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Silica dust exposure and lung cancer
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OsjiecTiVE — The study evaluated the possibility of a direct association between silica dust exposure
and lung cancer.

MEeTHODS — Mortality and morbidity among 1026 granite workers was followed in 1940—1989. Re-
gional census data for 1970—1985 and lung cancer incidence data were also linked. The cytotoxicity
of different granite fractions and their capacity to induce reactive oxygen species (ROS) in human
leukocytes was studied in vitro.

REsuLTs — Excess lung cancer mortality was found during several follow-up periods. The rate ratios
were 1.6—3.8 for different latency periods. Lung cancer risk increased with the length of exposure
and latency. Lung cancer morbidity in 1953—1987 showed an excess for the red and grey granite
areas, the rate ratio being 2.5 for >20-year latency. Only one lung cancer case came from the black
granite area. The cancer cases from the grey area had a shorter latency than those from the red area.
The mineral composition differed for each area. The strongest ROS-inducing activity of grey and red
granite was seen 1n the quartz-containing fractions. In the cytotoxicity tests the quartz-containing frac-
tions of the grey and red granite also caused the strongest lactic dehydrogenase (LDH) release. How-
ever, plagioclase, the main constituent of black granite (60%), had approximately the same ability to
induce ROS as the quartz-containing fractions of red and grey granite.

ConcLusions — The cancer morbidity and mortality figures of the three different granite areas, com-
bined with the found differences in biological activity of granite dusts and a hypothesis that there is a
cancer-inducing mechanism for ROS, point to a direct role for quartz in cancer induction.

KEY TERMS — cytotoxicity, lung cancer, morbidity, mortality, quartz, reactive oxygen species, silica.

The International Agency for Research on Cancer
(IARC) concluded in June 1986 that there was suf-
ficient evidence of carcinogenicity for crystalline
silica in experimental animals, but the evidence was
insufficient to show carcinogenicity in humans (1).
In March 1987, IARC collected new epidemiologic
information on carcinogenic risk from exposure to
silica (2). There were still serious difficulties to in-
terpret epidemiologic results based on different study
populations varying in, for example, study design,
cohort definition, period of exposure, follow-up,
quality of data on exposure history, and so forth. (3).
Neither of the following hypotheses could be veri-
fied exclusively: (i) exposure to silica is a direct
cause of both silicosis and lung cancer and (ii) ex-
posure to silica is an indirect cause of increased lung
cancer risk through the development of silicosis,
which would have a promoting effect on the carci-
nogenic process (2).

The pathogenesis of chronic lung disease induced
by granite dust (including lung cancer) is dependent
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on the alveolar deposition of the dust. The role of
silica-induced cytotoxicity, macrophage destruction,
and the subsequent proliferative collagenous fibro-
sis for the possible development of lung cancer is not
clear (4, 5). The host responses including immuno-
logic factors related to long-term exposure to min-
eral dusts and the possible role of reactive oxygen
species produced by inflammatory cells exposed to
mineral particles have been suggested to play a role
in carcinogenesis (1, 6, 7).

The aim of the present study was to evaluate the
possibility of a direct association between silica dust
exposure and lung cancer.

The study included the cancer mortality and mor-
bidity of a cohort of 1026 granite workers from 1940
to 1989. In addition regional census data in 1970—
1985 and lung cancer incidence data were linked.
Second, in vitro biological cell tests were performed
with mineral fractions of different granites.

Epidemiologic studies on mortality and
morbidity

Study populations

The epidemiologic part of the study comprised the
following two different study populations: (i) a co-
hort of 1026 Finnish granite workers employed in
quarries and processing yards in three main granite
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areas of Finland and (ii) census-based target popu-
lations from the same three regions. The study was
carried out stepwise according to the study designs
presented in figure 1.

Exposure

Dust exposure was measured in the Finnish granite
industry in 1970—1972 (8). The geometric mean of
the total dust concentration ranged from 1.7 to
39.8 mg- m* and that of quartz dust from 1.0 to
1.5 mg - m®. The highest concentrations were found
in drilling, being about ten times the hygienic stand-
ard for quartz.

Complete occupational histories of the cohort
members were obtained from the questionnaire car-
ried out in 1986. Using dust measurements and life-
long exposure histories, an industrial hygienist esti-
mated both the amount of total dust and quartz dust
blindly for the cases and referents.

Confounding occupational exposure during a life-
time, as well as smoking, was checked through the
questionnaire data and controlled in the data analy-
sis.

1 026 granite workers
hired in 1940-1971

A nested case-referent
study on lung cancer

{

A reanalysis of the
mortality by regions,
1940~1985

A regional case-referent
study on lung cancer

l

A regional case-case
analysis

Cohort mortality, Focids
1940-1985

N Mortality by regions,
1940-1989

Lung cancer morbidity
by regions, 1953-1987

Regional target
populations

cancer mortality,
1962-1985

and cancer morbidity,
1970-1285

Figure 1. A flowchart of the study.
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Cohort study on lung cancer mortality in 1940—
1985

Material and methods. The cohort consisted of the
workers who had started granite work between 1940
and 1971 and had worked for at least three months.
The data on the subjects and their exposure histo-
ries were collected from the employers’ personnel
records and from the questionnaire carried out in
1986. The data on diagnosed diseases were obtained
from the questionnaire and from medical records.
The causes of death were ascertained from the death
certificates.

The mortality of the cohort had been followed ear-
lier in 1972 (9), 1975 (10), 1981 (11, 12), and 1985
(13). The present study was based on the results of
a mortality study carried out in 1985 (13). The main
results on cancer mortality in 1940—1985 can be
briefly summarized as follows.

The expected numbers were based on the nation-
al figures for men in the median year of the deaths
in the cohort (1975) (14). The age-specific observed
numbers of deaths and the expected numbers of
deaths according to national figures were computed
for the different causes of death. The use of the me-
dian year was based on separate calculations for the
median year of deaths and mortality rates specific for
five-year calendar periods (15, 16). The difference
between these calculations was negligible. The lung
cancer mortality rates were also ascertained for this
cohort of granite workers by computing the expect-
ed numbers first in parallel using the mortality rates
specific for five-year calendar periods and the me-
dian year rates (12). The difference between the ex-
pected numbers based on the median-year calcula-
tion and the rates specific for calendar period ranged
from 0.0 to 0.8. The observed numbers were tested
by means of the Poisson distribution model with the
expected numbers (17).

Results. By the end of 1985, 296 of the 1026 gran-
ite workers had died (table 1). The observed number
of tumors was 59, and the expected number was 54.4.
Of these, 31 were lung cancers [expected 19.9, stand-
ardized mortality ratio (SMR) 156, 95% CI 106—
221]. Mortality from lung cancer was excessive for
the workers followed for at least 15 years (observed
28, expected 12.7, SMR 220, 95% CI 147—319). Of
the 40 deaths due to respiratory diseases, 13 were due
to silicosis. Only three decedents had had both sili-
cosis and lung cancer mentioned on the death cer-
tificate.

Nested case-referent study on lung cancer

Material and methods. All of the 31 lung cancer
cases observed in the cohort as a primary cause of
death were included in a nested case-referent study.
Two referents (one living and one dead; the date of
death had to be later than that of the case) without



cancer were selected for each case. Both of the ref-
erents had to be of the same age (+2 years) and to
have entered granite work at the same time (14 years)
as the case. The quality of information on lifetime
exposure had to be similar for the case and referent.
Lifelong (cumulative) quartz dust exposure (the sum
of the length of exposure in each job title multiplied
by the job-specific quartz dust concentrations dur-
ing the corresponding calendar periods) was com-
pared between the cases and referents.

Results. The 31 lung cancer cases were not more
heavily exposed than their 62 matched pairs. The
mean of the lifelong concentration of quartz dust was
14.4 mg - m* for the cases and 18.9 mg - m* for the
referents. In the pair comparison only nine cases had
a clearly higher exposure category than the individ-
ual referents. The mean length of exposure time was
19 years for the cases and 22 years for the referents.
However, the cases and referents were distributed
asymmetrically according to employer. Of the cases
48% came from workplaces from the Vehmaa region
and 52% from the Kuru region, and none from the
Viitasaari region. Of the referents 55% came from
workplaces in the Vehmaa region, 40% from Kuru,
and 5% from Viitasaari.

Analysis of cohort mortality by regions

Material and methods. Because of the asymmetry in
the regional distribution of lung cancer cases and ref-
erents, the whole cohort was reanalyzed by regions
so that the potential differences in regional lung can-
cer mortality could be determined. The statistical
methods were the same as those used in the analy-
sis of the whole cohort. (See the section Cohort Study
on Lung Cancer in 1940—1985).

Results. The risk for lung cancer was 1.3-fold
(SMR 126, 95% CI 71—208) for the workers in
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Vehmaa (observed 15, expected 11.9), and 2.1-fold
(SMR 211, 95% CI 120—342) for the workers in
Kuru (observed 16, expected 7.6) in comparison
with that of the general male population (table 1).
No cancer cases, even other than lung cancer, were
observed among the workers in Viitasaari. The age-
specific smoking habits were similar in the three
regional cohorts. There were no statistically signif-
icant differences even in the age-specific numbers
of heavy smokers (on an average 220 cigarettes a
day).

In Vehmaa 10 of the 15 primary and 4 of the 5
secondary lung cancer cases occurred after at least
25 years of follow-up, whereas only 6 of the 17 lung
cancer cases in the Kuru region had such a long la-
tency (table 2).

The type of granite was Balmoral red in Vehmaa,
grey in Kuru, and black in Viitasaari. The amount
of quartz in the mineral was 36% in the Balmoral
red of Vehmaa, 31% in the Kuru grey, and 0% in
the Viitasaari black (table 3).

Regional case-referent study on lung cancer

Material and methods. A detailed analysis of life-
long granite dust exposure was made from the re-
gion-based case-referent study. Three in the case
group had also been working in foundries or in weld-
ing; therefore they were excluded from this analy-
sis because of the confounding exposure. Thus
28 cases (14 cases from Vehmaa and 14 from Kuru)
and one referent (living or dead) matched for age
(x4 years) and smoking for each case were selected
for the region-based case-referent study.

Lifelong (cumulative) quartz dust exposure (cal-
culated as in the section Nested Case-Referent Study
on Lung Cancer) was compared between the cases
and referents in the Vehmaa and Kuru regions (a case
exposed more than its referent receiving + and a case
exposed less than its referent receiving —). The two
regional distributions of the + and — figures were

Table 1. Observed and expected numbers of certain causes of death for granite workers in the three regions of study and the
whole cohort separately. The period of entry was defined as 1940—1971, and the period of follow-up as 1940—1985.

Vehmaa . .
Kuru Viitasaari
(Balmoral red . . Whole cohort
s (grey granite) (black granite)
Cause of death granite) il 9
Ob- Ex- Ob- Ex- Ob- Ex- Ob- Ex-
served  pected served  pected served pected served pected
All deaths 150 161.2 137 105.0** 9 99 296 276.2
Cardiovascular diseases 68 79.1 58 521 2 3.9 128 135.0
Coronary heart disease 38 55.8* 39 36.6 2 26 79 95.0
Tumors 27 321 32 20.8* — 1.5 59 54.4
Lung cancer 15 11.9 16 76" - 0.4 31 19.9*
Cancer of the
digestive organs 8 6.9 10 4.4 — 0.3 18 11.6
Respiratory diseases 26 10.5*** 14 6.9* — 0.5 40 17.8***

*P<0.05, ** P<0.01, *** P<0.001, Poisson distribution.
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Table 2. Observed and expected lung cancer deaths (1940—1985) according to years since entry into granite work (latency),
as recorded in the employers’ rolls. (SMR = standardized mortality ratio, 95% Cl=95% confidence interval, + = secondary cause)

Vehmaa K

Latency Balmoral Red uru grey
(years since
entry) Ob- Ex- Ob- Ex-

served (TP pected SMR 95% ClI served (+) pected SMR 95% CI
=10 15 (5) 95 158 88—260 16 (1) 6.1** 262 150—426
=15 13 (5) 7.5 173 92—296 15 (1) 4.9*** 306 171—505
=20 11 (4) 5.2* 212 106—379 9 (1) 3.6* 250 114—475
=25 10 4) 3.3** 303 145—557 6 24 250 92—544
=30 5 (3) 1.87 278 90—648 2 1.2 167 20—602
=35 4 - 0.9* 444 121—1138 —_ 0.3 4] 000—999
Total 15 (5) 119 126 71—208 16 (1) 76** 211 120—342

2 Secondary cause is included only for controlling potential differences in the rates caused by the standard classification sys-
tem of the primary cause. No statistical analyses were based on the secondary causes.
# P=0.05, * P<0.05, ** P<0.01, *** P<0.001, Poisson distribution.

Table 3. Mineral composition of the three types of granite.

Type of granite

Mineral Balmoral red Grey Black
(Vehmaa) (Kuru) (Viitasaari)
(%) (%0) (%)
Feldspar 41 38 0
Quartz 36 31 0
Plagioclase 16 20 60
Mica 7 9 0
Amphibole and
pyroxenes 0 2 0
Augite 0 0 20
Fluorite 0 0 15
Hornblende 0 0 5
All 100 100 100

Table 4. Comparison of lifelong quartz dust exposure between
the case-referent series in the Kuru grey granite area and in
the Vehmaa Balmoral red granite area.

Lifelong quartz Vehmaa
dust exposure Kuru grey Balmoral red
Cases > Referents 3 9
Cases = Referents?2 2 1
Cases < Referents 9 4
Total 14 14

2 This group of equal exposure was omitted from the test.
X?2=4.89, P<0.05, Kuru versus Vehmaa.

tested by the chi-square test for fourfold tables (17)
(table 4).

Results. The analysis of lifelong granite dust expo-
sure showed that the cases from Vehmaa were more
exposed than their age- and smoking-matched ref-
erents, whereas the cases from Kuru were less ex-
posed than their referents. The difference between
these regional figures was statistically significant
(P<0.05, X2 test).
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Regional case-case analysis

Material and methods. Differences in exposure were
also analyzed between the Vehmaa and Kuru lung
cancer cases (10 age-matched case-pairs).

Lifelong quartz dust exposure (calculated in the
same way as in the preceding section) was compared
between Kuru cases and Vehmaa cases with the aid
of the Wilcoxon test for two samples (17).

Results. The comparison of the lifelong quartz dust
exposure between the Vehmaa and Kuru lung can-
cer cases (10 age-matched case-pairs) showed that
the cases from Kuru were statistically significantly
less exposed than the cases from Vehmaa (P<0.01,
according to the Wilcoxon test).

Follow-up of the cohort mortality by regions in
1940—1989

Material and methods. The regional mortality results
of the cohort were updated until the end of 1989. The
calculations of the exposure and latency years were
based on the complete occupational history obtained
from the questionnaire in 1986. The expected num-
bers were based on the national figures for men in
the median year of the deaths in the cohort
(1977) (18). The observed numbers were tested
against the expected numbers by the Poisson distri-
bution model (17).

Results. By the end of 1989 the number of person-
years was 26 113, and 363 deaths had been ob-
served (332.1 expected) (ie, 67 deaths more than at
the end of 1985) (table 5). Seventy-three of these
deaths were due to cancer. The number of lung can-
cers was 36 (expected number 25.8, SMR 140, 95%
CI 98—193). An analysis by region showed that
18 lung cancer deaths occurred in the Vehmaa red
granite area (expected number 15.4, SMR 117, 95%
CI 69—185), 17 from the Kuru grey granite area
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Table 5. Observed and expected numbers of certain causes of death for the granite workers in the three regions separately
and also for the whole cohort combined. The period of entry was defined as 1940—1971, and the period of follow-up as 1940—1989.

Vehmaa

Kuru Viitasaari

Balmoral red grey black Whole cohort
Cause of death
Ob- Ex- Ob- Ex- Ob- Ex- Ob- Ex-
served pected served pected served pected served pected
All deaths 191 195.8 160 123.4*** 12 13.0 363 332.1*
Cardiovascular diseases 89 102.3 70 64.8 3 5.5 162 1726
Ischemic heart disease 50 69.6 45 443 2 3.8 97 117.7
Tumors 35 391 37 246** 1 20 73 65.7
Lung cancer 18 15.4 17 9.7* 1 0.7 36 25.8*
Cancer of the
digestive organs 8 8.5 1 5.3* - 0.4 19 14.4
Respiratory diseases 31 13.4*** 16 8.4** — 0.6 47 22.3%**

*P<0.05 ** P<0.01, *** P<0.001, Poisson distribution.

Table 6. Observed and expected lung cancer deaths by granite areas in 1940—1989 according to the length of exposure and

latency, as based on the questionnaire.

Latency (years)

Area <20 =20 z
Observed  Expected Observed  Expected Observed  Expected
Vehmaa (Balmoral red granite)
<10 years of exposure 1 1.8 4 27 5 4.6
>10 years of exposure 0 1.1 13 9.8 13 109
z 1 29 17 125 18 154
Kuru (grey granite)
<10 years of exposure 1 16 3 25 4 41
=10 years of exposure 4 0.6* 9 5.1 13 56"
HX 5 2.2 12 7.5 17 9.7
Both
<10 years of exposure 2 34 7 52 9 8.6
=10 years of exposure 4 1.7 22 14.9% 26 16.5*
z 6 5.1 29 20.1* 35 25.1*

¥ P=0.05, * P<0.05, ** P<0.01, Poisson distribution.

(9.7 expected, SMR 175, 95% CI 102—281), and
one from the Viitasaari black granite area (0.7 ex-
pected).

The risk for lung cancer increased as the years of
exposure and latency increased (table 6). In the lower
latency categories the rates were higher for the Kuru
region than for the Vehmaa region.

Lung cancer morbidity in the cohort

in 1953—1987.

Material and methods. The same cohort was fol-
lowed for the study of cancer morbidity from the
Finnish Cancer Register in the years 1953—1987.
The observed numbers were compared with the cor-
responding national figures registered in the cancer
register during the same period.

For the study of cancer morbidity in the cohort the
expected numbers of primary cancers were calculated
on the basis of national figures by five-year calen-
dar periods. The observed age-specific and cause-
specific numbers of cancer cases were tested by the

Poisson distribution model (17) against the expected
numbers.

Results. By the end of 1987, 43 lung cancers had oc-
curred in the cohort, the expected number being 25.3
(SMR 170, 95% CI 123—229). Twenty-five cases
were from Vehmaa (15.4 expected, SMR 162, 95%
CI 105—240), 17 cases from Kuru (9.4 expected,
SMR 181, 95% CI 105—290), and only one case
came from Viitasaari (0.5 expected). The lung can-
cer morbidity rates for Vehmaa and Kuru are shown
in table 7. There was no statistically significant dif-
ference in the lung cancer incidence rates between
the Vehmaa and Kuru regions, but the latency was
shorter for Kuru (figure 2).

Cancer mortality and morbidity in the target
populations

Material and methods. To confirm the results derived
from the cohort study, we studied cancer mortality
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Table 7. Observed and expected morbidity from lung cancer in 1953—1987 according to years since entry into granite work
(latency), as recorded in the employers’ rolls. (SMR = standardized mortality ratio, 95% Cl=95% confidence interval)

Vehmaa

Latency Kuru grey

(years since Balmoral red

entry) Observed Expected SMR 95% ClI Observed Expected SMR 95% ClI
=10 25 12.3** 203 132—300 17 7.8** 218 127—349
=15 19 9.8** 194 117—303 15 6.4** 234 131—387
=20 17 6.9*** 246 144—394 11 4.8* 229 114—410
=25 13 4.4 295 157—505 6 3.2 188 69—408
>30 9 2.4*** 375 171—712 3 1.8 167 34—487
Total 25 15.4* 162 105—240 17 9.4* 181 105—290

* P<0.05, ** P<0.01, *** P<0.001, Poisson distribution.
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Figure 2. Age-standardized lung cancer mortality rates
(1940—1989) and morbidity rates (1953—1987) in the co-
hort of the granite workers (expressed as incidence rates
1/100 000). The exposure and latency calculations have
been based on the employers’ rolls. (ID = incidence density,
p-years = person-years)

Table 8. Age-specific cancer mortality for the total male popu-
lation of Vehmaa, Kuru and Viitasaari in 1962—1985.

Incidence rates/100 000 person-years

Region 45-to 54- 55-t0 64- 65-to 74- =75-year-
year-olds year-olds year-olds olds
Vehmaa 251 643 1384 1312
Kuru 281 486 819 2358
Viitasaari 294 578 908 1852
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and morbidity in the regional target populations. The
source material of the Finnish regional age- and
cause-specific cancer mortality statistics (from Sta-
tistics Finland) were analyzed from 1962 to 1985.
We studied the morbidity from lung cancer by link-
ing the regional census data (from Statistics Finland)
from the years 1970, 1975, 1980, and 1985 and the
lung cancer incidence data (from the Finnish Can-
cer Registry) for the period of 1970—1985. The in-
cidences were compared between granite workers
and workers in other occupations. The classification
of occupations was based on the census data.

The differences in the age-specific cancer mortal-
ity and morbidity rates between the regional target
populations were tested with the Mantel-Haenszel
chi-square test for incidence data (19).

Results. The Finnish regional mortality statistics were
studied from 1962 to 1985. The age-specific cancer
mortality rates for Viitasaari were similar to those
for Kuru and Vehmaa (table 8).

In the regional study on lung cancer morbidity the
regional census data from the years 1970, 1975,
1980, and 1985 and the lung cancer incidence data
for the period of 1970—1985 were linked. The can-
cer incidence rate for the red-granite workers was sta-
tistically significantly higher than that for the remain-
ing male population in that area (figure 3). The same
was true for the grey-granite workers. The black-
granite workers, however, did not have an excess
lung cancer incidence (only two cases among the
exposed).

Discussion

Excess mortality from lung cancer has been re-
peatedly observed in this cohort of granite workers
exposed to pure silica. Similarly the cancer morbidity
study showed an excess risk for lung cancer. The
workers had long periods of exposure to granite dust
[mean 12 (range 0—49) years]. The period of
follow-up (1940—1989) was 50 years (variation
18—50 years). The risk for lung cancer increased
with the length of exposure and growing years of
latency.
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Figure 3. Lung cancer incidence rates for the granite workers of the three granite areas and among the remaining regional
male populations in 1970—1985 (census data). (ID = incidence density, p-years = person-years)

Excess lung cancer mortality and morbidity was
found among the workers finishing quartz-con-
taining granite (Vehmaa Balmoral red and Kuru
grey). The black granite in Viitasaari did not con-
tain any quartz. However, the subcohort of black-
granite workers was too small to give evidence of a
hypothetically lower cancer risk in this quartz-free
area.

The granite workers had no remarkable exposure
history to potential concomitant carcinogens (13).
Neither did smoking alone explain the excess risk for
lung cancer. The smoking habits of the granite work-
ers were similar to those of other Finnish male work-
ers. No essential differences were observed in the
smoking habits between the regional subcohorts, not
even in the number of heavy smokers.

Methodological modifiers (eg, variation in the
years of entry into the cohort) may have affected the
occurrence of cancer and other latency-dependent
diseases. This possibility has been thoroughly dis-
cussed earlier (13). The effect of structural differenc-
es in the regional subcohorts was further controlled
in the present study.

The cohort was restricted to include only work-
ers who entered granite work in 1962 at the earliest
(the year from which the data were identically avail-
able from all the workplaces). Both the lung cancer
morbidity and mortality remained highest for the
grey-granite subcohort.

The mean exposure time was 7.3 years for the
black-granite workers and about four years longer for
the red- and grey-granite workers. On the other hand,
73% of the black-granite workers had a latency of
at least 24 years; 55% of all the lung cancer cases
in the red- and grey-granite subcohorts occurred
within 24 years.

Shorter lifelong exposure times, as well as short-
er periods of latency for lung cancer, were observed
for the grey-granite workers in Kuru. The physico-

chemical composition of the dusts (size, particle sur-
face characteristics, adsorption features, etc) (5, 7,
20) may explain the regional differences in both the
risk of lung cancer and the latency.

Because the subcohort of the black-granite area in
Viitasaari was very small, all available additional
material was obtained, and further internal analyses
were made for the cohort.

The study on the Finnish regional mortality sta-
tistics showed that the age-specific cancer mortality
rates for Viitasaari were similar to those for Kuru and
Vehmaa. Thus our result did not depend on the fewer
cancer cases in one of the target populations, name-
ly, in the black-granite area.

The analysis of lung cancer morbidity in the re-
gional census material gave results similar to those
of the cohort study. Consequently, the black-granite
workers who had been excluded from our cohort did
not show an increased risk for lung cancer.

Because of the small sample size, a potential lung
cancer risk may occur later in the black granite area
among the persons not included in our cohort, espe-
cially among persons with silicosis. Therefore, the
Finnish Register of Occupational Diseases in 1964—
1991 was checked for the black granite area. Alto-
gether 13 occupational diseases were found; only two
of them were silicosis.

The prevalences of self-reported diagnosed cardi-
ovascular diseases and diagnosed musculoskeletal
diseases, except rheumatoid arthritis, were similar in
all of the subcohorts. Of the 45 cases of rheumatoid
arthritis observed in the whole cohort, 22 originated
from Vehmaa, 13 from Kuru, and none from Vii-
tasaari. The prevalences of diagnosed pneumonia,
bronchitis, and bronchial asthma were similar in the
subcohorts. The prevalences of diagnosed lung tu-
berculosis, pleurisy, emphysema, and silicosis were
clearly lower in the black-granite subcohort, than in
the red- and grey-granite subcohorts. These low prev-
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alences of chronic lung diseases and rheumatoid ar-
thritis among the black-granite workers were ascer-
tained from the medical records. The low prevalence
of chronic lung diseases and rheumatoid arthritis sug-
gests a different disease-generating potential for the
quartz-free black granite (13, 21).

The co-occurrence of lung cancer and pulmonary
silicosis was rare. In the mortality data for 1940—
1989 four lung cancer cases also had a diagnosis of
silicosis mentioned on the death certificate or in the
disability register. Altogether 37 cases of silicosis
were recorded on the death certificate or in the dis-
ability register for the whole cohort of 1026 gran-
ite workers; only eight of them had lung cancer. The
age-standardized incidence rate (SIR) (ID/100 000)
was similar for the cohort members with diagnosed
silicosis (SIR 209) and for those without diagnosed
silicosis (SIR 192), and similar even for those with
a minimum latency of 20 years (being 258 and 220,
respectively). Among the 37 silicotic patients 31 cas-
es of silicosis originated from Vehmaa (31/579 =
5.4%), eight having lung cancer, and six came from
Kuru (6/340 = 1.8%), one having lung cancer.

Increased mortality from gastrointestinal cancers
(12, 13) and excess morbidity from certain nonma-
lignant disease patterns (eg, rheumatoid arthritis) (11,
21) were observed in the earlier follow-ups. Inhala-
tion of organic and inorganic material will also cause
a variety of immediate systemic consequences. Dep-
osition of dusts within the respiratory tract, local and
systemic immunologic responses, toxic reactions,
decreased resistance to infectious diseases, or trans-
location of foreign material may explain such in-
creased nonrespiratory morbidity (22—24).

The following results of the present study and the
earlier follow-ups support the hypothesis that silica
per se influences the development of lung cancer: (i)
excess morbidity and mortality from lung cancer
among the workers exposed to pure silica, (ii) in-
creased cancer risk for the workers finishing quartz-
containing granite, (iii) long periods of exposure to
quartz, (iv) long periods of follow-up and the laten-
cy dependency of the disease, (v) no remarkable con-
comitant carcinogens (confounding exposures and
methodological modifiers being controlled), (vi) co-
occurrence of lung cancer and silicosis rare, (vii) in-
creased mortality from cancer of extra pulmonary
sites (gastrointestinal cancers), and (viii) excess mor-
bidity from rheumatoid arthritis.

In vitro experiments with fractionated dusts
of red, grey, and black granite

The inflammatory and carcinogenic potential of min-
eral dusts has been linked to the feature of dusts to
cause cytotoxicity or to generate reactive oxygen spe-
cies in their target tissues (6). With two tests we stud-
ied the proinflammatory differences between dust
samples of red, grey, and black granite in vitro.
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Material and methods

Mineral dusts were obtained from the different gran-
ite samples by grinding, particles with various den-
sities were separated by liquid density separation, and
the minerals contained in the density fractions
(<2.63, 2.63—2.75, and >2.75) were determined for
the red, grey, and black granite. The Kuru grey gran-
ite was 80% feldspar, <20 % quartz and some bi-
otite in the density fraction of <2.63; 70% quartz,
25% feldspar, and <5% biotite in the 2.63—2.75
density fraction; and >90% biotite and <5% feldspar
in the >2.75 density fraction. Of the particles, 59—
76% had a diameter of less than 10 um. The Veh-
maa red granite was <90% feldspar and <10% quartz
in the density fraction of <2.63; >75% quartz, <25%
feldspar, and <2% biotite in the 2.63—2.75 density
fraction; and > 85% biotite, <10% feldspar, and <5%
quartz in the >2.75 density fraction. Some 64—74%
of the particles had a diameter of less than 10 pm.
The Viitasaari black granite contained practically no
material with a density fraction of <2.63; in the den-
sity fraction of 2.63—2.75 it was predominantly pla-
gioclase; and in the density fraction of >2.75 it was
augite, enstatite, and biotite. Of the particles, 74—
82% had a diameter of less than 10 um.

The mineral fractions were analyzed for their cy-
totoxic potential, lactic dehydrogenase (LDH) release
of rat macrophages in the presence of 1 mg - ml™ of
dust (25), and their capacity to generate reactive oxy-
gen species in human polymorphonuclear leukocytes
with a chemiluminescent method (26).

Results

Ground and unfractionated black-, grey-, and red-
granite dusts induced the production of reactive oxy-
gen species. The peak chemiluminescent responses
were 46.3 (SD 17.0) mV (N =9) for black granite,
46.2 (SD 12.1) mV (N = 8) for grey granite, and 30.8
(SD 11.1) mV (n = 9) for red granite.

In the cytotoxicity tests the quartz-containing frac-
tions (density 2.63—2.75) of grey and red granite
caused the strongest LDH release (figure 4). The dif-
ferences between the fractions were, however, small.

In their capacity to induce the production of reac-
tive oxygen species in human polymorphonuclear
leukocytes, the strongest activity of grey and red
granite was also seen in the quartz-containing frac-
tions (density 2.63—2.75) (figure 5). However, sim-
ilar reactive oxygen species production was also seen
with the quartz-free fraction of black granite. This
activity was caused by the almost pure plagioclase
fraction. Compared with the activity of quartz, the
activity of 100 pg - ml™' granite-dust fractions cor-
responded to 25—50 pg - ml™ of purified DQ-quartz
(figure 5).

Discussion

No consistent pattern of biological responses (ie, cy-
totoxicity or activity inducing reactive oxygen spe-
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cies) could be observed for the different granites and
their mineral fractions. The quartz-containing frac-
tions of granite seemed to be the most active com-
ponent. This finding may be related to in vivo con-
sequences, and it is in keeping with (or does not con-
tradict) the epidemiologic findings from the quartz-
containing grey and red granite areas. That these in
vitro biological responses could be related to the epi-
demiology of cancer in the quartz-free black granite
area must so far be considered purely speculative.
Although the quartz-free fractions of the black gran-
ite were less cytotoxic than the corresponding frac-
tions of the red and grey granite, the membrane ef-
fects, as measured by the generation of reactive oxy-
gen species, were very similar. This activity corre-
sponded to the presence of plagioclase. The in vivo
effects of plagioclase (calcium-containing feldspar)
are not known. The inflammatory and carcinogenic
potential of various inhaled dusts have been related
to pulmonary deposition, the surface characteristics
of the particles, interaction with biological mem-
branes, and possibly with their capacity to adsorb
chemical carcinogens.

The relationship between the present epidemiologic
and experimental results must, naturally, be interpret-
ed with caution, but nevertheless it indicates new di-
rections for the study of regional respiratory mor-
bidity.
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