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Objectives Nickel compounds, inclusive of water-soluble salts, have been classified as human carcinogens by
the International Agency for Research on Cancer (IARC). Nickel producers have disputed the classification of
soluble nickel compounds for three decades with reference to an alleged absence of excess respiratory cancer
among Canadian nickel-exposed electrolysis workers. We evaluated historical data from two electrolytic refiner-
ies in Ontario, both included in prominent Canadian reports on occupational nickel-related cancer.

Methods For Port Colborne nickel refinery (PCNR) and Copper Cliff copper refinery (CCCR), we identified
process descriptions, exposure estimates, and original reports on cancer mortality using reference lists, libraries,
and state archives. The documents were written or published between 1930 and 1992.

Results For PCNR, a 1977 US National Institute of Occupational Safety and Health criteria document demon-
strated an excess nasal cancer risk among electrolysis workers independent of furnace exposure. PCNR studies
published after 1980 excluded 26% of long-term refiners who died from respiratory cancer according to earlier
reports, and 42% of the workers had unknown vital status at the end of follow-up, biasing the standardized
observed-to-expected mortality ratios downwards, most pronounced in recent reports and for workers without
pension or company benefits. CCCR reports did not adequately address soluble nickel exposure in the evaluation
of an observed occupational lung cancer excess.

Conclusions While acknowledging important contributions to the recognition of nickel carcinogenicity from
highly exposed Canadian refiners, we conclude that the claimed absence of nickel-related respiratory cancer
among electrolysis workers has resulted from an arbitrary overemphasis of biased and inconclusive findings.

Key terms Canada; carcinogen; copper; epidemiology; exposure; lung cancer; mortality; nasal cancer; Norway;
refinery; review; sinonasal cancer.

Nickel is widely distributed in nature and is a common
component in industrial products and consumer mer-
chandise (1). The refining of nickel ore has been linked
to cancer excess at a Welsh refinery (UK) for 80 years
(2). Case reports on nasal (sinonasal) cancer and lung
cancer emerged during the 1930s and 1940s (3-5), and
a company investigation was conducted by Austin Brad-
ford Hill in 1939 [referred to in (6)]. By 1958, the first
epidemiological paper appeared in a medical journal (7),
and, one year later, a report to Canadian health authori-
ties was the first to demonstrate similar risks among
furnace workers at a refinery outside the UK (8). Based
on a new study and a mortality update from the British
and Canadian refineries (9, 10), and some case reports
from other countries, a working group at the Interna-
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tional Agency for Research on Cancer (IARC) ascribed
the effect to nickel “in some form” in 1972 (11).

Somewhat surprisingly, a subsequent study from a
refinery in Kristiansand, Norway, (12) showed high risks
of respiratory cancer among electrolysis workers, sug-
gesting a carcinogenic effect from water-soluble nickel
compounds, which is the main exposure in such depart-
ments. Increased risks of respiratory cancer had now been
found in three groups of nickel workers: (i) those engaged
in furnace departments (roasting, sintering, smelting, and
calcining) (6, 7, 12); (ii) those producing water-soluble
nickel and copper salts (sulphates) from aqueous solutions
(6); and (iii) those involved in the electrolytic extraction
of pure nickel or copper from electrolytes with a high
level of nickel sulphate or nickel chloride (12).
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Risk of nickel-related cancer among electrolysis workers

The discussion of which forms of nickel lead to
respiratory cancer was addressed in a comprehensive
epidemiological study by the International Committee
on Nickel Carcinogenesis in Man (ICNCM), headed by
Sir Richard Doll. In 1990, the Committee concluded
that more than one form of nickel increased the risk
(13), with the strongest evidence found for soluble
nickel compounds (water-soluble salts) and particles
containing nickel oxides and nickel sulphides. Accord-
ingly, the IARC classified nickel compounds as human
carcinogens in 1990 (1). The decision was re-confirmed
by a new IARC working group in 2009 (14).

The carcinogenicity of the subgroup of water-soluble
nickel compounds has been disputed by parts of the
nickel-producing industry or their paid consultants for
more than 30 years, as seen in historical documents
such as those sent to the US National Institute of Occu-
pational Safety and Health (NIOSH) in 1976 (15) and
the US Occupational Safety & Health Administration
(OSHA) in 1988 (16). The argument continued after
1990 in articles, information, and reviews sponsored
by nickel producers (17-19), despite additional epide-
miological evidence of carcinogenicity from the UK,
Finland, and Norway (20-25).

The clearest evidence has been found among elec-
trolysis workers, who are exposed to relatively low levels
of total nickel, most of it existing as water-soluble salts,
although often combined with small amounts of insoluble
compounds (13, 22, 26, 27). These exposures contrast
those of furnace work, as the latter have been character-
ized by high levels of total nickel, predominantly nickel
oxides and nickel sulphides, and relatively small propor-
tions of soluble salts. The high risks observed in differ-
ent groups of refiners therefore indicate a central role of
soluble nickel in the carcinogenic process.

It has been claimed that Canadian electrolysis workers
— most specifically at the Port Colborne nickel refinery
(PCNR) in Ontario — constitute an exception by not hav-
ing experienced the same cancer risks as those observed
among their European colleagues (8, 9, 13, 28, 29). The
apparent diverging results across cohorts with assumed
similar exposures, especially the comparison of the Nor-
wegian and Canadian experiences, have been the basis
of a reoccuring argument over whether soluble nickel
should be regarded as carcinogenic, even throughout the
last decade (19, 30, 31). The ICNCM discussed the dif-
ference in risk in 1990 but was not able to fully explain
the observation (13).

We have seen no attempt by Canadian researchers to
contribute to the debate with updated cancer mortality or
improved exposure estimates from the PCNR cohort. We
therefore chose to review critically the available historical
data on working conditions and cancer mortality at the
two most relevant Canadian electrolytic facilities: PCNR
and the Copper Cliff copper refinery (CCCR). Cancer
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mortality was first reported from these two refineries in
1959 and 1971, respectively (8, 32), and both refiner-
ies were included in the prominent Canadian cohort of
Ontario nickel workers, which contributed more than
two thirds of the workers included in the large ICNCM
study (13). The electrolytic processes were operated in
the periods 1926-1984 (PCNR) and 1930-2005 (CCCR).

For a better understanding of potential exposures to
water-soluble nickel at the refineries, we also present
some basic process data for the plants, and, for compari-
son, corresponding data for the electrolytic processes at
the nickel and copper refinery in Kristiansand, Norway.

Methods

Information on plant-specific technical and chemical
issues relevant to occupational exposures was sought in
chemistry literature and engineering journals. Epidemio-
logical studies on cancer mortality were searched for in
reference lists, publicly available internet-based archives,
and state agencies with regulatory, environmental, and
safety and health responsibilities. Exposure data were
found in reports, journals, and epidemiological studies.

Some cancer reports existed in multiple versions,
and, if possible, we gave priority to articles published
in peer-reviewed journals. Unpublished epidemiological
reports from the period 1959-1977 were delivered from
health and environmental authorities in Canada and the
US. Cancer risks were reported as standardized mortal-
ity ratios (SMR) based on comparison of observed and
expected numbers of cancer deaths, the latter derived
from age-, calendar year-, and gender-specific mortality
rates for the population of Ontario.

We focused mainly on nasal cancer epidemiology,
as the risk of this rare disease has been highly increased
among nickel-exposed workers and because no strong
confounder seems to exist in the refineries. Lung cancer
mortality, on the other hand, is highly influenced by
shifts in tobacco smoking, and the occupational risks
are therefore more difficult to evaluate in historical data.

Within this Methods section, we refer to some relevant
exposure and process data, with special attention directed
towards electrolysis work and soluble nickel exposure. In
the Results section, we present the main findings of the
cancer mortality reports; and, finally, we discuss some
epidemiological and interpretational implications.

Exposures

Data on historical nickel exposures in refineries are
known to be scarce and insufficient for a formal compar-
ison (13). For the PCNR electrolysis department, some
exposure data were submitted by the owner company in



1976 to NIOSH [(15) p79], based on a low number of
stationary and personal measurements. In a review in
1984, Warner presented exposure estimates for nickel
refineries but no plant-specific data were provided (33).

The ICNCM was the first to develop nickel exposure
estimates for the Welsh and Norwegian refineries, but
the corresponding data for Canadian electrolysis work-
ers were less complete and largely recorded as ranges
with an upper limit only. The ICNCM discussed nickel
exposures at the PCNR and Norwegian nickel electrolysis
departments [(13) pp20, 50-51, 55-56, 70—71] and found
indications that the levels of water-soluble nickel were
somewhat lower at the Canadian plant. A more recent
assessment suggested that the ICNCM estimates for the
Norwegian plant may have been too high (26). Nickel
exposures in the CCCR and the Norwegian copper refin-
ery were never explicitly discussed or compared.

For the CCCR, an industrial hygiene investigation
focused on exposure to polycyclic aromatic hydrocar-
bons (PAH) arising from asphalt and tar covering of the
tank-house floor (34). No data on nickel were provided
except for a statement that nickel exposures were “rela-
tively low” for lead welders.

Although workers’ exposures cannot be derived
directly from process descriptions, such data are less
vulnerable to variation in sampling technique, location
of samplers, and laboratory analyses, which are com-
mon problems in historical exposure measurements.
Chemical and technical data may be of great value for
the understanding of the work conditions, and in order to
support our discussion and interpretation, we provide a
brief description of the Canadian plants, along with corre-
sponding data for the Norwegian refinery for comparison.

Port Golborne nickel refinery process

The PCNR was commissioned in 1918 as the first Cana-
dian works to produce furnace-refined nickel oxide and
ingots (35, 36). Electrolytic refining started in 1926,
with the production of virtually pure nickel metal. Raw
materials, in the form of sulphidic and oxidic nickel
concentrates, were treated with leaching, sintering,
and casting of metallic nickel anodes before the final
electrolysis. Some very dusty furnace processes were
terminated in 1958 (sintering) and 1973 (calcining) (28).
Electrolytic refining of nickel ceased at PCNR in 1984.

By far, most of the pure nickel was produced by the
so-called “Hybinette electrolysis”, where nickel ions were
supplied to the electrolyte by corrosion of impure metal-
lic anodes submersed in electrolytic tanks. The resulting
impure electrolyte had to be continuously drained and
treated to remove metals other than nickel. Purified elec-
trolyte was subsequently redirected to the tanks, directly
into filter compartments made of wooden frames with
canvas bags. There were 30 compartments in each tank,
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each of them enclosing a cathode. Pure nickel (>99.5%
Ni) was deposited on these cathodes, while spent pure
electrolyte continuously seeped out through the canvas
to blend with the impure electrolyte (37-39).

Typical contents of nickel in the impure anodes
and the electrolyte are presented in table 1 (column 2),
with corresponding values for the similar process at
the Kristiansand nickel refinery, Norway (column 3).
The nickel anodes at the Norwegian plant contained
substantially more impurities (mainly copper and iron),
requiring a more comprehensive purification procedure,
with its rather sloppy precipitation and filtering steps.
Additionally, the amount of nickel salts dissolved in the
electrolyte was greater at the Norwegian plant.

Copper Cliff copper refinery process

In 1930, the CCCR was established for electrolytic pro-
cessing of concentrates originating from the same ore as
those treated by PCNR. Copper and nickel tend to follow
each other in the intermediates, and substantial expo-
sure to nickel may take place in a copper electrolysis.
At CCCR, copper ions were supplied to the electrolyte
by corrosion of impure metallic anodes holding 99.2%
copper and a modest 0.5% nickel (table 1, column 4)
(40). The latter percentage was characterized in 1942 as
“larger amounts of nickel than that found at most [cop-
per, authors’ comment] refineries” [(41) p293].

Differences in electrochemical properties allow cop-
per ions to be deposited on cathodes while nickel ions
remain in the solution. A total removal of nickel ions is
therefore not necessary, but the preferential deposition
leads to a continuous accumulation of nickel in the elec-
trolyte. Special measures were therefore taken at CCCR
to keep nickel down to a chosen level of 20 g/nickel
per liter during steady-state (42). Further data are given
in table 1, together with corresponding values for the
copper electrolysis that is part of the nickel refinery at
Kristiansand, Norway (column 5).

Data on soluble nickel in the CCCR copper electro-
lyte were hard to find, and — notably — provided neither
in any of the relevant epidemiological reports from
1971-1992 (13, 29, 32, 43) nor in the 1992 industrial
hygiene report from the refinery (34) or reviews of
nickel-related cancer conducted since the 1970s (1, 13,
19, 30, 44-46). We found relevant data in books on
chemistry and metallurgy printed between 1930 and
1960 (40-42). Curbing of the nickel in the electrolyte
was necessary in the Canadian as well as the Norwegian
copper tank-house for process efficiency reasons, and it
was obtained by a continuous “bleeding” (draining) of
electrolyte, rich in nickel, for subsequent treatment with
copper depletion and production of purified nickel sul-
phate by precipitation, filtering, washing, crystallization,
and drying steps (37, 42).
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Table 1. Characteristics of the electrolytic processes at Port Colborne and Copper Cliff refineries, both Ontario, Canada, and at the

Kristiansand refinery, Norway.

Kristiansand Hybinette

Copper Cliff copper
electrolysis ©

Kristiansand copper

nickel electrolysis 2 © electrolysis ®

Characteristic Port Colborne Hybinette
nickel electrolysis
First year of operation 1926
Last year of operation 1984
Nickel in impure anodes 95%
Copper in impure anodes 2-3%
Iron in impure anodes <1%
Sulphur in impure anodes <1%
Anodes per tank 31
Cathodes per tank 30
Nickel in electrolyte 40-60 g/L
Copper in electrolyte -
Generation of gas bubbles at the anodes :
Temperature of solution 55°C

1910 1930 1910

In operation ¢ 2005 In operation

70-77% 0.5% -
18-25% 99.2%
0.3-1.6% 0.0%

1.1-4.5% . .

38 38 33

37 39 32

60-70 g/L 20 g/L 40-70 g/L

0-2.3g/L 39g/L 70-75 g/L

-d Few tanks only Most tanks

60 °C 60-65 °C -

@ Chemical data from Walter, 1931 [(39), p189]; Inco staff, 1946 [(35), p195]; Gmelin, 1967 [(38), p551-3].
b Chemical data from unpublished documents prepared for the International Committee on Nickel Carcinogenesis in Man (ICNCM) by Chief Metallurgist

PG Thornhill, 1986.
¢ Chemical data from Gmelin, 1955 [(40), p574-5].

4 New refining process introduced 1978, a shift from Hybinette to chlorine leach process with insoluble anodes.
¢ The Kristiansand copper electrolysis uses insoluble lead anodes, while copper ions are supplied to the tanks in an aqueous solution (electro-winning).

The CCCR ran an electro-refining process, meaning
that impure metallic copper anodes were consumed,
while refined copper cathodes were produced within
the same tanks. By contrast, the electro-winning tanks
at Kristiansand received copper as sulphates in aqueous
solution for direct deposition on the cathodes. The dis-
crepancy is essential for the working environment: the
Kristiansand electro-winning copper electrolysis — in
line with the Finnish electro-winning nickel electroly-
sis at Harjavalta [(27); (38) pp527, 545], noted for its
excess of respiratory cancer (22) — experienced (and still
experiences) a continuous generation of bubbles from
the surface of the submerged insoluble lead anodes at a
rate proportional to the production [(40) p578]. Nickel-
containing aerosols are produced when the numerous
bubbles burst at the surface of the electrolyte.

At CCCR, generation of bubbles was a minor prob-
lem, largely restricted to a few “liberating tanks” and the
adjacent “acid recovery plant” where nickel sulphate was
produced (41, 42). Nickel-containing aerosols in the main
copper tank-house at CCCR would thus, in general, be
expected to be low, and reach its maximum around and
above tanks where large racks of electrodes were handled
(submersed or hoisted) — as was done regularly every two
weeks for each of the 1200 tanks by steady-state produc-
tion — or in situations with repairs, spills, and cleaning (42).

Results

We found ten reports with epidemiological data cover-
ing employments between 1914 and 1976, presenting
follow-up for cancer mortality in the time span 1930—
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1984. Data from the nine most relevant ones are shown
in tables 2 and 3. We found no cancer mortality data to
cover follow-up after 1984 for any of the two refineries.

Port Colborne early studies

The cancer reports from the PCNR can conveniently be
divided into early studies (1959—1977) and studies after
1980 (1984-1992). The 1959 report was a milestone
(8), clearly demonstrating a cancer excess similar to
the one thought to be unique for the refinery workers in
Clydach, South Wales. The first PCNR study included
2355 long-term refinery workers, employed for >5 years
between 1925 and 1957, with a follow-up for death from
1930 through 1957 or 1959 (table 2) (8). The overall
lung cancer mortality rate among 292 highly exposed
furnace workers was 3—4 times the expected one (not
shown separately in our table), while the nasal cancer
SMR was an order of magnitude higher.

The first PCNR study also included 225 workers with
electrolysis experience only, among whom a single lung
cancer death (0.9 expected) and no nasal cancers (0.02
expected) were reported (8). The individual occupational
histories were, however, revised during the final writing
of the report, and table 4 shows the original distribution
and subsequent re-distributions, according to exposure
group, of all men reported to have nasal cancer through
1976. By 1967, there was still no recognized risk among
electrolysis workers (9), although 11 out of 16 nasal can-
cer deaths (table 4) and 22 out of 37 lung cancer deaths
(the latter not shown in table) occurred among workers
with “mixed exposures” (ie, exposure from more than one
department). No attempt was made to assess the effect
from co-exposure in non-furnace departments.
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Table 2. Table 2. Respiratory cancer mortality and some additional incident cases 1930-1984 among Port Colborne nickel-refinery work-
ers, Canada. [add=additional; exp=expected; ICNCM=International Committee on Nickel Carcinogenesis in Man; LCS=Leaching, calcining,

and sintering departments; NIOSH=US National Institute of Occupational Safety and Health; obs=observed]

Data source  Study Criteria for Follow-up QOutcome Cancer outcome
article/report  size inclusion period source
[table=tbl] (years) Lung cancer Nasal cancer
Minimum Other Deaths Cases Deaths Deaths Cases Deaths
employment  requirements (obs)  (add) (exp)® (obs) (add) (exp)?
Sutherland 2355  b5years Employed 1930-1957 Company insurance 19 8.5 7 0.19
1959 (8) 1925-1957 (28) records; municipal
[thl. 10 & 9] registries; provincial
mortality files
Sutherland 2355  5years Employed 1930-1959 same as above 21 1 - 1 1
1959 (8) 1925-1957 (30)
[tbl. 18 & 17]
Mastromatteo 2355 5 years Employed 1930-1965 37 - 12.7 16 0.17
1967 (9) 1925-1957 (36)
[Thl. 4]
NIOSH 1977 2328  5years Employed 1930-1974 76 - 41.0 24 0.47
(44) [Tbl. 1925-1957 (45)
11-7]
NIOSH 1977 2328  5years Employed 1930-June 1976 82° 8 29¢ 7
(44) [Thl. 1925-1957 (46.5)
XV—4 & XV-3]
Roberts et 4288 1 dayin LCS Alive on or after 1950-Dec Company benefits 62 ¢ 331d  17¢de 0.33¢
al 1984 (28) or 6 months 1Jan 1950 1976 (27)  records; Canadian National
[Tbl. 2] elsewhere Mortality Database
Roberts et 4287 1dayinLCS  Employed or 1950-1984 same as above 104 65.5 19 0.56
al 1989 (29) or 6 months pensioner in Jan (35)
[Thbl. 2] elsewhere 1950 or later
Doll et al 4288 1dayinLCS  Employed or 1950-1984 same as above 103 ¢ 194
1990, ICNCM or 6 months pensioner in Jan (35)
(13) elsewhere or later
[Tbl. 49 & 53]
Roberts et 4287 1dayinLCS  Employed or 1950-1984 same as above 104 65.5 19 0.56
al 1992 (43) or 6 months retired by 1 Jan (35)
[Thl. 48.1 & elsewhere 1950 or later
48.7]

@ Derived from provincial rates (Ontario).

® Two lung cancer deaths occurred in 1946 and 1949, respectively; the eight living lung cancer patients were diagnosed 1961-1973; all deaths and

diagnoses occurred >15 years after first employment.

¢ Two nasal cancer deaths occurred in 1946 and 1948, respectively; the seven living nasal cancer patients were diagnosed 1966—1973; all deaths and

diagnoses occurred >15 years after first employment.
d Cancers occurring >15 years after first employment.

¢ Roberts et al 1984 (28) reported 17 deaths in table 2 with corresponding expected numbers; Roberts et al 1984 (28) reported 18 deaths in table 4 with

no expected values.

In 1976, the PCNR employer (International Nickel
Company or Inco), submitted data (15) to NIOSH to
assist their work with standards for occupational expo-
sure to nickel (44). The data contained updated cancer
mortality for the original cohort through June 1976 and
case series of lung cancer and nasal cancer, with detailed
and revised individual data on length of employment in
seven departments.

NIOSH categorized each worker with respiratory can-
cer according to the department where he had served the
longest (44) — an approach strikingly similar to the first
paper on cancer among Norwegian nickel refiners from
1973 (12). NIOSH noted that one fourth of the nasal can-
cer deaths at PCNR occurred among workers with their
longest service in the electrolysis department, as did 23%
of the deaths from lung cancer. The numbers of expected

deaths were not reported for the relevant subgroups, but
NIOSH stated that “all nickel-refinery workers may have
an increased risk” [(44) p85], another striking similarity
to the first Norwegian cancer report (12).

Port Colborne studies after 1980

In the wake of this alarming NIOSH message, a new
enlarged study was announced (47), eventually to
include >54 000 Inco workers in Ontario, Canada. They
were potentially exposed to nickel in mines, smelters,
and refineries and were required to have, as a minimum,
one single day’s experience at a dusty sinter plant,
alternatively =6 months elsewhere in the company. The
new cohort included nearly 4290 workers from PCNR,
up some 1950 from the original cohort. Still, the new
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Table 3. Lung cancer mortality 1950-1984 among Copper Cliff copper-refinery workers, Canada. All deaths were observed >15 years
after first exposure. [exp=expected; ICNCM=International Committee on Nickel Carcinogenesis in Man; obs=observed; SMR=standardized

mortality ratio]

Data source Number; Minimum  Qualification ~ Follow- Outcome Subgroup Deaths Deaths SMR
article/report type employment period up period source (length of ~ (obs)  (exp) (obs/exp)
[table] of worker (years) employment)
Ontario Department 76; tank-house 5 years 1946-1967, 1950-1967  Company insurance >15 years 3 083 3.6
of Health 1971 (32) workers only active worker  (18) records; Municipal
[Tbl. 14] by 1950 registries; Provincial
mortality files
Doll et al 1990, 3124; tank-house 0.5 years Employed or 1950-1984 Company benefits Any 48  36.6 1.3
ICNCM (13) and furnace, pensioner 1 (35)  records; Canadian National duration
[Tbl. 59] non-sinter Jan 1950 or Mortality Database
later

Doll et al 1990, same as 0.5 years sameas 1950-1984 same as above 5-24years 13 13.8 0.9
ICNCM (13)[Tbl. 59] above above (35)
Doll et al 1990, same as 0.5 years sameas 1950-1984 same as above >25years 24 11.6 2.1
ICNCM (13)[Thl. 59] above above (35)
Roberts et al 1992 (43)  Tank-house and 0.5 years sameas 1950-1984 same as above Any 50 36.3 1.4
[Thl. 48.6] furnace (ever), above (35) duration

non-sinter
Derived from Roberts same as 0.5 years sameas 1950-1984 same as above <25years 24 23.0 1.0
etal 1992 (43) above above (35)
[Thl. 48.6]
Roberts et al 1992 (43) same as 0.5 years sameas 1950-1984 same as above >24years 26 133 2.0
[Tbl. 48.6] above above (35)
Verma et al 1992 Tank-house and 0.5 years sameas 1950-1984 same as above <Syears 11 112 1.0
(34) [Tbl. 1] furnace (ever), above (35)

non-sinter
Verma et al 1992 Tank-house and 0.5 years sameas 1950-1984 same as above >5years 39 253 1.5
(34) [TbL. 1] furnace (ever), above (35)

non-sinter
Verma et al 1992 Lead welders (ever) 0.5 years sameas 1950-1984 same as above < years 1 0.2 5.1
(34) [TbL. 1] above (35)
Verma et al 1992 Lead welders (ever) 0.5 years sameas 1950-1984 same as above >5 years 4 0.4 11.0
(34) [Thl. 1] above (35)
Verma et al 1992 Tank-house 0.5 years same as  1950-1984 same as above <5 years 3 15 2.1
(34) [TbL. 1] cranemen (ever) above (35)
Verma et al 1992 Tank-house 0.5 years sameas 1950-1984 same as above >5 years 3 0.8 3.6
(34) [TbL. 1] cranemen (ever) above (35)

cohort reported substantially fewer respiratory cancer
deaths than the last update of the original cohort (table
2), indicating a marked loss of long-term workers (=5
years) who were known from the earlier studies to have
died from respiratory cancer.

The mortality in the new cohort was addressed a sec-
ond time based on an extended, overlapping observation
period, published in four papers (13, 29, 43, 48), whereof
three — including that of the ICNCM - focused on respi-
ratory cancer. Some study characteristics and overall
results are summarized in table 2. All reports confirmed
the high risks among sinter workers, with a doubled lung
cancer SMR and a nasal cancer mortality some 80 times
the expected rate (13). The 1990 ICNCM was, however,
the only group of authors to recognize some, although
weak, evidence of increased risk of respiratory cancer
ascribed to soluble nickel, most clearly seen for nasal
cancer among workers with electrolysis experience (13).
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A large proportion of the 54 000 Ontario workers had
an unknown vital status by the end of the observation
period. By 1976, 44% of the cohort was lost to follow-
up in this way (28), rising to 57% in the last update
through 1984, although somewhat lower (42%) for the
PCNR fraction of the cohort (48). Deaths identified by
linkage to the Canadian National Mortality Database
only contributed some 30% of all deaths in the last
study, implying that the proportion identified in com-
pany records was substantial. All cohort members “not
known to be dead” at the end of follow-up (24 000 and
31 000 men through 1976 and 1984, respectively) were
assumed to be alive, meaning that unrecognized dead
subjects would falsely inflate the numbers of expected
deaths throughout the observation period.

The size of this potential downward bias was
addressed in the 1984 study (28), and referred to in
the subsequent update (48), by an attempt to trace
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Table 4. Observed nasal cancer deaths and living patients among long-term workers at Port Colborne nickel refinery by original exposure
groups, according to original and revised histories of work experience. [NIOSH=US National Institute of Occupational Safety and Health]

Exposure groups according Deaths Deaths Cases and Cases and Deaths Cases and All reported

to Sutherland 1959 (8) and 1930-1957;  1930-1957;  deaths 1930  deaths 1930- 1930-1965, deaths cases and deaths

Mastromatteo 1967 (9) first version  revised 1959 1959, revised 1959, revised 1967 data 1930-1965, 1930-June 1976,

1959 1959 2011 revised 2011 revised 2011

Furnace group (=5 years) 1 0 3 73 5 73 9a

Other dust (=5 years) 0 0 0 0 0 0 0

Electrolytic (=5 years) 0 0 0 10 0 10 3be

Other non-exposure/ 0 0 0 0 0 0 19

non-dust (=5 years)

Office (=5 years) 0 0 0 0 0 0 0

Mixed (<3 years in furnace & 1 1 1 1e 2 2¢ef 5efo

other dust groups & other work)

Mixed (=3 years in furnace 4 5 7 2 8 8n 17ni

group & other work)

Mixed (=3 years in other dust 1 1 1 1i 1 1i 1i

group & other work)

Total 7 7 12 12 16 19 36

Ever furnace worker 6 6 1 1 15 18 32

Never furnace worker 1 1 1 1 1 1 4

Data source Sutherland Sutherland Sutherland NIOSH 1977  Mastromatteo ~ NIOSH 1977 NIOSH 1977
1959 (8) 1959 (8) 1959 (8) (44) 1967 (9) (44) (44)
[Table 9] [Table 17] [Table 17] [Table XV-3] [Table 4] [Table XV-3] [Table XV-3]

2 Four workers had furnace experience only, and 3 workers had furnace experience combined with <6 months in “non-dust” departments.

b One worker had 14.8 years in electrolysis and no additional experience other than 6 months in “non-dust” departments.

¢ One worker had 36.6 years in electrolysis only; and one had 39.4 years in electrolysis and 1.6 years in “non-dust” departments.

4 0ne worker served 21.8 years as a carpenter.

¢ One worker had 16.8 years in electrolysis, 1.7 years in furnace, and 0.1 years in other dust departments.

fOne worker had 7.3 years in electrolysis, 14 years in “non-dust” departments, and 0.9 years in furnace.

9 0ne worker had 38 years in electrolysis and 0.3 years in furnace; one had 21 years in electrolysis and 0.2 years in furnace; and one had 1.1 years in
furnace and 4.8 years in “nondust” departments.

" Seven workers had >10 years in furnace, and another worker had 7.3 years in furnace and 13.7 years in electrolysis.

i Three workers had longer employments in Electrolysis (25.5, 21.3, and 13.7 years) than in Furnace (4.5, 12, and 7.3 years, respectively).

i One worker had 6.3 years in Electrolysis, 15.8 years in Other dust, and 1.1 years in Furnace.

individually 1000 men out of the 24 000 not found to (32). In a subgroup of 76 copper tank-house workers,
be dead in company records. The results showed that those with >15 years of service showed 3 lung cancer
75 (7.5%) out of the 1000 men were completely lost to deaths against 0.83 expected, suggesting an elevated
follow-up as a result of emigration or unknown reason SMR of 3.6 (95% confidence interval 0.75—11, assum-
despite reinforced efforts. Among the 1000, 9 deaths ing a Poisson distribution of the observed deaths)
were revealed by tracing only, and should, for a better (table 3). The suggested excess was noted by NIOSH
correspondence with the expected numbers, be added in 1977 (44).

to the 58 deaths recognized by linkage to the National More than 3000 men with service from the CCCR
Mortality Database. Thus, groups unavailable for fol- (furnace and electrolysis departments) were later
low-up in company files should have increased their included in the large studies of potentially nickel-
observed number of deaths by 215% (67/58=1.15), as exposed Ontario workers published after 1980 (13).
some more deaths may have occurred among the 75 Within a copper-refinery subgroup with >25 years of
that were never found. work experience, lung cancer mortality was twice that
expected (table 3) (13, 29). Most of the excess, which
was assumed to be work-related, was identified among
workers from the tank-house, notably among lead
A 1971 report from Ontario health authorities addressed welders and crane men, the latter handling electrodes
selected groups of non-sinter workers at CCCR and from travelling cranes above the electrolytic tanks
presented cancer mortality for the period 1950-1967 (29, 34).

Copper Cliff copper refinery studies
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Discussion

Given similar routines and performance of the work,
the process descriptions from the PCNR electroly-
sis department support the assumption made by the
ICNCM that exposure to water-soluble nickel was
lower in the PCNR compared to the Norwegian nickel
electrolysis department. The potential for exposure to
soluble nickel at the CCCR, and its possible contri-
bution to the observed work-related increase in lung
cancer, have not, to our knowledge, been addressed in
any earlier paper. We found no data on cancer mortal-
ity after 1984 for any of the two refineries, although
production continued until 1984 and 2005 at PCNR and
CCCR, respectively.

For the PCNR cancer studies after 1980, a substan-
tial loss of long-term workers and respiratory cancer
deaths was detected, apparently caused by changes in
inclusion criteria that were poorly described. The new
PCNR cohort formed part of an extended cohort of
nickel exposed workers, of whom 57% had unknown
vital status at the end of the most recent mortality fol-
low-up. Mortality estimates were strongly dependent on
company data. The numbers of deaths identified merely
by linkage to national registries should have been 15%
higher than reported. Only the ICNCM study presented
cross-tables that were appropriate for identification of
risk associated with exposure to water-soluble nickel
compounds.

Changes in cohort definitions

Around 1980, the exclusion of long-term workers in
the PCNR cohort must have led to a critical loss of
information as well as a reduction of statistical power.
The transition has been inadequately and inconsistently
reported in articles after 1980.

The first post-1980 study from 1984, which was
reviewed and cited by the US Environmental Protection
Agency (EPA) two years later [(45) p8—25], stated that
the new large cohort included workers who were “alive
on or after January 1, 1950” [(28) p25]. If correct, we
would expect to find all but four of the 111 respiratory
cancer deaths among long-term workers (=5 years)
recorded by NIOSH in 1977 (44), omitting only two
nasal cancer deaths and two lung cancer deaths because
they occurred before 1950 (table 2). By contrast, only 79
respiratory cancer deaths were reported, down 28 (26%)
from the 107 relevant ones listed by NIOSH.

A similar drop was seen in the expected numbers
of deaths. Consequently, the decline was not merely
a result of unsuccessful record-linkage or erroneous
diagnoses but rather a real loss, or exclusion, of long-
term workers who had a higher age than the new cohort
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Table 5. Nasal cancer cases (N=5) and deaths (N=17) among
Port Colborne nickel-refinery workers active 2 by 1950 or later,
with some experience in leaching, calcining, and sintering (LCS)
departments, according to length of employment in LCS depart-
ments and in electrolysis (44).

Length of Length of employment in LCS departments (in years) ©
employment
in electrolysis  0.003°— 2-49 5-9 10-14 15-19 >20 Any
1.9 length
0-1.9 years 1 0 2 2 3 6 14
2-4.9 years 0 0 0 0 1 1 2
5-9 years 0 0 0 0 1 0 1
10-14 years 0 0 1 0 0 0 1
15-19 years 0 0 0 0 0 0 0
>20 years 2 1 0 1 0 0 4
Any length 3 1 3 3 5 7 22

a“Active” workers judged by year of first employment and total number
of years employed.

LGS employment computed as the sum of years in “calciner”, “sinter”
and “other dust” departments, the latter including leaching activities,
as reported by US National Institute of Occupational Safety and Health
(NIOSH) [(44), Table XV-3].

¢ Workers with as little as 1 day employment in the LCS departments
qualified for inclusion in the cohort established in the late 1970s (28).

members that replaced them (table 2). Both the early
studies and the post-1980 studies relied on similar
sources of mortality outcome, namely a combination of
company files and population mortality registries (local,
provincial, or national), and they seem, in this respect,
largely comparable.

By the second update of the post-1980 PCNR cohort,
the number of cohort members remained the same,
although somewhat more narrow inclusion criteria were
reported, as the subjects were claimed to have “worked
(or been a pensioner) between January 1950 and Decem-
ber 31, 1976 [(48) p961; (13) p19]. Another even more
constricted criterion was suggested by the ICNCM,
leaving out the option of being a pensioner [(13) pl1,
footnote to table 1]. Still, the inconsistencies seem to
remain in the number of deaths, as NIOSH, in 1977
(44), listed 22 nasal cancer deaths among workers who
were actively working, long-term employees by 1950
or later — judged individually by year of first employ-
ment and the total number of years employed — against
the overall 17 or 18 nasal cancer deaths recorded in the
first post-1980 paper with a slightly longer follow-up
(table 2) (28).

Data from the Workmen’s Compensation Board of
Ontario (WCBO) reported 36 cases and deaths of nasal
cancer (combined) between 1947 and 1979 from PCNR
(49). Interestingly, the eight extra observation years
(1977-1984) for the second update of the extended
PCNR cohort produced only one additional nasal cancer
death (table 2) (13, 29). This is somewhat surprising
given that the old cohort of long-term workers during the



preceding three 8-year periods (1953—-1960, 1961-1968,
and 1969-1976) produced 12, 7, and 15 cases or deaths
from nasal cancer, respectively [(44) p277, table XV-3].
Experience from Welsh refiners indicated that the risk
of nasal cancer lasted 15-42 years “after the carcinogen
was eliminated” (10). At PCNR, the sintering activity
was associated with the highest risks and was termi-
nated in 1958 (28), allowing only 26 years of follow-up
(through 1984) after elimination of the exposure (13,
29). The WCBO data for PCNR reported an average of
33.5 years from first exposure to nasal cancer diagnosis,
ranging from 1547 years (49).

Unless a reasonable explanation is provided, this loss
of long-term workers and respiratory cancer deaths and
the limited follow-up seriously question the reliability of
the data reported from the PCNR after 1980. Evidence
from Norwegian electrolysis workers point to the high-
est lung cancer risks among workers with >15 years’
experience (24), and the loss of statistical power may
very well have affected the risk assessment for groups
with more moderate exposures. An additional selection
bias could, of course, be detrimental. We found neither
an explanation for the loss of data nor any review to dis-
cuss the problem [searching in the US EPA 1986 health
assessment document (45), the IARC 1990 mongraph
(1), the Toxicology Excellence for Risk Assessment
(TERA) toxicological review of soluble nickel salts pre-
pared in 1999 (30), and the review sponsored by nickel
producers in 2009 (19)].

Lack of focus on soluble nickel

A moderate risk associated with electrolysis work need
not emerge in a study with focus on the effect of heavy
exposures to nickel subsulphide among sinter workers,
as was the case — according to the authors — in the PCNR
studies after 1980 [(28) p24; (29) p977]. Their approach
contrasts the original challenge in the statement from
NIOSH that all refiners might be at risk (44). The cancer
mortality was largely displayed in tables with a single
explanatory variable, most often duration of sinter work,
an approach that easily may have masked an effect from
electrolysis exposure.

The 1984 report claimed that the risk of nasal cancer
increased after very short exposure in leaching, calcin-
ing, and sintering (LCS) activity (28). We used the 1977
NIOSH case series of nasal cancers from approximately
the same observation period (44) to distribute the work-
ers with some LCS experience according to time spent in
the electrolysis and LCS departments. For this purpose
“length of employment in LCS” was computed as the
sum of years in calcining, sintering, and “other dust”
departments, the latter including leaching activities
(8). Our results in table 5 illustrate the acknowledged
strong effect from exposure in the LCS departments,
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but the data also indicate a separate effect among long-
term electrolysis workers, left unnoticed throughout the
1980s by the authors and by the US EPA (28, 29, 45).

In the 1992 article, a table with 19 nasal cancer
deaths was published, still with LCS experience as
the only explanatory variable [(43) p641, table 48.8],
although the ICNCM, two years earlier and from the
same data, showed that 13 out of the 19 men, indeed,
had experience in electrolysis work, 7 of them for 215
years [(13) p56, table 55].

For the CCCR, the risk of lung cancer among long-
term workers in the tank-house increased with duration
of employment and was thus assumed to be work-
related. The presence or concentration of soluble nickel
in the electrolyte (20 g/L) was not communicated, and
its possible contribution to the cancer excess was not
discussed, neither in the epidemiological articles (13, 29,
43) nor in the industrial hygiene report (34). The latter
focused on PAH exposure.

Loss to follow-up

The mortality studies after 1980 reported a high number
of men with unknown vital status by the end of follow-
up, and the number increased from the first to the second
update. The failure to recognize deaths, and the inflated
number of expected deaths, would be at their maximum
in the second, extended, and most recent update, biasing
the observed-to-expected SMR downwards for impor-
tant evaluations, such as the 1990 report of the ICNCM
(13) and the IARC evaluation from the same year (1).

For the whole 54 000-worker cohort, a substantial
proportion (70%) of deaths was found in company
records, and — given that the company data were com-
plete and correct — an overall 5% underestimation in
the SMR was suggested in 1976 (28). Loss to follow-up
was less pronounced for the PCNR part of the cohort,
as 42% had unknown vital status, and 80% of deaths
were recorded in company records (48). On the other
hand, a higher age of PCNR workers was suggested in
the data (48), which may increase the risk of a down-
ward bias. The bias may also be stronger for short-term
workers, for whom the recognition of a death would be
more dependent on a successful linkage to the National
Mortality Database. An underestimation of the risk
would easily be tolerated for a group with a large cancer
excess, while the bias may be disturbing for moderately
exposed workers.

The limitations associated with incomplete follow-
up, could possibly have been helped, at least in later
years, with other approaches in design, such as pro-
portionate mortality analyses, regression analyses per-
formed within the cohort, or nested case—control studies
with an improved tracing of randomly drawn controls.
No such analyses were found.

Scand J Work Environ Health 2012, vol 38, no6 911
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Awareness of old data

In the early PCNR reports from 1959 and 1967, no nasal
cancer death was reported among long-term electrolysis
workers (8, 9). The most recent update of this original
cohort — the one submitted by the employer and pre-
sented by NIOSH in the 1977 nickel criteria document
(15, 44) — did, however, include one death from nasal
cancer in 1946 of a worker earlier assigned with “mixed
exposure”, but, by 1976-1977, described as having
experienced 15 years in the electrolysis and 0.5 years in
no-dust departments (table 6, case 11). This worker may
represent the earliest sign of a nasal cancer risk among
nickel-exposed Canadian electrolysis workers.

Furthermore, the 1976 report from the employer
stated in larger detail: “A review of the sinus cancer
cases at PCNR reveals nine cases with electrolytic
exposure that do not meet this arbitrary minimum con-
dition [of 21 year work experience, authors’ comment]
for attribution to sintering or calcining. Three of these
cases had no apparent exposure to any furnace operation
or other dusty job.” [(15) p32].

In table 6, we list 7 deaths and one case of nasal cancer
taken from the NIOSH 1977 criteria document, all men
with no experience in LCS departments (44). The ICNCM,
on the other hand — based on the incomplete post-1980
cohort — reported no such death in the same exposure group
between 1950 and 1984 [(13) p52, table 49]. Referring
to the US EPA 1986 health assessment document (45),
the ICNCM wrote that “previous analyses have indicated
an absence of lung and nasal cancer risk among the Port
Colborne electrolysis workers, in contrast to the evidence
of risk related with soluble nickel at Kristiansand” [(13)
p55]. The 1976 report from the employer, and the case
series presented by NIOSH in 1977 based on the same data,

demonstrated that evidence of a nasal cancer risk among
PCNR electrolysis workers did, in fact, exist (15, 44).

It may also be of interest to recall the notice by
NIOSH that 25% of the nasal cancer deaths at PCNR
occurred among long-term electrolysis workers and
that a similar distribution existed for lung cancer deaths
(23% among long-term electrolysis workers) (44). Both
diseases were in excess in the overall PCNR cohort, and
the similarity of the distribution would fit with a risk of
both types of cancer in the electrolysis.

The nasal cancer evidence from NIOSH in 1977
(table 6) also undermines the statement from 2008 in the
Nickel Institute’s Safe Use of Nickel in the Workplace
guide: “While nasal cancers were seen in a few of the
Canadian electrolysis workers, these particular workers
had also worked in sintering departments where expo-
sures to sulfidic and oxidic nickel were very high (>10
mg Ni/m?)” [(18) p41]. A similar statement of “no nasal
cancers” observed among PCNR electrolysis workers
with no experience from LCS was provided in a review
sponsored by nickel producers in 2009 [(19) p376].

At CCCR, crane men and lead welders in the tank-
house were found to have a risk of lung cancer that
increased with length of employment (table 3) (34).
The crane men worked with hoisting and submersion
of racks of electrodes from a position above tanks that
held warm (60 °C) electrolyte with 20 g soluble nickel
per liter. The welders worked with materials contami-
nated with soluble nickel salts, on tank linings, and with
piping for transport of electrolyte. The first suspicion
of a hazard in the copper tank-house appeared in 1971
(32), reinforced by a report by union members in the
early 1980s (cited in 34). Still, around 1990, the lung
cancer excess among long-term tank-house workers
was termed “unexpected” and “unanticipated”, a result

Table 6. Employment histories of Port Colborne nickel-refinery workers with nasal cancer and no exposure in the leaching, calcining, and

sintering (LCS) departments [(44) table XV-3].

Case number, Firstyear of Year of Year of Total Length of employment in departments (years) Dept. of
f1rg7m7 IEIJ'%SH employment death  diagnosis em([))llé)g/rr:)ent Furnace Electrolysis (()jther Not LGS * el)(()pnog:us;[e
ust dusty
Cupola Calciner Sinter Anode
21 1930 1975 41.0 0.0 00 00 0.0 394 00 16 0 Electrolysis
22 1931 1969 36.6 0.0 0.0 00 0.0 36.6 00 00 0 Electrolysis
2 1922 1962 41.9 2150 0.0 00 0.0 20.4 0.0 00 0 Cupola
11 1928 1946 15.3 0.0 00 00 0.0 14.8 00 05 0  Electrolysis
5 1923 1963 22.2 0.9 00 00 0.0 7.3 0.0 14.0 0  Not dusty
29 1936 1973 6.9 0.0 00 00 1.1 1.0 0.0 438 0 Not dusty
10 1926 1973 37.2 0.0 00 00 372 0.0 0.0 00 0 Anode
33 1942 1972 28.1¢ 0.0 00 00 0.0 0.0 0.0 218 0  Not dusty

2 LCS, calculated as the sum of years in “calciner”, “sinter”, and “other dust” departments, the latter inclusive of leaching activities (8).

b This worker was employed at the Inco facility in Bayonne, NJ (USA).

¢ This workers was a carpenter. In the original report from the employer (15), he was recorded with 21.8 years in “not dusty” departments only, and
the total length of employment of “28.1” years shown in the present table, was taken from the US National Institute of Occupational Safety and Health
(NIOSH) criteria document [(44), table XV-3], possibly representing a misprint.
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of “exploratory data analysis” or “routine review” [(29)
p991; (34) p317] — statements suggesting a bias or
neglect of old data in the interpretation of the results.

The lung cancer excess among CCCR workers
appears to be lower than that reported from the Norwe-
gian Kristiansand copper electrolysis, with some dou-
bling of the risk (table 3) compared to a six-fold increase
(24) among long-term employees at the two refineries,
respectively. Such a difference is in line with an overall
lower exposure to soluble nickel compounds at CCCR,
as suggested by the process description reported above.
No nasal cancer death was observed at the CCCR, which
could be explained by a low statistical power (<0.5 nasal
cancer deaths expected), or even by misclassification of
this rare disease. The latter is a recognized problem in
the nickel and cancer literature (28, 50).

Analytic strategies

Except for the reports from NIOSH and the ICNCM, risk
identification in the two Canadian electrolytic refineries
have been performed by defining exposures according to
work in a single department or a group of departments.
Problems with such classification methods are illustrated
in table 4, and today, they could be better handled with
multiple regression models. During the last two decades,
the use of exposure intensity combined with duration
of exposure for the calculation of cumulative exposures
has become quite common in occupational epidemiol-
ogy. It has provided interesting results in the assessment
of exposure-related risks among the Welsh (20) and
the Norwegian nickel workers (21, 23-25). A similar
approach for the Canadian electrolytic refineries might
have improved the scientific outcome materially and
should have been properly tested — although the under-
lying flaws caused by loss of many long-term workers
with respiratory cancer and the high percentage lost to
follow-up may also threaten the validity of such analyses
unless special measures are taken.

In retrospect, a better description of the historical
epidemiological data could have been provided more
than 20 years ago, and it might have reinforced the
conclusion of 1990 by the ICNCM and the IARC work-
ing group in recognizing the carcinogenic properties of
soluble nickel compounds.

Concluding remarks

Most cancer reports that include the two groups of
Ontario electrolysis workers have not adequately
explored the effects from soluble nickel exposure. The
report from the ICNCM did point to a possible excess in
the PCNR electrolysis workforce, and the 1977 NIOSH
case series contained strong evidence of a nasal cancer
risk among electrolysis workers, evidence that has
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remained unnoticed in later reviews. We must conclude
that the alleged absence of an excess of respiratory
cancer has resulted from an arbitrary overemphasis of
biased and inconclusive findings.

Comparison of old (pre-1980) and new reports from
PCNR revealed a serious loss of statistical power and a
possible selection bias resulting from exclusion of long-
term workers, many of whom were known from earlier
reports to have died from respiratory cancer within the
follow-up period of the most recent studies. Addition-
ally, the problem with a high proportion of workers with
unknown vital status and unrecognized deaths increased
over time, resulting in a downward bias at its maximum in
the data used by the ICNCM and the IARC working group
in 1990. The irregularities in the design and conduct in
many of the studies and the restricted length of follow-up
have the potential to affect more severely groups of work-
ers with low-to-moderate exposure, as well as short-term
employees with no deaths registered in company files.

For CCCR electrolysis workers, exposure to soluble
nickel from the electrolyte has been largely disregarded
in the epidemiological studies and in the industrial
hygiene report, despite its potential to explain, fully or
in part, the work-related lung cancer excess seen among
long-term employees. The last published follow-up of
cancer mortality was terminated 20 years before the
plant was abandoned.
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