or to a Site which can influence the disease outcome
(Vincent, 1995). While thistissue dose is related the concentration of the toxicant in the air, the
particle Sze dso plays akey rolein determining the tissue dose, since the particle size largely
determines whether a particle enters the respiratory tract and how far it penetrates. For
industria hygiene data, three particle Size fractions are defined corresponding to the probability
of deposgition in the nasopharynged region, in the bronchia region, or in the gas-exchange
region. These fractions are described as inhdable, thoracic, and respirable particulate,
respectively. Generdly, the smaller the particle, the deeper it can penetrate into the respiratory
sysem. For example, for particles with an aerodynamic diameter of 1 Fm, 97% of the
particulate mass would be deposited in the gas-exchange region. In contrast, 77% of 10 Fm
particles would deposit in the nasopharynged region, but only 1% would depost in the gas-
exchange region. Particles aslarge as 100 Fm can enter the nasopharynged region, but would
not appreciably penetrate to the respiratory region (ACGIH, 1998).

Industria hygiene air-sampling methods cdl for measurement of the inhaable particulate
if the toxicant can exert its effect anywhere in the repiratory tract, while the respiratory
particulate fraction is often collected for toxicants that specificaly damage the gas-exchange
region. In the case of soluble nicke studies, theindudtrid hygiene data were generdly collected
S0 as to measure the inhdable fraction, in light of the concerns for arole of soluble nickd in the
development of lung, nasd cavity, and Somach cancers. The sampling methods that were used
in the different nickel studies, however, do not collect the entire inhaable fraction with equa

efficiency.

Since the 1960s, the most common sampler for airborne particulate has been a 37 mm
filter mounted in a plagtic cassette with a4 mm orifice through which contaminated air entered.
Samples collected with this instrument were designated as "totd dust” or "totd particulate’.
Experiments have found that this sampler actudly collected less particul ate than could be
inhaed through the nose and/or mouth (Vincent, 1995). The fraction collected was nearly
100% for small particles but was less than 50% for particles larger than 10 Fm. The Ingtitute of
Occupationd Medicine (IOM) in Edinburgh, Scotland developed a sampler that closely mimics
the size sdlection characteristics of the nose and mouth, and since that time severd other
instruments have been developed that aso follow these sdlection characteristics (Kenny et d.,
1997). In Grest Britain, samplers using 25 mm filters have been used that have been found by
some investigators to follow the inhaable criterion quite well (Kenny et d., 1997), but not by
others (Mark and Vincent, 1986; Terry and Hewson, 1996).

C6



Table 6-28 of Volume Il of NiPERA (1996) ligs the type of sampler used for various
sudies. The published studies al used 37-mm cassettes, while 25-mm closed-face cassettes
were used in the Hedlth and Safety Executive (HSE) surveys. The table identifies the aerosol
fraction collected by the samplers used in the HSE surveys as "totdl”. However, the unitsare
likely to be the same as those described by Kenny et d. (1997), which may actudly collect
inhalable particulate. The study by Kiilunen, et d. (1997a) used 37-mm cassettes, which
collect "totd" particulate, whilethe Tsal et d. (1996) study and the University of Minnesota
study referenced in tables 6-27 and 6-28 of the NiPERA document both used the IOM
inhaable particulate sampler.

When an inhalable particulate sampler and a"totd" dust sampler are placed sde-by-
dde in the same environment, the inhaable sampler will usudly collect more sample (Werner et
d., 1996), and the difference is more pronounced with larger particles. In environments where
al the airborne particles are smdl (lessthan 1 Fm in diameter), the two types of samples will
collect the same amount of materid, but the ratio of total sample collected can be as high as 4.0
in environments that contain a high proportion of particles larger than about 20 Fm. Theratio
between the amounts of total sample collected by the two types of samplers are dso affected
by wind velocity, the position of the samplers on the worker and other unknown factors. Tsal
et d. (1996) found that there were differences in thisratio in the two dectroplating shops that
they investigated. 1n a more comprehensive study of an eectrolytic refining operetion, the ratio
of inhaableto "total" particulate varied from 1.2 to 4.0 in different parts of the facility (Tsa et
a., 1995). In developing risk assessments that incorporate airborne exposure data measured
with different instruments, Werner et d. (1996) recommend a set of default values for
converting "total" particulate measurementsto inhaable. For migts (such as are generated in
electroplating) they suggest that a conversion factor of 2.0 should be used.

The data in tables 6-26, 6-27 and 6-28 of the NiPERA Criteria Document (1996) for
persona samples collected in areas of eectroplating shops where exposures were reported as
being predominantly to soluble nickd are collated in Table C-1. Thistable includes a column
that provides an estimate (in mg/n) of the inhalable concentration of soluble nickd. Wherethe
origina studies used 37-mm filters, the reported vaues are multiplied by afactor of two as
recommended by Werner et d. (1996). For the 25 measurements, the median exposureis
about 0.020 mg/m?; 80% of the exposures are less than 0.080 mg/m?® and fewer than 20% are
below 0.010 mg/nt.
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3. Soluble Nickel Exposuresin Electrolytic Refining (Electrowinning)

The Doll report (ICNCM, 1990) identifies three facilities in which nickd metd is
produced by an eectrowinning process. an INCO plant in Port Colborne, Ontario; the
Fa conbridge refinery in Kristiansand, Norway; and the Outokumpu Oy refinery in Finland.
The report provides estimates of exposure to soluble nickdl and subsequent papers provide
additiona data for the INCO and Outokumpu Oy plants.

No information is provided in the Doll report on the sampling or andytica methodology
used at the Port Colborne refinery, and only ranges and upper limits are identified for the
exposures. Assuming that the data represent area samples, taken over relatively short time
spans, exposures in dectrolytic workplaces were <1.0 mg/n® for total nickel and <0.3 mg/n?*
for soluble nickel. Pumping anode dimes and washing anode scrap generated exposures of
1.0-3.0 mg/n? of soluble nickel. Recent exposures (i.e. in the mid 1980s) were stated to be
<1.0 mg/m?® and <0.20 mg/n?® for total and soluble nickel respectively (ICNCM, 1990).

Warner, who worked for INCO, Ltd., reported personal exposures to soluble nickel in
electrowinning tankhouses, presumably &t the Port Colborne plant (Warner, 1984). Tankman
exposures ranged from 0.012 to 0.071 mg/m?® with an average concentration of 0.030 mg/n?;
the range for anode scrapmen was 0.001-0.236 mg/m?® with the average being 0.052 mg/n.
Thereisno indication of potentiad exposures to other forms of nickel.

Nicke exposures at the Krigtiansand refinery are provided in the Doll report and dso
repested with dight modification by Andersen et d. (1996). Table 6 in the Doll report provides
qudlitative estimates of nickel exposures classified by operation, time period, and nickel species
(ICNCM, 1990). Exposure levelswere identified as negligible, low, medium, or high. The
corresponding ranges were <0.5 mg/m?® for low exposures, 0.5-2.0 mg/m? for medium and
>2.0 mg/m? for high exposures. 1n the period from 1946-1977, the concentrations of oxidic
and sulfidic nicke (both insoluble) were noted as being low (<0.5 mg/n) in the nickel
tankhouse, while the concentration of soluble nickel was medium (0.5-2.0 mg/n¥). From
1978-1984 concentrations of oxidic and sulfidic nickel were negligible, while exposure to
soluble nickel waslow. As stated in the Doll report, estimated concentrations were based
largely on the subjective judgments of retired personnel. Airborne samples were andyzed only
for total nickd, with estimates for the different species being assumed to be the same asin the
materials being handled. Nongtandard air sampling instruments were gpparently used. The
Dall report states that the results were arrived at on the understanding that they were the best
estimates of what the readings would have been if they had been taken as "total dust” obtained
with standard persond gravimetric sampling equipment. In contrast, Appendix B of the

C8



NiPERA Criteria Document states that good sampling data had been obtained at the plant
during the period of 1985-1993 and was summarized in the tables at the end of the appendix
(NiPERA, 1996). However, the tables do not contain the indicated data

Kiilunen et d. (1997b) report an extendve series of historica and current exposure
measurements to soluble nicke at the Outokumpu Oy refinery with measurements dating back
to 1966. Areasamples, which were collected on 37-mm filters at 20 liters per minute, ranged
from 0.26 to 0.76 mg/nt in the tankhouses. During the period of 1991-1993, area
measurements were in the range of 0.112 to 0.484 mg/m?. Mean breathing zone exposures
from 1979 through 1981 were found to be 0.16 to 0.23 mg/m?. The authors report that
workers did not wear respiratory protection during the 1979 through 1981 period.
Measurements taken during 1991 to 1993 illustrate the complication in exposure assessment
introduced by the use of respirators. Workers did not wear respirators when they were
performing tasks deemed to have low exposures, but they did wear respirators when high
exposures were anticipated. The authors measured nickd concentrations insde respirators
when they were being worn and found exposures from 0.0005 mg/nt to 0.0069 mg/m?. When
Nno respirators were in use, exposures were 0.0013 to 0.0021 mg/me. As noted above, more
than 90% of the airborne nicke wasin soluble form, dthough the nature of the insoluble
materia was not identified.
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Table C1. Nickel Persond Exposure Data for Electroplaing!

Reference or Location, Plant, | Number of Type of | Aerosol | Sampler| Range of Mean Aerosol | Inhalable Ni | Year(s) Study
Company Code? or Process Samples Sampler® | Fraction* Exposures Exposure (mg/me )12 Samples | Quality®
(Workers)’ (mg Ni/m?) Concentrationg Taken
(mg Ni/m? )
Ghezzi et al., 1989 | Italy (6 plants) | 92(23) P T 37-mm | U 0.004-0.19° 0.182 1989 S
Hery et al., 1990 France (5 plants] 102(U) P T 37-mm | 0.0001-0.80 | 0.004-0.079° 0.082 pre-1990 | S
Mahieu et al., 1990] France (several | U(U) S T 37-mm | 0.001-1.77 U 0.08 1990 G
plants)
Tolaet al., 1979 Finland 20(4) P T 37-mm | 0.03-0.16 0.091 0.182 1979 S
EIS-05, 1993 Electroless 4(V) P T NG 0.01-0.05 <0.023 0.04 1991-93 | G
plating
EIS-05 Electrolytic 4(V) P T NG 0.02-0.19 0.1 0.2 1991-93 | G
plating
HSE-02, 1985 Electroplating 6(6) P | 25mm | U Trace -- 1985 G
HSE-03, 1985 Electroplating 10(6) P | 25-mm | U 0.01 0.01 1985 G
HSE-15, 1985 Electroless U(l) P | 25-mm | 0.051-0.357 | 0.12 0.12 1985 GIS
plating
HSE-15, 1985 Ancillary U(30) P | 25-mm | 0.004-0.015 | 0.01 0.01 1985 GIS
operations
HSE-17, 1985 Electro-arming | U(3) P [ 25-mm | U <0.10 0.1 1985 G
HSE-28, 1985 Electroplating U(V) [ | 25-mm | 0.001-0.10 0.01 0.01 1985 G
HSE-52, 1985 Electroforming | U(U)® P [ 25-mm | 0.001-0.070 | 0.020° 0.029 1985 G/S
HSE-53, 1985 Electroforming | 2(19)° S | 25-mm | 0.013-0.019 | 0.01 0.010 1985 G/IS
Bernacki et al., North America | 11(11) P T 37-mm | 0.00004- 0.008 0.016 19/8 S
1978 (several plants) 0.0021
Bernacki et al., USA 20,980 P T 37-mm | 0.005-0.021 | 0.009 0.018 1980 G
1980
Bicknell et al., USA 9(9) P T 37-mm | 0.003-0.051 | 0.018 0.036 1987-88 | G
1989
Daniels & Gunter, | USA 7(7) P& S T 37-mm | <0.001- 0.0025% 0.005 1986 G
1987 0.0045
Danielset al., 1988] USA 10(10) P& S T 37-mm | <0.001- 0.006 0.012 1987 S
0.039
Mortimer, 1982 USA 4(4) P T 37-mm | 0.003-0.006 | 0.004 0.008 1982 S

C11




Reference or Location, Plant, | Number of | Typeof | Aerosol | Sampler| Range of Mean Aerosol | Inhalable Ni | Year(s) Study
Company Code? or Process Samples Sampler® | Fraction* Exposures Exposure (mg/m )12 Samples | Quality®
(Workers)’ (mg Ni/m?) Concentrationg Taken
(mg Ni/m?® )

UM, 1995 USA, electrolesy 29(NG) P T 37-mm | 0.001-0.022 | 0.005 0.01 1993-94 | S
plating

UM, 1995 electroless 29(NG) P | IOM 0.001-0.037 | 0.01 0.01 1993-94 | |
plating

UM, 1995 electroless 26(NG) P T 37-mm | 0.002-0.165 | 0.043 0.086 1993-94 | S
plating

UM, 1995 electroless 26(NG) P | IOM 0.008-0.182 | 0.069 0.069 1993-94 | |
plating

Kiilunenet al., electroplating 3(3) P 1(?) 25-mm | 0.0005- 0.0006 0.0006 U

1997 0.0007

Kiilunen et al., electroplating 6(U) P 1(?) 25-mm | 0.0056- U 0.021 U

1997 0.0783

Notes

L All data except Kiilunen et al. (1997) are drawn from Tables 6-26 and 6-27 in the NiPERA Criteria Document (NiPERA, 1996). All exposures are to soluble nickel.
Inthe UM and Kiilunen et al. studies, some insoluble nickel was present, as shown by analysis of airborne particul ate.
2 EIS: Drawn from a European Industry Survey conducted by NiPERA from 1989-1993.
HSE: Collated from an internal unpublished survey conducted by the British Health and Safety Executive in 1985
UM: Results from aresearch project at the University of Minnesota
3 P=Personal; S=Static(area)
4 T="Tota" particulate; I=Inhalable particul ate
5 The quality of the exposure data as assessed by the authors of the NiPERA Criteria Document. G=Good; S=Superior; I=Ideal (generally where inhalable samples
were collected)
& The range of geometric mean exposures found in the different facilitiesis listed.
" U=Unknown; NG=Not given
8 Plant had at least 17 workers.
° A total of 19 workerswere employed; it is unclear how many worked in electroplating.
10 Range of exposures based on personal and static sampling; mean based on personal sampling.
1 Geometric mean.
12 "Total" particulate converted to “inhalable” for 37 mm samplers by multiplying by 2.0 as recommended by Werner et al. (1996).
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APPENDIX D. SUMMARY OF THE DISCUSSIONS AND RECOMMENDATIONS
FROM THE PEER REVIEW MEETING

The attached document presents the results of the independent peer review of the July 1998 draft of
this documen.
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