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The Office of Scientific Affairs within the California Department of Toxic Substances Control has reviewed the 
evidence on the carcinogenicity of crystalline silica. The authors consider the current evidence to be convincing to 
classify crystalline silica as a human carcinogen by the inhalation route. The weight of evidence for both rats and 
hurnans indicates that fibrotic and silicotic lesions in the lung result from inhalation exposure to crystalline silica and 
that lung cancer is secondary to those lesions in the lung. Thus crystalline silica should be considered to have a threshold 
for causing cancer. The critical exposure criterion is that exposure level which does not produce a fibrogenic or silicotic 
response; thus it is necessary to determine the no observed adverse effect level (NOAEL) for fibrogenesis. The authors 
recommend that the United States Environmental Protection Agency review all appropriate studies to develop a 
reference concentration that can be used for regulatory purposes. 
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Crystalline silica has been found in ash produced when certain 
biogenic ~naterials are burned to generate electricity. These mate- 
rials include rice hulls, wood, straw, and sewage sludge. The 
California Department of Toxic Substances Control has been strug- 
gling with the following two questions: (i) should ash containing 
respirable crystalline silica be classified as hazardous waste, and 
(ii) what is a safe level of exposure for respirable crystalline 
silica? In order to answer both questions, regulatory agencies must 
identify the primary hulnan health hazard that is posed by expo- 
sure to silica, delineate the probable mechanism by which silica 
causes the health effect, and, finally, provide a toxicity criterion 
value that can be compared with potential ambient exposures to 
determine the risk from these exposures and to establish safe 
enlission levels. Neither United States or California regulatory 
agencies have developed accepted ambient criterion values for 
respirable crystalline silica. The only possible values available are 
those that are specific for occupational exposure: threshold limit 
values (TLV) published by the American Conference of Gover~i- 
mental Industrial Hygienists, permissible exposure limits (PEL) 
from the Occupational Safety and Health Administration, and rec- 
ommended exposure limits (REL) listed by the United States Na- 
tional Institute for Occupational Safety and Health (1). These 
values are meant to be used in the workplace and are not casually 
applied to nonoccupational settings (2). The Office of Scientific 
Affairs within the California Department of Toxic Substances Con- 
trol reviewed the literature on the adverse health effects of crystal- 
line silica - silicosis and respiratory cancer - and determined 
that the weight of evidence suggests the following: (i) silica should 
be classified as a known human carcinogen and (ii) the safe level 
of silica should be based on a threshold model in which fibrotic 

lung disease is a necessary precondition for the appearance of 
cancer (3-5). 

Classification of respirable crystalline silica as a known 
human carcinogen 
In 1987, the International Agency for Research on Cancer (IARC) 
published its evaluation of the carcinogenic risk of silica. It con- 
cluded that the evidence was sufficient to show that crystalline 
silica causes cancer in experimental animals, but the evidence was 
limited regarding the carcinogenicity of silica for hurnans (6). In 
1990, IARC published the results of several epidemiologic studies 
on the relationship between lung cancer and silica (7). In addition, 
there have been numerous other studies reported in the literature. 
The workers evaluated by IARC in both volun~es and elsewhere 
can be divided into the following three groups: (i) workers ex- 
posed occupationally to silica and a variety of other agents that 
can cause lung cancer, (ii) workers probably exposed only to silica 
in their work environment, and (iii) workers with silicosis. In most 
of the studies described in the 1987 IARC report, little or no data 
were provided on smoking or relative exposure levels. However, 
as a group they show an increase in silicosis and lung cancer 
among silica-exposed workers (6). We focus on studies in groups 
ii and iii, since they provide information relevant to the question 
of the carcinogenicity of silica. Eleven of the twelve selected 
studies of workers (8-19) indicate that exposure to silica dust 
results in a modestly increased risk of lung cancer, with a statisti- 
cal significance of < 0.05 in five studies (1 1, 12, 15, 18, 19). The 
observed:expected ratios ranged from I .2 to 2.9 for lung cancer. 
Simultaneous exposure to other carcinogenic agents cannot be 
ruled out in any of these studies. However, ceramic, granite, and 
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stone workers are exposed primarily to silica, and nine of these 
studies focused on worlters in these industries. Eight of the nine 
studies showed an increased risk of lung cancer, the single excep- 
tion being the study by Costello & Grahaln (8). 

Relationship between silicosis and I i~ng cancer 
Group iii st~tdies (ie, lung cancer arnong workers with silicosis) 
show that the association beconies ~nuch stronger in silicotic per- 
SOIIS, the observed:expected ratios ranging from 1.7 to 6.9 in 10 
studies (3-5, 20-26). 111 three of the four studies co~uparing 
silicotic and nonsilicotic persons (3-5, 20), lung cancer risk was 
increased twofold for tlie silicotics, whereas the number of ob- 
served lung cancer cases arnong the nonsilicotics was virtually 
unchanged from that expected (observed:expected 1.3, 0.9, I .O) 
(3-5). In two studies of Italian ceramic worliers and Gerlnan 
slate worliers, there was little or no known exposure to other lung 
carcinogens in the workplace (4, 5). In one study of Italian silica 
brick workers, the mortality from respiratory cancer was nearly 
the same for silicotic and nonsilicotic persons (0bserved:expected 
1.7 and 2.1, respectively) (20). 

In addition to the presented studies at least eight other epide- 
lniologic studies have been published recently on the relationship 
between work in dusty trades, silicosis, and lung cancer. Meijers 
et al (27) did not find any relationship between work in Dutch 
dusty trades and lung cancer. Hessel et a1 (28) and Carla et a1 (29) 
did not find any relationship between lung cancer and the presence 
or severity of silicosis in South African and Sardinia11 miners. 
However, four studies f o ~ ~ n d  a strong association between silicosis 
and the incidence of or mortality from lung cancer. Forastiere et a1 
(30) and Chia et a1 (31) showed an excess risk of lung cancer 
among silicotic patients which could not be accounted for by 
smoking. Sherson et al (32) found a positive correlation between 
silicosis in long-term elnployees of foundries (more than 20 years) 
and lung cancer incidence. Infante-Rivard et al (33) reported that 
the risk of death from lung cancer was Inore than three times 
higher than expected for silicotic worlters. In a recent extensive 
review of the epidemiologic data that iilcl~tdes an examination of 
the relationship between silicosis and lung cancer, Goldsmith (34) 
concluded that chronic silicosis predisposes to an increased lung 
cancer risk. 

These observations from humans are consistent with results 
seen when rats, mice, or hamsters are exposed to crystalline silica. 
Saffiotti et a1 (35) reported that, in rats, lung tumors are seen only 
when there is also a fibrotic response. Histologically, epithelial 
hyperplasia was nearly always associated with areas of fibrosis. 
Mice develop fibrosis but no persistent epithelial hypelplasia and 
no tumors. Hamsters exposed to crystalline silica in the respira- 
tory tract do not mount a fibrotic response and do not get lung 
tumors. Saffiotti and his co-workers (35) postulated that these 
responses in rodent species may be representative of different 
susceptibilities in subsets of the human population. 

Discussion 

There are two conclusions that can be drawn from these data. 
First, the studies presented arid published by IARC and elsewhere 
provide compelli~~g and sufficient evidence for the carcinogenicity 
of respirable crystalline silica in humans. Second, increased lung 
cancer risk is concentrated alllong the exposed workers who de- 
velop silicosis (36). The question is whether it is plausible that the 
sequence of events culminating in silicosis occurs independently 

from the direct action of crystalline silica on cellular DNA (de- 
oxyribonucleic acid). This direct action could result in tlie initia- 
tion of the carcinogenic process. Silica has been shown to cause 
the formation of ~nicronuclei in cells and the transforn~ation of 
tissue-cultured cells (6). However, crystalline silica does not ap- 
pear to be mutagenic in bacterial systems and does not induce 
sister chromatid exchanges, chromosome aberrations, or aneuploi- 
dy (6). Daniel et a1 (this volume) have shown that silica can 
interact directly with DNA by hydrogen bonding in vitro. Another 
question that must be addressed when the possibility of silica 
acting directly on DNA is considered is "Do lung epithelial cells 
have the capability to phagocytize particles so that silica can gain 
access to the DNA of the cell type that eventually becomes can- 
cerous?" In an in vitro experiment, Daniel et al (this issue) ob- 
served silica particles in the nuclei of cultured lung epithelial cells 
from rats after tlie application of crystalline silica. In summary, 
there is some evidence that crystalline silica has the ability to enter 
the cell nucleus and interact directly with DNA under in vitro 
conditions but, as yet, there is no evidence that these events occur 
in vivo and little evidence that silica is mutagenic. 

The epideniiologic evidence examined in this paper and the 
animal studies sumnlarized by Saffiotti et al (35) and Saffiotti & 
Stinson (37) suggest that fibrogenic and carcinogenic processes do 
not occur independently, but that silicosis is a necessary precondi- 
tion for carcinogenesis. If so, there are several postulated mecha- 
nisnls (38, 39) as Williarns & Saffiotti (this volume) have ob- 
served. First, fibrosis causes structural disorganization of the 
inicrostructure of the lungs. This disorganization leads to the pro- 
duction of various cytokines causing growth disturbances with 
subsequent chronic dysplasia, increased proliferation of epithelial 
cells adjacent to fibrotic areas, and serendipitous sur\~ival of mu- 
tated cells in that epithelial population. Second, with increased 
fibrosis, the lung is less able to clear other bioactive agents with 
consequent increased opportunity for interaction between these 
agents and susceptible cells (40). Third, pulmonary niacrophages, 
damaged by engulfing inhaled silica particles, produce cytokines 
and possibly set off autoimmune reactions which could accelerate 
not only fibrotic changes in the lung but also the proliferation of 
mutated cells (38). 

Concluding remarks 

On the basis of this review we believe that there is sufficient 
evidence to classify crystalline silica as a human carcinogen. 
Therefore, wastes containing crystalline silica should be consid- 
ered hazardous and assessed for potential carcinogenic risk. We 
agree with the recommendation made by the California Environ- 
mental Protection Agency, Office of Health Hazard Assessment, 
that the long-tern effects of inhaling crystalline silica should be 
tested by the US National Toxicology Program. The testing proto- 
col should address the following questions: (i) do lung cancers 
appear only in rodents with fibrosis, (ii) are pulnlonary tumors 
located in the same area as the silicotic nodules, (iii) does fibrosis 
occur before neoplasia or at lower doses, (iv) does the severity of 
fibrosis correlate with the incidence of tumors, (v) does silica 
cause tumors in tissues other than lung, and (vi) what is the expo- 
sure level that does not produce a fibrogenic or silicotic response? 

Our opinion is that the linearized multistage model should not 
be used to estimate carcinogenic risks due to ambient silica expo- 
sure or to develop toxicity criterion values. This linearized model 
was developed from studies of nlutagenic radiation effects and 
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assumes a nonthreshold mechanism for carcinogenicity. Crystal- 
line silica does not appear to be mutagenic (6). Instead, fibrogene- 
sis, the sirze qua norz of the carcinogenic response to silica in 
humans, seems to exhibit a threshold. 

We recolnmend that the US Environmental Protection Agency 
establish a reference concentration for crystalline silica based on a 
no observed adverse effect level (NOAEL) for fibrogenesis. Rice 
& Stayner (this issue) calculated NOAEL values ranging from 
7 to 30 pg . mn-' from hurnan epidemiologic studies on silica expo- 
sure and silicosis. Applying an uncertainty factor of 10 to these 
values to protect sensitive human subpopulations (40) provides 
possible toxicity criterion values or safe levels of 0.7 to 3.0 yg 
~ n - - ~ .  These levels assume that the developrnent of silicosis is the 
critical threshold event. They are higher than those based on can- 
cer slope factors calculated using the linearized multistage model. 
Using the multistage model to derive safe levels depends on the 
assumption that the development of lung cancer is independent of 
the development of silicosis and that any exposure to crystalline 
silica poses some risk. The safe level of silica in air corresponding 
to a one-in-a-million risk is 0.02 kg . m-' calculated using a cancer 
slope factor of 4.5 x (yg . 1n-')-' and 0.04 yg . m-3 using a 
cancer slope factor of 2.3 x ( ~ g  . 1n-')-' (Collins & Marty, this 
issue). The evidence supports the NOAEL approach because it 
best reflects the probable mechanism by which silica causes can- 
cer in humans. Although using this approach may result in slightly 
higher safe levels, we believe these levels would adequately pro- 
tect human health. 

Disclaimer 

The views expressed herein by the authors do not necessarily 
represent the official policies of the California Department of 
Toxic Substances Control or of any other state or federal agency 

References 
1. American Conference of Governlnental Industrial Hygienists (ACGIH). 

Guide to occupational exposure values - 1992. Cincinnati OH: ACGIH, 
1992. 

2. American Confercncc of Governmental Industrial Hygienists (ACGIH). 
Threshold limit values and biological exposure indices for 1989-1990. 
Cincinnati, OH: ACGIH, 1990. 

3. Amandos HE, Castellan RM, Shy C, Heincman EF, Blair A. Re-evaluation 
of silicosis and lung cancer in North Carolina dusty trades workers. Am J 
Ind Med 1992;22: 147-53. 

4. Lagorio S, Forastiere F, Michelozzi P, Cavariani F, Perucci CA, Axelsorl 
0 .  A case-referent study on lung cancer lnortality among ceraniic workers. 
In: Simonato L, Fletcher AC, Saracci R, Thomas TL, editors. Occupational 
exposure to silica and cancer risk. Lyon: International Agency for Research 
on Cancer (IARC), 1990:21-28. IARC scientific publications, no 97. 

5.  Mehnert WH, Staneczck W, Moliner M, Konetzke G, Muller W, Ahlendorf 
W, et al. A mortality study of a cohort of statc quarry workers in the 
Ger~nan Democratic Republic. In: Sinionato L, Fletcher AC, Saracci R, 
Thomas TL, editors. Occupational exposure to silica and cancer risk. Lyon: 
International Agency for Research on Cancer (IARC), 1990:55-64. IARC 
scientific publications, no 97. 

6. International Agency for Research on Cancer (IARC). Silica and solne 
silicates. Lyon: IARC, 1987. IARC monographs on the evaluation of the 
carcinogenic risk of chenlicals to humans, vol42. 

7. Sirnonato L, Fletcher AC, Saracci R, Thomas TL, editors. Occupational 
exposure to silica and cancer risk. Lyon: International Agency for Research 
on Cancer (IARC), 1990. IARC scientific publications, no 97. 

8. Costello J, Graham WGB. Vermont granite workers' mortality study. In: 
Silica, silicosis, and cancer, controversy in occupational medicine. Gold- 
smith DF, Winn DM, Shy CM, editors. New York (NY): Praeger Scientif- 
ic, 1986:437--40. 

9. Thomas TL. A preliminary invcstigation of mortality among workers in tlie 

pottery industry. Int J Epide~niol 1982;11:175-80. 
10. Muller J, Wheeler WC, Gentleman JF, Suranyi G, Kusiak RA. Study of 

mortality of Ontario miners, 1955-1977, part I. Toronto: Ontario Ministry 
of LabourIOntario Workers' Compensation BoardIAtomic Energy Control 
Board of Canada, 1983. 

11. Winter PD, Gardner MJ, Fletcher AC, Jones RD. A mortality follow-up 
study of pottery workers: preliminary findings on lung cancer. In: Si- 
lnonato L, Flctchcr AC, Saracci R,  Thomas TL, editors. Occupational 
exposure to silica and cancer risk. Lyon: International Agency for Research 
on Cancer (IARC), 1990:83-94. IARC scientific publications, no 97. 

12. Vutuc C. Lung cancer risk in workers belonging to the occupational group 
of mining and stone processing [in Gennanl. Zentralbl Bakteriol Hyg B 
1983;177:183-7. 

13. Davis LK, Wegman DH, Monson RR, Froinea J. Mortality experience of 
Vermont granite miners. Am J Ind Med 1983;4:705-23. 

14. Steenland K, Beaunlont J. A proportionate mortality study of granite cut- 
ters. Am J lnd Med 1986;9:189-201. 

IS. Fletcher AC. The lnortality of foundry workers in tlie Unitcd Kingdom. In: 
Goldsnlith DF, Winn DM, Shy CM, editors. Silica, silicosis, and cancer: 
controversy in occupational medicine. New York (NY): Praeger Scientific, 
1986:385--401. 

16. Silverstein M, Maizlish N, Park R, Silverstein B, Brodsky L, Mirer F. 
Mortality among ferrous foundry wol-kers. Aln J Ind Med 1986;10:2743. 

17. Koskela R-S, Klockars M, Jarvinen E, Rossi A, Kolari PJ. Cancer mortality 
of granite workers 1940-1985, In: Simonato L, Fletcher AC, Saracci R, 
Thomas TL, editors. Occupational exposure to silica and cancer risk. Lyon: 
International Agcncy for Research on Cancer (IARC), 1990:43-53. IARC 
scientific publications, no 97. 

18. Ncuberger M, Kundi M. Occupational dust cxposurc and cancer mortality 
- results of a prospective cohorl study. In: Si~nonato L, Fletcher AC, 
Saracci R, Thomas TL, editors. Occupational exposure to silica and canccr 
risk. Lyon: International Agcncy for Research on Cancer (IARC), 
1990:65-73. IARC scientific publications, no 97. 

19. Thomas TL. Lung cancer mortality among pottery workcrs in thc United 
States. In: Silnonato L, Fletcher AC, Saracci R, Thomas TL, editors. Occu- 
pational exposure to silica and cancer risk. Lyon: I~iternational Agency for 
Research on Cancer (IARC), 1990:75-81. IARC scientific publications, 
no 97. 

20. Puntoni R, Vercelli M, Bonassi S, Valcrio F, DiGiorgio F, Ccppi M. Studi 
prospetlici di mortalit: Sra lavoratori esposti a silice [Prospective study of 
the niortality in workers exposed to silica]. In: Deutsch EI, Marcato A, 
editors. Silicc, silicosi c cancro. Padua, Italy: University of Padua, 1985: 
79-92. 

21. Wcsterholm P, Alilmark A, Maasing R, Segclberg I. Silicosis and lung 
cancer - a cohort study. In: Golds~nith DF, Winn DM, Shy CM, editors. 
Silica, silicosis, and cancer, controversy in occupational medicine. Ncw 
York (NY): Praeger Scientific, 1986:327-33. 

22. Finkelstein M, Liss GM, Kralnnier F, Kusiak RA. Mortality alnong work- 
ers receiving compensation awards for silicosis in Ontario 1940-85. Br J 
Ind Med 1987;44:588-94. 

23. Chiyotani K, Saito K, Okubo T, Takahashi K. Lung cancer risk alnong 
pneulnoconiosis patients in Japan, with special reference to silicotics. In: 
Simonato L, Fletcher AC, Saracci R, Thomas TL, editors. Occupational 
exposure to silica and cancer risk. Lyon: Intenlatianal Agency for Research 
on Cancer (IARC), 1990:95-104. IARC scientific publications, no 97. 

24. Tornling G, Hogstedt C, Westerhol~n P. Lung cancer incidence among 
Swedish ceralnic workers with silicosis. In: Sinlonato L, Fletcher AC, 
Saracci R, Thomas TL, editors. Occupational exposure to silica and cancer 
risk. Lyon: International Agency for Research on Cancer (IARC), 1990: 
113-9. IARC scientific publications, no 97. 

25. Ng TP, Chan SL, Lee J. Mortality of a cohort of lnen in a silicosis register: 
further evidence of an association with lung cancer. Am J Ind Med 
1990;17:163-71. 

26. Merlo F, Doria M, Fontana L, Ceppi M, Chesi E, Santi L. Mortality from 
specific causes alnong silicotic subjects: a historical prospective study. In: 
Simonato L, Fletcher AC, Saracci R, Thomas TL, editors. Occupatio~ial 
exposure to silica and cancer risk. Lyon: International Agcncy for Research 
on Cancer (IARC), 1990: 105-1 1. IARC scientific publications, no 97. 

27. Meijers JM, Swacn GM, van Vliet K, Borm PJ. Epidemiologic studies of 
inorganic dust-related lung diseases in The Netherlands. Exp Lung Res 
1990;16:15-23. 

28. Hessel PA, Sluis-Cremer GK, Hnizdo E. Silica exposure, silicosis, and 
lung cancer: a necropsy study. Br J Ind Med 1990;47:4-9. 

Scand J Work Environ Health 1995, vol21, suppl2 97 



Evaluation of crystalline silica as a threshold carcinogen 

29. Carla P, Cocco PL, Casula D. Mortality from lung cancer among Sardinia11 
patients will1 silicosis. Br J Ind Med 1991;48:122-9. 

30. Forasliere F, Lagorio S, Michelozzi P, Pcrucci CA, Axelson 0. Mortality 
pattern of silicotic subjects in the Lati~nn region, Italy. Br J Ind Med 
1989;46:877-80. 

31. Chia S-E, Chia K-S, Phoon W-H, Lec H-P. Silicosis and lung cancer 
among Chinese granite workers. Scand J Work Environ HealLh 
1991;17:170-4. 

32. Sherson D, Svanc 0 ,  Lynge E. Cancer incidence among foundry workers 
in Dentnark. Arch Environ Health 1991;46:75-81. 

33. InSante-Rivard C, Armstrong B, Petitclerc M, Cloutier LC, Theriault G. 
Lung cancer mortality and silicosis in Quebec, 1938-85. Lancet 
1989;2(8678-8679): 1504-7. 

34. Goldsmith DF. Silica exposure and pulmonary cancer. In: Samet JM, edi- 
tor. Epidemiology of lung cancer. New York (NY): Marcel Dekker, Inc, 
3994:245-98. 

35. Saffiotti U, Daniel LN, Mao Y, Willia~ns AO, Kaighn ME, Ahmed N, et al. 
Biological studies on the carcinogenic ~nechanis~ns of cluartz. Rev Mit~eral 
1993;28:523-44. 

36. Si~nonato L, Saracci R. Epide~niological aspects of the relationship be- 
tween exposul-e to silica dust and lung cancer. In: Si~nonato L, Fletcher 
AC, Saracci R, Thomas TL, editors. Occupational exposure to silica and 
cancer risk. Lyon: International Agency for Research on Cancer (IARC), 
1990: 1-5. IARC scientific publications, no 97. 

37. Saffiotti U, Stinson SF. Lung cancer illduction by crystalline silica: rcla- 
tionships to granulomatous reactions and host factors. J Environ Sci Health 
1988;C6(2): 197-222. 

38. Saffiotti U. The pathology i~~duced by silica in relation Lo fibrogenesis and 
carcinogenesis. In: Goltlsmi~h DF, Winn DM, Shy CM, editors. Silica, 
silicosis, and cancer: controversy in occupalional metlicine. New York 
(NY): Praeger Scientific, 1986:287-307. 

39. Brand KG. Fibrotic scar cancer in the light of foreign body tumorigenesis. 
In: Goldsmith DF, Winn DM, Shy CM, editors. Silica, silicosis, and can- 
cer, controversy in occupatio~~al medicine. New York (NY): Praeger Scien- 
tific, 1986:281-86. 

40. US EnuironmenLal Protection Agency (EPA). Risk assessment guidance 
for superfund: vol 1 (Human health evaluation manual (part A)). Washing- 
ton (DC): US EPA, 1989. EPA/540/1-891002. 

98 Scand J Work Environ Health 1995, vol21, suppl2 




