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Table 2 Observed (O) and expected (E) deaths and SMRS for respiratory cancer by cumulative airborne arsenic and date of hire, Tacoma copper

smelter

Cumulative Mean Total cohort Hired <1940 Hired > 1940

exposure exposure Person-

(ugim' y) (total cohort) years o] E SMR o E SMR o E SMR
<750 405 20 445 22 14-29 1540 2 3-08 65-0 20 11-21 178-4*
750- 1305 19111 30 17-10 175-5%% 5 733 682 25 977 256-0%*
2000- 2925 15 804 36 17-17 209-7** 22 893 246:2** 14 8:23 1701
4000- 5708 13 747 36 17-:00 211-7** 15 10-01 149-9 21 7-00 300-2**
8000 12334 10 934 39 1548 252:0** 28 10-98 255-1** 11 4-50 244-4*
20 000- 28 336 4114 20 7-04 284-0** 14 556 251-7** 6 1-48 405-5**
45 000- 58 957 761 5 158 315-7* 5 1-48 338-7* 0 0-11 —

*P < 0-05; **P < 0-01.

Table 2 shows the relation between cumula-
tive exposure to arsenic in air expressed as
pg/m’ly and cancer of the respiratory system
for the entire cohort, for the cohort hired
before 1940, and for the cohort hired in 1940
or later. The reason for this stratification is
that for the cohort hired before 1940 only the
person-years accumulated from 1941 were
followed up for deaths, whereas for the cohort
hired in 1940 and later all the person-years, to
the end of the follow up period, were assessed.
The stratification to some extent also sepa-
rated workers before 1940 with relatively high
exposure and with poor respiratory protection
from workers with lower exposure, but with
better exposure data and perhaps better respi-
ratory protection.

Table 2 shows the data that are plotted
with dose on a log scale in fig 1. For the entire
cohort the SMRs are almost a straight line.
When the cohort was separated into those
hired before 1940, and 1940 or later the plots
are more irregular, but trends are roughly
similar to that for the entire cohort. Some of
the differences are probably related to the
smaller numbers upon which the divided
cohort is based and it does not seem that the
combination of the two cohorts is inappropri-
ate for determination of the shape of the dose-

response relation between arsenic and
respiratory cancer.
When absolute rather than relative

increments in mortality are calculated the
plots for the entire cohort are similar to those
in fig 1. If, for the entire cohort, dose is plotted
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Figure 1 The SMRs for respiratory cancer for cumulative

airborne arsenic and date of hire. Copper smelter workers
from Tacoma 1941-86. Data are plotted at the means of
exposure intervals.

on an arithmetic scale rather than on a
logarithmic scale the dose-response curve is
concave downward—like the relation previ-
ously reported for the years 1941-76.* For the
entire cohort, the linear correlation between
log dose and SMRs in fig 1 is highly signifi-
cant (P <0-001). The fitted regression equa-
tion between dose and SMRs is a power
function:

SMR = 100 + 10-5 (cumulative exposure) 7%

Compared with the regression equation
reported for the years 1941-76 this new
equation, which includes 10 years additional
follow up, has slightly more curvature than
the old equation and strengthens the evidence
for relatively large increments in respiratory
cancer at low exposures. Figure 2 compares
the dose-response curve for the period
1941-86 with the curve previously reported
for the period 1941-76. Note that the hori-
zontal scale is arithmetic. The power function
for follow up to 1986 is an almost perfect
fit.

Table 3 shows the relation of the other
cancer sites already discussed with cumulative
exposure to arsenic in air. Here cancer of the
large intestine has been combined with colon
cancer as these are sometimes confused
diagnostically and, moreover, the aetiology of
these cancers is likely to be the same. There
does not seem to be any relation between
cumulative exposure to arsenic in air and
either colorectal or buccal cancer. There is a
weak relation for kidney and bone cancers.
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Figure 2 The SMRs for respiratory cancer for cumulative
airborne arsenic. Copper smelter workers from Tacoma
1941-76 and 1941-86. Data are plotted at the means of
exposure intervals. Fitted lines are from corresponding
power functions.
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Table 3 Observed (O) and expected (E) deaths and SMRS for selected cancers by l p 20 airb arsenic, Tacoma copper smelter
Cumulative Buccal Colorectal Kidney Bone

) o E SMR O E SMR  © E SMR O E SMR
<750 2 1-07 1867 5 423 118:2 0 1-03 — 0 017 —

750- 2 1-29 154-8 9 530 169-8 2 1-23 162-5 0 0-19 —
2000- 5 1-37 3662 12 6-02 1993 1 1-38 78:2 0 021 —
4000— 3 1-36 2203 13 6-34 2050 3 1-29 232:2 1 0-21 470-0
8000— 0 1-30 — 10 6-32 158-2 2 1-21 165-6 4 020 1969-8**
20 000— 0 0-60 — 3 3-07 977 3 056 538-0* [ 0-09 —

45 000— 0 0-13 — 1 0-70 137-0 0 013 — 0 0-02 —

*P <005 **P <001

RESULTS FOR OTHER CAUSES OF DEATH

Data on non-malignant diseases (table 1)
were calculated for the period 1960-86. As
already noted, expected deaths are based on
the mortality in the state of Washington for
the years 1960-86. There were a total of 1234
deaths for all causes during these years and
the SMR was 1188 (P <0:01). When
selected causes were examined there were sig-
nificant excesses for ischemic heart disease
(P < 0-01) and for non-malignant respiratory
disease, excluding bronchitis, emphysema,
and asthma (P < 0-05). There were 428
deaths from ischemic heart disease and the
SMR was 115-0. This was weakly related to
cumulative exposure to arsenic. For the expo-
sure categories shown on table 2, the SMRs
and number of deaths were: 107-6 (55), 103-2
(67), 106-6 (74), 121-6 (87), 127-5 (91; P <
0-05), 131-7 (46), and 89-5 (8). For non-
malignant respiratory disease there were 41
deaths and a slight negative relation, with the
less exposed workers having the highest SMR.

COMPARISONS WITH OTHER STUDIES

An association between exposure to arsenic in
air and respiratory or lung cancer has been
reported for several other occupationally
exposed populations.®'* Evidence for the kind
of dose-response relation reported here for
respiratory cancer has recently been sum-
marised and commented upon by Hertz-
Picciotto and Smith with data from one of our
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Figure 3 The SMRs for respiratory cancer (A
and Tacoma) and lung cancer (Ronnskar) for cumulative
airborne arsenic. To facilitate presentation the upper three

posure categories for have been bined.
Tacoma plots are as for fig 1. Anaconda and Ronnskar
are plotted at the midpoint of exposure intervals except for
upper intervals 30 000 and 57 000, which were used based
in part on the exposure distributions in the data from
Tacoma.

)

earlier reports.>'® There are data from two
copper smelters that seem to be comparable
with our study. Figure 3 shows the dose-
response relation reported for a United States
copper smelter at Anaconda, MT and for a
copper smelter at Ronnskar, Sweden along
with data from our study.'* '* As in fig 1, the
horizontal scale is logarithmic. Only data
reported by one of the investigators of the
Anaconda smelter are shown." Other data for
the Anaconda smelter have been reported by
Lee-Feldstein but the shape of the dose-
response curves is similar to that in fig 2.
There are also exposure data for the
Anaconda smelter that have been adjusted
downward, and thus higher SMRs for each
exposure category can be calculated.!* This
raises the dose-response curve, particularly at
higher doses where it is nearly midway
between the Tacoma and the Ronnskar data.

The dose-response curves for the two cop-
per smelters located in the United States are
similar. For the Swedish smelter the response
in terms of lung cancer is higher at each level of
exposure than for the United States smelters.
The authors of the report on the Swedish
smelter thought that some of the excess in
lung cancer might be due to an excess in
smoking when compared with the general
population. A more recent report shows that
smoking probably was not a factor in the high
death rate from lung cancer.'”

Discussion

Studies of cancer related to arsenic in drink-
ing water indicate increases in cancer of the
lung, bladder, kidney, skin, liver, and colon.'®"*
Gibb and Chen have compared studies of
sites with excessive cancer between arsenic
inhalation (like our study) and arsenic inges-
tion, and have concluded that there is some
agreement.”’ Our study lends some support
for a relation between exposure to arsenic in
air and kidney cancer but little support for the
other cancers except lung cancer.

One important difference between studies
of occupationally and environmentally
exposed cohorts is that for most of the envi-
ronmentally exposed cohorts exposure starts
at birth, whereas for the occupationally
exposed cohorts exposure of interest starts
much later in life. In our study the mean age
at first exposure was about 30 years. If the
latent period for some cancers caused by
ingestion is very long these might be missed
in a study of occupationally exposed
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populations. We looked for skin cancers in the
smelter population of Tacoma and found no
excess.”! These are rarely fatal and could only
be found at work, not very long after the onset
of exposure. Skin cancer related to arsenic in
drinking water does not usually appear until
after the age of 30 and the incidence rises
rapidly with age.?? Thus, the latent period for
skin cancer and perhaps other cancers related
to ingested arsenic could be very long, so per-
haps this is the reason these were not seen in
the smelter worker population of Tacoma. It
may also be that, as noted by Bates ez al, in
comparison with populations exposed to
arsenic in drinking water the exposure of our
population, and perhaps other populations
exposed to arsenic in air is relatively low."®

One cancer with an apparently short latent
period in this study is respiratory cancer. As
table 1 shows, a significant excess (SMR =
203-3) occurred in <20 years. The SMR
remained around 200 in successive 10 year
periods and was 1519 >50 years since first
exposure. We are not aware of published
studies of other workers from copper smelters
that report increments in respiratory or lung
cancer by time from first exposure. Ott ez al
reported no deaths from respiratory cancer in a
population occupationally exposed to insecti-
cides containing arsenic <15 years from first
exposure (0-4 expected), but did report
excesses for the subsequent time since first
exposure categories.!! In a study by us (PE,
GM) of workers at a copper smelter at Salt
Lake City, UT where there was exposure to
arsenic the SMR for respiratory cancer <20
years since first exposure was 170-0 (11
deaths) and >20 years 107-8 (39 deaths).'??*
Perhaps a short latent period is somehow
related to the way exposure occurs in the lung
as inhaled arsenic seems to be retained in the
lung for long periods.?* On the other hand,
perhaps the lung has a particular susceptibil-
ity. One curious finding in studies of arsenic
in drinking water is a dose related excess in
mortality from lung cancer—an excess sur-
passed only by an excess in urinary cancer.'
We are not aware of any other ingested sub-
stance that may cause lung cancer.

The dose-response relation between air-
borne arsenic and respiratory cancer found in
this study is unusual. As noted in our earlier
report, this could be because air measure-
ments are not good measures of biological
dose.? The relation is not likely to be due to
confounding, but this needs further study.
Smoking can be an important confounder in
respiratory cancer and data on the histories of
the study population for smoking are being
collected. These will be modelled along with
other covariates in a future publication.

The excess we found in bone cancer has
not, to our knowledge, been reported in other
studies. As arsenic is stored in the bone, how-
ever, this may be an important finding.? 2 Of
the five deaths coded by our nosologist to
bone cancer, two were mandible, one hip, one
spine, and one ribs. For the spine and ribs

Downloaded from oem.bmj.com on February 15, 2012 - Published by group.bmj.com

Enterline, Day, Marsh

information on the death certificate indicated
that these may not have been the primary
sites. If we had recoded these, however, it
would have invalidated our comparison with
the external control population.

This research was supported in part by the US Envu-onmental
P; Agency. (. No CR811173.)
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