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An Exposure-Response Threshold for Lung Diseases
and Lung Cancer Caused by Crystalline Silica

Louis Anthony (Tony) Cox, Jr.*

Whether erystalline silica (CS) exposure increases risk of luag cancer in humans without sil-
icosis, and, if so, whether the exposure-response relation has a threshold, have been much
debated. Epidemiological evidence is ambipuous and conflicting. Experimental data show
that high levels of C8 cause lunp cancer in rals, although not in other species. includiag mice,
puinca pigs, or hamsters, but the relevance of such animal data to humans has been uncer-
tain. ‘T'his article applies recent insiphts into the toxicology of lung diseases caused by poorly
soluble particles {(PSPs), and by CS in particular, to model the exposure-response relation
between C8 and risk of lung pathologies such as chronic inflammation, silicosis., fibrosis, and
lunpg cancer. An inflammatory mode of action (s deseribed, having substantal empirical sup-
port, in which exposurc increases alveolar macrophages and neatrophils in the alveolar ep-
ithelium, leading to increased reactive oxvpen species (ROS)Y and nitropen species (RNS),
pro-inflammatory mediators such as TNT-alpha, and cventual damage o lung tissue and ep-
ithelial hyperplasia, resulting in fibrosis and increased lung cancer risk among silicotics. This
mode of action involves scveral positive feedback loops. Exposures that inerease the pain
factors around such loops can create a discase state with elevated levels of ROS, PNF-alpha.
TG F-beta, alveolar macrophages, and neulrophils. This mechanism implies a “tipping point™
threshold for the exposure-response telation. Applving this new model to epidemiolopical
data. we coaclude that curreat permissible exposure levels. on the order of .1 mgim®, are
probably below the threshold for triggering lung discases in humans,
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L. INTRODUCTION: IS CRYSTALLINE SILICA
HAZARDOUS AT CURRENTLY
PERMITTED LEVELS?

Crystalline silica (C8) is one of the most stud-
fed, vel most controversial, of substances currently
classified as known human carcinogens.(!? Like other
poorly soluble particles (PSPs), it has been as-
soclated with a variety of poessible lung diseases.
In addition to silicosis. nonspecific responses such
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as chronic inflammation, ftbrosis. lung cancer,®*
and, possibly, chronic obstructive pulmonary discase
(COPIHY™* have been sugpested as possible conse-
quences of high levels of cxposure to €S and/or other
dusts and respiratory irritants, including cigarette
smoke,

Whether S at currently permitted exposure lev-
els (such as OSHA’s PEL-¢cquivalent of 0.1 mgm? of
respirable C8, or NIOSH's currently recommended
exposure limit of 0.05 me/m? for up to a 10-hour
workday) creates an excess risk of lung diseasc
has been much debated, but without clear resoluo-
tion. For decades, scientists, regulators, and occupa-
tional health and safety risk managers have wrestled
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with the [ollowing three key questions about human
health risks from €8 exposures.

{1) Do the causal exposure-response relations be-
tween CS exposure and exposurc-associated
lung discases have thresholds?

(2} If so, arc the exposure levels that cause in-
creased risks of such diseases above or below
currently permitted exposure levels?

{3) Arc risks of some diseases (such as lung can-
cer) clevated only at exposures that cause
other diseases {e.g., silicosis)?

Expert opinions on all three questions have been
sharply divided. Epidemiology, risk asscssment, and
toxicological rescarch have done much to illuminate
the difficulty of answering them decisively ©9 but
have so far produced few unequivocal answers.

This article examines the causes and exposure-
response relations for CS-associated lung diseases.
drawing on recent advances in the biology of lung
diseases caused by PSPs, which include CS as a
special case, 'or PSPs, chronie inflammation of the
lung plays a crucial role 1o causing lung diseases
such as asbestosis, silicosis, (ibrosis, COPD, and lung
cancer.® ~1?! We seek to shed new light on the
cxposurc-response relation for CS-associated lung
diseases by applying recent insights into this inflam-
matory mode of action to model the relation between
exposure concentrations and durations and the re-
sulting cascade of changes in the lung environment
that can hasten the onset and progression of lung
diseascs.

2. CS EPIDEMIOLOGY IS AMBIGUOUS

A number of epidemiological studies have re-
ported that lung cancer risk is clevaled among pa-
tients with silicosis, especially among those who
smoke. % 1) Others find no such association,0-20]
and a recent meta-analyvsis concluded that the associ-
ation disappears when confounders (such as smok-
ing or occupational coexposures) are correctly ad-
justed for.8) Influcntial investigators have stated
that risks ol lung cancer appear o them to be el-
evated even at exposure levels below current stan-
dards.?"? Howcver, we belicve that failure to
correctly account for cxposure measurcment errors
invalidates this interpretation of the data, as cx-
plained below (see I'ig. 1). Risk of COPI) and re-
duced lung (unction appear to be elevated at esti-
mated occupational exposures above 0.1 0.2 mg/m?
of silica dust for at least 3040 years, independent

Cox

of silicosis.**’ but a recent study of Vermont granite
workers [ound no evidence of increased lung cancer
risk due to silica exposure in occupational coharts,
even at the high cxposure levels where mortali-
tics due to silicosis and other nonmalignant res-
piratory illnesses were clevated.® The apparent
paradox of reduced risk of lung cancer in some
workplaces with relatively high levels of silica ex-
posure has also been noted, @ further complicat-
ing any conjectured causal relation between silica
exposure and lung cancer. One possible cxplana-
tion for these differences among studics might be
the different {and often highly uncertain) composi-
tions of the dusts in different studies.®¥ 1or exam-
ple. the toxicity of quartz particles depends on de-
tailed properties of the [racture surfaces, with freshly
fractured silica typically being more potent than aged
silica in clicting various cellular responses, includ-
ing production of reactive oxygen species (ROS) by
alveolar macrophages.”® Differences in dust com-
position und ages might therefore create heteroge-
neous exposurc-response relations, perhaps trigger-
ing different response mechanisms. In this case, bi-
ologically effective doses could be very uncertain,
even if respired quantitics of dust were measured
accurately.

Whether or not silicosis increases lung cancer
risk, ¢pidemiological studies have not vet revealed
whether silicosis is a necessary precondition for in-
creased risk of lung cancer due 1o CS cxposure, 67
Yet, the answer is vital {or current practical regu-
latory risk management decisions: “T[ silicosis were
the necessary step leading to lung cancer, enforcing
the current silica standards would protect workers
against lung cancer risk as well. Alternatively, a di-
rect silica-lung cancer association that has been sug-
gested implies that regulatory standards should be re-
vised accordingly,™(*¥

Somewhat reassuringly, the increased risk of
lung cancer among C5S-exposcd workers is mosl ap-
parent “when the cumulative exposure to silica is
well beyond that resulting from exposure to the
recommended limit concentration (or a prolonged
period of time,”™ suggesting that enforcing cur-
rent standards would protect workers from CS-
associated lung cancer risks. However, other re-
searchers have cautioned that, “The hypothesis of
a silicosis-mediated pathway [for lung cancer), al-
though more consisient from an epidemiological per-
spective, and reassuring in terms of the effective-
ness of current standards 1n preventing lung cancer
risk among silica exposed workers, does not seem to
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explain clevated risks al low silica exposure lev-
els.”™ Thus. the relation belween silicosis and
lung cancer has remained uncertain, based on vari-
ous published interpretations of epidemiclogical cv-
idence. There is no clear cvidence that lung can-
cer risk 1s elevated 1n the absence of silicosis, but
the question is unsettled. The following statementé??)
succinetly captures the present state of the art: “A re-
cent meta-analysis of 30 studies found a pooled rela-
tive risk (RR) of Jung cancer of 1.32 (95% I, 1.23—
1.41) in subjects exposed to 8. In the same investi-
gation, the pooled RIX was 2.37 (95% T, 1.98-2.84)
in silicotics only (based on 16 studies), whereas no in-
crease in risk emerged in non-silicotics (pooled RR =
0.96, 95% CI, 0.R1-1.15, based on eight studies). The
authors concluded that silica may induce lung can-
cer indirectly, probably through silicosis.” Such evi-
dence, although not conclusive, favors the hypothesis
that lung cancer risk 1s elevated among silicotics. but
not among nonsilicotics.

We believe no credible epidemiological evidence
actually shows that CS increases lung cancer risk
at exposure levels that do not also cause silico-
sis. Rather, the [oregoing observation that the “hy-
pothesis of a silicosis-mediated pathway ... does not
seem to ecxplain elevated risks at low silica expo-
sure levels,” as well as published reports of elevated
risk of lung cancer at cxposurces below those that
cause silicosis ") misinterpret the available epidemi-
ological evidence. They do so by mistakenly inter-
preting exposure-response relations estimated from
epidemiological studies (all of which have missing
and highly uncertain and variable (usually, “recon-
structed™) exposure data) as providing valid evidence
ol “clevated risks (of lung cancer) at low silica ex-
posure levels.”™ But they do not. At most, such stud-
ies provide evidence of clevated lung cancer risks at
low cstimated levels of silica exposure. These are en-
tirely different propositions, as cxplained next. When
uncertaintics in exposures arc accounted for in the
risk models, there is no cvidence that risks are ¢l-
evated at low levels of silica exposure (specafically,
at or below those allowed by current standards).
Studies that conclude that relatively low cxposures
to silica (below currently permitted levels, and be-
low levels that cause silicosis) increase lung cancer
risk arc undermined—without exception, as far as
we know—by important upward biases in their low-
cxposure risk estimates. These biases result from
imperfeet control of potential confounders, 1gnored
model specification errors and uncertainties, and un-
modeled errors and uncertaintics in exposure csti-

maies. Iiach of these limitations is briefly discussed
next.

2.1. Imperfectly Controlled Confounding

Perhaps the most familiar threat to valid in-
ference (rom epidemiological studies of €8 18 con-
founding, especially by cigarette smoking and by
occupational co-cxposures. For example. a recent
study™™" reported that: “In a crude analysis adjusted
for smoking only, a significant trend of increasing risk
of lung cancer with exposure to silica was found for
tin, iron‘copper miners, and pottery workers. But af-
ter adjustment for relevant occupational confounders
(arsenic and polveyclic aromatic hydrocarbons), no
relationship between silica and lung cancer can be
observed.”

The possibility of such confounding has been
well recognized and much discussed in the epi-
demiological literature on €8, but inability to rigor-
ously and (ully control for plausible confounders in
most past studies continues to limit the validity of
the exposure-response relations inferred from these
studies.™™ Attempts to adjust for possible confound-
ing by smoking, based on subjective estimales of
smoking habits and their effects {and an assumed
bias model), have modestly reduced the estimated
relation (standardized maortality ratio) for silica ex-
posure and lung cancer (from 1.6 to 1.43).2" Other
assumptions and models might lead to further re-
ductions. Currently proposed methods to account for
most ol the bias due to confounding by smoking,
using dilferences between COPD and lung cancer
rates to estimate bias cifects,” have not yet been
applicd to C8. leaving open the question of how
much of the apparent relation between CS exposure
and lung, cancer risk would be ehiminated by (ully
controlling for smoking clfects. Similarly, it remains
unknown whether fully controlling for occupational
co-cxposures would fully eliminate the apparent as-
sociations between silica exposure and lung cancer
risk {in other data sets as well as the one {or Chi-
nese miners and pottery workers), since most other
studies)have not provided the needed co-exposure
data.™

2.2. Unmeodeled Errors and Uncertainties in
Lxposure Estimates Can Inflate Low-Exposure
Risk Estimates and Hide True Thresholds

Perhaps the single most important limitation in
'S epidemiology is that true individual exposures
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to €S of various types and loxicities are unknown.
Therefore, guesses about exposures are used instead.
typically based on reconstructions of exposure histo-
ries from estimated job exposure matrices, together
with simplifying {and inaccurate) assumptions, such
as that all silica dust has the same average toxicity or
carcinogenic potency value. Exposure-response re-
lations are then fit to the guessed-at exposures and
observed responses. Although there is a sophisti-
cated statistical literature on how to use such un-
certain predictors in regression models, ) these ap-
propriate “errors-in-varizbles,” measurement error,
and missing data methods have typically not been
used in the CS epidemiology literature. Instead, re-
constructed exposure estimates are often treated as
if they were true (error-free) data, for purposes of
fitting statistical models, Then, unwarranted conclu-
sions are drawn that fail'to explicitly model and cor-
rect for the effects of errors in exposure eslimates.©*?
This can create large, unpredictable biases in multi-
variate regression coefficients and other measures of
exposure-response association, %

If the true exposure-response relation is a thresh-
old {unction, then failing to explicitly model errors
and uncertainties in exposure estimates can smear
out the threshold in the estimated exposure-response
models, giving a misleading appearance of a smooth,
s-shaped exposure-response function. complete with
an apparent (but not real) smooth biclogical gradi-
ent {i.e., higher probabilities of response at higher
estimaled exposure levels) and elevated risks at esti-
mated exposure levels well below the true threshold.
Such incorrect modeling will over-estimate excess
risks at exposures below the threshold, and underes-
timate risks at exposures greater than the threshold.

To illustrate how a smoothly increasing esti-
mated exposure-response relation arises from a true
threshold relation when there are unmodeled errors
in the exposure estimates, consider the following sim-
ple hypothetical example. Suppose that true individ-
ual exposure rates are uniformiy distributed between
t and 20 mg/m*-years (for 40-year exposure dura-
tions}, and that the true exposure-response relation
has a threshold at 15 mg/m*-years, so that the true
risk of lung cancer is 0 for exposures of 15 mg/m?-
years or less, and 1 for exposures above 15 mg/m?-
years. Suppose that estimates of individual exposures
are unbiased, but with some variance around their
means, representing estimation errors. For simplic-
ity, assume that the ratio of the estimated exposure
to the true exposure, for each individual, is unifermly
distributed between  and 2, with a mean value of

Cox

1 (i.e., Estimated exposure = k x True exposure,
where k is a random variable, &k ~ U0, 2}, with
E(k) = 1). Table 1 shows true angd estimated expo-
sures for 10 individuals, based on this simple model
of errors in exposure estimates. Fig. 1 shows the es-
timated exposure-response relation based on 10,000
individuals.

(For plotling purposes, each estimated exposure
is rounded to the nearest integer, from 0 1o 40.) The
estimated exposure-response relation suggests that
risk increases with exposure over the entire range
of exposure values, and that it is slightly but signif-
icantly elevated even at relatively low exposure lev-
els (e.g., 3 mg/m'-years), even though we know that,
in this example, the true exposure-response relation
has no increase in risk at exposure rates below 15
mg/m’-years. This same conceptual point helds for
real data, provided that estimated exposures con-
tain errors. However, for real data, we do not know
what the correct exposure-response relation is. The
use of estimated individual exposures tends to smear
out the true but unknown expesure-response rela-
tion {e.g., turning a sharp threshold into a gradu-
ally increasing curve, as in Fig. 1, or turning a nar-
row distribution of individual thresholds into a wider
cne). Recovering the correct exposure-response re-
lation requires additional analysis to correct for this
smearing effect by explicitly modeling the relation
between true and estimated exposures.®23.3) Fg.
timated exposure-response relations for C8 in the
epidemiological literature have not made such cor-
rections, and therefore they do not provide useful
information about possible true exposure-responsc
thresholds or trustworthy evidence that risks at low
exposures are truly elevated.

2.3. Model Specification Errors and Uncertainties
Can Obscure Threshold Relationships

Many CS epidemiology studies fit parametric sta-
tistical models to estimated exposure-response data,
and then interpret the estimated model parameters
{e.g., odds ratios or regression coefficients) as pro-
viding evidence of a positive effect at all exposurc
levels. This procedure is not justified if different mod-
els hold at different exposure levels. as could be the
case if there is an exposure threshold, with no in-
crease in risk below the threshold and some increasc
above it.

The assumptions built into a statistical medet
can drive its conclusions, even if these disagree with
the data used io fit the model. As an extreme,
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Table 1, Ilypothetical Trala for True and Estimaiced Exposures and Resulting Responscs

True Exposure Random Muloplier Estimated Lxposure Response
-~ 1[0, 20] k -~ 1[0, 2. Efk) =1 =k % “True Exposure Threshold Response
1 0.14 14 019 15 u
2 6.07 0.7 4.30 15 0
3 18.34 M) 75 15 1
4 7.54 L6 1199 15 0
] 19.85 06 1131 15 1
) 17.89 0.4 7.52 15 1
7 9.20 1.6 14.74 15 {]
B 772 10 777 15 qa
9 541 12 675 15 ]
10 15.13 0l 181 15 1

Estimaged response probabeites and 95% confidence irlervals

i
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&

Fig. 1. Estimaled exposure-response :P:,' 0.8
relation for the simulated data in Table [ o
{using 10,000 individuals instead of 10). E
The correct relation has a threshold at 1% 2

risk = 0 for exposure = 15; risk = 1 for @ 04
exposure = 15. o
[}
z

0.2

oo
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hypothetical, example, fitting the regression model
Risk = 8 x Exposure to data that are correctly de-
scribed by Risk = 1/Exposure would produce a pos-
itive estimate for 8, which might be misinterpreted
as a positive unit risk factor or potency for the cf-
fect of exposure on risk, even though the true relation
Risk = 1/Eixposure shows that risk actually decreases
with increasing exposure. This illustrates how a mis-
specified statistical model can override data, and pro-
duce a conclusion that risk 1s increased at low expo-
sure levels, even if the data imply nothing of the sort.

To avoid such model specification crrors and
biases, it is useful to fit nonparametric models to
exposure-tesponse data. Fig. 2 presents an example:
a spline curve fit to estimated exposure-response data
in the infAluential IARC pooled analysis study. The

o5 18 21 24 ?F 30 331 36 3o

Eztimated Exposiie =TI Reeponse

authors interpreted this model as “support|ing] the
decision by the TARC to classify inhaled silica in oc-
cupational settings as a carcinogen, and suggest|ing|
that the current exposure limits in many countries
may be inadequate.” The y-axis shows estimated RR
of lung cancer, with 1 corresponding to no effect.)
The authors interpreted Fig. 2 as follows: “Analy-
sts using a spline curve also showed a monotonic in-
crease in risk with increasing exposure.” However, a
more accurate description is that Iig. 2 shows clear
evidence of a threshold, with no increase (and. if any-
thing, a slight decrease) in risk at low exposure levels.

This finding of an apparent threshold can be
converted to a reported finding of a “monotonic
increase in risk,” by fitting a parametric statisti-
cal model (such as Risk = § x Exposure, having
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Fig. 2. A splinc curve fit to pooled
analysis data suggests a threshold.
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Seurce: Figure from Reference 21,

parameter £, in the above example), which guar-
antees a positive estimate of 8 (as long as Risk
and Exposure values are positive), and hence a
monolonic increase in estimated risk even at low
exposures, no matter what the data say. (The slope
parameter 8 is necessarily positive when both Risk
and Exposure are posilive, since the line Risk =
f# x Exposure necessarily goes through the origin at
its lower left, and slopes upward through the posi-
tive scatter plot.) The IARC team interpreted the
data behind Fig, 2 this way. They it a similar para-
melric model (log relative risk = 8 x Exposure) (o
data with positive values of Exposure and log relative
tisk, and therefore (necessarily) concluded that risks
were increased atl low exposure levels—a finding that
they interpreted as supporting classificalion of CS as
a known human carcinogen that might need tighter
regulation. Fig. 2 suggests that a less assumplion-
laden process could have produced a very different
conclusion, that is, that the data do not indicate any
increase in risk at low exposures.

In summary, epidemiological evidence on CS§
and lung cancer have often been interpreted as sug-
gesling a cauvsal relation between CS exposure and
increased risk of lung cancer,??) even at relatively
low exposure levels that do not cause silicosis. Our

review of CS epidemiology indicates that this inter-
pretation is unjustified. CS epidemiological studies
and meta-analyses have not corrected for errors in in-
dividual exposure estimates, have not applied appro-
priate methods 10 estimale and fully control for con-
founding, and have not accepted and interpreted at
face value the results of nonparametric analyses that
provide clear, model-free, evidence of an exposure-
response threshold. As a result, past epidemiological
studies do not provide trustworthy information about
the presence or absence of thresholds in exposure-
response relations, or about the shape of individual
or population exposure-response functions. To ob-
tain more insighl. it is necessary to turn to biological
information about how and under what conditions
CS increases risks of lung diseases.

3. CS MODE OF ACTION

Over the past decade, molecular biologists
and toxicologists have dramatically improved
understanding of how PSPs in general, and CS
in particular, cause lung diseases. The following
steps, reviewed in more detail in Cox for COPD (%
are important in the development of many PSP
exposure-related lung diseases.
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(1

2)

3

Sufficient  exposure aclivates  alveolar
macrophages {AMs) and changes their
phenotypes. Intense and prolonged exposure
1o many PSPs permanently shifts AM popula-
tions toward more cytotoxic phenotypes with
reduced phagocylic capacily and reduced
ability to clear apoplotic cells via efferocy-
tosis." For CS, AMs are activated via the
MARCO receptor, which plays a crucial role
in CS particle recognition and uplake.!>
A shift in AM phenolypes and reduced AM
phagocylic capacity has been documented
for silica-exposed monkeys,®® as well as for
rodents.?”

The altered AMs produce increased levels of
ROS. reactive nitrogen species (RNS), and
pro-inflammaltory cylokines, including TNF-
. Exposure to PSPs increases AM produclion
of ROS. Although increases in ROS produc-
tion may initially be counterbalanced by com-
pensating increases in antioxidants (AOX)
{see Ref. 39 for silica and Ref. 40 for a
more general overview) sufficient exposure
overwhelms and down-regulates AOX in rats,
shifling the oxidant-antioxidant balance in the
lung toward abnormally high ROS levels and
generating oxidative stress.”) Mechanisms of
antioxidant reduction in human bronchiolar
epilbelial cells (BECs) have started Lo be elu-
cidated in vitro,'*!) although more remains
to be dome {e.g., 1o clarify the role of the
Nrf-2 “master switch™ for many antioxidants,
and its pathways, such as the Nrf-2-ERK-
MAP kinase-heme oXygenase {an antioxi-
dant) pathway).14243

A high-ROS environment, in turn, induces
AMs {and, to a lesser extent, other lung
cell populations, such as BECs) Lo secrete
mote pro-inflammatory medialors—most no-
tably, tumor necrosis factor alpha (TNF-o),
as well as IL-18, TGF-$1, and other pro-
inflammatory cytokines.t** For CS specif-
ically, exposure increases AM production
of both ROS and RNS in rats“? and ac-
tivates signaling pathways {including NF-
kappaB and AP-1) that promote expression
of pro-inflammatory mediators, oncogenes,
and growth factors important in lung fibro-
sis and cancer.{ 7" Increased ROS stimulates
increased secretion of TNF-a by AMSs, as ob-
served in vivo in silica-exposed rats® and in
vitro in silica-exposed lung cell lines, in which

4)

ROS activates a specific transcription factor
{(nuclear factor of activated T cells [NFAT])
that increases TNF-g, '

In bhumans, ROS markers such as 8-

isoprostane remain elevated, or increase, in
patients with silicosis®” or COPDU® even
long afier exposure stops, suggesting that ex-
posure “swilches on” a self-sustaining pro-
cess (e.g., a positive feedback loop) that keeps
ROS permanently elevated. The increase in
ROS levels and oxidative stress in the lung
environment is considered crucial in caus-
ing subsequent exposure-associated lung in-
jury and in increasing risk of lung diseases,
including fibrosis,** silicosis, and lung can-
cer.(2:12:46-48)
Increased TNF-a and ROS stimulate an in-
flux of neutrophils to the lung. Some specific
causal pathways by which TNF-o and ROS at-
tract neutrophils into the lung have been par-
tially elucidated, as follows.

s TNFe up-regulates interleukin 8 (IL-8) ex-
pression.‘* 11.-8 {also called CXCI.8 lig-
and) is a potent chemoattractant for neu-
trophils. It recruits additional neutrophils
to the lung, via chemotaxis. and activates
them (by binding with high affinity to
the two chemokine receptors, CXCRI1 and
RZ2. on the neutrophil cell surface, stim-
ulating their degranulation).®® The lungs
contain a large reservoir of marginated
neutrophils, sequestered within the tiny
capillaries of the pulmonary microcircu-
lation and adbering to the capillary lin-
ing (endothelium). In response to 1L-8,
they squeere across the alveolar-capillary
membrane and into the interstitial air
spaces. (How quickly this happens depends
on the deformability of the neutrophils,
which depends on oxidani-antioxidant bal-
ance.5!) IL-8 also increases the celiular ad-
hesion of neuirophils (specifically, to fib-
rinogen and ICAM-1) via the g2-integrin
cell surface adhesion molecule, Mac-1, i.e.,
CD11b/CD18.52) Thus, 11.-8 increases the
local concentration of activaied lung neu-
trophils, both by attracting and by retain-
ing them. This may be diagrammed as:
IL-§ — N {where the arrow indicates that
an increase in the quantity on its lefi (tail)
increases the quantity on its right (head).)
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e ROS increases the release of 1L-8 from cul-
tured macrephages. Specifically, the lipid
peroxidation product 8-isoprostane {which
is elevated in COPD patients, as well as in
the plasma and urine of atherosclerosis pa-
tients) increases IL-8 expression in human
macrophages in vitro (via a pathway that in-
volves both ERK 1/2 and p38 MAPK. but
not NF-kappaB).©

» ROS also increases IL-8 via the following
ROS-EGFR pathway:!!% ROS —» TGF-u
— EGFR phosphorylation — IL-§, VEGF,
MUCSAC, MUCS3B (where, again, each ar-
row indicales that an increase in the quan-
tity on the Jefi (tail) increases the quantity
on the right (head) of the arrow). This path-
way also increases mucus production in air-
ways, via increased expression of the mucin
genes MUCSAC and MUCSB. IL-8 is pro-
duced by BECs, dendritic cells, and other
lung cell populations, {ollowing EGFR ac-
livation.

s TNF- and ROS may also stimulate release
of the ligand CXCL2 (i.e., C-X-C motil
ligand 2, also called macrophage inflam-
matory protein 2-alpha [MIP2-or]). as well
as of growih-regulated protein beta (Gro-
beta) and Gro oncogene-2 by dendritic
cells (DCs), monocyles, and macrophages.
CXCL2 is chemotaciic for neutrophils, en-
hancing their influx into the airways®#
for murine cells in vitro; see Thatcher ef
al®® for CXCR?2 effects on emphysema in
smoke-exposed mice in vivo,

(6)
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cell degranulation, contributing to mucus hy-
persecretion into the airways.°” This creates
the following positive feedback loop: TGF-
o — EGFR phosphorylation — IL-8— neu-
trophils - NE — TGF-z. Aclivated neu-
trophils further amplify the EGFR pathway
and inflammation by releasing TNF-¢, which
increases expression of EGFR on airway ep-
ithelial cells."” Increases in NE can shift an
entire prolease-antiprotease network toward
a new, high-protease state in which the excess
proteases digest lung tissue and cause emphy-
sema and COPD), as well as increasing apop-
tosis of endothelial and epithelial cells.!!?
High ROS and oxidative stress increase apop-
tosis of AMs, neutrophils, and alveolar ep-
ithelial cells, leading to lung tissue damage
and destruction. Apoptosis of alveolar epithe-
lial cells, together with damage to the ex-
tracellular matrix (ECM) and alveolar wall
from increased proteases, can eventually lead
to lissue destruction and remodeling of the
ECM, including deposition of collagen lead-
ing to scarring and fibrosis in human silico-
5is™ and COPD.1Y Experimentis with silica-
exposed knockout mice have confirmed that
both IL-18 and inducible nitrogen oxide syn-
thase (iNOS) are involved in apoptosis and
inflammation during murine silicosis."*” In-
creased ROS leading to increased apoptosis -
of alveolar cells and neutrophils has been ob-
served in CS-exposed rais.(®%%!) Damaged and
dving alveolar epithelial cells (especially Type
1T alveolar cells) cause the lung parenchyma
1o secrete, aclivate, and release transform-

In rats exposed to CS, the initial influx of AMs
and neutrophils leads to elevated levels of both that
persist many months after exposure ceases.*%

ing growth factor beta-1 (TGF-41), as weli
as more TNF-# (thus completing still fur-
ther positive feedback loops: ROS — TNF-

(5) The increased neuirophils and AMs in the & — IL-8 — neutrophils - ROS — apap-

lung generate increased ROS levels and ox-
idative siress, due in part 1o their respiratory
bursts; in part 1o the release of neutrophil
elastase (NE) from neutrophils; and in part to
greatly increased numbers of apoplotic cells
(primarily neutrophils, but also AMs and ep-
ithelial cells). This completes a positive feed-
back loop: ROS — TNF-¢ from AMs —
IL-8 — neutrophils — ROS. NE also fur-
ther activates the EGFR pathway (by cleav-
ing pro-TGF-«, which stimulates release of
mature TGF-¢ that binds te and phosphory-
lates EGFR), and potently stimulates goblet

totic cells— TNF-«). Apoptotic celis (and,
even more, necrotic cells, which form if apop-
tolic cells are not promptly and safely re-
moved) also release high levels of ROS into
the lung environment, TGF-81 activates fi-
brogenic cells and powerfully attracts AMs
{which release more TGF-£1) and other in-
flammatory cells (neutrophils and lympho-
cyles) into parenchymal tissues.(%?) ROS and
TGEF-$1 stimulate production of new ECM
by myofibroblasts, the fibrotic lung’s major
collagen-producing cell population.®%? High
oxidative stress also decreases the ability of
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AMs 1o identify and remove apoptotic cells,
further increasing their concentration, and
hence the concentration of ROS and TGF-£1
in the lung environment,

{7y In rats, damage to lung tissue and altercd

- apoptosis result in epithelial hyperplasia,
clonal expansion of prencoplastic cells that
would ordinarily be removed via apopto-
sis, and increased 1isk of lung cancer. Ox-
idative stress from a high-ROS hing envi-
ronment can both reduce apoplosis among
some cells (thereby increasing lung cancer
risk, if prencoplastic cells are less likely 1o

be detected and removed via apoptosis) and .

stimulate proliferation and transformation of
cells that contribule to increased lung cancer
risk.?2) For CS specifically, exposure causes
hyperplasia of epithelial cells and fibroblasts
in rats, but CS does not induce similar hy-
perplasia {or lung cancer) in mice and pri-
mates.t” CS induces hyperplasia of both neu-
roendocrine Jung cells'™ and Type [T alveo-
lar cells in rats, although not in mice or ham-
sters.t%48D [ rats (but, again, not in mice or
hamsters, which do not show elevated lung
cancer tisk in response 1o CS exposure), TGI-
B1 precursor is localized in hyperplastic alve-
olar type 11 cells and ECM next to granulo-
mas (and adenomas, if any).!"®) This sug-
gesls a close link between locations of alve-
olar cell death and attempted repair of ECM
{both of which are associated with TGF-§1)
and areas of increased hyperplasia/fadenomas.
Such usefully detailed biomolecular infor-
mation links the process of silicosis (e.g.,
TGF-£1 -mediated collagen production, ECM
remodeling, cpithelial-mesenchymal transi-
tion,!® and fibrosis) directly to epithelial
cell proliferation and increased lung cancer
risk (due to increased hyperplasia/adenoma
of damaged lung tissuc)--the crucial link
that epidemiological data alone could not yet
provide.

Studies of silica-induced lung cancer in rats—the
only species in which CS exposure is known Lo cause
lung cancer—indicate that CS does not act through
classical mutational (e.g., KRAS or £:GFR mutation)
pathways for lung cancer, but rather promotes Jung
carcinogenesis through indirect epigenetic processes
associated with increased proliferative stress and hy-

permethylation of the promaoter region of turnor sup-
pressor genes (TSGs), specifically including p16.t%
In humans, aberrant promoter methylation of TSGs
is more frequent in serum DNA from silicosis pa-
tients with lung cancer than in silicosis patients with-
out lung cancer,®” suggesting that epigenctic gene
silencing of TSGs by this mechanism may be rele-
vant in silicosis-associated lung cancers in humans, as
well as in rats. The plé gene normally participates
in checking and regulating cell division (as part of
the p16INK4a-Cyclin D1-CDK4-RB cell cycle con-
trol axis).") Disruption of pJ6 gene expression al-
lows damaged cells that would normally be removed
via apoplosis to undergo mitolic replication instead,
increasing the prevalence of damaged (potentially
preneoplastic) cells in lung bronchiolar epithelial tis-
sue. Epigenctic silencing of p/6 by CS-induced hy-
permethylation of jits promoter region thus presum-
ably increases survival and entry of altered (initiated)
cells into a clonal expansion phase, thereby promot-
ing expansion of preneoplastic cell populations and
increasing the risk of lung tumors. %%}

In summary, CS exposure stimulates produc-
tion of ROS/RNS, down-regulates counterbalancing
antioxidants, and activales immune cells, including
AMs (as well as mast cells, and B-lymphocytes). (0
Activated immune cells release more ROS, cre-
ating a positive feedback loop.*"} The resulting
high-ROS, chronically inflamed lung environment
disrupts normal apoplosis and repair of epithehal
and endothelial cells, increases epithelial cell pro-
liferation and lung cancer risk, inbibits normal re-
pair of damaged epithelial tissue, and promotes ex-
cess secrelion of collagen and other proteins in the
ECM. In rats, and probably in silicosis patients, these
changes promote expansion of preneoplastic clonal
patches and increase risk of lung cancer, probably
n part by epigenetic silencing of TSGs, such as pio.
‘These general features of lung disease processes hold
for many PSPs and mineral dusts and fibers, and
for CS in particular, as documented n the cited
references, although important biochemical details
{such as the specific antioxidants generated in re-
sponse to initial ROS increases) differ for different
compounds.©®

4. EXPOSURE-RESPONSE MODELING

Although the inflammatory mode of action is
complex, one of its main features is obvious: the
key quantities and the regulatory relations among
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them form a network with multiple positive feed-
back loops. Fig. 3 shows examples. In each loop (i.e.,
each directed cycle among a set of variables, with
arrows entering and leaving each variable in it), an
increase in one element stimulates an increase in
its successor, s¢ that evenlually all variables around
the loop increase. (Fig. 3 is not intended to be com-
plete, e.g., it does not show the direct contribution
of CS fragments 10 ROS, the shift in AM pheno-
types toward less effeclive phagocytosis, the pro-
duction of collagen by fibroblasts, or many other
biological effects previously discussed. It simply illus-
trates some major positive feedback loops involved
in CS-associated (and other PSP-associated) lung
pathologies.)

If specific quantitalive formulas linking the rates
of changes of different variables were known, then
the dynamic response of such a network 1o changes
1n its exogenous inpuis (such as CS exposure, in Fig.
3) could be simulated. Even wilthout such detailed
quantitative information, however, the method of
coniparative statics analysis®® can be used to study
how equilibrium levels of variables change in re-
sponse 10 exposure. The basic idea is 1o compule how
equilibrium points change, even though the delails of
the adjustment process may be (and, for C§, still are)
largely unknown. To do this, we focus on seme vari-
able, such as ROS, that appears in one or more loops.
Let’s call the selected variable X. Now, consider the
following artificial adjustment process, which is con-
structed so that it will lead to the same equilibrium
levels of X as the real but unknown adjustment pro-
cess. {Throughout, we assume, realistically, that all
modeled variables are bounded, and that they adjust
to their new equilibrium levels {or quasi-equilibrium
levels, for slowly changing variables), in response (o
any change in inputs, relatively quickly—well within
the lifetime of the exposed individual. These assump-
tions hold for the variables in more detailed models
of COPD.1") The artificial adjustment process is it-
erative. Each iteration consists of the following two
steps.

]

(1) Hold X fixed at a specified level, denoted by
X at iteration 1. Let all other variables adjust
until they are in equilibrium with X,.

(i) Next, hold all other variables [ixed at their
new levels, and let X" adjust until it is in equi-
librium with them. Denote by X, this new
value of X.

If the system were understood in enough detail
10 allow a full, explicit, dynamic simulation model 1o
be constructed, then the mapping from each value
of X, to the corresponding value of X, could be
evaluated numerically. Even without such complete
knowledge, we can denote this mapping by some (un-
known) function, f, and consider its qualitative prop-
erties. By construction, equilibrium values of X {de-
lined as values such that X,y; = X,) in the dynamic
system are also fixed points of the artificial adjust-
ment process represented by f. The model

X = f(X)

corresponds to a curve, which we call a model curve,
in a graph that plots X,. against X,, as shown in
Fig. 4.

Fig. 4 actually shows three different model
curves, 1-3, corresponding to successively greater ex-
posure levels and/or sensitivities of exposed individu-
als, For model curves 1 and 2, there is a unique, glob-
ally stable equilibrium value of X, denoted by X,
where the model curve intersects the equilibriurn line
(defined by the 457 line X4, = X;) from above and to
the left. This equilibrium is stable because X,y > X,
to its left and X, < X, toils right. In other words,
if X, differs from X*, then the levels of other vari-
ables that are affected by X, will not adjust to lev-
els that sustlain X,, but instead will reach levels that,
in turn, cause X, to move closer to X™. Such a glob-
ally stable equilibriumn represents the normal, home-
ostatic equilibrium for the system when no disease is
presenl. Model curve 2 differs from Model curve 1
by showing saturation of X at its right end, that is,
a maximum possible level of X. Even a high level of
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Fig. 4. Lxposures hugh enough to
destabitize 2 feedhack-controd loop
create an alternative equiliboum
{putential discase) stale (X7 “Vand a
threshald (X7}

cxposure will not lead to an infinite level of X, but
will, at most. saturate the response of the fcedback
loop(s) containing X, sending the affecied variables
to their maximum levels.

Model curve 3 shows a qualitatively difierent
possibility for an exposed individual for whom the
saturated leve] of X is high enough to intersect the
equilibrium line from above and to the left. For such
an individual. there are two allernative cquilibria: the
normal homeostatic equilibrivm at X™. and an al-
ternative, locally stable cquilibrium X* | with X at
its saturated level. Tn between them, for any con-
tinuous model curve, there must be a threshold or
“tipping point,” denoted by X7 in Tig. 4, such that
X will adjust toward X~ from any starting point to
the left of X', bul will adjust toward X* from any
starting level to the right of X*. That is, X' 1s an
unsiable equilibrium scparating the two basins of at-
traction for the “healthy equilibrium” X* and the
potential “discase equilibrium™ X<*. {Topologically,
such & threshold must exist whenever two alterna-
tive stable equilibria exist. for any continuous mode!
curve; it is unique if the model curve 1s s-shaped.)
As cxplained in detail for a specilic parametric model
of COPD (consisting of a system of ordinary differ-
ential equations and algebraic equations with esti-
mated parameter values),!'" exposure that increases
a madel curve enough to produce a saturated equilib-
rium (such as X in Fig. 4) does so by destabilizing
the positive fcedback loop(s) containing X, causing
its variables (o escalate until saturation is reached.

FFor a biological interpretation, suppose that X
represents ROS, and that the mechanism by which

X equifibrium fine: X.; = X

Mool cuve 3: Expasdie == 0

TipRing paint thresnoid

long-term exposure increases the mode] curve is 1o
shift cell populations (such as AMs) toward phe-
notypes that produce higher levels of ROS {andfor
higher levels of the causal drivers of increased ROS
in Fig. 3). Then X represents a high-ROS equilib-
rium, in which ROS and all the other variables in
Fig. 3 {which participate in positive feedback loops
with ROS) have increased levels. If long-term ex-
posures produce a model curve with two allernative
equilibria {such as model curve 3), and if short-term
exposure transients can then {emporanly increase
the level of X, then any cxposure history that in-
creases X past its tipping-point threshold will trigger
a self-sustaining escalation in levels of X {and of all
other variables that participate in a positive feedback
loop with X, including all variables shown in Tig. 3)
until the high-ROS {saturated-equilibrium) state is
reached. Tf defensive and repair resources are insuf-
ficient to counter the damage done 1n this high-R(OS
state, then tissue destruction and other clinical man-
ifestations of lung discase may result. The threshold
model in Tig. 4 predicts that proeression to the high-
ROS potential discase state will occur, even in the
absence of further exposure, once the {ipping point
has been passed.

The preceding threshold model is motivated by
current understanding of the biology of lung re-
sponses to PSP exposures in general, and to C8§
exposures in particular, but it does not require de-
tailed knowledge of the biclogical mechanisms in-
volved, many of which remain uncertain. For exam-
ple, with sufficient knowledge and data. cach of the
links between variables in Iig. 3 could be further
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elucidated, perhaps expanding into an cntire sub-
network showing molecular-level details of how an
increase in the variable at the tail of an arrow prop-
agates through signaling pathways and other mecha-
nisms 1o cause an increase in the variable at the ar-
row’s head. But such a detailed description would
not change the basic topology of the network. nor its
properties derived from the fact that multiple posi-
tive feedback loops dominate its qualitative behav-
ior. The exposure-response threshold in Fig. 4 does
notl depend on such details, and hence is robust to
uncertainties about them. Although further biologi-
cal information may cventually allow more detailed
simulation and prediction of the time courses of lung
disease 1nitiation and progression, il should leave in-
tact the insights that comparative statics analysis, of
the type performed in this section, provides today.

4.1. Confirmatory Data: How Well Does the Theory
Matich Observations?

The analysis of alternative equilibria in Fig. 4 im-
plies the existence of an exposure threshold, below
which lung damage is largely reversible {although the
homeostatic equilibrium X™* can be shified rightward
if exposure shifts the whole model curve up), and
above which escalation of ROS, and of the other vari-
ables in Fig. 3, 1o permanently elevated levels will
progress, even without further exposure. It 15 use-
ful to compare this theoretical prediction to avail-
able data, which come largely from a series of stud-
ies in rais, underiaken by NIOSH. Porter er al. (™™
found experimentally that “the time course of rat
pulmonary responses 1o silica inhalation as bipha-
sic, [with] the initial phasc characterized by increased
but controlled pulmonary inflammation and dam-
age. However, after a threshold lung burden was
exceeded, rapid progression of silica-induced pul-
monary disease occurred.” They reported: “During
the first 41 days of silica exposure, we observed ele-
vated but relatively constant levels of inflammation
and damage, with no fibrosis. Subsequently, from
41 to 116 days of exposure, rapidly increasing pul-
monary inflammation and damage with concomitant
development of fibrosis occurred. This suggested that
pulmonary defense mechanisms were imitially able to
compensate and control silica-induced pulmonary in-
flammation and damage, bul afier a certain threshold
lung burden was exceeded, these control mechanisms
noe longer were adequale 1o prevent the progres-
sion of silica-induced pulmonary disease.” In lerms
of Fig. 4, these data could be interpreted as indicat-

Cox

ing that exposure initially moves the model curve up-
ward, thus moving the homeostatic equilibrium right-
ward {yielding the reported controlled, reversible
increases in levels of leop variables). Continued
exposure moves the model curve further upward
{(e.g., because it selects for macrophages that pro-
duce higher levels of ROS for the same exposure),
eventually crealing a tipping point threshold and
an irreversible disease state (saturated equilibrium),
yielding the reported rapid progression of pulmonary
disease.

Such a coincidence between qualitative predic-
tions and experimental cbservations in rats. while
perhaps encouraging, does not prove that our con-
ceptual model 18 correct. To test the specific biolog-
ical interpretation {suggested by Fig. 3) that a high-
ROS equilibrium accounts for silica-induced lung
diseases, it would be necessary to assess the levels
of ROS in conjunction with the initiation and pro-
gression of silica-induced lung diseases. Fortunately,
such experiments have been done. Porter et af.('1 ex-
amined the mechanism by which injury progresses in
ral lungs even after exposure ceases, and found that
it is indeed mediated by a continuing increase in the
production of ROS (and also RNS). They reported
that “even after silica exposure bas ended, and de-
spile declimng silica lung burden, silica-induced pul-
menary nitrogen oxide (NQO) and ROS production
increases, thus producing a more severe oxidative
stress. .. INOS and NO-mediated damage are asso-
clated anatomically with silica-induced pathological
lesions.” This is fully consistent with the prediction
{from Fig. 4) that, once the tipping point threshold
has been passed, the system will be in the basin of at-
traction for a high-ROS equilibrium, te which it will
move (thus increasing the levels of all the loop vari-
ables positively linked to ROS) even after silica ex-
posure has ended. A similar tipping-point threshold
between two basing of attraction has been reported
in an explicit dynamic simulation model of COPD.U%
Thus, this key feature of cur theoretical analysis ap-
pears to be consistent with some limited available
data.

Of course, rats arc not people, and the relevance
of experimental findings in rats o disease processes
in people can be questioned. owever, Porter et
al note that in human occupational populations,
too, “[hjuman epidemiologic studies have found that
silicosis may develop or progress even after occupa-
tional exposure has ended, suggesting that there is
a threshold lung burden above which silica-induced
pulmonary disease progresses  without further
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exposure.” Thus, we believe there is empirical
support for the inference that CS, like other PSPs
that cause lung diseases following chronic inflam-
mation,? induces a high-ROS state as a possible
alternative equilibrium to the usual, lower-ROS,
homeostatic equilibrium—-at least in susceptible
individuals (defined as those in whom exposure
shifis the model curve up enough to create the
aliernative stable equilibrium state, X™**). lixposures
that push the dynamic system of interacting variables
in the lung {see Fig. 3} into the basin of atiraction of
this high-ROS state then trigger progression to the
high-ROS state, even if no further exposure occurs.
Depending on an individual’s capacity 1o repair the
muliiple types of damage caused by the high-ROS
slate (see Fig. 3), a variciy of lung diseases, from
silicosis to lung cancer, can result. We propose this as
a unifying conceptual model for understanding the
mduction and progression of inflammation-mediated
lung discases caused by inhalation of PSPs.

5. DISCUSSION: USING THEE MODEL
TO ADDRESS POLICY-RELEVANT
QUESTIONS

lipidemiological investigations that do not in-
clude careful, well-validated modeling of exposure
eslimation errors may not yet be capable of deliver-
ing convincing answers 1o the policy-televant ques-
tions raised in the introduction: whether exposure-
related diseases occur together; whether €8 has an
. exposure-response threshold for causing lung dis-
cases; and, if so, whether currently permissible expo-
sure limits lie above or below the threshold. How-
ever, combining available, imperfect epidemiclogical
evidence with recent advances in understanding of
lung responses to poorly soluble particulaies (PSPs)
m general, and CS in particular. as outlined in the
previous two sections, allows us to shed new light on
each of these practical questions.

5.1. Existence of an Exposure-Response Threshold

There are strong empirical, as well as theoretical,
grounds for expecting a threshold in the exposure-
response relation. In theory, knowledge that €S acts
through positive feedback loops (Fig. 3) suggests
the presence of an exposure-response lipping point
threshold {such as X’ in Fig. 4). Empircally, rel-
atively low exposures have been observed to in-
duce largely seli-limiting and reversible effects in
rats {consistent with a homeostatic equilibrium, X},

while high exposures have been observed to trig-
ger a self-sustaining escalation to a permanent high-
ROS state (consistent with an alternative equilib-
rium X*).0%) Our review of CS epidemiology in
Scetion 2 suggests that existing epidemiology is fully
consistent with the biologically-based understand-
ing of PSF mode of action and the two alternative-
equilibria theory in Figs 3 and 4, and with their
implied exposure-response threshold for exposure-
related increases in lung disease risks {as observed
for many PSPs in rats)® once a clear distinction
is drawn between exposure-response curves for es-
timated exposures and exposure-response curves for
true but unknown ¢xposures. The former may lack a
threshold, even if the latter have one (14ig. 1).

5.2, Quantitative Estimation of the
Exposure-Response Threshold: > 0.4 mg/m®

A potentially useful quantitative contribution
from CS epidemiology is the observation by Rush-
ton® that lung function appears to be diminished
in some studies at estimated occupational exposure
concentrations in cxcess of 0.1-0.2 mg/m? of res-
pirable silica dust for durations of at least 30.40
years, in the presence of other occupational dust
exposures. b this finding is confirmed, and if con-
founding by cigaretie smoking and occupational co-
exposures is eventually ruled out as an explanation
{perhaps by building on recent innovative statistical
methods ), then 0.1-0.2 mg/m? of silica dust for 30—
40 years might be accepted as a useful point of depar-
ture for estimating the exposure threshold that must
be exceeded to create a disease state.

As in gther epidemiological studies, there is
large uncertainty in this review about true exposures,
implying that any real exposure-response thresh-
old is likcly to be significantly greater {perhaps by
several-fold) than the level at which the estimated
exposurc-Tesponse threshold shows elevated risks
(see Fig. 1). To obtain a clear estimated concentra-
tion threshold between 0.1 and 0.2 mgfm3. it is neces-
sary to modify the example in Table I. For example,
Fig. 5 shows a simulated exposure-response curve
when the true exposure is uniformly distributed be-
tween 0 and 1 mg/m* and there is a true response
threshold at 0.4 mg/m.® (With the true probabil-
ity of response, i.e., exposure-induced illness, be-
ing @ for concentrations below this threshold and 1
above it. In reality, of course, different individuals
might have different thresholds, reflecting their own
model curves and X’ values, but it remains true that
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unmodeled error, cven in unbiased exposure csli-
males, smears out and decreases the apparent thresh-
old level of exposure at which cxcess population
risks start to oceur.) In the absence ol detailed study
ol real-world exposure estimation errors, such hy-
pothetical examples suggest that an cstimated ex-
posure concentration threshold between 0.1 and (12
mg/m® might correspond to a true threshold value of
about 0.4 mg/m? for the concentration threshold that
must be exceeded before adverse health effects occur
among susceptible workers,

However. this rough estimate of 0.4 mg/m* is
contingent on as-vet unproved assumptions, includ-
ing that the adverse health cffects in Rushton'
were caused by CS, rather than by other exposures.
We have assumed only a rather modest degree of
variability in estimated exposures around the corre-
sponding true values (namely, a uniform distribution
around the mean, k ~ Ul(L3, 1.7), with no outliers
or heavy tails). The truc threshold could be substan-
tially higher than .4 mg/m® il exposure estimates
have greater variability than this. {As an extreme cx-
ample, the true threshold could be as high as 2 mg/m*
and still give an estimated threshold of 0.1 mg/m?® if
{(a) each individual with an estimated exposure of (1.1
has a 5% probability of having been cxposed to 2
mg/m? and a 95% probability of having been exposed
to 0 mg/m’, for an average exposurc of 0.05 »x 2 +
0.95 x 0 = 0.1 mg/m*; and (b) the power of the study
is such that at least 3% ol individuals in an exposure
group must respond in order for an excess risk to be

Cox

‘ Fig. 5. A true threshold at 0.4 mg/m®

i produces an estimated threshold between
0.0 and 0.2 mpdm®. (N — 10000 samples,
k ~ U703, 1.7 true exposure ~ U0, 1
gt )

detected.) Thus, to better estimate the true level at
which adverse health effects associated with the high-
ROS state are induced, it will be essential {or Tuture
studies to more carefully characterize the error dis-
tribution of estimated exposures around true expo-
sure levels, perhaps using more detailed simulations
of workplace daily cxposure distribution means and
VATIATCeS.

Meanwhile, it appears plausible that currently
permitted exposure levels of (1.1 mg/m? of respirable
CS could be well below {(possibly by a factor of 2
to 1}, based on the hypothetical examples just de-
scribed} the levels that might increase risks of ad-
verse health effects. This conclusion becomes more
robust if, instcad of there being different thresholds
for different CS-induced lung discases, there is one
large dichotomy, as illustrated In Fig. 4. between a
low-ROS homeostatic equilibrium and a high-ROS
discase state equilibrium {which can then produce
different ROS-mediated diseases in susceptible in-
dividuals, based on different vulnerabilities in their
defensive and repair resources for responding to ox-
idative stress injuries). We now consider further the
implications of such a dichotomy.

5.3. Is Increased Risk of Silicosis Necessary
for Inereased Risk of Lung Cancer?

The study of Rushton'®) examines estimated con-
centrations for longitudinal effects, so that even long-
delayed health effects can eventually be counted.
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This is very uscful when the alternative-equilibria
theory in lig. 4 is combined with an assumption
that the high-ROS equilibrium is necessary (although
perhaps not sufficient, if defensive and repair ca-
pabilitics are sufficiently strong) to cause increased
risk of ROS-mediated lung diseases. Together, these
assumptions imply that if increased rates of ROS-
mediated lung diseases do eventually occur in an ex-
posed occupational population, then exposure must
have been sufficient {o create the high-ROS state in
susceptible individuals—--and, therefore, high ¢nough
to have increased risks of several different discases
agsociated with the high-ROS state among individu-
als susceplible to each type (e.g., duc 1o limited ca-
pacity for alveolar cpithelial tissue repair, for em-
phyvsema; or ECM repair, for fibrosis; or apoptosis
ol premalignant cells, {or lung cancer; and so forth).
Conversely, this understanding of the discase pro-
cess implies that protecling against any of the high-
ROS diseases, by keeping exposures below the lev-
¢ls that induce a high-ROS state in an individual or
species, will protect against all of them, from silicosis
to inflammation-mediated lung cancer, This makes it
plausible that exposures that are too low Lo cause in-
creased risk of silicosis {(even among susceptible in-
dividuals) will also not cause increased risk of lung
cancer, cven if silicosis is not a necessary precondi-
tion for CS-induced lung cancer: failure to create the
high-ROS alternative equilibrium protects against
both. According 1o this logic, increased risk of sil-
icosis (and other indicators of the high-ROS state)
in susceptible individuals should be expected as a
necessary accompaniment to increased risk of other
high-ROS discases (such as inflammation-mediated
lung cancer caused by CS29), whether or not silico-
sis causally contribules to US-induced lung cancer.

6. CONCLUSIONS

Postulating an exposurc-response threshold for
lung discases (including lung cancer) associated with
exposure to {8 and other PSPs1s notnew. It has long
been discussed for CS. with rat data, human data,
and mechanisiic information being cited in support of
thresholds.®™ For example, in 1995, researchers from
California’s Department of Toxic Substances Con-
trol®™ reviewed the then-available evidence on the
carcinogenicity of C8, and concluded: “The weight
of evidence for both rats and humans indicates that
fibrotic and silicotic lesions in the lung result from in-
halation exposure to €S and that lung cancer is sec-
ondary to those lesions in the lung. Thus CS should

be considered to have a threshold for causing can-
cer. The critical exposure criterion is that exposure
level which does not produce a fibrogenic or silicotic
response; thus it s necessary (o determine the no ob-
served adverse effect level (NOAF1) lor fibrogene-
sis.”

Our analysis supporis these earlier conclusions.
To do harm, exposures to PSPs such as CS must be
large enough and last long cnough to trigger the
chronic inflammatory responses and progression to a
high-ROS state that can eventually lead to diseases.
In vitre evidence in cell cultures, as well as in vive
cxperiments in rats, indicate exposure thresholds
for inflammation,™ oxidative stress. and resulting
diseases. including lung cancer.’™ Morcaver, normal
lung cell populations interact via homeostatic (neg-
ative) feedback loops that stabilize and maintain
oxidant- antioxidant balance™ ™) and other (e,
proteinasc/anti-proteinase)  equilibria.!'®  Discase
risk is net increased by exposures while homeosta-
sis is maintained. Disrupting normal homceostasis
requires activating positive feedback loops (Fig. 3)
capable of damaging tissue (respiratory epithelium)
and overwhelming normal repair processes. Both rat
data®™ and mathematical modeling of inflammation-
mediated lung diseases (lig. 4) indicate that these
respenses Lo PSPs have exposurce-response thresh-
olds. Of course, these data and models are limited,
and much remains to be learned about the details
of the biological inputs and feedback loops that
thev describe, as well as others that may yet be
discovered. Thus, we cannot completely exclude the
possibility that a threshold does not exist. But our
model-based analysis may add to previous weight-of-
evidence conclusions by suggesling how exposure-
response  thresholds  naturally | arise  between
alternative basins of atlraction in positive feed-
back loop systems.

For CS and many other PSPs, sufficient expo-
sure triggers AM activation and phenotype change,
release of ROS and RNS, attraction of monocytes,
AMs, and neutrophils to inflamed arcas, damage and
destruction of alveolar epithelial tissue and ECM.
disruptien of normal apoptosis and epithelial tissuc
repair and FOM repair, sustained epithelial prolif-
cration and hyperplasia. and pessible promotion of
lung cancer. These discase processes may be mod-
cled as networks of damaging positive feedback
loops that are either “switched on” {meaning that
the loop is attracted to a new, stable cquilibrium
with increased values of its variables. such as X™** in
Iig. 4) or “switched off” {meaning that the loop



16

remains in the basin of attraction of the healthy equi-
librium, X™ in Fig 4). Excess risk of inflammatory
lung diseascs and lung cancer ariscs only at cxpo-
sure intensitics and durations that are large enough
to switch on these disease processes. T'or €8, these
trigger levels may be on the order of 0.4 mgim® or
more of silica dust, depending on the distribution of
exposure cstimation errors around true values. Such
levels significantly exceed currently permissible lev-
els {c.g., 0.05-0.1 mg/m?), implying that lurther re-
ductions in permitted exposure levels—if permitied
levels arc enforced—should not be expected to pro-
duce further reductions in human health risks.
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ORIGINAL ARTICLE

Respirable Crystalline Silica Exposure—Response Evaluation of
Silicosis Morbidity and Lung Cancer Mortality in the German
Porcelain Industry Cohort

Kenneth A Mundt, PhD, Thomas Birk, Dipl rer soc, William Parsons, MS, Elisabeth Borsch-Galetke, PhD, MD,
Klaus Siegmund, MD, Karyn Heavner, PhD, and Karlheinz Guldner, PhD

Objective: To quantify silicosis and lung cancer risks among porcelain work-
ers oocupationally exposed to respirable crystalline silica. Methods; We
reread historical radiographs to identify silicosis and estimated exposure on
the basis of detailed work history and about 80400 industrial hygiene mea-
surernents. Cox proportional hazards models estimated risks by cunulative
and sverage exposure. Results: Adjusted silicosis hazards ratios were 5.3
{95% confidence interval [C1), 1.6 to 17.3); 7.3 (95% CI, 2.6 to 20.8); and
6.8 (%5% CI, 3.0 to 15.3} for cumulative exposures =4to 5; > 5 to 6; and =6
mg/m>-years, and 3.3 (95% CI, 0.8 to 14.7), 13.6 (95% CI, 4.2 to 44.4) and
23.2 {95% CI, 8.2 te 65.8) for average exposures =0.1 to 0. 15; =0.15t0 0.2
and 0.2 mg/m’, respectively. Exposure was not associated with any cause
of death including lung cancer. Conclusions: Respirable crystalline silica
exposure more than 4 mg/m>-years {cumulative) or more than 0.15 mg/m’
(averape) were strongly associated with silicosis, butunrclated to lung cancer
rigks.

he causal association is well established between occupational
respirable crystalline silica exposure and silicosis—a specific
type of pneumeconiosis. This conclusion is supported by many epi-
demiological studies of workers historically heavily exposed to res-
pirable crystalline silica in several industries including mining, quar-
rying, and potteries.! In addition to quantity of exposure, risks appear
to be greater with freshly fractionated quartz and specific crystalline
polymorphs such as crystoballite? Silicosis appears not to occur
among workers exposed conly to ambient or low concentrations of
respirable crystalline silica; however, it remains unknown at which
specific concentrations and durations of occupational exposure to
respirable crystalline silica risk of silicosis is increased,
Occupational exposure to respirable crystalline silica also has
been associated with increased risk of lung cancers,? especially
among individuals with sificosis. In 1997, the International Agency
for Research on Cancer (IARC) found *sufficient evidence” in both
humans and in animal studies to classify occupational exposure to
respirable crystalline silica in the form of quartz or crystoballite as a
known {ie, 2 Group 1) human carcinegen. This finding was recently
reiterated in TARC's Monograph 100, Part C review.® However, as
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noted by TARC, respirable crystalline silica’s carcinogenicity is not
evident under all industrial exposure circumstances. That lung cen-
cer rigk is mostly observed among individuals previously diagnosed
with silicosis raises a basic question of whether respirable crystalline
silica causes lung cancer in the absence of silicosis’ or apart from
the beavy exposurcs most strongly associated with silicosis. The sci-
entific debate continues®'° and newer research reports and reviews
have generated mixed conclusions.!!~"?

Consequently, a key regulatery question remains as to whether
silicosis and lung cancer are prevented at current occupational ex-
posure limits (OELs), which vary by country. In Germany, the OEL
had been 0.15 mg/m® until a change in regulations suspended this
OEL in favor of a health-based OEL (to be determined). In the US
and the UK, the OEL is 0.10 mg/m? and 0.05 mg/m® in Denmark,
Spain, and Sweden.?

The goal of this article is to quantitatively evaluate risks of
silicosis morbidity and lung cancer mortality by individually esti-
mated cumulative and average respirable crystalline silica exposures
among a cohort of nearly 18,000 German porcelain manufacturing
workers previously followed for mortality and evaluated using ba-
sic standardized mortality ratio (SMR) analysis.?' Using German
national lung cancer mortality rates as the reference, no excess lung
cancer risk was seen; SMR = 0.71 (95% confidence interval [C]],
0.56 to 0.89) based on 74 observed lung cancer deaths among men;
and SMR = 0.72 (95% CI, 0.44 to 1.12) based on 20 observed lung
cancer deaths among women.? For the subcohort from Bavaria—the
region where most of the porcelain factories were located—SMRs
were closer to unity: SMR = 0.98 (95% CI, 0.75 to [.27) based on
59 lung cancer deaths among men; and SMR = 0.91 (95% CI, 0.52
to 1.48) based on 16 lung cancer deaths among women. These re-
sults provided no evidence of any excess risk of lung cancer among
the German porcelain workers. On the other hand, silicosis mor-
tality was significantly elevated (SMR = 11.37; 95% CI, 3.66 to
26.53) but was based on only 5 silicosis deaths, all of which were
among men.

These preliminary results, however, were not based on res-
pirable crystalline silica exposures quantified at the individual level.
Extensive industrial hygiene exposure data for this cohort have been
obtained and used to derive quantitative exposure estimates for each
cohort member. 22 Furthermore, evaluation of a large archive of ra-
diographic examinations obtained as part of a medical surveillance
program for German porcelain workers including a substantial pro-
portion of this cohort facilitated radiographic determination of silico-
sis morbidity. Combining the martality data, the silicosis morbidity
data, and the quantitative exposure assessment allows guantitative
evaluation of potential relationships between estimates of respirable
crystalline silica exposure and silicosis morhidity and lung cancer
mortality. This occupational setting, that is, the Post—World War I
German porcelain industry, presents an unusual opportunity to eval-
uate exposure—response relationships for silicosis and lung cancer
at exposure levels ranging from near to well above current OELs. In
addition, this study allows evaluation of these risks among women,
who comprise half of this cohort.
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Respirabie Crystalfine Silica Exposure-Response Evaluation

METHODS

Subjects

The study population and cohort definition have been
described previously.?! Brefly, workers employed by any of more
than 100 porcelain-manufacturing plants in the western states of
Germany (ie, the former West Germany) and participating in an
industry-wide preventive medical screening program for silicosis
between January 1, 1985, and December 31, 1987, were eligible.
Medical screening results dala were maintained electronically or
on paper by the Berufsgenossenschafl der keramischen und Glas-
Industrie (BGGKY), whereas only paper work history records were
maintained by the BGGK. On the basis of available records, we
defined the eligible cohort as those employees for whom detailed
work histories were available (7 = 18,000). Exclusion of individuals
employed for a total of less than & months in the porcelain industry
resulted in a final analytical cohort of 17,644 employees, which we
followed for mortality and silicosis morbidity through 2005,

Cause of Death Determination

Vital status and cause of death were determined using in-
formation from various sources: the BGGK; health insurance and
pension fund records; wrilten enquiries to community registration
offices for residential histories and last known residence; and the
central population registry for Bavaria. Vital status ullimately was
determined for 94% of the cohort, with 1610 (9%) reported to be
deceased as of the end of follow-up. Subjects with unknown vital
status at the end of the follow-up period were censored, that is, they
contributed person time only up to the date last known to be alive,

Theunderlying cause of death for each decedent was obtained
from the official death certificale, which in Germany usually is stored
at the community health department in the town or city where the
death occurred. However, minimum record retention times differ
from state to state in Germany, ranging, for example, from 30 years
in Bavaria te only a few years in other states such as Rhingland-
Palatinate. Therefore, canse of death determination based on death
certificates was slightly more complete for the Bavarian subcohort
(95%) compared with the overall cohort (93%). Underlying cause of
death was coded by a professional nosologist according to the 10th
revision of the fnternational Classification of Diseases (1CD-10).

Silicosis Determination

Chest radiograph (x-ray) is the typical method for detecting
silicosis. The International Labour Organization (ILO) Classification
System for interpreting and classifying radiographs®™* is commonly
used for epidemiological resgarch. More than 120,000 radiographs
since the early 1950s were available on the study population from
the preventive medical surveillance program. Medical data have been
stored electronically since the mid-1980s, and earlier paper records
have also been entered into the electronic database. Most of the
follow-up examinations were conducted by the BGGK using mo-
bile radiographic units, and films were read by physicians specially
trained in reading these smaller radiographs, Most of original films
were available from the BGGK archive, with a mixture of small- to
full-sized formats.

The original radiographs had been read over many years by
different physician readers, and therefore interreader variability was
expected to be large. Known problems resulting from large inter-
and intrareader variability include poor sensitivity and specificity
of silicosis determination, especially when the signs of silicosis are
low-grade.® Furthermore, because the original radiographic readings
were intended for prevention (ie, early detection of radiographic
changes consistent with pneumocoeniosis and silicosis specifically)
as well as adnunistrative purposes (ie, workers’ compensation)—
and not for etiolopical research, per se—we performed a ngorous
two-stage standardized rereading exercise.

All radiographic rereadings were performed by specially
trained teams of two radiologists certified in the classification of
chest radiographs for pneumoconiosis according to ILO 2000, com-
parable to the B-reader designation in the United States. In addition,
readers were required to have experience reading small format ra-
diographs generated by the mobile radiographic units. Rereading
was performed blinded to the original BGGK physicians’ ratings
as well as to the second rereader’s interpretation of the same films.
Where rereadings disagreed, the twe readers were asked to discuss
and obtain a consensus reading, invoking a third reader if needed 1o
adjudicate any remaining differences.

The first stage of rereading was based on a representative
stratified sample (stratified by gender, birth cohort and silicosis sta-
tus} of 400 cohort members, resulting in the rereading of more
than 1600 individual chest radiographs. Overall, the two indepen-
dent rereadings were in close agreement, and consensus was easily
reached for all films. To classify each cohort member as normal or by
degree of silicosis using the ILO categories, each rereader examined
all available chest radiographs for each subject using the side-by-side
method, consistent with the approach most likely used by the origi-
nal readers. This approach further reduced variability (partly due to
film size and quality} leading to a more stable interpretation against
which eriginal BGGK classifications could be compared.

Consistent differences were identified between the original
BGGK classification and the consensus results, with considerably
more films having been classified as “positive” {ie, 1/] or greater) by
the original BG readers than by the study rereaders. On the contrary,
no films read by the original readers as clearly negative (ie, 0/0 or
0/1) were classified as positive (ie, L/1 or greater) by the consensus
rereading, indicating a very low false negative rate. Therefore, we
were reasonably confident that original readings of 0/0 or 0/ were
unlikely to represent true positive results {on the basis of our reread-
ing criteria}. Because a majority of films fell into this category, we
were able to avoid rereading these films for which the vield of true
positive {1/1 or higher) readings likely would have been very low.

For the second phase of rereading two of us {E.B.G.
and K.5.}—both experienced radiographic readers—independently
reread all available x-ray films for all 606 cohort members whose
most recent radiograph was originally classified by the BGGK as
1/0 or above, using the same methods as in the first phase. For some
radiographs, an original BGGK assessment was unavailable, and for
some individuals radiographs were unavailable possibly because they
have been lost, misfiled, or were in use by the BGGK at the time of our
request, leaving 552 (91% of the original sample) for rereadings. In
addition, a random sample of radiographs from the first phase was in-
chuded 1o verify that the new readers would replicate the results of the
first consensus reading (ie, especially no false negative results). Ul-
timately, more than 4700 radiographs were reread by both rereaders.
For this study, we defined silicosis as radiographic evidence of small
rounded opacities with a profusion score equal to of greater than [/]
(according to TLO, 2000) on the basis of the consensus rereading,

Exposure Assessment

Details of the historical exposure assessment have been re-
ported elsewhere?? In short, more than 8000 combined static
(stationary area) and personal total, respirable and silica dust
industrial hygiene measurements were available for about 100
discrete production area or job task code combinations begin-
ning in 1954 and covering all years through the end of folow-
up. Original sampling and analysis protocols were available for
these measurements. Because gravimetric measurements were not
available before 1959, we performed laboratory and field exer-
cises to derive conversion factors for particle count measure-
ment resulls to mass values, and for gravimetric results using ob-
solete devices to values comparable with post-1975 gravimetric
techniques.
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Exposure data were summarized into similar exposure groups
or SEGs for production areas such as preparation, forming, drying,
firing preparation, firing and finishing, and by calendar year to form
a job exposure matrix (JEM). The cells of the JEM were populated
by smoothing longitudinal industral byriene measurement data for
each SEG using LOESS regression (SAS v9.1, SAS Institute, Cary,
NC). Estimates for the earliest years with no exposure data (ie, 1938
to 1953) were derived by extrapolating the values backward from the
summary exposure measurement data from 1954 through the 1960s.

A detajled employment history record was reconstructed for
all cohort members on the basis of official employment records and
in part on questionnaire information collected by medical personnel
during the industry-wide medical screening program. By linking the
work histories with the JEM, we calculated cumulative respirable
crystallime silica exposure, average exposure, and |0-year lapged
cumulative exposure for each cohert member. Lagging of cumulative
exposure was time-tependent and was achieved by disregarding the
previous 10-ycars exposure as of cach time increment of follow-up.
The employment records also provided necessary information on sex,
smoking status as of the date of the medical screening examination,
date of birth, date of hire and separation, and decumentation of
silica exposure outside of the porcelain industry (cg, in a previous
iob}. Potential prior silica exposure was coded as probable, possible,
unlikely or unknown by an expert (K.(3.) in oceupalional exposures
and familiar with the historical BGGK records.

Statistical Methods

We used Cox proportional hazards models to evaluate the
fime-dependent relationships between cumulative and average ex-
posure estimates and silicosis motbidity and hung cancer mortality,
allowing control for other time-dependent variables such as duration
of emplpyment.?* Because follow-up time differs for mortality and
silicosis motbidity, separate estimates of person-time were gener-
ated. The date of the first radiograph meeting the silicosis definition
{ic, consensus reading of 1/1 or higher on the [LO scale) was recorded
as the date of diagnosis. Person-time for each cohort member was
accumulated until the later of the date of the last available radiograph
or the date of silicosis diagnoesis. We used age al end of follow-up
as the time scale variable in all Cox models, and additional variables
considered included sex, smoking status, age at hire, and duration
of employment. Covariates producing 10% or more change in the
estimate compared to the bivariate model were retained.”® Analyses
were generated both including and excluding cohort members with
evidence of prior occupational silica exposure, with and without
lagging exposures 10 years and limited Lo those hired since [960.

Exposurc cutpoints werc arbitrarily selected in 0.5 mg/m’-
years increments up to 1.5 mg/m*-years, and cumulalive exposures
above 1.5 mg/m’-years were divided using 3.0 mg/m’-years as an
additional cutpoint.”? These values provided adequately large num-
bers in each group to allow further stralification within categorics.
Mote than 40% of the cohort failed to exceed a cumulative exposure
of 0.5 mg/m?>-ycars, and just more than a third of the cohort members
accumulated exposures greater than 1 mg/m’ -years. Roughly, 2000
cohort members fell into each of the highest three exposure groups,
with simjlar pumbers of men and women, excepl in the highest
calegory where there were considerably more men. However, for
both silicosis morbidity and lung cancer mortality, the largest num-
ber of cases fell into the highest exposure category, and there was
no indication of increased risk across the lower exposure calegories.
We therefore combined the lowest four original categorics as the
new referent category and subdivided the highest category into the
following categories: <3.0; »3.010 4.0; >4.0 to 5.0; »5.0 10 6.0;
and 6.0 mg/m*-years. Average annual exposure (cumulative di-
vided by duration of employment on a time-dependent basis) was
categorized into the following groups: =0.05; =0.0510 0.10; >0.10
to 0.15; >0.15 to 0.20; and >0.20 mg/m’. Because an ancillary

goal of this analysis was 1o cvaluale the possibility of a threshold
cffect for silicosis and lung cancer, cumulative exposure was also
modeled as a conlinuous variable using polynomial models of the
second, third, and forth degrees. A formal threshold analysis using
more sophisticated techniques is beyond the scope of this article.

RESULTS

More than 40% of the cohort accumulated less than
0.5 mg/m*-years, and nearly 70% of the cohort had average cx-
posures (over all working years) less than 0.05 mg/m® respirable
cryslalline silica. On the contrary, over a third of the cohort (approx-
imately, 4700 cohort members) accumulated more than 1.5 mg/m?-
years, and nearly 10% of the cohort {(approximalely, 1600 cohort
mermbers) had average exposures {over all working years) of morc
than 0.1S mg/m? respirable crystalline silica. Similarly, half of those
ever working in the materials preparation area accumulaled over 3
mg/m?-years, whereas only 12% of those never working in this area
accumulated exposure this high.

A total of 1595 deaths {9.2% of the cohort) occurred, 535
(33% of decedents) due to cancers and 94 (17% of all cancers) due
to lung cancer. Onty 5 deaths were atiributed to silicosis, and only 2
of the 10 decedents we determined to have silicosis were identified
by death certificate to have died of this discase. A tolal of 40 cases of
silicosis were identified on the basis of radiographic evidence. None
of the individuals identified as having silicosis subsequently died of
lung cancer, precluding analyses to detect elevated lung cancer risk
among silicolics.

Descriptive statistics for the cohert, overall and by lung cancer
mortality and silicosis morbidity status, are presented in Table . Men
represented 79% and 85% of lung cancer deaths and silicosis cases,
respeclively, compared with 47% of the overall cohort. Risks of both
diseases were also higher among those hired before 1960, employed
longest and amang smokers (much stronger for lung cancer). Lung
cancer mortality and silicosis morbidity also were associated with
higher categories of cumulative and average exposure, as well as
annual exposure ever .15 mg/m? or more, especially for those with
silicosis (85% compared with 25.5% of the remainder of the cohart).

Respirable Crystalline Silica Exposure, Lung Cancer,
and Other Mortality

Lung cancer morlality among men (# = 74) was not associ-
ated with cumulative exposure in adjusted Cox proporiional hazards
analyses using cither the Jower or higher cumulative exposure clas-
sification scheme (Table 2). Nearly half of the lung cancer deaths
occurred among those with more than 3 mg/m?-<years and onc quarter
among those with more than 6 mg/m’-years cumulative exposures;
yet, hazard ratios (HRs) for both these categories were esscnlially
unity. Statistical analyses modeling silica exposure as a continuous
term (with and without second (o fourth order terms) showed no rela-
uonship with lung cancer risk (resulls nol shown). Increasing levels
of average exposure were nol consistently associated with increasing
risks of lung cancer, although some of the HRs were inconsistenily
elevated (Table 2). Excluding individuals with probable prior silica
exposure had no clear impact on results (not shown). Risks were
clearly high, however, among men known to be smokers at the time
of their medical surveillance examination and those with unknown
smoking status compared with known never smokers (Table 2).

Among women (n = 20}, only six lung cancer deaths oc-
curred among those with the hiphest cumulative exposure category
from the original classification (ie, =3 mg/m’-years), and only ane
in the lowest calegory {i¢, < 0.5 mg/m?-years), resulting in clevated
but highly unstable HRs (Cls spanning from 0.2 to 63). However, no
pattern with exposure category was scen (Table 2). Excluding indi-
viduals with probable prior exposure to silica did not meaningfully
change results (nol shown). Hazard ratios were anly weakly, and not
statistically significantly, clevated for smoking, suggesting ihal the
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TABLE 1. Characteristics of Cohort Members With
Stlicosis, Lung Cancer, and With Neither of These
Qutcomes

Silicnsis Luag Cancer Nelther
(n =4 (n = %4} (= 17479
" Yo " % " Yo
Sex
Femalc 6 15.0 20 21.3 9,296 5332
Male 34 B30 74 787 ¥,183 46,8
Decade of hite
<1950 B 200 10 L6 714 4.1
1950 1959 16 4] 40 42.6 2,79% 16.0
LO6(-1965 & 2040 14 14.9 2,570 147
1970 1979 & 150 1% 20.2 4,900 28.0
= 1980 2 50 11 11.7 0,496 372
Yeurs eroployed
=10 1 2.5 3 13.8 4,595 263
=10 20 4 100 17 18.1 4,728 270
=20 30 1275 26 277 4,121 236
=30 24 6y 38 40.4 4,035 23.1
Smuking status
Ever 20 500 4 574 5,560 37s
Mever 10 254 & 604 5432 il
Unknown 10 250 34 362 5,487 314
Prior silica exposure
Probable g 225 12 12,8 654 a7
Posaihle 5 125 24 235 1,440 8.2
Unlikely 24 600 S0 53.2 14,313 819
Unknown 2 5.0 8 8.5 1,072 6.1

observed results for women may be unreliable because of uncon-
trolled confounding by smoking but mainly because of very small
numbers. As with men, average exposure was not clearly associated
with lung cancer risk amung women.

Mortality due to all cancers combined, pancreatic cancer,
liver cancer, kidney cancer, cardiovascular disease, digestive dis-
cases, diabetes, renal discase,* and ill-defined conditions were not
statistically significantly associated with cumulative silica expo-
sure at any level, stratified by sex and adjusting for age, smok-
ing history, and duralion of emplayment (sec Table 1 and Supple-
mental Digital Content Table A at hep://links aww.com/JOM/A47,
Table B at http://links.lww.com/{JOM/A48, and Table C at
htp:/links. lww.com/JOM/A49). Smoking was statistically signif-
icantly associated with many of these causes of death, as was
years of employmenl, with lower HRs seen among those empluyed
longest.

Respirable Crystalline Silica Exposure and Silicosis
For this study, silicosis status was determined on the basis
of rereading of radivgraphs by two independent readers according
to a standard rereading protocol, Pxact agreement between radio-
graph rercaders was reached for approximately 90% of all initial
film rereadings. Most disagrcements were within one ILO scor-
ing category with similar proportions higher and lower, suggesting
only expected random error. After consensus reading, $2.7% of all
radiographs were classified below 171, and ultimately 89.3% of
cohort members were classified as not having silicosis. Compared to

*The onfy exception was one very high HR {31.0; 95% C], 2.5 to 387) for renal
disease, based on four desths 2mang men in onc of the fuwest cumulative exposurc
caicgories (1.0 to 1.5 cumnpared with those with <005 my/m* -years)

€ 2011 American College of Occupational und Environmental Medicine
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TABLE 2. Lung Cancer Hazards Ratios (HRs) and 95%
Confidence Intervals (5% CI) by Categories of
Cumulative Exposure (mg/mi-years), Average Exposure
{mg/m?}, Duration of Employment (years), and Smoking,
Stratified by Sex and Controlling for Age and Smoking*

HR (95% CI)

nt Male nt Female
Cumulative cxposire
<5 19 Referenoe 1 Reference
>0.5-1.0 5 03(0.1 0.9 7 7H(1.0-63.2}
>1.0-1.5 5 04(0.1-1.1) 3 4.2(04 404)
>1.5-3.0 16 0.6 (0.3-1.2) 3 2.2 (0.2-21.8)
=30 29 0.5(0.3 -1.0) 6 3.2 (0.4-27.6)
=3 45 Reference 14 Reforence
>3-4 5 1.0 (0.4-2.4) 3 1.9 (0.5-6.6}
»4-5 3 0.7(0.2-2.3) 1 .7 (0.1-5.4)
=5-b 3 1.1 (0.5-2.9) 1 0.8 (0.1-6.1)
>6 16 0.8(05-15) 1 04(01-34)
Average exposurne;
={.05 25 Reference 14 Reference
=005 0.1 20 2.1(1.1 4.0) 3 0.5(0.1-19)
={11-40.15 6 1.3 (0.5-3.3) 5 1.8 (0.5-6.3}
»01.15-0.2 12 24(11-5.2) 2 L1(02-60)
> 02 11 15007 3.3) 0
Yoars cropioyed
=10 12 Ruference 1 Reference
=10 20 1 03(h1-08) 6 19(0.2-158)
»20 30 18 0.4 (0.2-0.9) 8 1.8 (0.2-14.5)
=30 33 0.3 (1.1-0.6) 5 08[01-67)
Smoking
Never 2 Referance 4 Reference
Ewver 45 17.0(4.1-69.8) 5 34(09-"27)
Unknown 23 48(11-20.4) 11 2.1 (7-66)

*Results for Smoking adjusted for age only
Number of observed deaths
Additionatly adjusted for duration of employment

the original BGGK ciassifications, the consgnsus rereading agreed
exactly for 58% of all radiographs, but disagreement was systemat-
ically different; for 3% of radiographs, rereaders assigned a higher
score, but for 39% the rercading generated a lower score. Among
radiographs with BGGK and rereader consensus disagreement, 57%
differed by vne scoring category and for 43% the discrepancy was
two or more categories, A total of 61 cohort members were therefore
classified as having radiographic evidence of silicosis on the basis
of a reading of I/! or higher. We excluded 21 silicotics from the
analysis regarding silicusis morbidity, because their diagnosis date
fell before (n = 20) or after (# = 1) the study follow-up period; how-
ever, their person-time during the study follow-up period (and cause
of death, if deceased) were retained for the mortality analyses. Only
6 of the 40 silicosis cases were identified among women; however,
four of these cases fell into the two highest cumulative cxposure
categories (ie, =5 mg/m*-years), Therefore, all analyses combined
men and women and statistically controlled for sex,

Silicosis risk was strongly associated with both average and
cumulative exposure (Table 3}, Adjusted HRs for groups with
average exposures prealer than 0.15 tended to be larpe (ranping
[rom about 13 to 23) and statistically significant and exclusion of
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TABLE 3. Silicosis Hazards Ratios (HRs) and 95% Canfidence Intervals (95% Ci) by Categories of Cumulative
Exposure {mg/m*-years), Average Exposure (mg/m?), Duration of Employment {yrs), and Smoking,

Contraliing for Age, Sex, and Smoking*

HR (95% CI)
Limited 10 Those

Full Cohort Exposure Lagged 10 yrs Hired Since 1960
Cumulative cxausurn: nt n n
=03 4 Reference 5 Reference 4 Reference
=0.5-1.0 1 0.3 (<01 2.6) 2 0.7(0.1-3.7) 1 0.3 (<0.1-2.6)
>1.0-1.5 2 0.7 (0.} 3.8) 1 0.4 (0137 2 0.8 (01 4.4)
=1.5-3.0 2 0.4(0.1-22) 2 0.5(0.1-2.4) 1 0.5(0.1 4.8)
=30 il 31(1.1-93) k1] 37(1.4-99) & 4.2(1.2-15.1)
=3 9 Reierence 10 Reference 8 Reference
%3-4 1 0.9 (0.1 7.5 3 2.9 (10.8-10.6) 1 2.2 (0.3-18.0)
45 ) S3(16-17.3) 4 49(1.5-157) 2 8.2(1.7-39.0)
>5-6 6 7.3(2.6-20.8) 4 5.2(1.6-16.9) 1} -
=6 20 6.8(30 153 19 6.7(3.0-14%) 5 11.8 (3.6-38.5)
Averape exposurce?
=0.05 5 Reference
»0,05-0.1 2 1.1 (0.2 5.6)
=0,1-0.15 k) 3.3 (0.8-14.7)
=015-0.2 9 13.6 (4.2-44.4)
= 0.2 21 232 (R.2-65.8)
Years empioyed
=10 2 Reference 2 Reference
»10-20 6 0.7(0.1-34) 6 0.8(0.2-4.1)
=20 30 12 052 41) 7 0.6(0.1-3.00
=30 20 06(0.1-2.6) 1 0.1 ({<0.1-1.5)
Smcking
Never 11 Reference 2 Reference
Ever 20 1.7(0.8-37) 10 1508 16.5)
Unknown 10 0.6 (0.2 1.4) 4 1.8 (0.3-9.8)

*Resuits for Smoking adjusted for age only. Addirional results for citnuitive exposure lagged 10 years and for cumutative exposure ond duration of

cmployment restricted o those hired since 1960,
1Number of observed dueaths
tAdditionelly adjusted for duration of employment

individuals with probable prior occupational exposure to silica only
moderately reduced HRs.

Increased misk of silicosis was observed only among the
group with cumulative exposure above 3.0 mg/m®-years on the basis
of the initial cutpoints (Table 3). Combining all calegories below
3.0 mg/m?-years as the referent, adjusted HRs tended Lo be con-
sistently elevaled for all exposure categories above 4 mg/m®-years.
Similar results were obtained when analyses were restricted to cohort
members hired only after 1260; however, this reduced the number
of exposed cases to cight and eight in the referent group. Lagging
exposure by 10 years for the whole cohort produced larger but less
precise relative risk estimates; however, all HRs were statistically
sipnificant for all categories above 4.0 mg/m®-years, Bxploratory
models using cumulative exposure as a continugus variable and
scquentially incorporaling polynomial terms of the second, third,
and fourth order {nol shown) generated considerable differences
in the Akaike’s information criterion, or AIC score (605.9; 595.0;
592.4 and 578.1, respectively), suggesting that the relationship be-
tween cumulative tespirable silica exposure and silica is not lincar
fall of the models with higher-order terms generated lower AIC
scores, indicating a better fit than the model with only a first-order
exposure term). Formal threshold analyses may be warranted,
however, available numbers of silicosis cases may limit their
precision.

DISCUSSION

This study is the largest to date that evaluates cancer and sil-
icosis risks among porcelain workers, and one of only a few with
substantial industrial hygiene data on which guantitalive exposure-—
response analyses may be based, Other studics have considered res-
pirable crystalline silica exposures in the ceramics industry, but none
focus on the porcelain sector. We focused on the porcelain sector be-
cause (1) cxposures to respirable crystalline silica were common and
relatively well-documented; (2) the health surveillance program, in-
cluding periodic chest radiographs, was nearly comprehensive; and
{3) technological developments and work processes are highly com-
parab.e across plants over time.??

The majority of results using age, sex, and smoking-adjusted
Cox proportional hazards models demonstrated no associalion
between any major category of cause of death and cumulative res-
pirable crystalline silica exposure levels. These results are consistent
with previous findings of no important excesses of these causes of
death based on SMR ana.yses.t' One exception noted earlier was
renal discase mortality among men, based on four observed deaths
and only two deaths in the referent category. While probably due to
chance (there were no other statistically significant results among the
nearly 100 stratum-specific HR s calculated), other investigators have
reported associations between respirable crystalline silica exposure
and renal disease morbidity and mortality.?” ¥
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Consistent with the previously reported SMR results,?! fung
cancer mortality results by cumulative and average respirable crys-
talline silica exposure provided no support for an association with
lung cancer risk at exposure levels prevalent in the German porcelain
industry during the study period. The only exception was a statis-
tically significantly elevated HR for the subgroups with average
exposure of less than 0.05 to 0.1 and less than 0.15 to 0.2; however,
there was no apparent lrend with increasing exposure. Whether this
finding reflects some actual dsk, residual confounding or random
measurement errot is not clear. With a study size of approximately
18,000 and 132 expected lung cancer deaths (from the SMR analy-
ses), the statistical power was more than 99% to detect {at the o =
0.05 level) a relative nisk for lung cancer of at least 1.5, and 80%
power to detect a relative risk as small as 1.2. In addition, we were
able to adjust for smeking on about 70% of the cohort, for which
there was evidence of confounding by smoking. Among those with
known smoking status, approximately two-thirds were smokers. The
significantly increased lung cancer risk among those with unknown
smoking status indicates that some proportion of these workers were
smokers. Finally, the strong and statistically significant association
seen between respirable crystalline silica exposure and silicosis un-
derscores that the lack of a positive finding for lung cancer cannot
be explained by an invalid exposure assessment.

None of the individuals identified as having silicosis subse-
quently died of lung cancer {with approximately 1.7 expected on
the basis of the overall rate in this cohort), precluding any statis-
tical analyses of lung cancer risk among silicotics. However, most
(75%) cohort members with silicosis were still alive as of the end
of follow-up. Conversely, the number of lung cancer decedents ex-
pected to have silicosis (on the basis of the overall rate in this cohort)
is less than one. Because of the modest number of silicotics in this
study, the fact that 75% of those with silicosis were still alive at the
end of follow-up, and the relative rarity of lung cancer {17% of ali
deaths in this cohort), no conclusion can be made regarding lung
cancer risk among silicotics. Some,*** but not all,” studies have
advanced the hypothesis that lung cancer risk may be increased only
in association with silicosis.

The study that is the most similar to ours is that published
by Cherry et al*® on the British potteries, which included porcelain
workers among ceramics workers, Lung cancer (SMR = 1.91; 95%
C1, 1.48 to 2.42) was significantly elevated compared with national
rates (England and Wales) but not when regional reference rates were
used (SMR = 1.28; 95% CI, 0.99 to 1.62). A JEM was developed
for 12 job groups by 10-year period beginning in 1530.*® Exposure
estimates were based on 390 area air samples (1950s-1960s) evalu-
ated as particle counts, and 1000 personal air samples evaluated as
gravimetric silica mass (late 1960s and later), Smoking information
was extracted from medical records from the employment period.
Average concentration of respirable crystalline silica (0.1 mg/m?)
was significantly associated with lung cancer risk after adjustment
for smoking (OR = 1.67; 95% CI, 1.13 to 2.47) but not with cumu-
lative exposure (OR = 1.01; $5% CI, 0.85 to 1.19).*

Silicosis in the British potteries study was defined as radio-
graphic evidence of small rounded opacities compatible with an ILO
{1980) score equal to or greater than 1/0 (vs 1/] in our study). Radio-
graphs were obtained approximately every 4 years, but apparently
assessed by only one reader. No reteading of radiographs was per-
formed. Sixty-four cases were statistically evaluated using a nested
case-control approach, and a dose—response relationship for cumu-
lative (OR = 1.38 per 1 mg/m’-year; 5% CI, 1.24 to 1.53) and
average silica exposure (OR = 2.69 per 0.1 mg/m?; 95% CI, | .96 to
3.70) were reported. Exposure estimates were not time-dependent,
but reflected values at the end of follow-up. Because of these and
other differences between the British potteries study and the German
porcelain workers study, direct comparison of specific findings may
not be valid.

In a pooled analysis of 10 cohorts with 66,000 workers (two-
thirds from mining populations and two-thirds from the Chinese
study) exposed to respirable crystalline silica, a significant positive
exposure-response for lung cancer was reported on the basis of
more than 1000 lung cancer cases.'* Lung cancer rate ratios (RR)
were moderately increased in cumulative exposure categories above
2 mg/m?-years (RRsof1.3,1.5,and 1.6 for2.0tc 5.4,5.4to 12.8, and
more than 12.8 mg/m’-years, respectively). Smoking and silicosis
status information was not available. The overall SMR of 1.2 (95%
CI, 1.1 to 1.3} and the increased RRs in the categorical analysis led
the authors conclude that respirable crystalline silica is likely a rather
weak carcinogen,'*

A meta-analysis of 10 studies examining silica exposure and
lung cancer risks reported a dose—response relationship.'? Consid-
erable heterogeneity across studies was noted, with two studies pre-
senting sharp increases in lung cancer risk at comparatively low
cumulative exposure levels (ie, <2 mg/m?-years),’™*! in contrast
to the remaining eight studies, some of which demonstrated ne in-
crease in risk with higher cumulative exposures. ¥ Furthermore,
only 2 of the 10 studies™* appear to have intentionally excluded
individuals with silicosis. Other methodological criticisms of this
meta-analysis have been raised.** Erren et al'® evaluated lung cancer
risk among nonsilicotics and discussed methodological limitations
of both epidemiological and toxicological approaches, Nevertheless,
this meta-analysis identified three studies that controlled for smok-
ing, estimating a meta-relative risk of 1.0 {(95% CI, 0.8 to 1.3); how-
ever, for eight remaining studies, the meta-relative risk was slighted
but statistically significantly elevated (RR = 1.2;95% CL, 1.1 to L.4)
with significant heterogeneity noted."

In contrast with the lack of support for an association between
respirable crystalline silica exposure and lung cancer risk, our study
demonstrated clearly and statistically significantly increased risk of
radiographic evidence of silicosis (ILQ 1/1 or higher) in the high-
est categories of both average (generally above 0.15 mg/m’}) and
cumulative (generally >4.0 mg/m*-years) exposure, controlling for
age, sex, smoking, and duration of employment. Although no formal
threshold analyses were performed, this study generated consider-
able support for a threshold,

Although smoking is believed not to contribute to silicosis
risk, our study generated a nonstatistically significant sex-adjusted
HR of 1.7, for smoking. Cn the contrary, those with unknown smok-
mg status—believed to include some proportion of smokers on the
basis of the lung cancer results—generated an HR less than unity.
Therefore, the elevated HR likely reflects overestimation of sili-
cosis risk among smokers. Duration of employment was inversely
asgociated with silicosis risk. This might have been expected, given
the cross-sectional definition of the cohort, that is, included were
those actively employed and participating in the medical surveil-
lance program during 1985 to 1987, regardless of when they were
first employed in the porcelain industry. Those first employed in the
1940s and 1950s had to remain employed (or retumned to employ-
ment} and survived until 1985 to be included. Thus, there is evidence
of a survivor bias, but this is potentially addressed by contrelling for
duration of employment. Analyses limited to cohart members first
employed since 1960 resnlted in the loss of 60% (n = 24) silicosis
cases. Further follow-up of the 14,026 employees hired since 1960
will be important, as there may not have been sufficient follow-up
titne te observe all cases of diseases with long latencies including
lung cancers and silicosis,

Study 5trengths and Weaknesses

Apart fromthis study’s large size and inclusion of nearly equal
proportions of men and women, one of its main strengths was the
extent and quality of the available exposure data, allowing quanti-
tative exposure-response evaluation of cause-specific mortality and
silicosis morbidity. Workers™ exposures were estimated on the basis
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of a JEM created from approximately 8000 personal and area indus-
trial hygiene measurements.?? To include older data obtained using
obsolele measurement devices, we conducted special exercises us-
ing historic equipment side by side with modern industrial hygiene
devices. Series of measurements were made in both controlled dust
tunnel and actua! porcelain material preparation settings and were
compared to derive conversion factors for data originally based on
the historical measures, Because no exposure measurement data were
available before the mid-1950s, we considered backward extrapola-
tions on the basis of actual data trends appareat through the 1960s
and of flat backward extrapolations from the earliest years for which
data were available. Because there was a relatively small quantity of
person-time accrued over these early decades, the potential impact of
any misclessification is expected to have been modest, Nevertheless,
estimated exposures for these early years were similar regardless of
extrapolation approach. Therefore, for these analyses, we used those
estimates extrapolated from actual data trends observed during the
late 1050s and through the 1960s, a period over which significant
advances in dust control and worker safety were implemented, in-
cluding ventilation systems and replacement of wood floors with less
porous and easier-to-clean materials,

Despite having access to information on prior employment on
much of the study cohort, misclassification of respirable crystalline
silica exposure before employment in the porcelain industry may
have occurred. Although excluding those with known prior exposure
resulted in some minor differences, it did not change the fact that
several silicosis cases occurred among cohort members estimated to
have the lowest exposures. Available work history records for these
subjects indicate that prior employment was in jobs tracked by the
BG, and meost were classified into the “unlikely” outside exposure
group, If these subjects actually had meaningful prior exposure,
they would have inappropriately been included in the referent group.
Similarty some false positive interpretations of radiographs likely
occurred, even among those with low exposure. On the contrary, a
total lack of {or tco few) silicosis cases in the referent group would
have prevented or limited the statistical analyses.

Although results of analyses lagging cumulative exposute by
10 years are reported, it is not clear whether this is entirely valid, as
cases of silicosis can oceur after only a few years of high-intensity
exposure. ¥ Furthermore, it is not known whether crystalline silica
exposures sustained after the silica-related fibrotic process begins ac-
celerates the disease process and probability of radiographic changes
consistent with silicosis. Therefore, we believe that lagging may in-
troduce additional exposure misclassification and that results should
be interpreted with caution.

Another strength of this study derives from the comprehen-
sive records systems we were able to access at the BGGK, including
remarkably detailed work history information and the large collec-
tion of historical radiographs. This not only zllowed independent
verification of silicosis status according to a standard protocol but
aiso confirmation of no signs of silicosis on most cohort members.
By rereading ali radiographs that originally were scored as abnormal
{ie, ILO-equivalent scores of 1/0 or higher) with modern standard
criteria and blind to oceupational history and exposure status, we
enhanced the quality and consistency of the silicosis determination.
Rereading of all available films for each employee with radiographic
evidence of silicosis allowed assignment of a date associated with
the first radiograph interpreted as category 1/l or higher, which in
turn allowed more precise estimation of follow-up time for each
employee,

Because of exhaustive retrieval of vital status information
from multiple sources, no significant less to follow-up occurred
in this study. Nevertheless, among the 5% of decedents for which
we were unable 1o ascertain cause of death, there could be spe-
cific causes of death that, if known, would have changed our re-
sults. For the causes of death of primary interest, however, this

is unbkely, as dust-exposed porcelain workers were under active
surveillance for these respiratory diseases. Furthermore, participa-
tion in the surveillance program—including periodic radiographic
evaluation—preserved the employees’ eligibitity for compensation
should they contract a work-related disease, at least until retirement,

Additional evaluation of the 94 lung cancer cases using addi-
tional exposure metnics—or using a nested case-contro] approach—
is unlikely to be informalive because of the clear lack of eny de-
tectable excess of lung cancer deaths and lack of association between
respirable crystalline silica exposure and lung cancer. However, addi-
tional evaluation of the silicosis cases by various additional exposure
attributes {or combinations thereof} is warranted. For example, a for-
mal exposure—response threshold modeling may elucidate where the
threshold of effect likely falls.***® Additienal follow-up of this co-
hort may be valuable, as only 9.2% of the cohort was deceased as
of end of follow-up. Additional follow-up would aiso be helpfil
for stlicosis evaluation, as the median age at silicosis determinetion
was only 56. The quantitative exposure assessment covering the past
75 years is unlikely to be further improved, unless additional his-
torical exposure daia are discovered or more innovative methods for
using them are derived. Modern exposures are uniformly low and
will make a relatively minor additional contribution to the estimated
eXposures.

In conclusion, this study evaluated quantitative respirable
crystalline silicz exposure in the German porcelain indusiry and
siticosis morbidity and mortality due to several selected causes of
death including lung cancer. Qur preliminary finding of no increased
risk of lung cancer based on our SMR analyses was corroborated by
exposure-Tesponse analyses demonstrating no consistent associa-
tions. Increaseq risk of silicosis morbidity was clear, with evidence
of possible thresholds at or above roughly 4 mg/m?-years cumula-
tive and at or above roughty 0.15 average respirable crystalline silica
exposure, More formal threshold analyses might elucidate where
such thresholds might lie on the exposure distribution scales; how-
gver, accurate detgrmination may require a larger number of siticosis
cases.
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Objectives: ' evahiate mortalily due lo fung cavicer, sificosis, renal
cunecer, renal disease and other causes among German poveelan
prochuciion werkers jww wially exposed Ly evystalline silica. Methods:
Seventeen (honsand six hundred fort-four medical suroeillance partic-
ipeends (L 98519871 were followed hrough 2005 for mortality. Canese-
specific Standurdized Movtaluy Ratios f\ﬂtﬂu m’u’ 95 % rr:nﬁdf rce
inlerools were estimaled. Resufts: Women (SME = (185, 95% (T —
.78 to (193]
and renal cancers, andd veral disease Tnone rrfm'?rmff??e‘ revil rffs(rm—;
were vl associated with employment or ﬂ\pomn surrogntes. Morlafily
was iycereased from silicosis rSU;’\ = 220, 93% G = 23210 16.8)
Liver (SMR = 1,99, 95 % (I — 1.29t0 2.93) and pavicreati (SMR =
171 93 % (_..f I8 to 241) covicers amonyg men, and .:i?.a.a‘;ﬁfrfs
among womnen. (SMR = 74 95% CF = LO7 10 2.05). A sub-cohort
of Bavarian workers genavated similay but generally higher SMILs,
Conclusions: Siltcosis vuntalily weay vnoreased i (his, among (he lorgest
sndies 1o deate. However, assoctations fneviowsty observed befueen
srystatiime silica enposure and renal or lung cancers ov nom-malignand
renal disease were nol sipportel. (] Oceoup Foviron Med, 200951
373389
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hronte inhalation of dust containing,
concentrations af {rec
cryvstalline stlicea hus been linked
tor decades with dicabling lung
discases such as silicosts and sihico
wberculosis. Studies alse have sug-
gested that crvstalline  silica suay
increase risk ot lung cancer a5 well
as some other discases, Fxpostre to
crystalline silica has long been rec:
opnized as 2 sipnificant heabth hag-
ard for workers engaged in mining,
quarrying. stone cutiing and crushing
vperations, ', Toundry
works, construction, ceramics mani-
facturing wnd other occupations
where wipnificant dust exposures
have pocurred. Risks o workers ap-
pear o ovary according 1o quanticy
and type of crvstalline silica polyv-
morph,
with freshiy fractionated quwts and
with specitic crysiabiine  struclures
such ax crystohalfite.!

In 1997 the International Agency
for Reseweh on Cancer (IARO found
“wuitictent evidence”
and in wimal studies o clussify occu-
pational exposure o crystabline silica
i the form of guariz o erysiohatlile ay
carcinozenic in humans” lowever,
carcinogemicity it homuns was oot
cvident under wl indusinal exposure
circumslances, Risk appeared 1o he
sironger among  ndividoals previ
ously dingnesed with silicosis, rals-
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the 1997 IARC evaluation,” " and
newer research reports and reviews
have gencrated additional. divergent
cvidenve and conclusions.” ™!

1o addition to the relanonship be-
fween crystalline silica exposure. sil-
icosis and lung cancer risk, several
recent studies have suggested rela-
tionships between crystalline silica
exposure und nen-malignant repal
disease (NMRD) and kidnev can-
cer.®'? % To date the total number
ol cases studied has been relatively
small, precluding {irm conclusions
reparding their assoctation with crys -
talline silica exposure.

In this puper, we repont on the
mortality experieuce of nearly P800
German porceluin workers potentially
exposed to crystalline silica and partic-
ipating in a medical surveillance pro-
gram in the nud-1980"s that included
periodic x-ray evaluations s well as
nearly complete documeniation of em-
plovment hislory.

The German Porcelain Industry

From the 13th century untit around
1920, large porcelain factories were
comstructed in Bohemia, Thuringia,
Lpper Franconia and Upper Palau-
naie with a basic technology that did
not chinge substuntially over the
vears. [1 1929 m Germany, the 2nd
Ordinance on Occopational Discases
made “Severe Silicosis”™ i combina-
rion with jobs in specific industry
scelorg, a compensable occuputional
disease.'” Among qualifving indus-
tries was porcelain manufacturing,
where silicosis was known asy
“porcelain workers” discaxe.”” By
1938 the Berufsgenossenschafl der
keramischen-und Glas-Industrie
(BGGK ) —the official institetion for
worker accident msurance/compen-
sation and prevention in the ceramics
and  plass Industry-—implemented
systernatic preventve medical check-
nps for earky detection of silicosis
amony, dust-exposed employees of
ity member companies, which since
that time has been mandatory for all
member companies. The results of
preventive medical checkups have
been stored electromically since the
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mid- 1930s, when participation o the
preventive inedical program by blue-
collar workers had reached approxi-
mately 85%.

In addition, since 1951 but more
frequently beginning in the 1960°s,
the BGGK conducted numerons dust
measurements among their member
companies. Since 1972 and until
2006, the occupational cxposure
limit (OEL) in Germany had been
(.15 mg/m* Time Weighted Average
as respirable silica. In 2006, how-
ever, muny established OFELs tn Ger-
many  were  suspended—including
the limit for crystalline silica-—if
they were not based on health data as
regquired by the 2005 German Ordi-
nance on Hazardous Substances.

The cohort of German poreelain
industry production emplovees.
which bas never been evaluatad
epidenmiologically, presents a rare
opportumty o evalvate health ef-
feets of occupational exposures to
crystalline silica generally (but
with clear exceptions) around or
below the OFEL and in contrast with
much higher levels associated with
porcelain production in the first
half of the 190475, Furthermore. half
of the available study population are
women, allowing for many causes of
death including lung cancers evalui-
tion of silicarelated mortality nsks
among women.

This paper, the First of several
mmvestigations underway on this co-
hort, presents the overall study ap-
proach as well ax the results of a
hasic standardized mortality ratio
(SMR) analysis. For this veport, we
focus on diseases of recent interest
including lung cancer, silicosis, re-
nal discase, and kidney cancer, Be-
canye silicogis often is not fatal, a
separate evaluation of silicosis risk
will be presented in a subsequent
paper, based on the x-ray tilm eval-
uations of the cohort over time, and
ineorpotating @ quantialive cxpo-
sure assessment based on the exten-
sive IH data available. However.
sithicosis mortality results are con-
sidered in this report.

Methods
Study Population

The source population tor this study
consisted of employees from more
than 100 plants of the Genman porce-
lain and fine ceramics (hereafter re-
ferred o0 as “porecluin”)  industry.
Most of the porcelain manufacturing
plants are located in two regions of
the German State of Bavacia—Upper
Palatinate and Upper Pranconia—
mainly due to the proximity to large
kaolin deposits (n these areay, Ki-
olin, along with quartz and feldspar,
are the main ingredients of porcelain
products. Other porcelain plunts that
are ncluded in this study are scat-
tered throughout the Western States
of Germanv, Because the BGGK
conducted exuminations as well as
exposure measurements in the
plants in the Eastern States of Ger-
many only alter reunilication in
1990, the study population is re-
stricted o employees of plants lo-
cated in the Western Stales (former
West Germany ).

The study population was initially
defived as all emplovees who partie-
ipated in the preventive medical
surveillance program for early iden-
tification of silicouc signs between
Fanuary |, 1983 and December 31,
1987, according o the (German reg-
ulation “Berufsgenossenschafilicher
Grundsatz G 1P "Quarzhaltiger
Staub.”” This tme window was cho-
sen for two reasons, First, the BGGK
maintains an elecoonic database on
all pireventive medical checkups
since 1985, including demographic
wformation and the results of radio-
logical examinations according 10
International Labor Organization
(ILO) criteria {1980, Second, the
German - Ordinance  for Hazardous
Substances required employers to
conduct preventive medical exami-
nations of employees exposed to
gquartz (ie, crystalline silica) dust.
Under these rules, i a threshold level
for a workplace hazardous substance
has heen cxceeded in a workplace
subject to this ordinance, employees
are only allowed to work in such
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workplaces 1F they undergo special
periodic preventive medical examt-
nations. For crystalline silica, medi-
cal examinations are required every
3 years. Therefore the 3-year time
window of 1985 1o 1987 was se-
lected to facilitate identifying
nearty all exposed porcelain work-
ers gt this time,

Nut included in the elecironic da-
tabase of the BOGOGK. however, is
mformation regarding the employ-
ces” work history (except the specific
plant where the emplovee worked at
the tine of the redical examination),
smoking habit, medicyl cxamination
results (apart from the radiological
results) and home address. Much of
this information s recorded in the
paper records maintained by the
BGGK. Based on the electronic
database, we wdentitied 20,039 em-
plovees of the German porceltam in-
dustry. of which 48% were males
and 52% were females.

In rebrteving the paper records for
the coheort. it was detenmined thas
records were not avaitable for all
members of the studv pepulaton.
Pue o storage space himnitations, the
eeneral policy of the BOGK was to

Wan-Havarian Men

V32795 ay's,
J62 Dzaths

! Falloweup consores al o
. 7E years :
132 252 py's
945 Diaaths

Fig. 1. Stedy popu

destray paper records of persons
vlder than 75 vears, provided they
lad no signs of silicosis {defined as
LG 1980 10 or greater) as of their
tast exanination, However. this rule
had aof been consistently applied,
When the cohort was eveated carly in
2003, paper records were located for
YR (328 of the 1295 members of
the study pepolation who were older
than 75 vears at that timz. Among
those with records were 83 persons
with some sign of stheosis hased on
the BGGK x-ray film evuliations,
Additionally, folders for 4 few com-
panies which closed many years ago
wore destroyed, and sume missing
fites are believed to have been de-
stroved accidentally, Therefore, we
redelined the eligible cohort as those
employvees for whom work histories
were available from paper records
(N = [8.000), Further exclusion of
individuals employed for 1ess than 6
months {cumulative) a the porcelain
industry vesulted in a final analytical
cohort of 17,644 amployees. This
poputation was followed tlrongh
December 310 2005 for mortality
tand for silicosis morbidity based on
periadic x-ray films. to be pablished

R
Employees suriimg up
_ toJanuary 1985

Wiarked less than £
| marthis n Poice:

9,256 Waorren -
131 782 py's,
484 dr:-ath_s

- 1,312
Zan-Bavarian Wamen

n Full Cotiernt and Bavarisn Scheobot,
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separately). Becausa the majonty ot
porcelamn plants are located in the
German State of Bavaria, we defined
a4 sub-cohort of Bavariun porcelain
workers comprised of 150435 em-
ployees (83.3% of the Full Cohort),
Figure 1 summarizes the munbers in
cach cohort grouping, as well as the
Fuil Cohort and the Bavurian Subco-
hort by sex, vital status. and person-
vedrs of follow-up,

Vital Status Ascertainment and
Determination of Cause of Death

Several availuble daty sources wore
consulted o deternpne the vital sta-
tus for each cohort member, wclud-
mg the BGGK internal information
as well us company health insurance
and penston fund data. However,
most of the vital status informuation
was determined through direct wi-
ten engeirics © the community reg-
istration offices for the locaton in
which cach emplovee was tust known
w reside, or by scarching a centrad
registranon database tor Bavana. Vital
status of the cohort ultimately  was
determined for 94%:, with 1610 (9%}
of the cohort members reported to be
deceased. For the Bavarian Subco-
hort, follow-up was truncated at age
75, as many records on cohorl mem-
bers over age 73 and with no signs of
silicosis bad been destroved. Ap-
proximateby 304% of emptoyvees from
the original study population who
were 75 years of age or older at the
end of the follow-up period had no
paper record available and therefore
are not part of the analytical cohort,
Woe anvestigated the possible afhu-
ence on the risk estimates due 1o
restricting follow-up o the age of 75
vears., The result of this subanalysis
showed that very few cohort mem-
hers contribated person-years at risk
in the uges older than 75 (0.3% of all
person-vears} leadimg 1o only a very
small increase in the SMRs for this
population. We subsequently used
this cohort with follow-up wuncated
al age 75 for all further analvses of
the Bavartan Subcohort.
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Subjecty with unknown vital statas
al the end ot the follow-ap period
contributed person time up te the
date last know o he alive. Although
JUANLEZALIVE CXPUSUTE @sTinates dre
beiny developed, some basic suero-
wates for higher exposure were de-
rived, such as decade ot bire wnd hire
hefore or after the ond of 1908, piven
that earlier years in this ibdustry
wore dustier: and ever having
worked i the preparation area, as
this s the area with preatest petential
expostire historically 1o respirable
crystalline silica. Tobow up tmne for
individual subjects was divided into
single coalendar vears and S-vear age
cateporics 10 correspond  wiily the
available wortality referent rates,

The underbying cause of denth wasy
soucht on cach decedent (o the
official death certificate, which in
Germany usually 15 stored  ar the
community health departinent it the
wn or ity where the death oc-
curred, However, minimuam  record
retendon tmes difter from state 1o
slate 1n Germany, ranging. for exam:
ple, from 30 yvears in Bavaria to only
a few years in other States such as
Rhineland-Palatinate. Therefore,
cause of death determination ased
on death certificates was more com-
plete for the Buavartan Subcohort
(93%:% compared with the Full Co-
hort (9351 For those cohort ment-
bers who died w Bavaria between
2008 and 2005-—approximaely one
third of all decedents—the oiticial
caise of death code was directly

provided by the Statistical Office of

Ruvariz, according 1o the tenth revi-
sion of the nternational {Classitfica-
non ol Discases (JCD 10077 All
other death certificates were coded
by o protessional neselogise from an
olficial German Stae Statisucal (1-
fice, also acearding o the FOI- 1L

Employment History

A detailed eraployment history
way reconstructed  for all cohort
meminers, using availuble fles ac the
BGGKD 1les ineluded records of
cmplovinent before starting work in
& porcelain plant. inclading dates,
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name, locataon, and type of plant ax
well us the spectfic job. Year of hire,
departronend andsor job 1o the pores
lain plant. and the respactive srait
date of the job were recorded 1n the
torms docwmenting the tmidal and all
follow-up medical survetltance ox-
amindations. Therefore, all potential
changes of job or departiment over tine
could be reconstructed. Using these
data and historicul industrial hvpiene
NeAsUIRIMEnts, we are currantly devel-
aping  guantitaive  Jub-Exposure
Matriees tor use 1o dose-tesponse anal-
wals, For this report, however, de-
tailed work history dat were used 1o
derive indicators ol exposure differ:
crwces like doration of amployuent,
decade of bire (to cvaluate potential
for survival as among cohort meln-
bers hured before the start of follow
up) and cver having worked in the
prepacation department. This depart-
ment is the arca helieved to have the
highest consistent crystalline silica
cxposure potential, and which, unil
seeent vears, coasistently had aver-
ape monitored exposures excesding
the former German OBEL of 0015
mef as a Time Weighted Average
ot respirable crystalline silica,

Statistical Analyses
Cause-speaiilc mortality  pattaons
werg examined hy caleulating SMRs
for all cause wnd sclected groupings
ol cause of death, comparing ob-

served mumber of deaths in the co-
honrt with expected numbers based on
twor sels of weference rates. Tor the
Full Cohort, rates for the former
Western Gernmany popalation { f985-
1997y and the tota] Cerman popula -
tion (1998 20051 were derived
hased on mortality amd population
morbers made available by the Sta-
tistical Office of Germany. A sccond
set of reference rates was derived
based on the Bavarnan population
(numthers of deaths and population
coints waere provided by the Statisti-
cal Office of Bavaria), Higher all
canse, all cancer, and CVIY mortality
rates i Lpper Palatinaie and Upper
Franconiy, the two sub regions in
which a majority of Bavanan Subco-

Fort members worked, compared
with other Bavarian regrons are ra-
poced in o ofticial Bavaran health
statius reports © Beeause of the
greater variability 1y razes for these
sulrregiong  (especially for rarer
deathy, bowever, we de-
cided 1o present SMR results based
on the Bavanan referent only, Rates
for batly referenes groups were cal-
culated by gender, 3-vear age group

catlses o

cirom 13 1o 84 and 8501 and calen-
dar vear, although analyses ol the
Bavarian Subcohorn were Hindted 1o
the cohort experience up W age 73,

For the Full Cohort, SMRs and
V5% confidence lutervals (95% Cls)
wore calowlated tor all causes com-
bined and approximately 40 different
cause-of-death categories (Appen-
dix). A subser of causes of death
(principally those reflecting the koy

study research uestions) was exam-
ined for the Bavarian Subcohort. All
analvses were conducted using SAS
v 1 (SAS Instinne Ine, Cary, NCY
We caleulated exact Cl's using

Byar's approximation.® Because of
considerable differences in the risk
and distibution of causes of death,
and hecanse of the lurge number off
women included 1w this cohort, SMR
analyses are stratdied by gander,
FFar the Bavarian Suheohoert,
SMRs stratified hy date of hire be-
forciafter 1960 were estimated 1o
evaluate the potential impact sar-
vival hias might bave on the cehort
2eilts, Becanse follow up of the co-
[ort staried on Jamuary 11983 ar the
carlicst, those stariing emplovment
nany years prior W this had o suz-
vive unlil the start of follow-up, and
the patterns of mortafity amoeng this
subser may be different from those
hied claser to the stast of follow ap
and not subject to for at leasi as
strongly to) potennal survival bias,
We also stranfied Bavanap Subeo-
hort resubts by ever/never having
worked i the preparation area
surrogate Tor the hirhest bkety expo
sures o crystalling silica. No further
stratification by work dares or esu-
mated exposure o crvstallinge silica

d

was performed ol this stage, as a
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detatled  gquantitative exposure as-
sessiment s underway.

The possible influence of the record
retention policy of the BGGE on the
risk estimates was evaluated oo wavs:
by ecxcluding those cohort members
aged 73 years or more on fanoary 1,
2005 and with signs of silicosis; and
by excluding all cohort members older
than 73 years as of this date,

Results

The futl cohort of 17,6344 workers
emploved in porcelain production {or
at teast 6 momhs generated 338,495
person-years of ohservation at risk,
136,713 person-yvears among  men
and 181,782 persom-vears among
women. Figure | shows the aumbers
of Individuals, person-years ob-
served and numbers of death for the
Fult Cohort and the Bavartan Sub-
Cohort, by sex, Bavarian nien com-
prised approximately 84% (by count
and person-time up to age 73} and
Bavanan women approximaiely 86%
{by count and person-time up 10 age
73y of the Full Cohert. Truncating
follow-up 3t age 75 for all in the
Ravarian Sub-Cohort tesubted in the
toss of only 22 deaths (and 496 person-
vears) among men and 6 deaths (and
3 persen-yoars) among woren, so
only the tuncated Bavarian Sub-
Cohort results are presented.

The average age at sturt of follow
up for men was about 35 and about
34 for women (Table 1) At the end
of follow-up, 14,935 (K3%) were
known 0 be alive, 1610 {95 were
determined 10 he deceased, and vital
status renwined unknown for 1099
(6% (Table 27 Among the 1126
male decedents (13.6% of mend, all
cancers accounted for 32.1% of all
deaths, all chrenlatory system  dis-
eases 32.9%. all respiratory diseases
524 und other causes of death
29.8%. Among the 484 female dece-
dents ¢5.2% of women), all cancers
accounted for 39.3% of all deaths, 2l
circulatory systom diseases 235.8%.
all respiratory  discases 379 und
other causes of death 31.2%. Fol-
tnw-up status ag well as numbers of
deaths in cach of these broad catego-
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TABLE 1

Duratior of Employment, Age at Start of Foilow-up ard Date of Hire, Full Cohort

and Bavarar Subconort, by Sex’

Fuit Cohort Bavarian Subcohort
Men Waomen Men waomen
{n = 8,288) {n = 9,356) {7 = 7,001} {r = 8.044)
Duration employmeant, yrs
hean 22.5 2.4 2C.3
hinimuT 0.4 0.5 o5
Neaximur: 57.6 57.5 203
Age al start of folow-upt
hiean 352 34.8 2.3
Kniraue 12.3 15.3 4B
hAaximum g3.7 B82.6 8.7
Date cf hire
Median &:2/+978 7iig7e 47301374
Latest I £417/7.995 $1/7891 4/177/1998
Earliest 74101938 11,7943 7100958 TAIARLS

"Excludes sutjects with < mo errployrent ir porcelain,

Tro= 2 women missing DOB.

TABLE 2

Vial Status and Distributior of Deains (ICD-10 Codes! From Ali Cancers,
Al CVD and All Respiratory Diseases, Full Cohort and Bavarian Subcohort,

by Sex
Full Cohort

Vital status 4
Alive
Ceceased
nkronn

All cancers {GO0-C57)

Men 8,288

Women 9,356

6707 (89.9)
$126 [13.6)
455 (5.5}
361 {4.4)

8228 (87.9)
284 5.2}
B4 16.9)
186 (2.0}

All circulatory sysism (HOD-193 37114.8) *25(1.3)
Al respiratory (JOC-J28% 58 {2.7) B IG.2)
GCther 336 i4.17 151 (1.6}
Bavarian Subcohaort Men 7,001 Women 8,044

Vital statis n 1%)

Alive 5698 ;81.4} 7r4 B84}

Deceased 982 13,7} 443 (5.5)

Unkaowr: 34149 487 8.1
All cancers (COG-CY¥: 35 (4.5} 18802
All cirsulatory syster (120-199; 329047 120( 5]
Al respiratosy (0T-88) 48407 18(0.2)

Othar

136(1.7)

ries, by full or Bavanasn sub-cohort
are presented in Table 2. Duration of
cruplovment was similar for both the
fult and Bavarian groups (Table 1),

Table 3 presents SMR estimares
for the full cohort, by sex. for 39
catepories of cause of death. using
the German popalation as the refer-
ent, The SMR estinate for all causes
among men was not statistically dif-
ferent from anity, Haowever, we ob-
served a significantly decreased

SHMR for women (0.85, 93% (I =
0.78 to .93 compalible with =&
Healthy Worker Effect, Stunificantly
clevated SMRs for liver and pancre-
atic cancer, and for silicosts, (1.99,
93% Ct = 1.29 o 2.93: 1,71, 953%
Cl = L8 to 241, 7.20, 95% Cl =
232 t0 16.8) were estimated Tor men.
Only the SMR for diabetes was sig-
niftcantly elevated among women
(1.74. 93% CI = 1.07 w0 2.65). We
vhserved no statisticatly stgnificunt
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TABLE 3

SMF and 35% Cls for 39 Categories of Canse of Leath or the Full Cehort. oy Bex

Causc of Death

1CD-10

Obs

dien 158,713 Person-Yr

Exp SMR

All caises
Ifective ane parasTic cisensos
taigrar: neoplas s
Buccal cavity and pharynx
Oesophagus
Stomach
Lirye intasting
Liver and gulixadda-
Pancreatic cancer
Laryx
Lurg

Ctaesr resperatey and inlrathoracic

Crgans
lrgast
Femrale ganilourisar,
Cwvary, other uerira adrexa and
other ferrals
Mrostate
I$acaer
Kidroy
Brair & narvous systom
Yigcallareous malignart
Hadgkin's discaso
Son-lodgkins vimphamra
Yultiole yeloma
_eLkaemid
Mecplasims nositt ang unzpecified
Lrubtes
Blooe ard niood-forming orgens
fental aisorcers

Mervaus SYSLEM G710 S2Ns0ry Griar s

st
yEtaers

Diseases of the circuiatzry

Silicows
MNiscases of the digestive syslen
Cirthouis

t--dafnag nonaiticrs
Lxterd cadses

of the ganteurnirary system

ALD=YY8
A -
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ok
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s
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TABLE 4

SR and 85% Cls for Selected Caleqgories of Cause of Death for ihe Bavanar Suoconor,

Cause of Death

1ICD-10

att necpisars
Lary
Kioreay
Siseases of the circllatony
cases of the rasprratary systam

ANGC Y93

Gon-087

0ol

GaA-088

I00-199

Jo0-J58

NN

Jaz

NDO-NOE. N O-N12
N 14N 1T, NN

Men 132,299 Persan-yr

SMR

1.17
1154
0.4B
0.48

95% Ci
0= 25

Exp
A01.24
268220

29,03

1860
Jlal N

STT

1700

by Sex

Waomen 156,668 Person-yr

Obs

437
1633
18
119
18
12

Exp
45439
20802

“ 7.8k

SMR

85% CI
0B~ 0D
DR IERNT
.52 48
G722
D807 .23
0.52-"Rh
iB=2.98

0.20--2.84
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increased risk of muwtality doe o Lo -
lung cuneer, reaal cancer, or NMRIDD ﬁ & ;:‘
(dentified a priorl gy catses of fuler- In:_';\_ .)O 3
asty; however, the pomt estiieate for o c S o
renal disease among men was gle: 5
vated (132, 959 CT — (.63 1o 243, + E 2088 = 23
Using the Bavarian sith-cohort amd g @amennmomo T
the Bavurian poptlation as referent 3 . a T oz
resofted in increases for the SMRs T3 SN
caleulated for broad categories of &
cause of death as well as specific & - g moman o @
causes ot interest {Table D, suggesting i o2 PO
that Bavarian mottality rates are gon- é: g _ memmo oy
erally lower than comperable Ger- d : Lj ‘T - 'HT ,_ - - .:vl_\' |'
man rales. The SMR cithate tfor @ 5 E‘g oL F A 3z 55
luny cancer increased fram (K71 1o 2 2 e
(LO% (95% Cl = 075 W 1.27 for r B S
mer, awd from .72 o (9T (9575 o ? Eé IR B
CI = .52 1o LA8) for women, SMRs 2 iE ;
for circulatory system diseases in- ol : 2.0 =8 8 £5E
ereased from 1.00 10 117 (95% C1 = & i d g S
10540 130 for mnen, and trom (L83 °
o VIR 9SS CL 085 o 1.23) for - g ogemg © wo-
women. The estimate for renal dis- ¥ o
case wnemg men remained clevared, & _ 5 i D CO
/ = el | I oE
€T = 075 o 3,14, £ 1 gafuiy Bz
Analyses were repeated, first ex- g 2 T T
cluding the 8% cohort mombers with & T E oo R
stpns af stlicosis and those older than 5 E E - “aa2 2 O2I1%
T3 years at begimnng of the siody in E L; S e b e e o
2005, and second by restricting the o ;Z_ graymeoEn 2 M f\‘
calrt te those vounger than 72 @ -
vears, No remarkable changes inany = ' - . . o
of the risk essimales were seen (re- i— é pRaTT T TE
sithts ot shown) except [or siicusis, "Gm: ¢
for which the number of silicosis o @ = 0 @A
death was reduced from 3 to 3. This E . oF “I : T LT Olj :
fed to reduced SMEs for silicosis EJJ - % 55 2 TH=
mortality s fullows: Foll cobort: & 18 T e s s
and SMR 6,41 (95% CI = 1.29 1o g 38 e S -
LE T for each aliermaiive analysis, o ‘ £
respectively: Bavartan sehenhort: 3 T EE5 5
SMR 695 (955 CL - 30 1o 20.32) S ! £ 4 ERLE S
and SMR 7.95 (95% CI - L6010 [
23.23). respeciively. ‘f‘j 2 gL L, =9~
When comparing Bavirian men 2 v
fieed through 1960 10 those hired 5 =
after 1960, the excess risk of death » £ 2 z
due to cancer and respiratry disease © g g &
appeared o be confined w those = 5 & &
hired it the cavlier period (Takle 5. 2 w - =
SMRs for bork time periods were o = 5
|24 (93% C1 = 1.06 to |41 and 2 C <.
102 (95% CL - (083 w 123 for =
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TABLE 6§

SMR and 85% Cls for Se:ected Categories of Cause of Death for the Male
Bavarian Suhcohort, by Work in Materials Preparation {Ever/Never}

Obs
103 7828 .35

Al causes

K.alignant neaplasms 33 2538 .30
Lung 5 587 0.38:
Kicney T 1.82 055

Ciseasss of the 37 2838 .20

circulatory systerm

Ciseases of the 3 37 0.8

respirgtory system
COFPC g 172 —
Silicosis 3 G0 5779
Reral dsease 053 tED

MNever in Preparation

95% C1 Obs Exp SMR 55% CI
tAS-1.6s 115 1.08-1.24
0.88-1.83 13 1.08-1.27
0.27-1.99 1.20 0.75-°.30
C.01-3.06 S48 0.22-0.94
G.99-1.95 18 1.02-1.79
16237 44 3386 1.3 094174

4 1542 117 2.69-1.84
135196 2 020 508 J.57-18.27
T.02-10.57 8 492 163 0.70-3.E2

all-cancers, and 1.38493% CT = .94
to [.96Y and [.06 (95% CL = 0.6] 10
173y for respiratory  diseases, 1e-
spectively. Among Bavarian women,
the puint estimate for COPD ap-
peared to be considerably higher
among those hired in the fater peri-
ody: 1.20 (93% CL = 032 w0 3.07)
versus 2,12 (95% Cl = 0.78 10 4.62),
atthough the wide confidence nter-
vals indicate these estunates were
not very precise. SMR estimates for
lung cancer were similar for those
hired through 1960 versus those
hired after 1960 and close o unity,
for both men and women, All five
sificosis deaths {plus additional three
which were coded as contrtbuting
canse of death? were among men i
the Bavartan sub-cohort hired before
the ead of 1960, resulting in & very
high and statistically significant but
unstable SMR.

Although ne excess of lung cancer
deaths was identified, we stratified
results by ever having worked in the
materials preparation department—
the work area known o have the
highest potential crystalline silica ex-
posures over mme—io deterniine
whether elevated risks might be ob-
scured by combining these warkers
with thase i other work areas. No
deaths for any of these selected
cattses were observed among women
ever having worked n preparation,
who generated only about 6% of the
persan-years among women. Table 6

demonstrates that among men. the
SMR for lung cancer s not clevated
i thee suhgroup ever having worked
i the prepuration arca. However,
SMRs for all cuuses combined, all
cancers and all circulatory system
diseases were higher (not signifi-
camtly) for the preparation workers
than for those never working 1 this
area, Interestingly, three of the five
siticosis deaths oceurred among men
in this subgroup, two of whom were
part of the 88 individoats whose
reconds were retained beyond age 73

due 1o x-ray fillm evidence of silicosis,

Discussien

This paper presents the first resolty

of a ltarge epidemivlogical study of

workers 1 the modem (ie, post-
WWID German poreelain indusiry,

Included were a large majority of

employees from nearty all manufac-
turing facilities in Western Germany
operating during 1985-1987, the
tme window in which the study
cohort was defined due o the avail-
abilizy of clectronic information and
the triemmal individual occupational
medical examinations, The study
population was 1dentified by manda-
tory ithose with potential for some
fevel of cxposure) and voluotary
{thase with potential for only low
fevel of exposure) participation in
the BGGK preventive medical sur-
veillunce progran, and therefore 18
nen represeniative of workers with

only wvery low levels of crvstalline
sttica iwhite-cotlar workers, decora-
tion workersy Towever, we have
determined that approwimutely 85%
of all hlue-collay employees of the
porcelain munufacturing facilities at
this time participaled in this program.
Therefore. the study population
likely to be highly represemtative of
all porcetain production workers in
Germany.

There are several noleworthy advan-
wages provided by thig study cobort,
First, this study grovp represents one
of the largest cohorts of porcelam
(imcluding ceramics o pottery]
workers or any other type of silica
cxposed workers, with over 8200
men and over 2300 women, Other
epidemiologicat cohorts have tended
tw mclude smaller numbers of men
enly. Tor example, the recent studies
of British and Chinese pottery co-
horts tneluded S115° and 45477
men, respectively. Earlier cohernt
stuchies huve cleded 2055 white
men empleyed in three cermnic
plumbing fixtuve fuctores in the
US> 2480 men emploved in the
ceramics industry in Rraly®® and
1794 male ceramic workers in the
Netherlands.” In fact, other than
from China, we are unaware of any
cohort study ncluding  subgtantial
numbers of wamen cinployed mn the
porcehan industry.

Second, because the cohort wds
defined based on participation in the
BGGK preventive medical surveil-
lance program, all cohorr members
have a “bascling” x-rav film exami-
nation made before starting work m
the porcelatt industry and most co-
hovt mambers have many follow-up
x-ray filim evaluations through the
end of the individual follow-up. Al
though not taken tnto account in this
prefiginary SMR analysis, the x-ray
films can demonstrate the presence
or absence of lung cancers and signs
of silicoss at start of foltow-ap for
cuch cohort member, as well uy the
date of the first x-ruy film demon-
strating signs of stlicosis or long
cancer. Participation in the program
also assures docimentation of cach
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cehort memoer's work history—
mcluding jeb held prior o entering
the porcckain workforce—and, for
over twoe thirds of the cohort. infor-
tation on smoking status. Al of
these duta resources will be consid-
ered w subscagquent evaleations of the
cohort, '

Third, this cohort’s exposure o
crystalline silica overall—in contrast
to individuals emiployed 1o the first
halt” of the 1900F s—is possibly more
refevant to modern mdustrial condi
tions and related questions regarding
health effects at miore wodest tevels
ot exposure. Spectiically, the 1929
Ordinance vn Occupational Dissases
led o suhstantial efforts o reduce
employees” exposure 1o quarty dust
for the irst time (cg. by governmen -
tal vy BGGK regulations, medical
survelllance and dust prevention pro-
prams). By 1952, the Sth Ordinance
on Occupational Diseases  deter-
mined that all silicosis cases may be
compensated hy the BGs. This
resulted in o dramatie rise o the
mumther of compensated cases. and
tuclled considerahle efforts by the
porcelain companies and the author-
itiess e vediee exposures by replace-
ment of rough woadeu {luors,
unproving dist controls, introduction
of ventilation cquipment, training
cmplovers and ainployees regardimg
health nisks. monitoring of expo-
sures, and comprehensive and sys
wemnatic medical sorvelfance by the
BGGK. Between 1935 and 1963 ad-
ditional subsiantial technological
changes took place, for exaniple, re-
placemant of wiermitient {loaded
and unloaded) Kilps with gas-fireid
wanel kilns.™

Although cxposures o crvatalline
sihca would have neen reduced over
dme, party of the present cohort still
lad the potential for considerable
axposure. Depending on specific
work area and time period, respirahle
crysialline silica fevels obtained
since the 19607« ranged {rom helow
detacton level to seversl tmes the
most recent Gennan OBL of 013
medn” fax noted shove this hus been
stspendedl, with most measured

concentrations between the deteciion
lirntt and the QL.

Where silica exposures are both
likely and substantial for ac leagt
sume work arsas and tme periods
represented by this cohiut. there s
relativelv low potential Tor cxposures
to ather known or suspected lung
carcinogens i the poreelan indusiry.,
Crystoballite, o specific structural
form ot erystalline sifica, historically
ocanrred in the [ring arca. Uil
19360 only onerminent kilnsg (round
kilns} were used for firing of the
porcelain and fireclsy bhoxes were
repeateddy re-used us Qiring auxilia-
rivs For the hiseuit Hring, Quartz was
partially transformed 1o erystoballite
within these fring awxiliaries and
may  have pencrated crvstoballite
dusts, Measurements in other work
arcas during the carly 1960s did not

deteet crvstoballite. Workplace  air
measurements  recorded in the
MEGA database, o comprehensive
chemical workplace exposure data-

base ruaintained by the Institute for

Qceuputional Satety and Heabth of

the German Staiatory Accidence In
SUrANCE Y St AUgUstin suggest no or
only low levels of several other lung
circtnegens, However, historical as-
hesto: exposure cannot be exeluded
11 the area of the ilns where ashes-
Ws-containiny insulation wias used in
and around the kelos, on the tunneld
kil cars or associuted with other
ashestos containing  makerials and
cquipment. Theretore, for the silica-
related diseases of interest {espe-
cially lung cancer und silicesis) the
porceldin judustry offers so environ
ment o which historical
associated  with erystathne  silica,
tvpicully in the form of quartz dusts,
mity be evaluaied.

Althoush the cobort is stll rather
voung. mortality s approaching 104
everall {preater for men 17 the Bavar-
lan Sub-Cohort), and alreads more
thapn 90 luny: cancer deaths have been
observed during the follow-up period.
Because of the relatively voung coburt
and short follow-np. the observed
aumners are o fow o produce
highly stable SMRE  estimates for

rsks
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many spealfic causes of deatl. Kid
ney caneers and renal diseases had
It and 14 deathy wmong the full
cohort, respectively, numbers oo
smiall o precisely asumate SMRs tor
relatively small escesses, Smalt ob-
served numiers were especially elour
tor silicasis wertality, for which anly
= deaths were abserved. Tlowevear, s
part of the cvaluaton of this cohor:,
wver 300 cohort members have % tay
filnes that oviginally were read by the
BGOGK physicians according w the
1.0 us VO or higher ie, with poysi-
hic s1ens of siheosis, Al x-ray films
are currently belng re-read by two
expert T-readers W veridy the origi-
nal 1lm readivas, and the resulbts will
be used 1t conjunction with the ex -
pOSUTe assessment o quantitativety
evaluate tisks ol silicosts marbidire
associated with the levels of crvstal-
lae silica occurring in the porcelsin
mndustry siuce WWIIL and nsks of
lung cancer associated with silicosis.
Baged on the current SMR results,
the overall mortality patterms ob-
served i the srady cobon were sim-
tar tu both the German natiowal and
the Bavartan referent populitions,
with some exceptions. The slightly
higher SMRe obtained when the re
gional Bavarsn reference rates were
ased supgest thar the porcelin work-
. although predeminately from
Buavaria, expericnce mortaliny rates
for broad categories of cause of
death that lie between Bavarian rares
and the German national rates {as
defined in the Mothods  scciion),
which wught. however, be caused by
regional rate variahility leading o
vartahility tn SMR results uncelated
o ocoupational exposures.
Newvertheless, altheaph the pur
pose af this stedy way o evaluate
moctabity patterns for specific causes
of death previously associated with
crvstalline silica exposore (hing can
cer, silicosts, kidney cancer, and re-
nal disease) we caleulated SMRs for
many additional categories of cause
of death. Althouszh the SMRs for
st of these causes off death were

ol different from univy, some devi
ations from expected were seen.
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Amony men, statstieally signifi-
canl escesses were seen for hver!
pallbladdes coneers us well as for
sancredtic cancer, and this did not
materially change i supplemental
andlvses  using Bavarian refecence
rates (ot shown) Risk factors for
liver concer wclude chrome Hepath
us B oor € sfection. liver flukes,
aflatorin exposure and aleohol con-
stmption, but apparently not crvstal-
line silica ™ Of these, it is possible
that the poreelain sworkers consunge
Ingher levels ot alcohol, although
men did not have an cxeess nsk of
rhosis of the liver {generally asso-
clated  with  alcohof consumption)
compared with German men overall,
Liver/gullbludder cancer SMRs for
women wore slightly but not statsti-
catly sienificuntly increased, but this
was based on only 1[G observed
Cases,

Risk fuctors for pancreatic cancer
include smoking, diabetes, diet, obe-
sitv. and pancreatitis, K-ras pene ma-
tation, and possibly occupational
chemical exposures.”” However,
Opajiicvt et al”™™ reported a4 non-
stgnificant meta-relative risk of 1.4
for siliva dust 1y o 2000 review, and
swoo other papers were located in
which pancreatic cancer appesred 10
he associated with dusls containiig
crystalline silice: a study of Finnish
asphaty workers, who would be ex
posed [0 numerous  compounds o
addition @@ minesal dusts’; and g
popalation-based occupanonal case-
contsod srady of pancreatic cuncers in
Findand, which generated un odds
ratio of 20095%: CL- 1.2 0 35 for
EXpOSUre W lnarganic dusls contaln-
ing crystalline silica.™  Analeses
bused on the Bavarlun sab-cohort
wrd wusing Bavarian reference rates
were strnilar (not shownj, suggesting
less variability by region, In
analvses the possible role of tobaccy
smoking may be evaluated; however,
the muabe porcelain ssorkers moriality
patterns (espectally for lung cancer
and other smoking-refated cancersi
do aot sugeest that this group has a
dispropomtionately high smoking
prevalence. To contrast. the SMR for

ure
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PANCTCALC CANCET AMONE WONLED Was
not clevated,

Aanong winten but not men. the
SMR for diabetes mellitus was sio-
niffcantly elevared using Germun
reference rates. and was slightly
hizher osing Bavarian reference
rates, No oceupational exposures (in-
cluding veystaliine silica) have boen
consislently associated with diabetes.
However, mortality from complica-
tions of diabetes might reflect low
usalization ol diagnoste and preven-
tive medicil services, as well as poor
case management.

Lung Cancer

A primary tocus of our study was
cvaluauon of fung cancer mortality
in this cohort of poreelain workers
cxposed 1o moderate levels of orys-
talline silica. However, bused on 94
observed cases (ard over §3H) ex-
pected. besed on German rates) there
s e ndieotion of an excess lung
cuncer rsic amuong the German por-
celain sworkers. Based ou the Bavar-
lar sob cohore, the SMRs were
closer 1o unity, but sull provided no
evidence for an excess rate of lung
cancer amony  poreelain workers.
Nonoanalignant respirtory disease
results also were cimremuarsable.

Research simee 1ARC 5 1997 eval-
uztion has not resolved the debate

surtounding lung cancer risk 1o the
absence of silicosis and/or ol low o
moederate levels ol exposure, A re-
cent, large multi-coamry. commun-
nity based case contrnl stady'”
reporied increased risk of lung con-
cer assoctated with oceupational ex-
posure 1o crystalline silica {OR 137,
955 1 114 e 1.65) and esti-
mates were inereased Tor both men

w051
to A4.74Y, although the aumber of

and for women {207, 95%. (1

wournien with lung cancer wias small,
Risk was elevated for the two upper
tertiles of cumulative exposure: QR
147 (935 ) = L o 2.06) far 35
o 200 meimhrse and OR 208
(95% CT oo 19 to 2,900 for =200
mg/m’ hrs, suggzesting a dose Te
sponse, However, this study was not

able o identify whether there 15 a
threshoeld for lung cencer risk. Un-
koown silicosis status for this cohort
preciodes any conclusions about
lung cancer sisk i the absenes of
sillensis,

Petocetu et al' have pubhished an
extensive review ol the occupational
epidemiologicul Hterature pablished
since the FARC evaluation. Most of
the reviewsd studies evaluated co
horts with known silicosts, or unde
fined silicosis status. The authors
concluded thit the evidence supports
an o association with lung cance
among known silicotics and reported
pooled RRs from cobon swudics of
134 95% C1 — 125 to 145 over
all,and 1,69 (93% C1— |32 2.16)
i cohort stadies of silicotics onky.

Only two reviewed studies assessed
lung cuncer risk in the abscoce of
silicusis. A cohort study by Checko-
way ot 2l reported an everall SMR
of 1049 5% C = .57 1w 1.57)
arnony non-sitlicotics. based on 4%
cases. and un SMR of 137 1959
CF - 043 (o 248 among silicotios.,
based on only 4 cases. Pxposure
response analysis, hnswever, showed
clevated risk for non silicotics for
the highest wertile of cuulative ex-
posLLre S mgAnt-yrs, SMR 240,
95% €1 - 123w 420 The second.
a case-control study’ " on 2 cohort of
- &1 stone, quarry, and oo
romic workers (247 cases, 793 con-
trols) Taded o show an association
hetween lung cancer aid  occupa-

icute.

tenal expostre o crystakine silica.
Several CXpOsSUre messures were an-
mehiding  peak.  ime-
welghted averare, and  cumnulative
grposure, yielding non sienilicant
DR« rangny from 85 1 1.02, Pe-
lucchi et al™ concluded that any
assoctation between lung cancer and
exposure 10 crystalline silica, in the
absence of silicosis, remains unclear.

An additional case-control study
on Chinese mine and factory work-
pubiished after the Peluechi

alfvred,

ers,’”
review, reporied increased nsk of
lung cancer among potiery workers
exposed to silica (OR 3.4, 95% -

1423 to 8.6¢ for the highest quintile
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of exposure, 1.1 10 722 Mg v,
which disappeared after adjustiment
{or relevant oceupational confound-
ers (R 0.9, 95% C1T - 019 10 4.32)

Our results doooot dicate an in-
creased risk of lun cancer amaeng
porcelain workers 1n Germany.
though complete silicosis statis was
not avaibable, Muware ph
analyses incorporauny deteled ex-

s melade

POSLLE
workers foow-ray films and medical
records indicating {irst signs of vii-
cosis, us well as the point at which
silicosis iy digzgnosed (as BLOY 1/1),
Thes futurs wark should help cfarify
the carcinogenic rele of crystalline
stlicil.

NMRD and Kidney Cancer

The SMRs [or renal discase were
shghtly but not symuitficantly clevated
among men, bt not Lorowomen,
based on either the (] cohort or the
Ravarian suh-cohart.
however, are limited by small nim
hers of ebserved deaths (a0 - 14 and

These resudis,

P2, rospectively) in this cate-
sory, For 24 additional deceaxed.
renal discise was mentioned as con-

mmbuting cavse of death on the death
certiticnte, However, there is no di-
oot way 1o evaliate this using the
SMR approach. It 15 possible that
analvses using internal comparison
groops could eviluate whether hese
cases wore among employees mare

bikely oxposed ar higher levels of

crvstadline silica than the rest of the
cohort,

Several studies of cecupational co-
orts eaposed o erystalline silica have
reported excess risks of morbidity and
mentalicy due o NMRILY ' whereas
some have not ™7 In s recent weport,
Steenbmd™ suggests that kidney Jis-
case may present o higher risk than
miostadity from silicosts or lung can
cer, daud may be more ioportant Sy
regulatory purposes, He sunymar l/u
resiles from earlier 111»L\11L,d1mm
reporting an SIR of 197 (934 Cf
125 1o 2967 for end stage renal
disease (ESRD haged on 23 cases
identified throt ik Bthe TS FSRII e it
sy, as well a3 o positive expoesure-

assessment and  linkage of

response frewd for BSRIY thased on
{8 casesd. Sinularty, he reponts a
strong exposure response (hased on
30 cases) for mertality using data
frint a0 2002 sundy of three coboris of
industrial sand  workers, pranite
workers, :md diatomaceons mllh
workers.' 1 Another recent teport
absor describes excess mortality from
renal disease (SMR 2.80, 7 <2 L0013}
based o 18 cases noan updaied
study of 2670 emplovees of the sand
industry. Tn this study, remal discase
mortality was not related to cumulda-
tive exposure, though the authors eite
smuall nupnhers o lintiting, statistcat
POWCT.

Kidnev cancer SMRs were low rfor
buth men
whicl analvticat cohor? was exam-
ined. Again results were Honted by
small numbers observed, with a total
of 16 1n the full cobien and 14 10 the
Buvarran sub-coborr, which resaled
in substantial dedficus for cach gen-
dor-cohort eroaping (lables 4 and
31 Rengl cancer has much  loss
frequently heen asseciated in the
pubiishied lTerature with crystalline
silica exposure. Only two recent
studies have reported zlevated risk
Attfield and Costelle” re-
potted a small, not sl
of mortakity (SMR O UA7) i granite
workers. McDonald ¢t al'” repened
an SMR of 2.02 (£ = 0.03) based on
though they characterice
the fnding a3

estmles,

unilicant excess

i) Cnses,

“unforescen.”

summary and Canclusions

This cohort study represents one
of the larpest availabte w date, par
tucularly  noteworthy 1o that larpe
aumbers of men and women poten-
Lallv exposed 1o various
crystatiine
cades have been followed as part of a
preventive medical survelllanee pro-
pram offered throughout the elass
and cerainics mlhmr}. Primary re-
search guestons included  whether
the colort provides evidence sup
porting  nercased lung
cancer, silicosts. renal disease. and
kidney

sthica vever severzl de

Clsks ol

caaoer amoenp poreelain

worsers potentially exposed 1o crys-

and women regardless of

levels of
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wlline silica at concentrations from
helow to well ahove the Tormer Ger-
man OEL e, 0.13 mgrm™).

Unexpeeted findings include o
small excess ol pancieatic
among wen bt nor women, and
elevated Tver and gallbladder cancer
FISKs amoeny men with some stipees-
non of an increase among women
as well, Kidney cancer was oot
increased in thrs cohort, and rendl
dizcase was only slightly tand oot
slalistically  significantlv) clevated
&I00E INeh;
hors Limited the pre
CRlIes.

Based on the st SMR resulls
presentad 1o this paper. 1t appears
that some incressed risk of silicosis
nortality 18 seen (bt hased on very
smitll numbers], espectally anzong
porcelain workers first emploved be.
tere the cnd of 1960 amd acong
those haviny worked in the materials
preparation arca where the bighest
crvetalline siica exposvres in the
industry consistently have heen doc
umented. Despite this ddirect but pre-
Lirnimary evidence of sabstantial
crvstalline silica exposure potenual.
the mortality experience of thiy co
hort, ta date, st S8 T LXK
of lung cancer.

Cenoey

|
however, small nun-
f

these

nslon o
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APPENDIX
List of ICD-9 Codes (1885-1997) Usad in the SMR Analysis, ICD-10 Eguivalents (1988-2005). and Distribution of Deaths
International Classification of Diseases

From Revisian Gbserved Deaths
CcoD 9th (19851997} 10th {1998-2005) Men Wamen
all causes 001-993 AQG-T98 1,126 484
Infective & parastic diseases o01-139 ADD-B29 13 [}
Mahgnant neoplasms 140-208 Cog-C97 361 190
Bucca! cavity & phansmx 140-143 Coa-Cc14 21 7
Oesophagus 150 C15 20 ‘
Stomach 151 18 23 G
Large intestine 153 c18 28 13
Fectum 154 C19-C21 23 11
Liver & gall bladder 155-156 C22-C24 25 10
Pancreas 157 Cgé5 23 g
Pentoneu:m & unspecified chgestive organs 158-158 C25.C48 2 1
Masal cavinas & sinus 180 C30-C3 2 0
Larynx 181 c3z2 4 E
Lung 162 G34 74 20
Other respiratory & intrathoracic argans 163-"65 $37-C38. C45 1 0
Breast 174=175 a0 1 48
Female genitourinary 179-182 Ch3-C5R5, CE8 ] 2]
Ovary, other tering adnexa & othar female 183-184 C51-C52, C56-C57 0 17
Frostate 185 Ca1 13 0
Btadder 185" CE7-CE8 11 2
Kidney & suprarenals 189 Ce4-Ch6 11 5
Brain & nervous system 181192 C47, C70-C72 iE: 5
Miscellanecus malignant 145199 76-CB0, 097 24 9
Meoplasms of lymphatic and hematopoietic tissue 200-208 Ch1-C95 19 16
Hodgkin's disease 201 CB1 1 2
MNon~Hodghkin's lymphoma 200, 202 Ca2-C83, CB4-285 g 5
Multiple myeloma 203 CHE-C30 2 2
Leukaemia 204-208 C91-C95 7 7
Necplasms n situ & unspecifiec nature 230-238 D00 -DOg, D37-D48 7 4
Diabetes mellitus 250 E10-E*4 20 21
Blood & hlocd-forming organs 280289 D50-089 0 2
Menta! disorders 290-319 FOD-F39 15 5
MNervous system & serise organs 320-389 G00-99, HOO-H35 15 51
Cizeases of the circulatory system 390-459 100193 a7 125
Hypertensive heart disease 40*-405 na-1s5 H 5
Ischaemic heart disease 410-414 120125 “98 44
Other diseases of the neart 420429 130152 85 23
Cerebrovascular disease 420-438 160 —E9 48 39
Dhzeases of the respiratory Systemn 460-519 JO0-J38 58 18
Pneumonia 480-486 J1z2-418 1 0
Chronic obstructive pulmonary diseases 490-432, 495 Jah-J44 25 10
Asthma 493, 477 J45-)46 12 4
Siticosis 502 J62 5 o]
Other diseases of the respiratory system 5°0-519 JB0-J399 5 4
Dhseases of the digestive system 520-579 KOO-K93 73 a9
Cirrhosais & other chronic liver disease 571 K70, K73-K74; K760 44 24
Diseases of the genitounnary system 580-629 NOO-N9S 11 4
Renalt S5{1-589t NOO-MNOB; N1Q-N12; 10 4
1419 MN2E-MN2S
|li-cefined conditions 780-789 RO0-R99 3 B
External causes EBOD-E299 V0198 a1 18

*CD-9 codes for kidney cancer currently include some codes that belong to bladder cancer category (ICD-9189.3, 189.4, 1898.8, 185.9).
Therefore, Kidney cancer rates are overestimated and bladder cancer rates are underestimated for yr before 1998,

TICD-10 codes for renal diseases generally include more codes. many of which are directly comparabie to {C0-3 codes, than the ICD-9
coaes included in the rate set {for example, infections of kidney are included in the IC[D-10 codes but not the ICD-9 codesi feading to an
overestimation of rates based on ICD-10 codes. In one case, rates for a comparable ICD-10 code {N25) were not included in the categaory,
although the 12D-2 code was inctuded (ICD-9 588) leading to an underestimation of rates based on ICD-10 rates. The direction of the change
in the effect cannot be predicted.
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REVIEW ARTICLE
Crystalline silica and Lung cancer: A critical review of the

occupational epidemiology literature of exposure-response
studies testing this hypothesis

Johu F Gamble

Consultant, Sumerset, New Jersey, USA

Abstract

IARC {2009; Metals, Farticles and Fibres. IARC Monographs on the Evaluaton of Carcinogenic Risks to Hurnans. Volume
100C. lyon, France: IARC) concluded that crystalline silicain occupational settingsis alung carcinogen. This conclusion
is based primarily on studies with exposure-response {F-R) analyses and a pooled analysis of 10 major studies with
about 1000 fung cancer cases. The puroose of this review is to critically assess this cancer classification based an
£-R analyses in 18 studies from eight countries with about 2000 lung cancer cases and the same database used by
FARC {2009). The most appropriate exposure-response analysis is selected from latest study with least effect frem
bias, confounding, and presented graphically to assist individual assessment of the weight of evidence. Strength
of association is consistently weak in the majority of studies. At the highest exposure level the mean relative risk
[(RR) is 1.5; four studies have strong associations {RRs = 2], three bave moderate strong associations {RRs 1.5 2.0, six
have weak-negligible associations {(RRs 1-1.3), and five bave no associations ;RRs < .0}, Biological gradients were an
irconsistent finding. Three studies bad clear positive [-R trends; 3 had suggestive trends: and 12 had no E-R trends,
@ of which were *at or negative. There was a negative FR slope using RRs at the highest exposure of each study.
Consistent findings of weak asseciatiors and tack of E-R trends does not suppert a causal association, Weight of
evidence from occupational epidemiology does not supoort a causal association of lung cancer and silica exposure,
which is contrary to the IARC conclusion using essentially the same data.
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1.0. Introduction 1996 [ARC concluded there was “sufficient” evidence for

In 1986 the International Agency for Research in Cancer the carcinogeniciry of quartz and cristobalite in humans,
(IARC) concluded there was "limited” evidence that crys- although “carcinogenicity was not found in alb indus-
talling silica caused cancer in humans ([ARC, 1987}, In trial citcumstances” [[ARC, 1997). lhis conclusion was
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controversial in that the vote was very close and several
reviews of the same literature were produced by this classi-
fication (Cassidy et al., 2007; Checkoway et al,, 2000; Erren
et al., 2007, 2008; Hessel et al,, 2000; Kurihara et al., 2004;
McDonald, 2000; Pelucchi et al., 2006; Peretz et al., 2006;
Soutar et al., 2000; Stayner, 2007; Steenland et al., 1996,
1997, Wong, 2002). Few of the published studies included
estimates of quantitative exposure-response [ E-R) trends,
which is the strongest evidence of causality (Mannetje et al.,
2002). Therefore an attempt was made to quantify existing
exposure data from cohorts used by IARC (IARC, 1997) to
help “clarify the continuing controversy regarding whethoer
silica causes lung cancer” (Mannetje ei al., 2002). Out of 10
silica-exposed cohorts included in that analysis, {oliow-up
was extended or E-R added in 4 beyond the published date
in the original study (Steenland; Mannetje et al., 2001).

Silica is a crystalline polymorph (such as silica, cristo-
balite). Silica and quartz are considered synonymeous and
if the texi refers to amorphous silica it will be so stated.

In March 2009 another TARC Working Group con-
vened in Iyon to update previous monographs on silica.
IARC (2009) focused on E-R stadies because they pro-
vide “stronger evidence of causation,” because ihere are
enough 10 “provide a reasonably reliable assessment of
causation,” and because they facilitate "accurate assess-
ment of exposure-response in the presence of confounder
variables.” This updated Monograph will be published as
Volume 100C (IARC, 2009), concluding there is sufficient
evidence that quartz is carcinogenic.

The evidence cited by IARC as supporting this conclu-
sion for humans included the following points. Evidence
was from five main industrial settings: ceramics, dia-
tomaceous earth, ore mining, quarries, and industrial
sand. Most studies with quantitative exposures were said
to show clear associations. Studies without E-R analy-
ses generally lent support to a carcinogenic conclusion.
Studies from other industrial segments generally lent
support but there were some problems from confound-
ing (arsenic, radon, polyaromatic hydrocarbons [PALLs]).
Effects of quartz were unclear in three cohorts of Chinese
workers: (a) tin miners because arsenic and quartz were
colinear and effects could not be separated; (b) adjust-
ment for PAHs in pottery workers “removed a significant
silica exposure effect”; and (c) silica effect disappeared
after adjustments for radon among iron/copper miners.

IARC (2008) concluded strongest evidence came from
the pooled analysis (Sicenland; Mannetje et al, 2001)
showing clear E-R trends from 10 studies and from meta-
analyses that “strongly confirmed an overall effect” of
quartz.

The purpose is to review individual studies of silica-
exposed workers with quantitative estimates of exposure,
including studies considered by IARC (IARC, 2009) and
the pooled analysis (Steenland; Mannetje et al., 2001). All
known studies with quantitative exposure estimates and
E-R analyses are summarized with a focus on poiential
roles of confounding/bias and visual presentation of E-R
results 1o assist independent confirmarion of results. The

weight of evidence will be compared to the conclusions
of [ARC and the pooled analysis and will be used to evalu-
ate causality between silica exposure and lung cancer,

Guidelines for establishing causality are similar to those
of TARC (WHO, 2006). First, it is necessary to consider the
quality of the study and whether bias, confounding, and
chance have been taken into account, “Bias is the effect
of factors in study design or execution that lead erone-
ously to a stronger or weaker association than in fact exists
between an agent and disease. Confounding is a form of
bias that occurs when the relationship with disease is made
to appear stronger or weaker than it truly is as a result of an
association betweenthe apparent causal factor and another
factor thal is associated with either an increase or decrease
in the incidence of the disease. The role of chance is relared
to biological variability and the influence of sample size on
the precision of estirnates of effect” (WHQ, 2006).

When appropriate study results are identified, a judg-
ment regarding causality can be made regarding the
welght of the evidence. Several guidelines for causality
are drawn frem Hill (Hill, 1965), including consistent find-
ings of song associations (or high risks at high exposure
levels). Increased risk with increased exposure (exposure
response trends) is considered a strong indicator of cau-
sality. This includes a decline in risk after reduction in
exposure as in an intervention study.

‘The format of this paper is to delermine the most
appropriate study results. These results comprise the
epidemiological evidence for evaluating causality. The
results will be compared with TARC, which concluded
there was sufficient evidence for carcinogenicity based
on essentially the same studies.

2.0, Results of analyses of epidemiological
studies and pooled analysis study

Studies are assigned to one of the five industrial groups
identified by IARC. ‘lhese are reduced to four groups
by combining diatomaceous earth {IJE} and potteries
where quartz is heated in both industries. However this
combination is not meant to suggest there is a significant
exposure to cristabalite in potteries.

+ Ore mining: There are a total of six gold miner cohorts
from three countries: the USA (Steenland et al.,
1995a), South Africa (Hessel et al., 1986, 1990; Hnizdo
et al., 1997; Reid et al., 1996), and Australia {(de Klerk
et al., 1998). Three studijes are included in the pooled
analysis: USA, Ausiralia, and Hnizdo et al. from South
Africa. Qualitative exposure of Australian gold miners
was quantified for the pooled analysis. There are three
Chinese cohorts miningtin, iron/copper (Fe/Cu), and
wngsten (MclLaughlin et al., 1992). Except {or Fe/Cu,
these cohorts were updated and exposure estimates
improved (Chen et al., 2007) and should replace the
original analysis. Tin and tungsten were included in
the pooled analysis. There is one Sardinian cohort of
miners with silicosis (Carra et al., 2001).
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« Diatomacecous earth (DE) and pottery cohorts: There
is one DE cohort in California (Checkoway et al,
1997). ‘there are two pottery studies from China and
the UK (Cherry et al., 1996; McLaughlin er al., 1992).
‘The TTK study was only a preliminary report used by
IAKRC (1998) and is replaced by a more detailed report
{(Cherry et al., 1897, 1998). The Chinese pottery study
was updated and improved (Chen et al., 2007). One
German study includes both pottery workers and
stone workers and was published after IARC (1997)
(Ul et al,, 1999). A 2011 cohort was of the German
Porcelain industry assessing silicosis and lung cancer
(Mundt et al, 2011). DF and China pottery cohorts
were included in the pooled analysis.

« Quarries and stone cutters: The cohort of Vermont
granite workers (Costello et al,, 1988) was updated
with an intetventon analysis (Graham et al., 2004}
and an E-B analysis (Autfield ot al, 2004). An ear-
lier unpublished E-R version was included in the
pooled analysis. The Vermont granite shed cohort
was recently updated again and included both the
intervention and E-R designs found in the previ-
ous two studies (Vacek et al., 2010). German stone
and quarry worker (and pottery worker) (Ul et al.,
1999) studies were unavailable for IARC (1997). The
original Finnish granite worker study (Koskela et al.,
1994) had no E-R analysis, but exposure was quanti-
fied and included in the pooled analysis (Steenland;
Mannetjc et al., 2001).

« Industrial sand: There are three new cohorts pub-
lished since TARU [1997). Two are [rom the USA
(MeDonald et al., 2005; Steenland and Sanderson,
2001} and one from the TIK {Brown et al., 20054).

These studies are now discussed by industry segment,

2.1.0re mining

TARC (2009) considered several cohorts of miners: US
gold miners (Steenland et al,, 1995b) with no “obvious
evidence of exposure-response”; Australian gold miners
(de Klerk et al, 1998) with semiguantitalive estimates
of quartz exposure and E-R trends by exposure score-
years; South Alrican gold miners (Hnizdo et al., 1997)
with an clevated lung cancer risk in the highest exposure
category after adjustng for smoking; Chinese tin miners
(Chen et al., 2002, 2006, 2007; McLaughlin et al., 1992}
where there was significant and collinear exposure (o
arscnic; Chinese iron/copper with potential confound-
ing from PAHs and radon; rungsten miners showing no
nceupational confounding and no E-R association (Chen
et al, 2007); and Sardinian lead and zinc miners with
littte evidence of an E-R wend with quartz (Carta et al,,
2001).

Rased on TARC (2009) analysis, there are perhaps four
cohorts with no Ii-R uends (US gold, iron/copper, tung-
sten, lead/zing), two with uncertain trends [Australian
and South African gold miners), and a Chinese tin miner
cohortso confounded with arsenicthatan effect of quartz
caunot be derermined.

2071 rfurme Healthoare WSA e
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2.1.1.Gold mining

2111 US gold miners (Steenland et al, 1995a)
(Figure 1) 'This cohort of South Dakota miners is one of
the least confounded E-R studies in both the 1996 and 2009
IARC monegraphs on silica. Quartz exposures were high,
particularly before 18508 when dust control measures were
installed. Silicosis and silico-tuberculosis showed clear
positive E-R trends, indicating dust exposures were reason-
ably accurate. Arsenic and radon levels were well below
Occupational Safety and [ealth Administration (OSHA})
standards in the mid-19708 when measurements were
available. In 1960, the prevalence of smoking was higher
amonyg gold miners than the national population, and rela-
tive risk (RR) due to smmoking alone was estimated as 1.07.
Applying smoking adjustments to the standardized mor-
tality ratio (SMR} data, the overall lung cancer SMR would
be reduced from 1.13 to 1.06 and RRs in the E-R analysis
reduced o 1.09, 097, 097, 091, and 1.22 in exposure
quartles. A nested case-control study of 115 cases showed
a negative, nonsignificant E-R trend with less dust-days
cumulative exposure among cases than controls, 28,389
versus 31,060, respectively (Sreenland et al., 1995a).

Six additional years of follow-up was conducred for
the pooled analysis (Steenland; Mannetje et al,, 2001}
with straight-forward conversion from mppef (million
particles per cubic foor)-years to mg/m®-years. 'The E-R
trend was a nonsignificant positive slope with a unit risk
(IR} of 1.006(0.76-1.34) per mg/m? years, Thesc updated
resules are largely unchanged from the 1995 study and
continue to show no association of lung cancer and silica
exposure.

Results from this coliort were said to have the lowest
E-Rinthe pooled analysis. This was true for average expo
sure, but the lowest UR was the Chinese potiery cohort,
with URs = 1.006 versus 1.004 per unit mg/m?*-vears.

This is clearly a negative study and is not supportive of
asilica lung cancer hypothesis.

2.1.1.2, Australian gold miners (de Klerk et al,, 1998}
(Figure 1] A cohort of 2297 Kalgoorlie gold miners was
established from respiratory surveys conducted 1961,
1974, and 1973. Follow-up was 1962 to 1994, with over 50%
mortality. Miners were matched to all Western Austratia
deaths 1969 1o 1993 by year of death [YOD), year of birth
(YOB), and alive at time of case death. Exposure was semi-
quantitative, based on an expert panel making subjective
ranking from 1 1o 10 for dust levels in every job.

SMRs were 1.23 (1.17-1.30} for all causes, 11.2
(8.4-14.8) for pneumoconiosis, and 1.49 (1.26-1.76) for
lung cancer. Ii-R was analyzed by conditional logistical
regression adjusting for smoking, bronchitis, and work
in nickel mines. Smoking was a strong risk, with RRs
increasing monotonically with increasing cigarettes/day:
19(2.6-111) for <13/day, 23 (3.2 167) for 13 24/day, and
33 (1.4-241) lor =25 cigarettes/day. Only one lung cancer
case was a nonsmoker. (Juartz was not significantly asso-
ciated with lung cancer by exposure variables: URs were

RiagHYTHE

1


http:1.26-1.76
http:1.17-1.30
http:0.76-1.34

CHBL 130 on ORA940 1

abtheiare,com by 1206,

é
3
:

E
e
sn
2
E

=

=

-
k3

B
u

o
=

=

!

408  J F Gamble

Goid mirers in US (Steentand ard Brown, 1995) and Australia {de Klerk and Musk, 1389)
E-R oflung rancer, siticosis and pneumaconiosis with surrulative silica exposute (mgm3 yr
and cumulative exposure-score year adjusted ‘or smoking, silicosis & branchitis (de Klerk)
plus poaled aralyses (Stoeriand et al, 20017 ‘or lung cancer and sitcaosis (Manrete, 2002)

100 1

Bllicosis [BRR)
L.5. {poaled)

-/ lung cancer (SH
Ce s USJ . A

Fneumeoconiosis [SMR)

L,
Silipaniy (SR
e Auastralia, ponlen

SMR ar QR (345% Cl} {log scala)

Ji pepledd | L .
(seofemyzart

Lekrry caar
s A

0.1 1
Cumulative silica exposute {mgimi-years)
or cumulative-score years (de Kierk, 1983) {log scale)

10 100

! -&- Lung Cancer {SMR) U.S. {5tegnlard. 1955 —— Preumocariusis (SMR1 U 5. {Steentand, 18395)
. —FF Silicosis (SRR)U.S. pooled (Mannetje, 2007) =@ L.C (OR)U.S. (pualed), JR=1.006(0 76-1.34)
-& - Lurg Cancer, cum-expasure score-yr. Australia =2 L.C.{OR) Australia{pooled) UR=1 016(0.89-1.04)

. gy~ Silicosis, pooled(SRR) Australia (Mannetje 2002 — . RR = 1.0

- -RR =210

Figure L. USand Ausralian Gold miners, including poaled analysis,

L.04(0.83 1.16)and 1.02 (0.96 1.08) for average intensity
of surface exposure and UG exposure respectively. Logs
of surface and UG tenure showed UURs of 1.02 {0.91-1.09)
and 1.06 (0.97 1.15), respectively. For total cumulative
exposure (exposurcscore-vears) UR = L003{0.999 1.005),
but was significantly elevared to 1.31 {1.01-1.70) for log
(exposure-vear score). If adjustments for compensated
silicosis were added to the models results were similar
but none were statistically significant.

11 (industrial hygiene) data bhad been collected
since 1925 and were converted by de Klerk o respirable
mass quantities for E-R analysis in the pooled analysis
{Steenland; Mannetje er al,, 2001). Eighty-four min-
ers without complete work history were deleted and
exposures werce estimated in mg/m® respirable silica,
revised from the qualitative exposure score-vears used
originally. Silicosis showed a highly significant associa-
tion with cumulative exposure {p<.001) in the pooled
analysis (Mannetje et al., 2002). The estimated lung
cancer unit risk (UR} was 1.016 (0.76-1.34) per mg/m’-
vears exposure and 15-vear lag in the pooled analysis
{Figure 1). Radon exposure was considered negligible,
Comments on de Klerk et al, (1998)

TARC (2009) notes the lack of E-R for all exposure vari-
ables except log (exposure score-years), and then only
when silicotics were included.

Incidence of silicosis was signiftcantly associated with
tenure of UG and surface employment with RRs of 1.96
(1.65-2.34) and 1.58 {L.31-1.91) respectively, but was a

deficit when working both above and underground, 0.61
(0.52 0.72). lntensity of UG exposures was also signiticant,
but the R was lower at 1.24 (1.18-1.31). Tenure wasnota
reliable surrogate of silicosis risk for miners who worked
hoth on the surface and UG (de Klerk et al., 1998].

The authors concluded that exposure was relared to
compensated silicosis, which increased risk ol subse-
quent lung cancer. ‘This suggests that silicosis is an inter-
mediary, and therefore the usual statistical methods of
adjusting for confounders do not provide interpretable
results. Among nonsilicotics there was no evidence that
quartz exposure caused lung cancer. 'This is consistent
with the lack of any £-R trend among quartz-exposed
German workers withour silicosis (Ulm ot al., 1999).

‘there was a strong association ol silicosis and gquan-
titative curmulative exposure in the pooled analysis, sug-
gestive that exposure estimates are probably reliable for
the lung cancer analvses.

The TARC Working Group (IARC, 2009) commented
that “presence or absence of silicosis is not a critical issue
lor evaluating lung cancer carcinogenicity in relation to
silica exposure!” Ihis plus the significant associarion oflog
cumulative exposure with lung cancer after adjustment
for bronchitis and smoking, but not silicosis, indicates
the prelerred analysis of JARC. Six exposure variables
were assessed, with consistently low and nonsignificant
rigsks (RR <1.06). The consistent finding ol no associations
between exposure and lung cancer risk is suggestive that
these results do not support a causal association.
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Nearly a third {27%) of miners received compensation
for silicosis, and the 10-told excess in silicosis mortality
are suggestive that quartz exposures were high. This plus
the significant F-R associations of guartz exposures with
silicosis mortality, but not lung cancer, is consistent with
a conclusion that quartz is not a significant predictor of
lung cancer.

Some selection bias is possible as only 89% of workers’
vital status could be determined. Whether this biases risk
at all or in what direction is not known,

Study conclusions are related 10 whether cumularive
exposure or log cumulative exposure is the more appro-
priate measure of exposure.

Based on cumulative exposure the study of Australia
gold miners does not support a silica-lung cancer
hypothesis.

2.1.1.3. South African gold miners (Hessel et al., 1986,
1990; Hnizdo ¢t al., 1997; Reid et al., 1996) (Figures 2-1)
(Table A-1} There are four cohorts of South African gold
miners. Two were case-control studies utilizing necropsy
records (Hessel ot al., 1986, 1840}, Two mortality studies
extended the follow-up of previous studies (Hnizdo et al.,
1997; Reid et al., 1996).

The 19496 TARC Working Group discussed the 1890
Hessel necropsy study (Hessel et al., 1990) but not the
1986 Hessel study (Iessel et al, 1988), and discussed
the mortality studies (Hnizdo et al, 1941; Reid et al,,
1996). None played & major role in reaching a con-
clusion, perhaps because of concern about possible
radon exposure. IARC (2009} cited one mortality study
(Hnizdo et al,, 1997), and mentioned the lack ol associa-
tion with uranium production and the authors’ sugges-
tion that silica exposure could he a surrogate for radon
CXPOSUIE.

Reid et al. (Reid et al., 1996) is a case-control study
nested in a cohort mertality study that extended (he
lollow-up of Wyndham et al. through 1990 (Wyndham
et al., 1988).

TARC (1996) noted a possible overlap in the mortal-
ity cohorts (IInizdo et al., 1991; Reid et al,, 1996) but it
remains unclear how much overlap there is. Tnere clearly
is overlap in time of death. It is useful to consider the
source, eligibility, and time of mortality in studv subjects
(Figure 2}.

In South Africa, cardiorespiratory organs of miners
are supposcd 1o be sent for postmortem examinations
thar are estimated o occur on about 86% of about 3000
necropsies/year among several hundred thousand
gold miners employed in South Africa (1lessel et al.,
1990; Hnizdo et al, 1997). The Hessel ct al. studies
(Hessel er al., 1986, 1990) are comprised of miners in
the necropsy file or in the pension fund dving dur-
ing the years 1974 to 1486. 'The Hnizdo et al, (Hnizdo
et al, 1997, 1491) cohort was a sample of 2260 gold
miners from all over South Africa originally selected to
study morbid respiratory disorders (Wiles et al,, 1975).
Mortality follow-up was 1968.1986 (Hnizdo et al,

%1207 1 Irforma Healtheare LSA, Inc.
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Orvariap in Sauth A% can case-contrel stuaes of guld miners
arid cancer by ponica of follow-up (cate of death).
MNecrapsy : (Hessel ot al. 1386, 1950 ard mortality determined
by death certicate (Hrerao atal, * 997, Seid ot a, 19963

E’ Raid (1196) 159 cases, 4925 whita mirers age 3954 in 1970; 19761240
4t

Hmizdn 11997) TH cases, 2260 white minArs age 45-54 1468 -B6
3
, ; Hessel (1990] 231 casar, 16741979, 1984 1985

Hussol [19B6] 132 casas, 1979 43

ligure 2, Overtap in South African gold miner stoudies.

1997}); 88% of cases had necropsies. 'The other cohort
consisted of 4925 miners working in East, Central, and
West Rand regions of the Transvaal near Johannesburg
on January 1, 1970; mortality follow-up was 1970-1990
(Reid et al, 1996; Wyndham et al., 1986). One study is
confined to miners in the Transvaal region {Reid et al.,
1995) and the other three are based on records col
lected on all miners in South Africa (Hessel ot al., 1986,
1990) or a sample of these workers {Hnizdo et al., 1997)
(Figure 2).

Radon has been considered a possible confounding
exposure in these miners. Mines are quite deep, and
low level concernradons of radon are common; average
working levels ranged [rom 0.1 to 3 in different mines
{Hnizdo et al., 1991). The 2008 TIV for radon is 4 working
level months (4 WLM/year).

It seems appropriate that all of these studies should he
cvaluated and considered on their individual merits and
limitations.

Comments on Hnizdo et al. {1987] (Figure 3]

‘This is a study with 78 lung cancer cases and 318
matched controls from a sample of 22094 gold miners
and ex-miners undergoing a medical examination with
Medical Bureau for Occupational Diseases (MBOD)
during the 4-year period 1968-1971. Other eligibility
criteria included minimum 10 years UG {underground)
and residents in South Africa at least 20 vears. Ex-miners
comprised 30% of the cohort, and had a higher preva-
lence of bronchitis and lower mean MME (maximum
mid-expirarory flow} at most of the dust levels than cur
rent miners. Smoking prevalences among miners and
ex-miners were similar overall, with 63% smokers, 23%
ex-smokers, and 12% nonsmokers.

FEx-miners were not more fit than miners, but were
not thought to be a selected group with chest problems
who had left the mines on this account. This opinion was
based on the impression that "there was not a dispro-
pordonate number ot complaints about chronic chest
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Snuh African goid mirers
Hnizde et al. (18497); [-R resprable silica ana lung canzer
plus pooled anavysis (Sleenianc et al, 2007,
Reid et al, (19971 £-F respirable siica a~d lung cancer anc
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Figure 3. Sourh Aftican gold miners (Hnizdo ef al., 1997; Reid and Sluis-Cremer, 1996) and the Hnizdo o al. pooled analvsis.

discase among ex-miners as compared with working
miners” (Wiles et al., 1975}, Follow-up of the original
cohort was to 1989,

The most significant predictor of lung cancer was
tobacco smoking. Curnulative dust exposure and years
UG, both lagged 20 years, were the mast significant pre-
dictors of occupational exposures. There was a clear I-R
rrenud, with a 3-fold significantly increased odds ratio
{OR) in the high cumulative dust exposure group with,
20-vear exposure lag and adjustments for smoking and
uranium mining (Hoizdo et al., 1997},

The authors suggested results are not definidve in
terms of a causal association. One reason was these
results differ from other South African studies of gold
miners. Other possible interpretations were (a) those
developing silicosis are at increased risk of lung cancer
(RR for silicotics was 2.45 [1.2-2.5]}% (b} high quartz
exposure is independently impartant in lung cancer and
silicosis is coincidental; (¢} high quartz exposures may be
a surrogate for radon exposure.

Only minor work was needed w include this study in
the pooled analysis (Steenland; Mannetje et al., 2001),
(R for cumulative exposure was 1.23 (1.03-1.47}. Radon
levels were considered low; however, over a 24-year work-
ing life, average BRI might be increased 1.2-1.3 fold. It
was not considered a confounding tactor. Uxcluding this
study in the pooled analysis reduced the unir risk from
1.064 wo 1.062. This study had the highest E-R rrend, and

is the only South African study included in the pooled
analysis.

‘lhe L-R wrend in the pooled apalysis has a stecper
slope than in the original analysis (Figure 3). The differ
ences are thar the original analysis was categorical, with
a 20-year lag and adjustments for smoking and uranium
mining, 'The pooled analysis had 2 15-vear lag and no
adjustments for possible confounders.

Comments on Hnizdo et al. (1497}

If hypothesis (c) is correct, then there was confound-
ing from radon. The 1996 IARC. Working Group noted that
radon is a potential confounding factor in South African
vold mines.

‘Ihe hypothesis that ex-miners were less healthy
than miners and subject to selection bias has not been
tested; i.e., mortality of ex-miners versus miners was not
assessed. But lung cancer cases differed from the rest
of the cohort (which were the conrrols) with lower lung
function (forced vital capacity [FVC], forced expiratory
volume at one second [FEV ), forced expiratory flow
berween 25% and 75% vital capacity {FEE,, ..[), higher
prevalence of thonchi (33% vs. 22%) and hronchits (51%
vs, 30%), and more sputum »2ml (53% vs. 41%) ([{nizdo
etal, 1491}

When silicosis and smoking were included in the
model evalualng B-R with cumulative dust exposure,
only silicosis and smoking remained significant. Silicotic
and nonsilicotic cases had similar pack years (36 vs.
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Fipure 4. Summary of most appropriate E-R of gold tniner cohorts.

38), about 15 pack-years more than controls. RR was
increased 49-fold for silicotic cases with 30+ pack-years,
but 12-fold tor nonsilicotic cases with 30+ pack-years.
Smoking was not a significant predictor of silicosis, but
was a strong risk factar for lung cancer when silicosis was
present. 'lhe authors suggest that silicosis “may be more
importamt than exposure to dust,” that dust exposure is
not a lung cancer risk factor among nonsilicotic cases,
and there is a “strong multiplicative” synergistic effect of
silicosis and smoking.

The authors’ observation that these results are incon-
sistent with other gold miner studies is another reason
for examining ather South African stdies [Hessel
et al., 1986, 1990; Hnizdo et al., 1997; Reid et al., 1996).
It is also not clear why the regression from the pooled
analysis produced an OR of 4.9 compared to a some-
what reduced KR of 3.2 in the highest exposure calegory
(Figure 3).

Cohort and nested cuse-control (Reid et al, 1996)
(Figure 3}

This is a cohart martality study of 4925 white
South African gold miners in the Transvaal around
Johanneshurgaged 39-54 who got theirannual medical
examination from the Medical Bureau of Occupational
Diseases in 1969 and were alive ip 18970, The mep in
this cohort were born in 1916-1931; follow-up was 1o
1990. A majority {59%) had died by 1890, SMEs were
elevated fortotal deaths (1.30, 1.24 1.35}, tuberculosis
(TB) (3.06, 1.92-1.64}, chronic obstructive pulmonary

%2017 informa Healtbcare USA, Inc.

disease (COFD} (1.89, 1.62-2.19), ischemic heart
disease (111D} (1.24, 1.15-1.34}, liver cirrhosis (1.35,
1.13-2.08}, and lung cancer (110, 1.18- 1.63) with 143
deaths.

A nested casc-control study analyzed smoking ad-
justed H-H trends by cumulative exposurc lagged 5 vears
for lung cancer, COPL (chronic obstructve pulmonary
disease), and iHD (ischemic heart disease) among min-
ers who spert 85%+ of time as gold miners and 15% of
shifts underground. Cumulative dust exposure was not
significantly associated with risk of lung cancer, although
there was a nonsignificant {p=.13} positive slope with a
unit rigk=1.12 (0.97-1.3} (Figure 3).

Comments gp Reid et al. (1996)

Possible reasons for the excessive death rates for sev-
cral diseases were mentioned. The most persuasive to
the authors was the adopuan of an unhealthy lifestyle,
in particular excessive smoking and drinking. Smoking is
the best-known contibutor to IHD, COPD, and lung can-
cer The cohort was comprised of 83% cver smokers and
most averaged about a packs/day. Drinking rates were nat
known, but the excess af cirrhosis of the liver is sugges-
tive of a high rare.

Ahealthy worker effectin the SMR study was "patently
pot the case” given the 30% excess of tatal deaths of min-
ers compared to the national relerent population.

Time spent working UG was considered a surrogate
for radon expasure. ‘the lack of association led to the
authors concluding radon was either “not a concern in
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these mines pr that the effect was so small compared with
cigarette smoking that {t was not demonstrable.”

Estimating dust exposures is done by thermal precipi-
tation of respirable mass treated with acid. This method
is different from other studies. Whether it is more or less
than straight gravimetric analysis by mppct or cyclone
was not menticned. The typical gold miner worked UG 27
years, with a cumulative exposure of 3.7mg/m"-years.

It would be helpful if more data were presented on
smoking of cases and controls and methods. UR for
cumulative exposure was 1.08 (0.94-1.2), but oddly
increased to 1.12 (0.97-1.3) "after entering smoking to
model” This increaseindicates lung cancer cases smoked
less than controls, which seems implausible because
only four cases (3%} were nonsmokers. It is a limitation
of this study that smoking prevalence was not indicated.
In the Hnizdo et al. study, 12% of the cohort were non-
smokers. The size and direction of the large increased
risk are required to determine whether controls smoked
more than cases, in which case the increase in smoking-
adjusted risk would be plausible. Based on the evidence
the adjustments for smoking appear implausible, as
essentially all controls would have to be smokers and
even then it would not be expected to preduce this large
an increased risk.

Reid et al. indicated that “Dust was not shown to
increase the risk of lung cancer” There is not a signifi-
cant association either with (p=.13) or without (p=.27)
adjustment for smoking, Visual comparisons (Figures 3,
4) with Hnizdo et al. (1997} suggest similar E-R responseg
trends. This similarity is denied by both set of authors
and the Hnizdo et al. data are described as “Iinconsistent”
with the rest of the South African data. The “inconsis-
tency” exists in the significant elevated risk in the highest
exposure cavity only. The biggest inconsistency is in the
pocled E-R trend that suggests stronger associations than
the eriginal analysis (Figure 3). The major difference may
be the potentially confeunding effect of smoking, which
was adjusted for in Hnizdo et al. but not in the pooled
analysis.

Gold miners selected from necropsy and pension files
(Hessel er al.,, 1986, 1990) Thesc are case-control stud-
ies of white South African gold miners selected from the
necropsy records of the Medical Bureau for Occupaticnal
Diseases (MBOD} (Hessel et al., 1990} or deaths reported
10 the Provident (pension} fund where autopsy results
were a major factor in diagnosis of silicosis (Hessel et al,,
1986). The combined studies included eligible lung can-
cer cases from the beginning collection {1973) up to 1986,
In both studies miners working <1000 shifts (-4 years)
were excluded. Controls without primary lung cancer
were selected at random from the same group of deaths
as cases.

Hessel et al. {Hessel et al., 1986) had 133 maiched
triplets of 1 case/3 controls. Cigarettes/day, cumulative
dust exposure, average dust intensity, total dusty shifts,
and high dust shifts were similar and not statistically
significant (p>.20). Thesc data indicate "no association

between lung cancer and silica dust exposure” ‘The
abstract reported a negative E-R trend for lung cancer by
quartiles of dust exposure with ORs=2.43, 1.72, 1.35, and
0.62 (p>.05)

Hessel et al. (Hessel et al., 1990) extended the initdal
necropsy case-contrel study in the years not covered by
thatstudy with an added 231 lung cancer cases. Results are
similar as cases and controls in this study had comparable
exposures measured as cumulative dust, average intensity,
total dusty shifts, and total UG shifts, These characteristics
are also similar between studies and the conclusion is the
same; no association between lung cancer and exposure
to silica dust.

Comments on Hessel et al. {1986, 1990

Neither of these studies reported associations of
cumulative dust exposure with either silicosis or lung
carncer.

The 1996 IARC Working Group noted that elimination
of cases and controls with low exposure may have biased
results so it would be difficult to find an exposure effect.
They also noted that "workers in South African gold
mines were exposed to raden.” '

Elimination producing low cxposure refers to exclu-
sion of study subjects working <1000 shifts (-4 years)
for both the studies by Hessel et al. 'This is similar to not
including study subjects that have short working times. A
more common exclusion criterion is <1-year tenure, but
longer periods are cccasionally used as well. The South
African mortality studies have more restrictive criterion
for eligibility; 10 (Hnizdo et al., 1997) or 15 (Reid er al,
1996) years UG. There was a clear E-R trend despite the
more restrictive requirement of 10 versus ~4 years.

Hessel et al. {Hessel et al., 1990} addressed the bias
guestion by asking whether exclusion of <1000 shifts
might produce limited wvariability in exposure. ‘Their
answer was no, given that standard deviations and ranges
indicated a fairly wide spread of exposures. Mean cumu-
lative exposure (SD) of cases and controls was 35,377
(18,937) and 35,369 (19,088) and a range of 3093-101,907
EXPOSUIE Units.

Hessel er al. also pondered the guestion of whether
there is a threshold for risk of lung cancer from silica
exposure and if dust concentrations in the last 20-30
years have been so low that an E-R trend can’t be found.
Data consistent with thatl problem is one case of pneu-
moconiosis as a cause of death and 10 cases with TB,
Sluis-Crermer (Sluis-Cremer, 1986) noted a steep drep in
exposure levels of about 50 mg/m? up to 1905 and about
2mg/m’in 1923. With the use of water 1o reduce dust lev-
els, better ventilation and control of hlasting, expasure
and prevalence of silicosis decreased significantly in the
1930s. In late 1930s konimeter samples resulis showed
levels of 0.2-0.5mg/m* Gravimetric sampling and X-ray
diffraction showed an average of about 0.7 mg/m? total
dust and 0.2 mg/m? quartz, but with wide scatter.

Hnizdo et al. (Hnizda et al.,, 1997, 1991) suggested
that overmatching for smoking and exposure occurred,
thereby removing a possible E-R trend. These assertions
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are based on (a) use of dead controls at same age as cases
and matching on smoking and death; (b) cases with
>15-year tenure are more likely to have a necropsy than
cases with <15-year tenure, thus causing overmatching
on exposure; and {c) controls were matched on smoking
{and therefore death as well} so both cases and controls
likely died prematurely, thereby overmatching for both
dust exposure and silicosis. These biases were consid-
ered to have limited ability to detect an E-R trend for a
weak asscciadon, if there is an association,

Cases and conirols died on average at the same age
{about 65 years), but cases smeked more cigarettes/day
than centrols. Hessel et al. (Hessel et al,, 1990) noted
that geld miners significantly disabled in life may be
underrepresented because they are more likely to be
cempensated and therefore get no remuneration by
having a necropsy. But since cases were selected on
the basis of necropsy lung cancer and not smoking, this
was thought te not affect results, Results in this study
are similar to the previous study where subjects were
selected from pension fund records that reduce prob-
lems associated with underrepresentation of fully com-
pensated cases,

These studies provide limited descriptions of methods
and results regarding the silica-lung cancer hypothesis.
They focused on the relationship belween silicosis and
lung cancer. The relationship between quartz cxposurc
and lung cancer is given minimal attention and is based
on the close similarity of cumulative exposure, average
exposure, and shifts worked between cases and contrals.
It would have been helpful to analyze E-R trends directly
by exposure categories or regression, For cxample, E-R
for silicosis and dust levels by quartiles dust exposure
was analyzed. It is not clear whether dust exposure was
intensity or cumulative as units of exposure are not pro-
vided. When values are provided, they are too high to be
mg/m’,

Overall comments on Scuth African gold miners

IARC menoegraphs on silica have essentially ignored
the South African studics of gold miners. Therc is a
wealth of information because of monitoring of health
status and exposures since the beginning of the 20th
century (Sluis-Cremer, 1986). Radon levels appear to
be relatively low, and probably are not a significant
confounder. If radon were a confounder, one might
expect lung cancer cases to have higher exposures
than controls {Hessel et al., 1986, 19490} or risk of lung
cancer to increase with increasing levels of quartz
exposure levels, assuming radon is correlated with
dust levels (Hnizdo et al., 1997; Reid et al,, 1996). The
results from the two Sputh African studies with E-R
trends are consistent with potential radon confound-
ing. These positive E-R trends are inconsistent with
most other studies of quartz- or cristobalite-exposed
workers and provide some plausibility to the authors’
(Hnizdo et al., 1997) alternative hypothesis that radon
might be a surrogate for quartz exposure and a pos-
sible primary causal agent.

@ 2011 Informa Healthcare USA, Inc.
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Strength of association is moderate and moderate
E-R trends are counterbalanced by the two case-control
studies that showed higher average exposure of controls
than cases indicating no associations (Hessel et al., 1986,
1990}. Confeunding and bias do not appear to be major
factors, with the possible exception of bias from over-
matching (Flessel et al., 1986;, 1999}, possible selection
bias from ex-miners and confounding from radon expo-
sure (Hnizdo et al., 1997).

2.1.1.4. Overall conclusions from gold miner studies
(Figure 4} Sixstudies from three countries represent E-R
studies of gold miners, Radon is a potential confounding
exposure in gold mines, but levels were thought to be low
in America and Australia (de Klerk et al., 1998; Stecenland
et al., 1995a), and not a confounder in at least (wo of the
South Alrican studies (Hessel et al., 1986, 1990). Radon
was a possible confounder in the other Scuth African
studies (Hnizdo et al., 1997; Reid etal,, 1996).

Among South Aftican cohorts the probability of some
overlap in study subjects seems high, but the degree of
overlap is relatively small. The fact that al least two of the
authors (Hessel, Hnizdo)} have not voiced concerns, to
my knowledge, about this issue may be suggestive oflittle
overlap. Overmatching was suggested as biasing results.
There was no sensitivity analysis to assess overmatching,
and the use of a different source of study subjects that
produced similar results is a plausible argument that
overmatching was not a major factor in producing no
associations (Hessel ct al., 1990), Whether inclusion of
ex-miners was a source of bias was not assessed (Hnizdo
et al., 1997). The remaining study (Reid et al., 1996) is
larger than Hnizdo et al., and seems to be less subject
to pessible bias and confounding than the other three
South African studies, except the adjustment for smok-
ing appear to have spuriously increased the risk ratio.

Four of the six studies clearly do not provide support
for a silica-lung cancer hypothesis because of the lack of
E-R trends (de Klerk et al., 1998; Hessel et al., 1986, 1990;
Steenland et al,, 1995b). One of the six clearly shows an
E-R trend based on a 3-fold increased risk at the highest
exposure (Hnizdo et al., 1997). A 3-fold increased RR in
lung cancer risk in quartz-exposed miners is uncom-
monly high in silica-exposed workers. The reason for
the outlying positive result may be related to confound-
ing from radon. However, the E-R rends of Hnizdo et al.
appear similar to Reid et al., and exposures above 7 mg/
m*-years show greater than 2-fold increased risks. [t is
not clear why the Reid et al. study is not statistically sig-
nificant, since it has a larger number of cases. Perhaps
the distribution of exposure is different with fewer high
exposed workers in Reid (Figure 4).

Consideration of Hill’s guidelines suggests the current
weight of evidence is against causality because of consis-
tent findings of weak associations, consistent lack of E-R
trends (4/6 studies), and a relatively large database of 723
lung cancer cases, 6.4 times more cases than considered
by [ARC (1996). These data from gald miner cohorts are
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consistent with the 1996 [ARC Working Group observa-
tion that not all studies demonstrate an excess of lung
cancer. The additional data since 1996 also suggest no
excess lung cancer risk among gold miners. These addi-
tional data comprise cohorts from the USA and Australia
with flat E-R trends and no associations, and the pooled
analysis of Hnizdo et al. (1997} where the trend becomes
steeper without any change in the dataset. The [ARC
{2009) conclusion that “most studies with quantitative
exposures report clear associations between silica expo-
sure and lung cancer risk” is somewhat inconsistent with
data from gold mining cohorts where 4/6 studies suggest
no associations.

The weight of evidence from studies of gold miners
does not support the silica-lung cancer hypothesis.

2.1.2.Chinese ore mining (tin, iron/capper, tungsten) (Chen

et al., 2007; McLaughlin et al., 1992) and Sardinian silicotic
miners (Carta et al., 2007)

The 1996 IARC Working Group did not include the
Chinese studies of mining cohorts among their least-
confounded studies {McLaughlin et al., 1992). The mast
important analysis avajlable from the Chinese mining
studies was the nested case-control studies of tungsten
miners because of large size and lack of occupational
confounders. Follow-up was extended for these cohorts
(except Fe/Cu) with improved analyses adjusting for
important confounding factors within the models to get

an improved evaluation of the role of quartz (Chen et al.,
2007 ).

The updated 2007 version (Chen et al, 2007)
includes several improvements from the original study
(McLaughlin et al., 1992), which are summarized here,
and are equally applicable to the discussions of Chinese
poltery workers.

The purpose of the update was o separate effects of
silica exposure from other occupational risk factors (e.g.,
arsenic, radon, PAHs) by extending follow-up {1989 to
1994) and using improved individual exposure data. The
analysis was also improved via control of residual con-
founding using conditional logistic regression models
giving silica effects adjusted for smoking and relevant
occupational confounders (e.g., arsenic, PAH, radon).
The overall analysis included all 511 cases and 1879 can-
trols, compared to 316 cases and 1352 controls in the first
study (McLaughlin et al., 1992).

All monitoring data collected since the 1950s were
used for a job exposure matrix {JEM) of average total dust
exposure (>60% of all jobs) or monitoring data for similar
jobs at different times. Cumulative exposure was X (job
exposure x time  exposed) using exact average values
instead of crude exposure categories. A conversion factor
was developed and used to convert otal dust torespirable
silica. An independent JEM was developed for arsenic,
radon, and PAHs. Analyses were based on 15-year lags.
Results unadjusted for occupational confounders can be

tung Cancer Exposure-Response in Chinese Tin mining with sitica and potential Arsenic (As)
confounding: McLaughin et al (1982} confounding, adjusted lor smoking; Chen (2002}
Limu mine {low arsenic) & Dachang mines {Arsenic confounding}adjusted for smoke;
Chen et al {2007} conlounded, adjusted for smoking;
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/ /
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Figure 5. All Chinese tin mining cohorts.
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compared to previous E-R trends for pottery, tungsten,
and tin miners {McLaughlin et al,, 1992},

Conversion factors were based in part on side-by-side
sampling of total dust and respirable dust using Chinese
traditional methods and current National Institute for
Occcupational Safety and Health (NIOSH) methods. The
purpose was to convert Chinese dust measurements to
respirable silica measurements so Chinese estimates are
comparable to other results in the literature. The conver-
sion factor {CF) is the ratio of respirable crystalline silica
concentration {CS) from a cyclone to total dust {CTD)
from Chinese airborne dust samples, or CF=CS8/CTD.
The conversion factors were cstimated to be 0.814 for
iron/copper, 0.036 for pottery, 0.043 for tin mines, and
0.086 for tungsten. Crystalline sitica dust content was
estimated as 12.5% in iron/copper mine dust, 37.4% in
pottery dust, 29.5% in tin mine dust, and 50.4% in tung-
sten mine dust {(Zhuang eral., 2001).

2.1.2,1, Chinese tin mining (Chen et al, 2002, 2007,
McLaughlin et al, 1992) (Figure 5] A cohort studv of
7855 tin miners {1972-1988} from four mines in Guangxi
Provence was conducted {Chen et al,, 1992), From this
cohort, three nested case-control lung cancer studies
were developed (Chen et al, 1992, 2007; McLaughlin
etal., 1992).

McLaughlin ct al. was the first study of this cohort
and consisted of 87 cases and 371 controls emploved
in 1872-1874, with follow-up to 1890. ‘There were
strong, smoking-adjusted E-R trends to respirable silica
(p=.004) and arsenic {p=.004), with ORs 0f 2.69 and 2.8
in the highest-exposure groups, Arsenic and PAHs were
highly correlated {r=.80) with silica exposure, prevent-
ing adjustment for these confounding exposures. Results
from this study are highly confounded by arsenic, and
the individual effects of silica could not be ascertained.
'This study should be excluded from consideration
{Figure 5}.

Four more vears with follow-up to 1995 produced 130
lung cancer cases matched to 627 controls {about 5:1)
on age and mine {Chen et al,, 2002). Silica and arsenic
exposures were based on (total dustx % quartz content}
from samples collected since the 1850s. Confounding
exposures after 1988 were from individual samples for
arsenic, PAHs, radon, and cadmium. The three mines
from Dachang had high content of silica (35%}, arsenic
(6%}, and PAHSs (373 ug/m?), but low radon {0.062 WLM).
The Limu tin mine alsc had high silica exposure (35%)
but low arsenic (0.46%), PAHs {7.6%), and radon (0.0]
WLM), E-R trend from the Limu tn mine appears rel-
evant because of high silica and low arsenic. Results from
the two groups of mines are summarized:

a. E-R for silicosis was similar in the two groups of tin
mines so total dust estimates appear reliable.

b. E-R between lung cancer and cumulative dust expo-
sure was found in Dachang tin mines {(p=.0086), but
not in the Limu mine {(p = 0.65), which has low (non-
confounding} arsenic contamination. Mclaughlin

2201 Informa Healthoace LSA, tne.
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et al. showed E-R trends for both respirable silica and
arsenic (Figure 5).

c. Carcinogenic PAHs were not detected and radon
cxposures were low,

d. Smeking increased risk of lung cancer with high rates
of smoking (89% in cases, 83% in controls}).

e. Arsenic was associated with increased risk with posi-
tive E-R trends at Dachang where exposure was high,
but not Litnu where exposure was low,

f. Lungcancer risk was associated with increased silico-
sis in Dachang but not Limu.

The authors {Chen et al., 2002) suggest these results
“provide little support for the hypothesis that respi-
rable crystalline silica induces lung cancer. Ore dust...
acts as a carrier, the exposure to arsenic and tobacco
smoking play 2 more important part in carcinogenesis
of lung cancer in tin miners.” The high correlations of
arsenic to dust and silica cxposures prevented adjust-
ment for confounding from arsenic. so E-R analysis
from these data produces spurious associations with
silica confounded by arsenic where expuosures are
high. The small number of cases {29} in the Limu mine
cohort Himics the ability to reach definitive conclusions
from this cohort.

The 2007 analysis had 144 cases and 575 controls
matched on decade of birth and workplace (Chen et al,,
2007}, Average respirable silica exposure was 2.6 mg/m’-
years (range 0-35 mg/m’-years); arsenic was 92.3 pg/m?-
vears (range 0-3542 mg/m’-vears). There was a clear E-R
trend without adjustments for occupational risk factors
similar to that in (the original. Chen et al. {2007} did not
analyze lung cancer E-R because adjustment for arsenic
“cannot produce refiable results .. .due to the strong cor-
relation {colinearity) between the cumulative exposure
to respirable silica and arsenic”

Results of Chinese tin miners are uninformative
regarding the silica-lung cancer hypothesis because
of confounding from arsenic. A possible exception are
results from the Lirmu mine, which does not support the
hypothesis (Chen et al., 2002).

TARC (1996} and IARC (2009) concluded that quariz
and arsenic exposures were too correlated o evaluate
the possible causal role of quartz in increasing risk of
lung cancer. The analyses of tin mines should thercfore
be excluded, with the possible exception of the Limu
tin mine, which shows no E-R association of sitica and
tung cancer, but is limited by small number of cases (29).
Despite the nonmonotonic E-R trend and instability, the
Limu results are classified as equivocal iargely because of
the high OR in the high-exposure category.

Results from 2l four Chinese tin miner cohorts were
included in the pocled analysis with a unit risk of 1.036
{1.02-1.45) per unit mg/m*vears. E-R for silica could not
be reliably estimated in the tin mines because of high
correlation with arsenic. With an unadjusted OR of 3.1 in
the high-expasure group, it is plausible that inclusion of
tin miners in the pooled analysis significantly biases the
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E-R trend upward (Figure 5). Arsenic was recognized as a
potential confounder bur since “potentially confounding
exposures were not available in nther cohorts, prevent-
ing a uniform ueatment in the pooled analysis, and as
quantitative job-specific exposure over time had not
been developed for them, we did not atternpt to adjust for
these other exposures in nur pooled analysis” {Steenland;
Mannetje et al., 2001). The entire tin cohort should be
excluded from all analyses estimaring the effect of silica
on lung cancer

2.1.2.2. Chinese ironfcopper (Fe/Cu) mining (Chen
of al., 2007; McLaughlin et al,, 1992) (Vigure 6)  The lic/
Cu group of miners was not updated from McLaughlin
et al. Cumulative respirable silica was lowest among the
Chinese Fe/Cu mines, with a median of 0.2 (0-6.8) mg/
m*-years. Radon, PAHs, and arsenic exposures were
negligible, except fur a few mines that had very high con-
centrations of radon at 311 WLM and PAHs at 2000 pg/
me-years,

Therewere 74 cases and 346 controlsin the McLaughlin
eral. study and no associations with cumulative exposure
to respirable silica, PAlls, orradon. Arsenic exposure was
low, with the highest odds ratios in the low-exposure cat:
egory («5.5 ug/mi-vears). Despite the low silica exposure,
20% of cases and 1% of controls were silicotics, and OR
for lung cancer was 3.1 for silicotics versus nonsilicotics.
[ARC {1996) ignored this study,

Chen et al. [2007) had 75 cases and 277 conuols
with no additional follow-up but a different analysis
and exposure lindings than McLaughlin et al. In the
E-R withour adjustment for occupational risk factors
(PAlL, radon), there was a nonsignificant E-R trend.

Adjusument for PAH and radon produced no signifi-
cant findings for respirable silica (UR= 1.1 [0.82 1.42}),
although there was an increased nonsignificant risk
((OR=1.4) in the 4th guintile (-4 mg/m'-years) of respi-
rable silica exposure (Figure 6). There was no E-R trend
for PAIL (UR=1.0[0.86 1.12]) but a suggestive trend for
radon (ves vs. no) of 1.5 (0.49-4.66). Although these data
were not updated from McLaughlin e al. (1892), there
were “minor changes” likely due to the use of different
pxposure categories and 15-year lag.

IARC [2009) noted that silica exposures were “very
low,” and that the unadjusted trend with silica exposure
“disappeared alter adjustment for radon” Lxposures
were not too low to produce silicosis and 3.1-fold
increased rate of lung cancer compared to nonsilicotics
(McLaughlin et al., 1992). Several other mining cohorts
(UUS and South African gold miners) have similar low
quartz exposures. The Fe/Cu cohort was not included in
the pooled analysis.

‘The nested case-control study of Chinese Fe/Cu min-
ery does not support the silica-lung cancer hypothesis,

2.1.23. Chinese tungsten mining {Chen et al,, 2007;
Mclaughlin et al, 1992] (Figure 7] Therc were 93 cases
and 40) controls among the tungsien-mining group, and
a significant negative trend with respirable silica. Arsenic,
PAHs, and radon were not confounders in the first analy.
sis (Mcl.aughlin er al,, 1992), as there were negative E-R
trends with lung cancer.

In the follow up [Chen et al.,, 2007), the number of
cases and controls were increased w 172 and 568, respec
tively. Median cumulative respirable silica exposure was
8.56 (0-232) mg/m® years (Mannetje ot al, 2002), but the

Crinegse -o--Copper (Fe-Cu) Miner Case-Contral Stody
Exposure-resocrse of lurg carcer with currLlative respirable silea
with and with oot acjusurerts fo- Pads and racon, af adjusted {ar smrak ng
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Figure 6. Chinese iron/copper colorts,
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Cringse Tungster Mirer Cohor
£-R of cumulative respirabie silica with lung carcer
McoLaughlir et al {1892) ard Chen ot al {2007) adjusted ‘or sroking;
Paoled analyses ‘or lung carcer {Steenland el al, 2001)
and sidicosis (Mannetje et al, 2002
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| RR=10e« « RR=20

{1.005-1 014)

Figure 7. Chinese tungsten miner cahort,

maximum was 72.4 according o Chen eral. (2007). Thesc
exposures Lo respirable silica are among the highest in all
studics. Median exposures to PAH, radon, and arsenic
were 24 (0-141) pg/m-years, 7.3 (0 95) WLM, and 6.1
(0-80) pg/m®-year, respectively, and considered negligible
with no necessity for adjustiments for confounding. There
was no E-R trend, with a UR=1.0 (0.49-1.02) after adjust-
menr for smoking (Chen et al,, 2007) (Figure 7).

This study is among the least-confounded studies, has
high quartz exposures, and is one of the larger studies with
172 cases of lung cancer. The prevalence of silicosis was
22% and 26% ammong cases and controls, with alung cancer
RR of 0.8 for cases with silicosis (McLaughlin et al., 1992).
Both analyses showed negative or flat E-R trends between
silica and lung cancer after adjusting for confounding from
stnoking, and there was no significant confounding from
occupational exposurcs (Chen et al, 2007; McLaughlin
ctal,, 1992). Chen et al. reported a UR = 1.0 {0.99--1.02).

The pooled analysis included this cohorr of Chinese
tungsten miners used by Chen et al, (2007) with revised
work historices and extended follow-up from 1989 o 1994
(Sreenland; Mannetje et al., 2001). The analysis appears
to be similar 1o the published revised and updated srudy
(Chen et al, 2007), with the exception that the pooled
analysis did not adjust for smoking (Steenland; Mannetje
eral, 2001} Theunitriskinthe pooled analysisis small bur
significantly positive at 1.0095 (1.005 1.013). 'The small
positive trend from the pooled analysis is inconsistent
with the depressed lung cancer SMRs and the updated
analysis of these miners (Chen et al., 2007) (Figure 7).

#2201 Informa Healthcare USHA, nr.

The updated analysis (Chen et al., 2007} is the best
test of the silica-lung cancer hypothesis among miners
because of adjustments for smoking, longer follow-up
with more cases, and more reliable exposure estimates.
‘This negative study with a flar E-R curve does not provide
support for a causal association between silica expasure
and lung canccr

2.1.2.4. Sardinia miners with silicosis (Carta ot al., 2001}
(Figure 8) Carra ¢t al. conducted a cohort mortality
study and nested casc-control study to evaluate the asso-
ciationbetween silica exposure, silicosis, and lung cancer.
Individual data on potential confeunders included smok-
ing history, work history, lifelme exposure to respirable
silica and radon, Internarienal Labour Organization (1ILO)
classifications of silicosis, and lung function, The cohort
study comprised 724 miners with radiographic evidence
of silicosis diagnosed in 19641970 and follow-up te 1998,
The case-control study comprised 34 lung cancer cases
and 4 controls per case marched on vear of birth and
survival. Miners worked in UG lead and zine mines with
2-29% respirable silica, metal mines with low airborne
silica conrent (median 3%), metal mines with high silica
content {median 13%), lignite coal with 2-10% silica, and
granire quarries wirh 5-25% airborne silica.

Ovwerall mertality was high with 579 ohserved deaths
and an SMR of 1.35 (1.24 -1.46). Orher §3Ns were 1.37
(0.98-1.91} for 34 cases of lung cancer, 22 (17.4 27.8) for
33 cases of TB, and 6.03 (5.4-6.1} lor 278 cases of non-
walignant chronic respiratory disease (NMRD). NMRD
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Sardiria Sificatics Sileotic Miners ir granite quarries, coal mires
ard metat rrines (with average 1,43 WMy racor
Lung carcer and normalignant respiratary cisease (NMRD)
Potertiat corfourders irclude smokirg, rador, airflow obstructior
and severity of silicasis (Carta et al, 2001)
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Fipuree 8 Sardinia silicoties In granite quarries, metal mines, and lignite.

5MRs increased 7-fold ar the category 3724 silicosis
{(pp=.008) and »10 at 5 mg/m'-yvears (p=.024).

Lung cancer mortality was not associated with
cumulative respirable silica exposure, but there was a
significant E-R with NMRI (Yigure 8). NMRID is mainly
silicosis and chronic obstructive lung disease (COLD)
and the association “proves the consistency of the
environmental dust measurements and estimates and
the validity of the exposure index.” Lung cancer mortal-
ity showed a significant upward trend associated with
radon estimated by grouping industries based on radon
exposure independent of respirable silica.

Therelationshipsbetweenlungcancerand potentialrisk
factors were evaluated by multivariate regressions using
as the controls the 633 cohort members with spirometry,
There were no associations of lung cancer {RRs no differ
ent than unity) with silica exposure or silicosis severity.
There were significant associations with smoking (p=.02),
airway obstruction (p=.0001), and radon exposure
(p=.01).

The results frum the nested lung cancer case-control
study using stepwise logistic regression to adjust for
conlounding variables confirmed results from the cohort
analysis as did analysis by continuous variables. lhis
analysis shows a flar slope of the E-R trend after adjust-
ments lor smoking, airway obstruction, and radon
(Figure 8).

The authors conclude these findings “mostly do not
show a significant association between. ..cumulative expo-
sure to crystalling silica and Jung cancer mortality, after
controlling for smoking and other covariates. "lhe most
significant predictors of lung cancer mortality were smok-
iug, airflow obstrucrion, and high exposure to radon.

Confounding variable RR (959 1) Unit
' L6 (107 -2.37)
267 (1.63-4.36)
145 (1.10-1.90)

1.001 ((L86-1.18)

Smoking
Ohstruction (FEV/AC)
Radon exposure

LFeiparettes/day
200 <predicted
1THF WM

Cumulative respirable g mt-year

tjuirts
Severity of silicosis 1.i 170172
.03 [(Gh-1.61) 241-242
. LD (0.43-2.57) S

Cormments on Carta er al. {2001)

This study was not included in the pooled analysis.
IARC (2008) noted that this study was small with a lim-
ited range of exposure because of restriction to silicotics.
The smallness is suggestive of reduced power to observe
significant associations, but the small size did not prevent
significant effects onn NMRD, radon, and airflow obstruc-
tion. Note thar the lung cancer E-I trends are flat, so thar
ever if statistically significant they would not be sugges:
tive of an association. The lack of trends were consistent
in both cohort and case-control analyses, so the small
size and lack of statistical significance does nol change
the biclogical significance ol these findings.

The data do not indicate the range of exposure is
limited. Tn fact, there is evidence ol high cumularive
exposure, despite no obvious association belween
silica exposure and Jung cancer and silicosis and lung
cancer (Figure 8). For example, average exposures for
silicosis categories 1, 2, and 3~ were 3.7, 4.1, and 4 3mg/
m’-vears, respectlively, with high ends of the range at
12, 14, and 15 mg/m*vyears. A related limitation arising
from restriction (g silicotics is the lack of low-exposed or
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nonexposed miners. This deficit could make the referent
“low-exposed” group at higher than expected risk and
reduce the ability to measure an E-R trend. The design
would be improved by inclusion of nonsilicotic cases,
but the authors indicated that was not feasible.

The authors comment that selection or diagnostic bias
seems unlikely in this study of silicotics, which is not always
true {Hessel et al., 2000). The cohort contains nearly all inci-
dent cases of silicosis in Sardinia, where the diagnosis was
tested by blinded rereading of X-rays without knowledge of
lung function, smoking, and exposure. The authors’ con-
clusion of no bias would be improved if X-rays were known
to include normal individuals, with a proportion of the
X-rays being recycled for rereading and checking of reader
consistency, and use of at {east three different readers,

The authors comment that if they had excluded min-
ers with NMRD as controls, ORs would have been biased
upward. As a result the negative results in the face of this
positive bias “further support cur conclusions.”

There is a negative E-R trend in lung cancer SMRs that
is not subject to bias, as expected deaths were based on
Sardinian regional rates. And despite the positive bias from
radon exposure that is not accourntted for in this external
comparison, the negative trend deoes provide further sup-
port for the authors’ conclusion of ne silica-lung cancer
association. Radon, airway obstruction, and smoking also
may explain the 25-55% elevation in SMRs for lung cancer.

This study does not support a carcinogenic effect of
silica exposure.

2.1.2.5. Summary of Chinese and Sardinia mining studies
(Figure 8} Arsenic and silica are so highly correlated in

Silica and lung cancer hypothesis 419

the study of tin miners that results evaluating individual
effects are unreliable, uninformative, and infeasible.
Resutts should not be included in the weight of evidence
regarding a causal association of silica and lung cancer.
An exceplion is the Limu tin mine where arsenic was not
a confounder, as exposure was low. There was no signifi-
cant positive E-R in this mine, although ORs at tow- and
high-exposure groups was »2-fold. This analysis does nol
support a silica-lung cancer hypothesis,

When ORs are adjusted for radon in the Fe/Cu
study, there is no convincing E-R trend, with all ORs at
o1 helow 1.0, except & nonsignificant OR of 1.4} at the
highes| exposure categery (2.6-5.4 mg/m*-years). The
IARC working group noted that exposures were very low
(«5.4mg/m?3-years}, but exposures were high enough to
produce silicosis prevalences of 20% and 11% among
cases and controls. Nearly half of silica-exposed cohorts
{40%} have low exposures of less than 10 mg/m3-years.
There was a slight E-R trend thai disappeared when
PAHs and radon were adjusted for. These results detract
from a silica-lung cancer hypothesis.

Parenthetically, it is interesting that the IARC work-
ing group criticized the Chen et al. {2007) analysis of
Chinese potters because it reduced the positive trend
of McLaughlin el al. to no trend. The Chen et al. {2007}
analysis did the opposite for Fe/Cu miners, changing the
negative trend of McLaughlin et al. to a slight positive
trend in the highest exposure category (Figure 8).

The only observed confounder in the tungsten miners
study is stnoking. After adjustment for smoking thete is a
flat E-R trend (Figure 7). This study is powerful evidence
against a silica-lung cancer hypothesis,

Most Appropriate Lung Cancer ER trends of Miring Cohorts
exclusive of Gold Mining:
Chinese tungsten & frar-Copper (Fe/Cu) miners (Chen et al, 20073,
Chinese Limu tin {low Arsenic) (Cher, 2002} and
Sardirian silicotic mirers {metal, coal. granite quarrigs) {Carta et al. 2001}
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Figure 9. Summary of non-gold mining cohorts (tungsten, Fe/Cu, Limu tin, Sardinia).
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The lack of association with lung cancer among the
highest exposed Sardinia miners with confirmed radio-
logical silicosis is strong evidence against the silica-lung
cancer hypothesis despite the small numbers.

Figure 9 summarizes the most appropriate E-R
analyses among the non gold miner cohorts. This
industrial group does not provide support for the sili-
ca- lung cancer hypothesis, as strengths of associarion
are cansistently small and nonsignificant and there is a
consistent lack of E-R trends.

2.1.3.5ummary of all mining studies (Figure 10}

Ten mining studies are appropriate for contributing to
the weight of evidence regarding lung cancer risk from
respirable silica exposure,

A limitation in some of the mining studies is con-
founding occupational exposures o radon or arsenic.
Radon was a potential confounder in the South African
gold miner studies, but does not appear to be a strong
confounder. In Hnizdo etal. (1997}, radon exposure was
estimated to increase risk 200 30%, buteven ifir had been
adjusted for, there would still be an E-R trend. IARC does
not use the South African gold miner cohort for reaching
a conclusion and 1ARC (2009) noted that lung cancer was
not associated with uranium but silica might be a sur-
rogate for radon exposure. ‘The Hnizdo et al. study was
ane of the studies included among the 10 cohorts in the
pooled analysis. All South African gold miner cohorts
were included in this report.

in the Chinese iron/copper cohort, radon produced a
RR=1.2 thar was adjusred for in the analysis.

Arsenic was a confounder in three of the Chinese
tin mines. The correlation was so high that silica effects
could not be differentiated from arsenic effects, so these
studies are excluded when considering weight of evi-
dence. The exception is the Limu tin mine that had low
arsenic levels. itis included in the weight of evidence and
provides limited information, as there are only 29 lung
cancer cases,

There are s gold miner cohorts. Two large South
African gold miner studies by Hessel et al. have been
largely ignored in IARC deliberations. These two studies
with a total of 364 lung cancer cases showed no associa-
tions between silica gxposure and lung cancer based on
equal mean cumulative exposure of cases and controls
but nio formal L-Kanalysis.

The Hnizdo et al. and Reid et al. South African studies
of gold miners were characterized as having contradic
rory results, one positive study and the other a negative
study. However, visual inspection of the L-R trends sug-
gests similar slopes. The Hnizdo etal. study is statistically
significant but Reid et al. is not despite having more lung
cancer cases (£=154) in the larter compared to 77 cases
in the former {(p>.03).

Results from the Australian cohort of gold miners arc
based on the ponled analysis and indicate a nonsignifi-
cant E-R trend compared o a flar rrend using exposure
score-years and adjusted for smoking and bronchitis. The
pooled analysis provides the only available quantitative
E-R results. The results are considered largely negative
with an UR=1.016 (0.99-1.04) buran OR=1.73 (0.78 3.9)
at a high of 31 my/m’ years,

Eight Miring Coharts with most agpropriate lung cancer E-R trends
Pooled U.S. ard Australia gold miners {Steenland, 2001} South Africa gold
{Hnizelo, 1997, Reid, 19496}, Chira tungsten & iron-copper (Cher, 20077,
Chira un {Limu ming} (Cher, 2002 Sardiria silicolic mirers {Carta st at. 2001)
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Diatomaceous Earth Warkers
£-R Lung cancer and cumulative silica exposure
with pre-1930 hires (categorical and continuous) Checkaway et al.{1887);
Pooled analysis (Steenland et al. 2001) and calculated ER
excluding pre-19330 hires adjusting for smoking (this repart)

RRs {95% CI) {log scalg)

0.1 - T

Checkoway
{continuoug

B pooted
- Checkoway
i categorical

01 1

10 100

Cumulative silicate exposute (mgim3-years) (log scale)

—~~RR=10es ¢« RR=210

=@ Checkoway (1997] includes pre- 1930 hires <= Checkoway [1997) camdinuous E-R trend
=& This report, exclude pre- 1930 hire, adjust smok -~ pooted analysis, UR = 1 05 {1.007-1 087}

The 1JS gold miner cohort showed no trend in the SMR
analysis and a negative trend in the case-control analysis.
Further follow-up in the pooled analysis showed similar
risks with an OR=1.03 at highest exposure of -6 mg/m?-
years. This is a clear and definitive negative study that
does not support the silica-lung cancer hypothesis.

The Chinese iron/copper mine cohort has been criti-
cized for low exposures, but they appear (o be in same
range as the US gold miner cehort, which is reduced
from the McLaughlin et al's high estimates of >20mg/
mi-years. This {s an example where adjustments for
confounding exposure to smoking, PAHSs, and radon sub-
stantively reduces the E-R trend, with a nonsignificant
1.4-fold increased risk in the high-exposure group only.
Limitations include the small size, lack of additional
follow-up, lack of improvements in estimates of silica
exposure, confounding exposures from smoking, PAHs,
and radon. The contradictory results from McLaughlin
et al. show much higher silica exposure despite the same
exposure database, no apparent confounding from PAH
and radon, and lower ORs (Figure 7}. The unusual lack
of consistency in results despite the similarity in the two
cohorts is discomforting.

The Chinese tungsten cohort has (a} the highest silica
exposure of any cohort, with a maximum of 232mg/
m’-years according to the pooled analysis (Mannetje
et al,, 2002); (b) the largest number of cases (n=172} in
mine cohorts with E-R analysis; (¢} no known occupa-
tonal confounding exposure; and (d) shows no associa-
ton with lung cancer with a unit risk of 1.0 (0.55-1.66)
after adjustment for smoking (Chen et al., 2007). These
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Figure 11, Diatomaceous earth E-R with and without adjusunents plus pooled analysis.

characteristics made it difficull to understand why [ARC
(1997) did not include it among those studies provid-
ing “least confounded examinations” of the silica-lung
cancer hypothesis. This is clearly a definitive negative
study that makes it difficult to understand increased risk
at much lower exposures. The pooled analysis showed
a significant weak E-R association, perhaps due to
confounding from smoking. Adjustments for smoking,
improved exposure estimates, and longer follow-up with
more cases, are important differences, making the Chen
et al. results more appropriate than those of Steenland
etal.

The Chinese cohort of tin miners was excluded by
IARC (1997} and IARC (2009), burincluded in the pooled
analysis. The inability to control for arsenic confound-
ing was recognized by IARC (1997, 2009), and was made
even more explicit in the improved updated version of
this study (Chen et al., 2007) where the effects of arsenic
and silica could not be separated. For this reason, this
cohort should be excluded from any consideration of
the silica-lung cancer hypothesis. The anly exception
is the Limu tin mine where arsenic appears to be at low
enough concentrations to not be a confounder. With
only 29 cases, the E-R trend is unstable and not statisti-
cally significant.

There is a fairly consistent pattern of no association
in the mining studies, with the exception of the South
African gold miner cohorts (Hnizdo et al. and Reid et al.)
where there are strong association with 3.5-fold and 2.5-
fold increased risks at low exposures (<10 mg/m?-years).
Three studies showed no associations at these sanie low
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exposures. Three showed no associativns despite high
exposures 3-5 times higher (230 mg/m* vears) than in
the South African gold mines (Figure 10).

Strength of association is weak or nonexistent, with
ORs < 1.5 at highest exposures in all but three studies, and
only ene of these is statistically significant. This guidepost
does not provide evidence supporting a causal associa-
tion among miners.

Biological gradients are weak or nonexistent except
for the two South African gold miner cohorts and per-
haps the Limu tin mine cohort. The three cohorts with
the highest exposures show no increased lung cancer
risk at those exposures.

Overall seven studies show no association {perhaps
one of these is equivecal) and three studies are suggestive
of an association. The three largest and least confounded
studies show no increasing E-R trend and no associa-
tions with silica exposures. The weight of evidence from
mining studies is considered insufficient to declare silica
exposure as carcinogenic,

2.2.Diatomaceous earth {DE) and potteries

2.2 1.Diatomaceous earth (Checkoway etal,, 1997)

The updated cohort 0l 2342 DE workers from one plant in
California (Checkoway et al., 1997} is the basis for assess-
ing elfects of cristobalite, a polymorph of crystalline
silica. For 75% ol the cohort, mean cumulative exposure
was about 2.5 mg/m’-years or less, and the 4th quartile
average was between 2.5 and the maximum of 63mg/
m*-vears (Mannetje et al.,, 2002), IARC (2009) noted sig-
nificant excess risk in the highest exposure categories
for both 0 lag {2.11, 1.07-4.11) and 15-year lag (2.15,
1.08-4.28). Trends were of “borderline significance”; the
unlagged UR was 1.06 {1.01-1.11).

A risk assessment of this same cohort (Rice et al.,
2001) reported a significant UR of 1.07 with a 10-year lag
and internal adjustments for time since [first observed,
calendar ime, age, and ethnicity.

No revisions were made in the pooled analysis, so
the criticisms regarding confounding frem smoking and
exposure misclassification caused by including pre-1930
hires remain. ‘lhe unit risk was 1.05 (1.01-3.02} with
15-year lag. The E-R trend is similar to the original analy-
sis using continuous analysis, and both are inconsistent
with the categorical analysis (Figure 11).

This study should be considered unreliable for
assessing causality in the pooled analysis unless adjust-
ments are made for bias and confounding. When made,
the results detract from the silica-lung cancer hypoth-
esis. This study detracts from the importance of the
pooled analysis because confounding and bias were
not accounted for, and the trend appears inconsistent
with the original data (Figure 11).

Comments on DE

An exchange of letters o the editor (Checkoway et al.,
1998; Gibhs, 1998; Merliss, 1998) presents information
important for evaluating the exposure-response relation-
ships of this study.

The first concern is confounding and expesure mis-
classification from asbestos. Asbestos was definitely used
before 1930 in this plant. Exposure levels were extrapo-
lated from 1930 levels when no asbestos was used. So some
production workers could be misclassified as nonexposed
when in fact they might have been exposed to high levels
of ashestos {Gibbs, 1998}. Checkoway et al, acknowledged
that asbestos exposure was “uncertain” for the eight lung
cancer cases in the pre-1930 hires. Exclusion of (hese
workers reduced the BB from 2.15 to 1.74 and the number
of cases from 20 to 12 in the highest exposure category
{(15-vear lag). But the assertion was made that asbestos
cenfounding did not occur before 1930 because the RR
was nearly the same (1.73) after adjusting for asbestos.
Pleural abnormalities (surrogate for asbestos exposure)
were similar for pre-1930 and 1930-1939 hires and no
lung cancer deaths occurred in the lowest silica and high-
esl asbestos exposed group. Therefore “confounding by
asbestos exposure is a very unlikely explanation for the
ohserved dose-response relatdon” {Checkoway et al,
1998).

Note that similar prevalence ol pleural abnormali-
ties in the two DOH (date of hire} groups does not
assure there was not confounding by asbestos expo-
sure. Pre-1930 hires with lung cancer were in the high
silica exposure group; the lack of lung cancer cases in
the low silica/high asbestos exposure group may mean
there was not confounding. But itis probable there was
expoesure misclassification, since asbestos exposures
are largely unknown prior to 1930,

A second concern is exposure misclassification
of cristobalite exposures, particularly prior to 1930
{Merliss, 1998). Silica exposure estimates prior to 1948
were based on extrapolation and an arbitrary scaling
factor. This put most of pre-1930 hires in the highest sil-
ica exposure category. But the dominant product prior
to 1930 was an uncalcined product, which is mostly
amorphous silica and only small amounts of quartz
(«5%). Some calcining began in 1923, with limited
quantities beginning in 1925, and until 1930 comprised
about 40% or less of production. Thus, silica exposures
could be overestimated in the E-R analysis. Checkoway
ct al. contend these facts were taken into account and
that the “true association” was underestimated rather
than exaggerated. But “it is not possible to predict with
any accuracy whether these expasures were underesti-
mated or overestimated” (Checkoway et al., 1998).

Note that exposure overestimates reduce the per-
ceived toxicity and underestimates exaggerate the risks.
Atanyrate, uncertainty in the pre-1930 exposure classifi-
cations for asbestos and silica can be removed by exclud-
ing these workers. This was done in the 1988 reanalysis
{Checkoway ¢t al., 1996) because ashestos was definitely
used but “specific jobs and exposure levels could not be
identified” (Gibbs, 1998).

A third concern is confounding from smoking,
which was considered but was thought “unlikely” to be
the “sole or predominant explanation for the abserved
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association.” This judgment was based on similar prev-
alence of smoking in the two highest-exposure groups
(86% vs. 83%) but with a decided difference in RRs
(1.26vs. 2.15) (Checkoway et al., 1997}, Data for 50% of
the cohort were stratified by categories of cumulative
exposure with smoking prevalences of 63%, 82%, 80%,
86%, and 83%, respectively. Using the Axelson methed
to adjust for smoking effects and using a 20-fold differ-
ence between smokers and nonsmeokers, the RR in the
highest exposure category was calculated to decrease
from 2.15 to 1.67 {Checkoway et al., 1997}.

‘This information allows calculation of a revised E-R
trend that adjusts for exposure misclassification and
asbestos confounding by excluding pre-1930 hires, and
indirectly adjusts for smoking following the method dem-
enstrated by the authors in the previous paragraph. Results
are summarized below with a 15-year exposure lag.

Asbestos and silica exposure misclassification among
pre-1930 hires is eliminated by exclusion, and indirect
adjustment used by the authors te adjust for smoking
further reduces confounding in this cohort (Checkoway
et al., 1997), as demonstrated in the table below and
shown in Figure 11.

Total Exclude
cohott|n) pre-1930
mg/m’- RR{95%  hires[n] RR % RRs
Iyears Cl) (W5% C))  smoker RR_~ (95%CH*
025  [22]1.00  {22]1.00 .63 - 1.00
0.8 [12]0.36  [12] 0.96 0.82 1.28 0.75
(0.47-1.98) {0.47-1.98) (0.37-1.55)
1.6 195 0.77 {9] 0.77 0.80 1.25 0.62
(0.35-1.72)  (0.35-1.72) (0.28-1.38)
3565 [14)126  [14]1.26 0.86 1.34 0.94
(0.62-2.57) {(0.62-2.57) (0.46-1.92)
34 [20]215  [12]1.74 0.83 1.29 1.35
(1.08-4.28) (0.85-3.46) {0.66-2.69)

*Adjustment for smoking (Checkoway etal., 1985).
RRconf=[{RRsm - 1) (Psm/e) + 1j] / [(RERsm — 1) (Ssm/ne) + 1]
where RRconf= RR due only to confounding by smoking
RHEsm = RR assocriated with smolking =20

Psm/e = proportion of smokers among the exposed group
Psm/ne = proportdon of smokers in the nonexposed {reference)
RRadj= RRobs / EReonf

The risk assessment (Rice et al,, 2001) was hased on
the updated total cohort of DE workers (Checkoway
et al, 1997} The concerns about exposure misclas-
sification of asbestos and silica among pre-1930 hires,
and confounding by smoking are applicable te both
analyses of the total cohort (Checkoway et al., 1997; Rice
et al.,, 2001), the pooled analysis (Steenland; Mannetje
et al., 2001} and conclusions of IARC (TARC, 1997, 2009;
Steenland; Mannetje et al., 2001},

The least confounded E-R analysis excludes pre-1930
hires and adjusts for smoking. This E-R shows point esti-
mate below 1.0 except for the highest exposure category
of >5.0mg/m*years where there are 12 lung cancer

& 2011 informa Healthcare USA, Inc,
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cases and an adjusted RR of 1.35 (0.66-2.69) (Figure 11).
Results from this analysis do nat support the hypaothesis
that cristobalite exposure causes lung cancer.

2.2.2.Pottery cohorts (Chen etal., 2007; Cherry etal., 1998;
Uim et al., 1999; Mundt et al., 2011)

Two of the 10 least confounded cohorts (IARC, 1997)
studied were of potiery workers. One was a study of a
UK porttery (Cherry et al., 1998} with several preliminary
reports (Cherry etal,, 1996, 1997, 1998), The report avail-
able to [ARC (1996) was a nested case-control study of 52
lung cancer cases employed 210 years with 3-4 controls
(Cherry etal., 1996). Lung cancer risk was associated with
smoking, average intensity of >200 pg/m?, and maximum
peak exposures 2400 ug/m® among workers in firing and
postfiring occupations where the authors thought cris-
tobalite expesures occurred. LARC (1996) interpreted this
as a positive finding, and was a major factor in changing
the TARC vote to sufficient evidence for carcinogenic-
ity with the caveat that excesses were not found in all
studies. This preliminary report was reanalyzed with
more detailed and somewhat different results {Cherry
et al., 1998}, and is the analysis used by TARC (2009) and
included in the pooled analysis.

Anctherleast confounded studywas of Chinese pottery
workers. The study available to IARC (1996) (McLaughlin
et al., 1992) was included in the pooled analysis, with a
UR0f1.004 (0.97-1.04) (Steenland; Mannetje et al., 2001].
The cohort was then updated with improved exposure
data and a revised analysis that adjusted for confounding
PAH exposures (Chen et al,, 2007).

IARC (2009) included a German study of pottery
and stone workers (Ulm et al., 1999}. A recent study of
German Porcelain workers (Mundt et al, 2011) was not
available to [ARC (2009).

2221, UK pottery (Cherry et al, 1998) (Figure
12). 1ARC (1986} concluded there was limited evidence
in humans that silica was a carcinogen. This conclusion
led to a search for a silica-cxposed cohort in the UK, and
resulted in a mortality study of potteries (Winter et al.,
1990} based on periodic medical surveys in 1931-1984, A
subset of this cohort was formed from pottery, refractary,
and sandstone industries at Stoke-on-Trent and identi-
fled via the medical surveillance program. Preliminary
results on exposure, radiographic, and moertality findings
were published (Burgess et al., 1997; Cherry et al., 1997;
McDonald et al., 1997) and used by [ARC (1996).

The cohort comprised 5115 men born in 1916-1945
with no known prior exposure ta asbestos or foundry
work and <1 year’s exposure to other dusts. Fifty-two lung
carncer cases were matched with three te four controls on
OB and date of first exposure. ORs {with 90% CI) from
conditional logistic regression were stratified inta dichot-
omous high and low exposures and presented as unad-
justed or adjusted for smeking and radiographic changes.
There were no associations with cumulative exposure
z4mg/m*-year (OR=0.51; 0.24-1.11) or tenure =20 years
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Expusure-response of cumulative respirable silica exposure with
ung cancer and silicos is among English Pottery Waorkers {Therry et al [1998)

and German porcelain workers (Mundt et al {2011}

adjusting for age and smaoking
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-
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Hazard Ratio or Odds Ratio (95% Cl}

01

2

ng) Caner, U ~——@——  Mundt, Lung cancer, males, n = 74
@S _ —Zwew BAundt, Lung cancer, females, n =20
male, porcelain — -8 —  Mundt, silicosis, males, n = 40
HR = 1.0
HR =2.0

Cherry, Lung cancer 2R, n = 52
Cherry, categary >1.0, n = 64

Curmylative exposure o respirable sifica {mg/m3-years}

Figure 12. UK pottery.

(OR =0.38; 0.18-0.78). There were significant associations
with mean intensity 20.2mg/m* (OR=1.88; 1.06-3.34)
and maximum exposure =0.4 mg/m* when exposure was
confined to firing and post-firing operations (OR=2.16;
1.11-4.18).

The authors (Cherry et al., 1997) concluded cumula-
tive silica exposure was unrelated to lung cancer risk,
After accounting for smoking and radiographic changes,
neither duration nor mean exposure showed a “clearly
positive relation” They estimated an OR of 2.17 (90%
confidence interval [CI] 1.16-4.07) for cases working
in firing and post-firing jobs. Temperatures ranged
from 1000°C to 1400°C, with 8% cristobalite in pottery
samples. Excesses of lung cancer in workers exposed
to heated quartz as in diatomaceous earth (Checkoway
et al., 1997) and refractory brick manufacture {Merlo
et al., 1991) led Cherry et al. to conclude that “the only
risk factor identified in this study was work in firing or
post firing nccupations.”

Preliminary results (Cherry et al., 1997) were used
by IARC (1996), but a more complete analysis was
published in a subsequent report (Cherry et al., 1998).
Added details included (a) a total of 195 controls, all
of whom had to be smokers because all 52 cases had
been smokers; (b} elimination of participants with
silica exposures in the sandstone or refractory indus-
tries where there were no exposure estimates; (¢) at
least 10 years exposure beginning prior to 1960; (d) a
conversion factor of 1 mppef=0.09mg/m? respirable
dust; and (e) recording of work in firing and post-
firing because of potential exposure to cristobalite or
tridymite produced by sustained heat >1000°C.

In the cohort portion of this study, 1985-1992, SMRs
were calculated using national expected rates from
England/Wales and regional rates from Stoke-on-Trent,
which materially reduces SMRs.

Cause of death Ohbserved SMR/national SMR/local
All causes 470 1.46 (1.33-1.60) 1.15
(1.05-1.263
Lung cancer 68 1.91 (1.48-2.42) 1.28
(0.99-1.62)
NMRD 57 2.87(2.17.3.72) 2.04
(1.55-2.65)

In a subcohort of 1080 workers selected for radio-
graphic analysis, overall prevalence of small opaci-
ties >1/0 was 5.9%; a third of these were calegory 22/1.
Prevalence of small opacities in smokers was about
twice that of nonsmokers. Prevalence of small opacities
increased with cumulative exposure (Figure 12). ORs
for radiographic small opacities =1/0 by exposure and
adjusted for smoking were significant for cumulative and
mean concentrations but not for duration.

Radingraphic opacities 2 L;0 QR
(95% CI), adjusted for smoking
1.37 (1.24-1.53}

2.66 (1.94-3.66)

1.08 (0.83-1,40)

Exposure index
Cumulative {mg/m?-year)
Mean (0.1 mg/m?*)
Duration {10 years)

In the nested lung cancer case-control study (Cherry
et al., 1998}, no case was recorded as a never smoker.
Known nonsmokers were excluded as controls. Cases
had significantly fewer ex-smokers (9.6%) than controls
(26.2%) and heavier smokers, with 27% =20 cigarettes/
day compared to 13% of controls. E-R analyses by con-
ditional logistic regression showed no associations with
cumulative exposure or tenure, burt a significant (p<.008)
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association with mean concentration. Lung cancer death
occurred on average 18 years after last potiery employ-
ment, so there was little difference in ORs ar different lag
periods, Results with a 10 vear lag are preserued here,

Lung cancer mortality
OR {adjusted for
smoking)

Cumulative 0.93 (0,79 1.09) 1.02 (686 1.21)
Duration 0.67 (0.47 0.95) 0.75(0.48 1.18)
Average C LBT(118 2.35) 1.66(1.14 2.47)

‘the preliminary analysis {Cherryv et al., 1997) showed
that when peak and heated silica exposure were dichoto-
mous variables, they were statistically clevated. In the
detailed analysis {Cherry et al,, 1998), mean concentra-
tion was entered as a continuous variable and ORs were
no longer statistically significant. The authors suggested
the continuous analysis did not change "results to an
important extent.”

OR, continuous B (IR, dich_(_]_t_(_lmous

1.29(0.47-3.55)  2.16 (0.98 4.74)
1.64 (0.58-3.04) 2.19(1.06. 4.51)

Maxitmum, 20.4 mg/m?

Heated silica (Bring and
nost-firing)

‘This studyv was not included in the pooled analysis
(Steenland; Mannetje et al., 2001) because of different
criteria for case-control matching. Results were said to be
considered indirecdy in that the regression results frem
the case-conuol data appeared (0 be compatible with the
results of the pooled analvsis, But matching was redone
in the pooled analysis so it is not clear why rematching
could not have been redone in this study.

‘The authors of the extended analysis (Cherry et al,
1998} concluded the association between risk of lung
cancer and quantitative estimates of silica exposure sup-
ports the SMR analysis and implics that crystalline silica
mav well be a human carcinoger.” ‘The authors’ cenclu-
sion is based on average exposurc (mg/m?), as there
clearly was no association with cumulative exposure.

‘The preliminary study was important in the TARC
(1997) conclusion becanse of the 2.2-fold excess risk
among workers exposed (o heated quartz, with mention
of cristobalite by both the authors and JARC. A similar
association with cristobalite in the DL swdy (Checkoway
et al., 1996) led (o the conclusion thar there was sufficient
evidence that quartz or cristobalite from occupational
sources are carcinogenic. That conclusion would nothave
heen accepred without the caveat that carcinogenicity
is “not detected in all industrial circumstances studied.

2011 nfarma Heaithcare LSA, inc.
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Carcinogenicity may be dependent gn inherent char-
acteristics of the crystalline silica or on external factors
atfecting its biological activity or distribution of its poly
morphs” (IARC, 1997} The follow-up of the preliminary
UK pottery study showed there was no association with
cumulative exposure, but it was nor available to TARC.
The critique in this paper suggests no association in the
DE cohorteither. Thus the further analysis and follow-up
of two “cristgbalite” study results have not confirmed the
TARC (1997) conclusion of "sufficient” evidence for silica
carcinogenicity based on these two studies.

There are several possible sources of confusion
relating to the ocewrrence of cristobalite. Cristobalite
is clearly formed in calcining DE. Ar temperatures of
1100°C (2012°F) and grealer, a portion of quartz may
be converted to cristobalite. Formation of cristobalite is
affected by a number of factors, including the speed of
the temperature changes and how long the pots are held
at high remperatures.

In the potteries a little cristobalite may be useful, but
roo much cristobalite is disastrous, making the pot brittle
or wrinkled. The maximum temperature in the bottle
kilns of Staffordshire was 1000-1250°C and maintained
for 2- 3 hours [www .thepotteries.org). Under these con-
ditiong and with batch firings, there may have been a few
pereent of quartz converted to cristobalite. With modern
tunnet kilns, about 1'% cristobalite might be formed and
angther 1-2% if fired twice. It appears that cristobalite
wus considered to be present based on a 1939 Factory
Inspectorate Report; other than that ne measurements
were taken. l'rom an industrial hygienist's point of view,
<5% cristobalite in the aerosol formed atter firing would
not he considered significant unless there were extremely
high respirable dust exposures (personal communica-
tign, Bob Glenn]. Cumulative respirable dust exposures
were below 10mg/im®-years and were 4-6 times lower
than DE and Chinese poueries. ‘The health signiticance
of cristobalite in large quantides (D) or small quanti-
ties in high-temperature pottery is unclear, as the more
detailed E-R analysis did not find an association in either
eXPOSLTE Situation.

A conclusion contrary to that of the authors (Cherry
et al, 1998) is considered more plausible if cumulative
exposure i considered a more appropriate indicator of
silica effects than mean exposure. Comrments are catego-
rized into eight groups below.

a. Some of the author’s adjusunents for confounding
from smoking appear implausible. Cases had a higher
prevalence (67%) of current smokers than controls
(57%), but fewer former smokers {10% vs, 26%).
Smoking adjustments increased ORs for cumnmulative
exposure (from «< 1.0 e »1.0) and duratdon, but slightly
reduced them for mean exposure. It is not clear why
the direction of the adjustinent differs by exposure
metric, or why ex-smokers have stronger effects for
cumnulative and duration than smokers despite the
larger proportion of smokers. These data suggest
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adjustments would produce small reductions in the
ONs, not a relatively large increase. If true, there is a
suggestion of positive bias in the adjusted OR with
cumulative expasure and duration of exposure.

A similar tinding was found in the preliminary analy-
sis where smoking adjusted ORs were larger for cumu-
lative exposure and duration, but smaller for mean
intensity and maximum exposure. Some explanation
of these unexpected effects of adjustments for smok-
ing would be helpful.

. Preliminary results used only two exposure cat-
egories (Cherry et al., 1996). 'The revised analysis
(Cherry et al., 1998) provides more relevant results
because there is less exposure misclassification (and
greater precision). Two categories (high and low) of
exposure have limited value, as there are only two
puints in an E-R trend. Because of the wide range of
exposure in each category, there will inevitably be
some exposures in the low-exposure group that are
closer to intermediate than low exposure; likewise in
the high-exposure group there will be misclassifica-
tion of exposure and reduced precision. For exam-
ple, high (low) exposures in the low (high)-exposed
category are closer to intermediate than either high
oI low. With three exposure categories misclassifica-
tion still oceurs, but the bias is reduced and preci-
sion increased because of reduced exposure range
in cach exposure calegory. Increasing the number
of exposure categories continually reduces this bias,
until eventually the variable becomes continuous (as
in the revised analysis).

. '[he exposure index is validated by the strong associa-
tions between silicosis (measured as rounded opaci-
ties on radiographic chest filrms and betl cummularive
and mean intensity indices) {Figure 12). Thus the lack
of E-R assoclation appears to be real, and nort atribut-
able to invalid exposure indices.

. Case-control results were said to confirm the resulrs
of SMR analysis. The 5MR analysis, using national
rates for expected, showed high mortality (1.46 for
all causes; 1.91 for lung cancer). Mortality was still
increased but not as much using local rates {1.15 for
all causes; 1.28 for lung cancer). The high lung can-
cer SMR using the pational population as controls
is consistent with an E-R trend, but the lower lung
cancer SMR using the local population as controls
is inconsistent witht a rrend. ‘Ihe regiony: population
in the SMR analysis is more like the controls in the
case-control design than the national population and
these results are consistent with no E-R wend in the
casc-control analysis. Confirmation of mortality SMRs
is not possible via the lung cancer case-control analy-
sis. ‘The 1.3-fold increased lung cancer SMR using the
local population as controls may be consistent with
the lack of an F-R trend in the case-conurol study, but
is nit conlirmatory. I interpret these data as indicating
a high mortality and lung cancer riskin Stoke-in Trent
relative to the UK population. The E-R data based on

cumularive respirable silica exposure "imply” that
silica probably is rota human carcinogen.

. The cristobalite-lung cancer hypothesis derived from

the preliminary results regarding cristobalite trom
cohorts of the UK pottery (Cherry eral,, 1997), diatom

aceous earth (Checkoway et al., 1997}, and Chincse
pottery (McLaughlin et al., 1992) are not confirmed in
the revised updates or extended analysis of UK portery
workers (Cherry ot al, 1998), after consideration of
exposure misclassification and adjnstrents for smok-
ing in the diatomaceous earth coliorr (Gibbs, 19598;
Merliss, 1998) and this report, and among Chinese
pottery workers afrer adjustments for PAHs and smok
ing (Chen et al,, 2007).

‘The excess of lung cancer among workers exposed
to diatomaceous can largely be accounted for by
exposure misclassification and confounding from
smoking (this report). ‘Lhe positive E-R trend among
Chinese pottery workers was due tw confounding
from PAHs. An alternative hypothesis that has not
been tested tor the UK portery workers is the possi-
bility of PAH from heating the kilns. Coal was the fuel
used in the UK potteries, so it scems plausible coal
would be a source of PAHS, Also reducing exposure
misclassitication via continuous exposure variables
rather than categorical reduced risk of lung cancer
reduced estimated risk.

Cristobalite exposure is not well established.
Analysis for cristobalite was conducted on pottery
samples showing 8% cristobalite. Some environ-
mental samples were analvzed for cristobalite,
but none were “identified specific to the firing and
post-firing process” Cristobalite exposures were
most probable in the earlier years when high rem-
peratures conducive to formation of criswebalite
continued for several days. Thus a more reliable
test of the cristobalite hypothesis may be lost in the
destrayed records of the carlier workers.

Because work history records were supposed o be
destroved after death, records of 32 of 88 (36%) lung
cancer cases were unavailable and could not be
included in the case-control study. ‘Lhese would be
carly deaths and if there were nonrandom removal
and destruction of records, it could lead o severe
confounding. The authors tried to minimize this pos
sibility in three ways:

i. ‘Ihe cohort study population was confined to
deaths after 1984, which removes possible con-
founding for the cohort but not the casc.control
study population.

fi. In the pneumocconiosis subcohorr, results were
similar when those with and without destruction
of records were included. Ibis would be more con-
vincing if the same analvsis had been conducted in
the lung cancer case-control study.

iii.In the case-control study, all extant records were

used, so nonrandom removal of records {s unlikely
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Chinese Pottery Workers {confounder = PAHS)

E-R lung cancer and cumulative respirable silica
adjusted for smoking (McLaughlin et al 1992, Chen, 2007};
smoke and PAHs (Chen, 2007); pooled lung cancer
[Steenland et at. 2001} and pooled silicosis (Mannetje at al, 2002}
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Figure 13. Chincse pottery.

in this analysis. Comparison of all extant death
certificates with those whose work histories were
destroyed showed pottery work recorded on 52%
of the former and 48% on the latter. Alsa, only 3/32
(9%) excluded lung cancer cases had mention of
silicosis on their death certificates. The authors
conclude that “this did notsuggestimportant bias
in destruction” of records.

ITowever, use of the death certificate is not a
strong confirmatory test, as half the cases known
to have worked in the pottery had no pottery work
recorded on their death certificate.

It is not clear why the small proportion of death
certificates with mention of silicosis is sugges-
tive of no important bias. NMRD morrality was
raised, but based on radiographs this is unlikely
to be due (o silicosis. About 8% of the pneumo-
coniosis subcohort had category =1/0 rounded
opacitics. The prevalence of abnormal radio-
graphs was somewhat higher among those born
earlier, started work carlier, and opacitics were
detected earlier {shorter durations of exposure)
than those with normal radiographs. Smoking
doubled {OR=2.28) the risk of small opacitics,
but firing jobs did not (CR=0.83). Twelve per-
cent of deaths were diagnosed as NMRD. It is
not clear how these facts prove or disprove bias.
The question of possible bias from destruction
of records remains an unanswered question that

i 2011 Informa Healthcare USA, Inc,

might partly explain the increased SMRs for lung
cancer.

g. Ranking the importance of exposure metrics is an
important question for interpreting results of this
study. Cumulative exposure traditionally has been
considered the more relevant exposure metric for
chronic disease, maore 50 than averapge exposure or
duration ol exposure. The association with average
exposure appears to be due to a higher proportion of
short-term (<5 years) cases than controls.

Clearly there was no association with either cumula-
tive exposure or duration of exposure. This is because
a higher proportion of cases had shorter durations of
exposure {«5 years), and a lower proportion of cases
had long tenure than controls. Half of controls had
warked >20vyears compared (o 38% of cases. Average
exposures were 21% higher far those with <20-year
duration. Cases and controls had similar propor-
tions working 5~15 years. The higher proportion of
cases than controls among those with <5-year tenure
indicates that increased risk is among “short-term”
workers.

Whether increased risk of “short-term” workers
applies to those with 1-5-year tenure as well as
<l-year tenure is not well established. But the higher
proportion of short-term workers amang cases than
cantrols potentially biases results, especially if cases
also start outin jobs with higher exposures. Matching
on date of hire was +3 years, which alsa might explain
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in part the higher exposures among short-term cases
conpared to short-term controls.

h. These limitations and Jack of E-R association
with cumulative exposure detracis from the silica
{cristobalite)-lung cancer hypothesis. The evidence
for a causal association is equivocal at best, and needs
more evidence to be convincing,

2.2.2.2. Chinese pottery workers (Chen et al, 2007;
McLaughlin et al., 1992) (Figure 13) The Chinese pot-
tery E-R study was a case-control study (McLaughlin
el al.,, 1992) nested in a cohort (Chen et al,, 1992) com-
prised of eight pottery factories and workers with =1
year's employment in 1972-1974, with follow-up to 1989,
"[he case-control study had 62 male Chinese cases and
238 controls, and after adjustment for age and smok-
ing showed a nonsignificant negative E-R lung cancer
trend, with ORs of 2.0, 1.7, and 1.5 {or low, medium, and
high cumulative total dust. There was a nonsignificant
positive E-R trend for PAHs, with ORs of 1.8, 1.5, and 2.1
in these same exposure categoties and a correlation of
r=.56 between silica and PAH. Adjustment for PAHs “did
not reduce” but “slightly raised rather than lowered the
ORs for exposure to silica” They concluded risk of lung
cancer was not significantly increased (Mclaughlin
etal, 1992).

IARC (1997) concluded this was one of the 10 least
confounded studies, leading to their conclusion of
sufficient evidence of carcinogenicity. Potential PAI
confounding was ignored, and the “least confounded”
characterization may be based on the observation that
“pottery factories had the least amount of exposure to
agents that might confound the association with silica,”
despite negative E-R trends for arsenic, ’Al, and radon
among tungsten miners and positive trend for PAH in
potteries (McLaughlin et al., 1992).

The pooled analysis (Steenland; Mannetje et al.,
2001) showed a nonsignificant positive trend (UR= 1.004
{0.97-1.037]) and cited Chen {Chen et al, 1392) as the
data source. PAHs were tecognized as potential con-
founders but no adjustments were made for confounders
{Steenland; Mannetje et al,, 2001) and thus the pooled
analysis appears to bias the E-R trend upward.

Chen et al. extended follow-up to 1994 for seven of
the pottery factories in the original cohort {Chen et al.,
2007). The update doubled the number of cases from
62 to 120 and controls from 238 to 459. A purpose of the
updated/revised study was to improve individual expo-
sure information to better separate effects of silica from
those of confounding exposure of PAHs in the pottery
factories.

Reduction of confounding in the revised/improved
analysis was atternpted by

i. complete reconstruction of individual work histories
and exaci average exposure values for each facility,
job, and calendar year instead of seven crude expo-
sure categories;

il. calculation of respirable silica exposure using a con-
version factor between total dust and respirable silica;
and

iii.use of conditional logistic regression that allows
control of residual confounding via regression (Chen
et al., 2007).

Chen et al. showed clear E-R relationships hetween
lung cancer and smoking (OR=10.9 for 35-180 pack-
years); lung cancer and PAHs (OR=1.3 [1.11-1.54]
per 100 pg/m’-year); and lung cancer and respi-
rable silica adjusted for smoking but not adjusted for
PAHs (UR=1.1 {1.02.1.12] and OR=3.5 [l.45-8.66]
for the 5th quintile of 10-72mg/m*-years). After
adjustments for both smoking and PAHs, the lung
cancer and curnulative respirable silica E-R trend dis-
appeared, with ORs <1.0 in all exposure categories,
an OR of 0.9 (0.19. 4.32) in the high-exposure group,
and UR=1.00 {0.96..1.09) (Figure 13) {Chen et al.,
2007).

IARC (2009) noted results from the original study
were confirmed hy the follow-up (Chen et al., 2007) and
that adjustment for PAHs reduced the E-R trend to the
null. IARC (2009) noted that PATLs were highest in this
group of pottery workers compared to other Chinese
industrial groups {(mean, 199 ug/m®-years compared to
26.7 and 24 pg/m*-years among iron/copper and tung-
sten, respectively) (Chen et al., 2007). The correlation
of 0.56 between silica and PAH exposure was noted by
IARC, implying it may be too high to assess individual
effects. The Working Group also noted that in the origi-
nal analysis “adjusting for PAHs slightly raised rather
than reduced the silica exposure RRs,” the opposite of
the revised analysis {(Chen et al,, 2007). Verbal com-
ments of Working Group Members suggested thiswas a
weakness of the updated study, and suggestive that the
results of McLaughlin et al. were favored over the nega-
tive results from the updated analysis of Chen et al.
Comments on Ching pottery {Chen et al., 2007)

A significant effort was made to collect and ana-
lyze the exposure data collected since the 19505 using
Chinese methods and converting them 10 data compat-
ible with those in the literature. Side-by-side sampling
and use of historical bulk samples were used to develop
conversion factors for total to respirable silica dust were
specific to each facility (Zhuang et al., 2001). Because
of the extensive historical sample results, the exposure
database may be among the best for both silica and
confounders (e.g., radon, PAHs, arsenic).

The 2009 [ARC Working Group suggested in their
summary that the role of silica “must be regarded as
unclear” because of confounders in studies of tin min-
ers, Fe/Cu miners, and pottery workers. This is not true
for pottery worker based on results indicating no asso-
ciation after careful adjustments for smoking and PAHs
using both categorical and continuous analyses where
the UR = 1.0 {0.96-1.09) (Figure 13). [t is illogical why
the result is unclear to TARC, as two different statisti-
cal analyses with adjustments for known confounders
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and improved exposure estimates clearly showed no
assnciation. IfPALL and silica exposures were 1oo highly
correlated to separate effects, the statistical models
would produce inconsistent and unreliable results, as
happened in the tin miner analysis. Since this did not
happen despite a correlation of at least .56, the burden
of proof rests with [ARC (2008} to explain why these
updated results are unclear.

[ARC (2008 also noted the Mcl.aughlin adjustments
for PAlls raised lung cancer OHs, whereas the Chen
et al. adjustments lowered them, 'The adjusted resulrs
from Mclaughlin et al. were not provided, but they
appear o be incarrect, as adjusted ORs are in the wrong
direction. PAIls are a positive confounder (increases
risk of lung cancer and higher exposure among cases
than controls), so adjustment for PAH should reduce
()1s as seen in Chen et al. (2007).

Chen et al. concluded rthar this study provides no
evidence of a causal relationship between silica and
lung cancer among Chinese potiery workers after
adjustments for confounding factors (smoking, PALs).
The pooled analysis showed the same E-R trend and
IARC {2009) notes the lack of an E-R trend. Note in
Figure 13 that adjusunent {or confounding from PAH
changes a significant association to no association. It
is not clear why the pooled analysis B-Rin the absence
of smoking and PAH adjustments was similar to
adjusted lung cancer risks (Chen et al,, 2007). These
data indicale no increased lung cancer risk associ-
ated with silica exposure, and the results detract from
a causal assoviation of lung cancer and respirable
silica.

2.2.2.3. German Pottery Workers (Ulm et al,, 1999} A
case-control study in the German pottery industry was
conducted with 114 cases and 364 controls (Ulm et al,
1999). {Stone and quarry workers and pooled E-R analy-
ses were part of this study and are discussed arappropri-
ate places.) Cases diagnosed in 1980 1994 were selected
from insurance institutes and hospital files; compen-
sated silicotics were excluded. Controls were selected
from a pottery industry file of preventive check-ups to
prevent silicosis and frequency matched on sex, yvear
af birth, and smoking. Complete work histories were
ascertained and exposure levels were estimated based
on dust measurements or expert opinion of industrial
hygienists knowledgeable about the specific workplace
situation. Statistical analysis for individual industries
was a logistic regression where exposure was divided
into low and high levels, with inidpoints of 15 mmg/m?® tor
average and peak exposures, and 2.88 mp/m’-years for
cumulative silica exposure. ORs were adjusted tor onset
and duraticn of exposure, latency, year of first exposure,
and other potentially riskv exposures.

There were no associations beiween three different
exposure metrics and lung cancer. The high exposed
groups had ORs of 1.03 (0.49 2.16) for average expo-

i3 2017 Inforrs Healthcare JSA, Ir:.
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sure, 1.05 (0,59 1.86) tor cumulative exposure, and 0.75
(0,46 1.24) for peak exposure,

Ulm ¢t al. concluded that “the risk of an association
between crystalline silica and lung cancer in the absence
of silicosis seems to be very small”

This study was not included in the pooled analysis
(Steenland; Mannetje et al., 2001). IARC {2009) appears
to consider this a negative study, noting limitations of
possible restriction of the exposure range with lack of low
expasures and adjusting for duration of exposure and
cumnulative exposure that might have led to low power
and reducing ability to detect a siliva effect.

The unir risks estimated from the dichotomous E-R
analysis does not correspond (o the categorical result
for both industries. For example, the OR is 1.04 in the
highest exposure category for all industries (>4.68 with
an estimated average of about 16), but in the dichoto-
mous analysis the OR at 16 mg/m®vears is 2.18. S0 the
categorical results for both industries are used only lor
illustrative purposes in the figures. Only results from the
entire cohort are used as a basis for evaluaring causality.

The authors and IARC (2008} noted that exclusion
of silicotics may have restricted the exposure range,
The aurhors commented that exposure distribution
wis not the same as the total worklorce. Nevertheless,
high exposures occurred. Cases in the 90th percen-
tile had higher average exposures ((.32 mg/m?} than
controls (0.19 mg/m*). Cumulative exposurcs of cases
and controls were similar with medians of 2.97 and
2.88 mg/m’-vears, respecrively. Controls had slightly
higher values because they had 3 more years tenure
than cases {30 vs. 33 vears), but cases had higher 90th
percentile but not maximum values; 11.8 versus 7.3
and 25.92 versus 28.08 mg/m®-years, respectively.
Cumulative exposures appear to be comparable
to those among UK pottery workers (Cherry et al,,
1998).

TARC (2009} noted that exclusion of silicotics pro-
duced a “low study power” The number of excluded silic-
otics was not provided, so the Joss in power is not known,
However, power is not “low” compared to other pottery
cohorts, as there were 1141 cases compared to 120 cases in
the largest pottery study (Chen et al., 2007} and 52 cases
in the UK potery study (Cherry et al,, 1998), These num-
bers indicate a lack of study power is more of a concern
for the UK pottery study than the German study.

IARC (2009) also nored that adjustments were made
for "duration of exposure along with cumulative expo-
sure, perhaps reducing the ability to detect an effect of
silica exposure.” Tenure was adjusted forinall measures
of exposure. It seemns unlikely to have a large etfect, as
median, minimum, and maximum durations of expo-
sure were nearly the same for cases and cantrols (30
vs. 33, 3 vs. 2, and 54 vs. 53, respectively). Nevertheless,
adjustment for duration should not have been done
and ir detracts from the merit of the study.
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Another limitation of this study is matching on smok-
ing rather than adjusting for smoking in the analysis.
Matching produced a similar small percent of nonsmok-
ers (about 3%). But controls had fewer current smokers
(43% vs. 53%), fewer heavy smokers (66% vs. 82%), more
ex-smokers (53% vs, 40%), and longer time since quitting
smoking (14 vs. 4 years). These differences in smoking
bias the ORs high, and may counteract to some extent the
downward bias from matching on tenure.

Analysis of E-R trends of pottery and stone/quarry
industries separately is of limited value. Exposure was
divided dichotomously, high and low, which is inad-
equate for a reliable evaluatien of E-R. Analysis of both
pottery and stone/quarry industries by quartiles pro-
vided a more informative E-R trend. For the combined
E-R analysis the cohort was divided into 4 groups of
equal size with a nonsignificant trend (p=0.69) and
ORs of 1.0, 0,95 (0.48-1.53), 0.92 {0.44-1.6)), and 1.04
(0.53-1.89) from low (o high exposures.

2224, German Porcelain Workers [(Mundt et al,
2011) The objectives of this study were to quantify E-R
associations of respirable silica with lung cancer and sili-
cosis mortality, assess whether high silica exposure in the
absence of silicosis was carcinogenic, and provide addi-
tional data to the controversy regarding carcinogenicity
of silica and variable cccupational limits.

‘This is a cohort of 17,644 employees of over 100 plants of
the West German porcelain and fine ceramics industry
who participated in the medical surveillance program
1985-87 with over6monthstenure and adequate work his-
tory inforination. Vital status follow-up was through 2005
with 6% lost to follow-up and 9% mortality. There were
74 lung cancer cases among men, 20 among women with
SMRsof0.71(0.56-0.89) and 0.72 {0.44- 1.12) respectively.

‘There were 5 silicosis deaths amoeng men with an SMR of
7.20(2.32-16.8) (Birk, Mundt et al. 2009; Mundit, Birk et al.
2011).

There were over 8000 exposure samples collected from
1954 to end of follow-up. Side-by-side sampling was
employed to convert particle counts to gravimetric
measures (Birk, Guldner et al. 2010). Five exposure cat-
egories were selected at 3.0 mg/m3-year intervals. Cox
proportional hazard medels were used {or E-R analysis
te derive hazard ratios adjusted for sex, smoking, age at
hire and tenure. Lung cancer associations were strati-
fied by gender, but full cohort analysis was presented for
silicosis.

‘There were strong associations of silica exposure and
radiographic silicosis (n=40) with increased rtisks oceur-
ring above cumulative exposures of 4 mg/m3-yrs and
average exposures of 0.1 mg/m3. There were no associa-
tions of lung cancer with curmulative and average silica
exposure among men or women. With only 20 lung can-
cer cases, confidence imtervals were wide for women
and there were only six cases in the highest cumulative
exposure category. Nearly half of the 74 cases among
men were below 3 mg/m3-years (45), and 25% (16) were
in the highest exposure category (Figure 12).

Comments on (Mundt, Bitk et al. 2011}

This is one of the largest cohorts of porcelain workers
(including potieries or ceramics)or any other type of
silica, although not the largest number of lung cancer
deaths. About hall of the over 17,000 workers are women,
although only 21% of the lung cancer cases were women.
There {8 a large significanily increased mortality of sili-
cosis and a strong association with radiographic silicosis
that validates the exposure assessments ( Figure 12),

A potentjal weakness is the lack of possible employment
in silica -exposed jobs outside the porcelain industry. [ so,

Most Appropriate Lung Cancer B-R trends in Pottery and DE Studies
DE (sristobaiite) excluding pre-1930 hires, adjust smoking
{This Resport); UK Potlery, adjust smoke {Cherry et al, 1988); Chinese Pnttery,
adjusi smoke, PAHS) (Chen et al, 2007); German ceramics {Ulm et al, 1999);
German porcalain (Mundt et al, 20113
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silica exposure might be under-estimated. But since there
was no associaton of silica exposure and lung cancer, the
results further strengthen the conclusion of no etiological
association if there was extra-porcelain silica exposure.

A major strength of this study is the extent and quality of
the exposure data, including cenversion of early particle
sample results by employing side-by-side comparisons
with current gravimetric results. These sample data cov-
ered all 31 years of exposure histery from the initiation of
the study. Imputation of exposure was cenfined to 1928-
1953, so imputed exposures was confined to about 8
cases of silicosis (20%) and 10 cases if lung cancer (11%).
Thus exposure misclassification in these early years “is
expected to be modest”

Exposures tended to be low, below the West German
standard for silica, and cumulative exposures below 10
mg/m3-years.

2.2.3.5ummary of cristobalite (DE), pottery and porcelain worker
cohorts (Checkoway et al,, 1997; Chen et al, 2007 Cherry et al,
1998; Ulm et al,, 1999 Mundt et af, 2011) (Figure 14]

The lack of associations between lung cancer and
cumulative silica exposure, average exposure, and peak
exposure detract from the silica-lung cancer hypothesis
among pottery workers (Figure 14).

[ARC (1997) considered potteries among Lhe least
confounded studies. Revised analysis of the Chinese
pottery study revealed significant confounding expo-
sures to PAHs, which were not adjusied for in the initial
analysis. E-R disappeared when PAHs were adjusted for
in the updated analysis. Extended analysis of the UK pot-
tery study resulted in no apparent E-R associations with
cumulative exposure or with heated quartz thought 1o be
cristobalite.

The cohort exposed to DE is the primary study where
exposure is cristobalite produced by calcining diatoma-
ceous earth. After adjusting for smoking and excluding
pre-1930 hires because ol potential exposure (0 asbeslos
and unknown silica exposure, the SMR in the highest-
exposure group was reduced to 1.31 and was no longer
significant, Since SMRs in all the other exposure categories
are <1, the E-R trend disappears. This study was a major
contributor to the TARC (1997) conclusion of sufficient
evidence of silica carcinogenicity. Removal of bias and
confounding produces no significant association and an
E-R trend similar to that of US geld miners, where there is
consensus that no association exists.

A study of nonsilicotic German ceramic workers and
stone workers had only two exposure categories. Both
trends were nonsignificant and are shown separately in
the discussion of industry groups (Figure 14). But in the
final analysis this study is counted as one and shows no
EE-R association based on the entire cohort.

These results represent consistent patterns that detract
from a silica-lung cancer hypothesis:

+ Strength of association is consistently weak (RRs <1.5
in 2E and potteries} except for 2-fold nonsignificant
excess for German ceramics.

2 2011 Informa Healthcare USA, Inc.
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» There is a consistent lack of biological gradients,
with a flat E-R trend in the largest study with the
highest exposure (Chinese cohort} after adjust-
ment for confounding from smoking and PAHs.
There was no association in the UK pottery, with
most cxposures <l0mg/m’-years. Therc was a
2-fold increased OR at about 15mg/m?-years but
the lower confidence interval was nearly zero, and
the unit risk was nonsignificant at 1.05 {0.59-1.85).

The summary results for cristobalite and potterics are
homaogeneous and suggest no associations after adjust-
ments for bias and confounding. Withaut adjustmenc for
bias both the Chinese and DE cohorts showed positive and
significant E-R trends. None of the studies in this industrial
category support the silica-lung cancer hypothesis.

2.3.Quarries and stone cutters (Koskela et al., 1994;
Steenland; Mannetje et al., 2001; Ulm et al., 1999;
Vacek et al., 2010)

Thisindustrial group included several leastconfounded
cohorts, including Danish stone cutters (Guenel et al.,
1989}, American crushed stone workers (Costello et al.,
1995}, and German slate quarry workers (Mchnert
et al., 1990}, for which no E-R analyses were conducted.
There are three cohorts with E-R analyses. There are
several analyses of Vermont granite shed workers with
either or both E-R and intervention design analyses
(Attfield et al., 2004; Costello et al,, 1988; Davis el al.,
1983; Graham ct al.,, 2004; Vacek ¢t al., 2010). The
Finnish granite worker cohort has bath qualitative and
quantilative estimates of exposure. The first E-R analy-
sis (Koskela et al., 1994) used qualitative exposure esti-
males, whereas quantitative E-R analysis was published
as part of the pooled analysis (Steenland; Mannetje
et al,, 2001). Finally the German cohort contained both
ceramic workers and stone workers {(Ulm et al., 1999).

2.3.1.Vermont granite workers (Attheld et al., 2004; Graham

et al., 2004; Vacek et al., 2010; Vacek et al, 2009) (Fiqures 15,
16

The two studies available to [ARC (1997) were the initial
intervention analysis (Costello et al., 1988} and a propar-
tionate mortality E-R study (Davis et al., 1983). The original
cohort (Costello et al., 1988) was updated to 1996, with a
similar intervention design comparing mortality of pre-
1940 and post-1940 hires (before and after installation of
dust controls) (Graham et al., 2004). The updated cohort
and exposure estimates (Davis et al., 1983) led 10 an E-R
study used in the pooled analysis (Steenland; Mannetje
et al., 2001) and a separate publicaton {Artfield et al.,
2004). Both were available to TARC (2009). A third update
of this cohort has been just published and using additional
sources to increase complete enumeration of the entire
cohort and improved estimates of exposure with hoth an
intervention and E-R analysis (Vacek et al., 2009, 2010).

2.3.1.1. Intervention study of Vermont granite warkers
(Costello et al., 1988; Graham et al., 2004; Vacek et al.,
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2009) This cohort of Vermont granite workers was one
of the least confounded studies, as there are no appar-
ent gccupational confounders, The cohort consisted of
3414 workers employed in 1950-1982 with at least one
chest X-rav {Costello et al., 1388}, Shed workers had sig-
nificantly increased lung cancer and silicosis SMRs of
1.27 {1.03-1.55) and 7.73 {5.47-10.6}, respectively. Less
emphasis was placed on quarry workers as silicosis mor-
tality increased onty 2-fold (SMR =1.95} and lung cancer
was not elevated (SMR =0.82).

From 1938 to 1940 a program of dust control was
instituted that reduced dust levels from an average of 40
mppct to <10 mppct by 1955, This reduction essentially
eliminated silicosis and TB mortality. Lung cancer was
not eliminated among long-term granite shed workers.
Pre-1940 hires with 40+-year latency and 30+-year tenure
had alung cancer SMR of 1.81 {1.33-2.41). For post-1940
hires with 25+-year latency and 10+-year tenure, the lung
cancer SMR was 1.73 (1.01-2.77). When latency and ten-
ure were comparable, the post-1340 hires with less silica
exposure have the higher lung cancer risk. Pre-1340 shed
workers with 25-39-year latency and 10-25-year expo-
sure had a lung cancer SMR=1.27, whereas post-1940
hires with the same latency and tenure had an SMR=1.91,
indicating lung cancer risk did notappear to be related to
silica exposure {Costello et al,, 1988}.

LARC {1997) considered this a positive study because
of a “neatly two-fold moruality clevatien among long-
term granite shed wuorkers” (1ARC, 1997}, ‘They also
commented that the lack of dust exposure data and
H-R analysis was a limitation. Note the Inconsistency
between concluding this is a positive study and the IARC
guideline {(WHO, 2006) indicating there is a negative L-R
association when risk stays the same when exposure is
decreased.

Follow-up of this 1988 cchort was extended to 1994
{Graham et al.,, 2004). The number of lung cancer cases
was increased from 118 10 211, and lung cancer SMRs
were similar {1.16 vs. 1.18) in the two reporis. Silicosis
deaths increased from 41 to 53, whereas SMRs for silico-
sis increased from 6.36 in 1988 to 20.6 in the 2004 study.
Comparing lung cancer SMRS of pre- and post-1940
hires with >15-year latency and short, medium, and long
lenures shows both pre- and post-1540 hires had increas-
ing lung cancer mortality associated with increasing ten-
ure. Bul the lung cancer mortality does not appear te be
relaled Lo silica exposure as post-1940 hires are much less
exposed to silica than pre-1940 hires. The reduced silica
exposure in post-1940 hires is demonswated by 7-fold
differences in silicosis mortality (SMR=27.4 [20-36))
among 50 pre-1940 hires and 3.88 {0.82-11.6) among 3
post-194¢ hires, The three post-1940 silicosis deaths were
not asseciated with Vermont granite exposures. Two had
worked previously in granite elsewhere and had only
3- and 7-year tenure in Vermont granite. The third case
appears to be a misdiagnosis, as he had seven normal
chest X-rays up to 1 year before death. There was a 5-fold
difference in prevalence of X-ray silicosis (27% vs. 5.7%).

('Ihe differences berween pre- and pest-1940 silicotics
may to some cxtent be due to shorter latencies and en-
ure among post- 1940 hires, as well as lower exposures.)
Vacek et al. updated by 10 years the 1934 cohort of
Graham ct al. 1o 2004, searched all extant records to
cnumerate all workers, and increased the cohort size to
7688 workers {Vacek et al,, 2009). The mortality analy-
sis showed elevated SMRs of 1.08 {1.05-1.12) for 3831
deaths from all causes, 1.37 (1.23-1.52) for 359 tung can-
cer cases, 1,38 (1,25-1.53) for 377 NMRD cases, and 59.1
{44.5-77) for 55 silicosis cases. 'lhe intervention analy-
sis by date of hire {pre- and post-1940} was similar to
Graham et al. (2004) but without adjustment for latency
and duratioen of employment. It showed no association
with all cause mortality. Lung cancer risk was elevated
slightly more in post- 1840 hires {SMR=1.44 [1.27-1.631)
cempared to pre-1940 hires (SMR=1.23 [1.01-1.49]),
indicating no association between silica exposure and
tung cancer risk. Silicosis risks were reversed from SME
of 82 among pre-1344 hires to 18 for post-1840 hires,
indicating a strong association between silica exposure
and silicosis. Silicosis risk from pre-1940 Vermont gran-
ite exposures may have been even greater, as the six sili-
cosis deaths hired after 1340 appear largely unrelated to
Vermont granite exposure, Three cases worked <10 years
atter 1840, One case had worked 40 years as a stone cut-
ter in Canada and one had no information on previous
employment. 'The twe remaining cases began work in
Vermont granite industry at the ages of 43 and 52 vears.

Pre-1940 Post- 1940
Alt causes 107 {1.02-1.12) 1.10(1.05-1.14}
Lung 1.23{1.01-1.49) 1.44(1.27-1.63)
Cancer
Silicosis 82.1(60.7-108.5) 18.0(6.61-39.2)

Comments on intervention studies {Graham et al., 2004;
Vacek et al., 2008]

The importance of intervention study design should
not be underestimated, although there are few such stud-
ies. There are a number of differences hetween the first
updates of the Vermont granite worker cohort {Artfield,
2004; Graham et al, 2004} and the second follow-up
studies {Vacek et al., 2009, 2010} that demonstrate sig-
nificant limitations in the first group and strengths in the
second group for both the intervention and E-R analy-
ses. Finally, the intervenlion study demonstrates the
success of the dust controls implemented in 1938-1940
in essentially eliminating silicosis and indicating silico-
sis is not assoctated with lung cancer and the increased
risk of lung cancer is most likely attributable to cigarette
smoking.

This intervention study design compared mortality
before and after installation of dust controls. It is the only
intervention study design among studies of silica and
lung cancer. An intervention study design is the most
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powerful design for determining causal associatians or
effectiveness of dust controls, ) silica exposure causes
an increased risk of lung cancer, une expects lung can-
cer mortality to decrease among post-1940 hires since
exposure decreased. Comparison of pre- and post-1940
roughly matched an tenure and latency shows that lung
cancer mortality did notdecline in post-1940 hires. Lung
cancer mortality increased with increased renure, but
also increased with decreased exposure in bath pre- and
post-1940 hires, Since all cases with known histories
were smokers, it is plausible that tenure is an exposure
surrogate {or pack-years or years smoked.

This intervention design has comparable weight to the
subsequent I-Ranalyses [Aufield cral., 2004; Vacek eral,
2010). Intervention studies cannot cstimate threshold
levels if they exist, but it can say that pre- 19410 expaosures
with high silica expusures pose no greater risk of lung
cancer than post- 1940 exposures with lower silica expo-
sures. Tt also shows thal pre-1940 exposures must have
been high hased on highly increased risk of silicosis as
well as environmental measurements. Post- 1940 expo-
sures did not pose an increased risk of silicosis or TB.
Elimination of silica-related diseases of silicosis and TR
indicates dust controls were effective in decreasing dust
levels. No decrease in risk of lung cancer after reducton
in silica levels indicates lung cancer is notrelated to silica
exposure, and the absence of silicosis mortality validares

Vermaont G
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the post-1940 reduction in silica exposure. The results
of both intervention studics (Graham et al, 2004; Vacek
et al., 2010} provide strong evidence against the silica-
lung cancer hypothesis.

Alimiration is that ecomparisons betore and after inter-
vention should be between groups with equal larency and
years exposced. For a chronic discase such as lung cancer
both are fairly long. There were proportionally maore pre-
1940 hires amongthe caseswith 30+ -veartenure, whereas
post-hire numbers indicate proportionally more cases
with shorter renures. 'This limitation dves not invalidare
the conclusion of no assoclation, as the elevated SMUs
are significant in both groups with 305 -year tenure.

‘There is no individual-level E-R analysis. The compari-
sons by date of hire are similar o group-level eculogical
comparisons, so there mav be some doubr whether lung
cancer cases actually had more or less silica exposure. On
the other hand, the installaton of dust control measures in
1940 accurred over a relatively short ime period and pro-
duced rather dramatic reductions in dust levels {80-90%)
and silicosis, but withour apparent reductions in lung can-
cer risk. The reductions in dust appear to be applicable for
all jobs in (he sheds. the quantitative estimates of expo-
sure are imprecise, but the large reductions override the
imprecision with regard to determining causality,

There are a number of key differences between the
intervention study used by IARC (Grabam et al., 2004)

ranite Shed Warkers

=-R af currulative respirabie silice and lung cancer
with and without highest expasure group
[Attfield et al, 2004 and pooled lung cancer
(Steenlard ef al, 2001). Pneumoconiosis {(Attfiekd. 2004)
ard paoled silicosis (Mannetje et al, 2002}
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Figure 15, Vermont granite shed {Antield and Costello, 2005; pooled analesis).
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and the updated intervention swdy (Vacek er al., 2009,
2010]. These include the following:

i

1

vi.

c
&
S
<

:
1

z Ratez

Cdd

1700 more workers and 10 more vears of follow-up
(2004 vs. 1994)

i. More men emploved over a wider range of vears

(1947-1999 vs. 1930-1962)

i, Inclusion of men who did pot participate in Vermont

radiographic surveillance program, or 18.3% of all
men employed that were not included in the previous
updated cohort (Attfield et al., 2004; Graham, 2004)

iv. Corrections in the data were made 1o exclude 22

workers entered twice, exclude 27 workers employed
prior {o 1947, include 162 workers who had been
considered alive after 1994 but had actaally died
prior o 1494, and corrections in names, birth dates,
sncial security numbers (§88N5), cause of death (CODY,
which may have contributed to incomplete mortality
ascertainment

. Reconstruct work histories so they were complete by

adding to the radiographic surveillance program dara
information from pension records on employment
with all other Vermont granite work and work after
World War [L

Increase data on exposures by accessing all individual
samples (not relving on group data from Davis et al.
(Davis er al., 1983), including information from all
surveys and reports and consulting with individu

als familiar with past and current [H practices who
assisted in classifying jobs into group caregories and
estimating exposures.

oo Conorn

pdated Vermon: Granse Sh

cxposue-Resgorse of curnmwative reso rpble silica
wtn ung cuncer and silhoos’s moraliyy

Wacek ol al {20°0)

10 4

2.3.1.2. Exposure-response studies of Vermont gran-
ite workers (Attfield et al,, 2004; Vacek et al, 2010)
Attlield eral, (2004)

The first update of the Vermont granite cohort was also
used to assess T-R of silica with lung cancer, pneumoco-
niosis, TB, kidney cancer, and all causes (Antfield et al,,
2004). Dust exposures were based on six environmental
surveys conducted in 1924-1977. Cumulative exposure
was derived from the job-time exposure matrix used in a
proportionate mortality rate (PMR] analysis (Davis et al.,
1983) and three time periods were considered: pre-dust
control (<1840), intermediate (1940--1930), and post-dust
control (>1930). Exposures in the inlermediale period
were considered midway berween pre-1940 and post-
1950. RRs were both SMRs and standardized relative risks
(SREs] with 15-year latency or 15-year lag. Since smoking
informarion was jincomplete there were no adjustments
for smoking.

Altfield et al. present two ways of interpreting the lung
cancer E-B. The first interpretation uses all the data and
shows the sixth and seventh exposure caregories had
significantly elevared SMRs of 1.48 (0.97-2.16) in the
2-3mg/ mi-vears cxposure catcgory and 1,70 (1.14.-2.49)
in the 3-6mg/m*-vears category. In the cighth and
highesr exposure caregory the SMR was reduced to 1.16
(0.78 1.66). In the SRIL analysis the eighth and highest-
exposure group show an SRR = 1.0, with significant eleva -
tions in the 6th and 7th exposure categories. The analysis
using all the data show nonsignificant trends and no clear
I K relationships. The second analvsis excluding high-
exposure data shows a steep slope and a clear and strong
[:-R relationship. The E-R trend becomes highly signifi-

——@——  Lirgcarcer, cateqgorica. andlysis, 1 - 368

— B — Lurg Cunger, JR = 0.88 (2.85-1.031 ger mgimiy
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Fignre 16, Updated Vermont gramiie shed cohort [Vacek v al, 2010).
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cant, and according to the authors almost monotonic in
the SKR analysis (Figure 15).

Attfield etal. (2004) favored the second analysis, which
excluded the highest exposure category. From this analy-
sis they concluded these results "indicate the presence of
clear exposure-response [or lung cancer and silica expo-
sure” in the absence ol major occupational confounding.
This conclusion is strengthened by the clear positive
monetonic E-R trend for pneumoconiosis, but without a
reduction in the SMR for the last exposure category. This
E-R trend for silica-related diseases such as TB, silicosis,
and pneumoconiosis validate exposure estimates. In this
case they validate the exposure estimates in all exposure
calegories, including the highest exposure category.

Follow-up in the pooled analysis was not extended
bevond the original termination date of 1982, so there
were only 124 lung cancer deaths compared to 201 in
Attfield et al, {2004). The UR for lung cancer was 1.015
(0.96-1.07) (Steenland; Mannetje et al., 2001}, which is
similar to the E-R using all the data and longer follow-up
(Attfield et al., 2004). There was also a strong but non-
significant (p=.10) E-R trend with silicosis in the pooled
analysis (Mannetje et al., 2002} (Figure 15).

Vacek et al. (2010)

Vacek et al, (2010) extended the follow-up to 2004
and increased the cohort size 1.4-fold so there were 356
lung cancer cases. In the E-R analyses there is a strong,
positive, and highly significant trend for silicosis risk to
increase up to about 10mg/m®years, when it begins to
level off in the high exposure category (Vacek et al., 2009).
There are slightly negative E-R trends for lung cancer in
both the categorical and continuous regressions analyses
{Vacek et al., 2010) (Figure 18).

The results demonstrate the “absence of an association
between silica exposure and lung cancer mortality [which)
indicates that the increased mortality from this disease
ameng cohort members is most likely auributable to ciga-
rette smoking or other expesures unrelated to employment
in the Vermont granite industry” (Vacek et al., 2009},
Smoking histories were unavailable for most cohort
members, Smoking prevalence was 50% among 1457
cohort members interviewed in 1979-1985 in a pul-
menary function study {Graham et al,, 1994), Smoking
prevalence among white US males in 1980 was estimated
at 37% (Vacek et al., 2009).

The observation that smoking is correlated with tenure
is suggestive that smoking is probably a confounder. The
longer oneworks, thelonger one smokes. Smoking-related
lung cancer has a long latency, and risk of lung cancer
continues Lo rise as latency increases above 40 years.
Quarry workers showed no excess lung cancer, despite
high exposure 1o silica as shewn by excess silicosis
and TB (Costello et al.,, 1988; Graham et al., 2004 ). This

Lung cancer SMRs by birth vear

Birth year post-1920
0.83 (0.41-1.71)
1.01(1.00-1.03)

Years worked Rirth year pre-14920
<1940 0.99(0.96-1.02)
1340-19539 1.00 (0.95-1.01)
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supports the lack of quartz-related lung cancer shown
among workers in the granite sheds.

The latest intervention study (Vacek et al., 2009) confirms
the results from the previous analysis (Graham et al.,
2004) where lung cancer risk stays the same (or slightly
increases) in post 1940 hires, whereas quartz exposure
and silicosis risk decrease markedly.

Multivariate regressions showed no associations for E-R
trends pre- and post-1940 (UR=0.99 [0.96-1.01} and
1.01 [0.995-1.02]), respectively. When stratified by birth
before and after 1920 to avoid possible competing risks
from silicosis and NMRD, there still were no associations
between silica exposure and lung cancer.

Another purpose of this analysis was to examine
whether silicosis and TB may have been competing
risks biasing lung cancer risk at high exposures. This
was an issue in the previous E-R study {Attfield et al.,
2004) where it was hypothesized that if age at death was
lower for silicosis and TB, then workers with high expo-
sures could die from silicosis and TB before they had the
opportunity to develop lung cancer. All TB deaths and
all but three silicosis deaths occurred among waorkers
born before 1920. If they are competing risks, E-R trends
would be expected to decrease among those born after
1920. The data suggest no competing risk from silicosis
and T8, as E-R trends are similar for all time periods
except for the lowest coefficient during high-exposure
years for those born after 1920. [t would have been help-
ful if ages of death for silicosis and TB had also been
provided as they were for lung cancer and NMRD.

vacek et al. suggest NMRD might be a competing
cause of death in both time periods. This is of less con-
cern because lung cancer death usually occurred before
NMRD with average ages at death of 67.3 and 74.0 years,
respectively.

The intervention studies are consistent in showing
no associations of lung cancer and silica exposure. The
updated study appears to refute the hypotheses that lung
cancer risk is reduced at high exposures because of cam-
peting risks of death (i.e,, silica, TB, NMRD).

Comments on E-R studies {Arttfield et al.,, 2004; Vacek
etal., 2010

Comments will be divided into sections with a sepa-
rate discussion for each analysis. The pooled analysis is
included in the discussion of Attfield et al. (2004).

Comments on Attfield et al. (2004)

Attfield and Costello give four reasons supporting
exclusion of the highest-exposure group and suggested
smoeking is not a confounder in the E-R analysis nor that
smeking is a confounder causing higher lung cancer
mortality in post-1940 hires (Attfield, 2004; Aufield et al.,
2004).

FExcluding highest-exposure group from E-R analysis.
A major issue in this study is whether the highest expo-
sure category should be dropped from the analysis, The
authors clearly favor this approach for several reasons.

i. Excessive influence of high-exposure group
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The high-exposure group was said to be “so heavily
influential that it dominates the model fitting. When
all data are included, the model] using all of the dara
implies lack of exposure-response. ‘This is clearly
contradictory to the findings for the SRRs, which
clearly indicate almost mongotonically and sratisti-
cally significant increasing risks of lung cancer wirth
rising silica exposure up until that last group. Hence,
we feel that the model fitted to all of the data is not
truly representative of the underlying patrern in the
results.” A downturn al the highest-exposure group is
“inconsistent” with a cause-elect relationship.
Comment on excessive influence of highest exposure. A
purpase of this study 1s to test the silica lung cancer
hypothesis, not fit the data to support a hypothesis.
The idea that this downwrn is “inconsistent with a
causal assoclation” appears o be an argument from
the conclusion, which is wrong. The correct approach
is to argue from the data, which are suggestive of a
pattern of a lack ofan E-R (rend.

Results from the intervention studies (Costello et al,,
19484; Graham et al., 2004; Vacek et al, 2010]) of the
Vermont granite cohort clearly indicate no associa-
tion of ling cancer and silica exposure. The pooled
analysis and the updated E-R analysis indicarte no
assoclation [Costello el al,, 1988; Graham et al., 2004;
Steenland; Mannetje et al., 2001; Vacek et al., 2009).
This evidence suggests the "underlying partern” of
the evidence does not support a causal association
hetween silica exposure and lung cancer,

To be consistent regarding which data o retain
requires dropping the highest-exposure group in all
E-R analyses such as for kidney cancer, TB, pneumnon-
coniosis, and silicosis where E-R analvses have been
conducted. 1f done for pneumoconiosis, T8, and
diseases of the respiratory system appear to become
nonsignificant, whereas the lack of association with
kidney cancer appears to become positive and sig-
nificant {Atrfield et al., 2004). For silicosis the strong
association would largely disappear, as there is a clear
upward spike in risk for the highest-exposure group
{Figure 15} {Mannetje el al., 2002).

Fxcluding the highest-exposure group reduces the
exposure range. In other studies with categorical
analysis cxcluding the highesr exposures change posi-
tive associations to 1o association. These include the
2K cohort (Figure 11}, the (in miner cohort (Figure
5), South African gold miners (Hnizdo er al,, 1997}
(Figure 3}, and US industrial sand workers (Steenland
and Sanderson, 2001) (see Figure 19},

ii. Weak exposure data in high-exposure group

The dala in the highest-exposure group were “weak-
est” hecause exposurce estimmales are poorest; and
because cohort selection hias, competing risky, and
misdiagnosis are likely. One plausible reason for
weakness is that since work history data are from
cross-sectional surveys, they are truncated at the
last survey, Thercfore cumularive exposure will be

11

underestimated because exposure after the last
survey could not be included.

Camment onweak exposure data. The data and some
of the authory’ other comments discredit these argu-
ments as implausible. I poor exposure estimates
were the cause of the drop-off in lung cancer mortal
ity at the highest exposure levels, one would expect a
drop-off in silicosis or pneumaoconiosiy mortality (and
perhaps 1B} mortality as well. This did not oceur for
pnewmoconiosis as shown in Figure 13,

The authors commented that “exposures emploved
in this study are superior in quality to those used in
most other occupational exposure response stud-
ies” Industrial hyvgiene measures were collected in
1824-1977, which included times when exposures
were highest. Interpolations of exposure estimates
trom 1940 to 1950 only were necessary, suggesting this
might be a period of greatest weakness of exposure
estimates. The strong F-R trends with silicosis and TB
“validate the derived cumulative exposure estimates”
‘The supposition that exposure misclassification oceurs
only at the highest exposure levels is not supported by
these facts and the authors validadon of the generally
high quality of exposure estimates. No documentary
evidence is put forward supporting the claim that poor
exposure estimates produced decreased lung cancer
mortality but not decreased silicosis mortality,

It is not clear that (runcation ol exposure history
after the last survey is a cause of the reduction of
risk at the highest exposures. This might be analo-
gous 1o a lag. Lhere were small reductions of silicosis
and lung cancer mortality in the E-R analyses where
there was no rmuncation of work histories {Figure 16}
(Vacek et al, 2010), and a sharp increase in pneu-
moconiosis at the highest exposure with truncated
histories (Figure 15).

.Healthy worker effect (HWE) and competing risks

caused reduced morrality in high-exposure group
{Atield et al., 2004)

Initially they thought highest exposed workers might
have had high but short acute exposures producing
acute silicosis and premature mortality, and thereby
not living long enough 0 gel lung cancer. They
rejected this reason because the average age of death
among high-exposed workers was similar to those in
lower-exposure groups. Because they had entered the
cohortwirh substantial exposures, they were a “highly
selected healthy worker group” When TB and silicosis
were main health concerns deaths from these causes
may have obscured lung cancer as a cause of death.
Comment on HWE and competing risks. The supposi-
tion of a healthy worker effect (HWE) and competing
risks does not seem adequate to explain the “puzzling”
reducton in lung cancer mortality in the highest-
exposure group. The SMR for all causes of death was
1.0Y (0.97-1.05) overall and 1.22 [1.16-1.28) amaong
pre-1940 hires {Graham eral., 2004). T8 and silicosis
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SMRs were quite high (17.9 and 27 .4, respectively, for
pre-1940 hires) and may have obscured lung cancer as
a cause ot death in some cases, This high mortality is
inconsistent with a “healthy worker group.” Whether
these were competing risks could be tested by deter-
mining whether age at death is less ameng lung can-
cer deaths than for TB and silicosis. If not, then they
should not be compeling causes of death. These data
were nol provided in the report se this speculation
cannot be independently evaluated.

iv. Linear E-R at lower exposure levels

At lower exposure levels E-R rises linearly and is
similar to other studies (Attfield et al., 2004). The great
majority [85%) of the data at lower exposure levels are
of current interest today and around recommended
exposure limits (~2.25mg/m3-years). Within this
range the dala “are very consistent internally, show-
ing significant excesses rising linearly with increasing
exposure.” Findings omitting the final exposure group
are much more consistent with risk estimates obtained
in other studies (e.g., diatomacecus earth [Rice etal.,
2001] and industrial sand workers [Steenland and
Sanderson, 2001]} than those from the model using
all of the dara.

Comment on linearity of E-f The observation on
linear E-R is mostly correct (Figure 15). Significant
excesses of SMRs occurred for the two penulti-
mate exposure groups at 1.48 and 1.70 with 15-year
latency and at 1.88 and 1.64 with 15-vear exposure
lag. SRRs also showed excesses at the same exposure
groups and models: 1.38 and 1.76, and 2.60 and 1.90,
respectively.

On the other hand 73% of the data show weak (SRRs
<1.5}, nonsignificant associations and all the data
show nonsignificant trends. Although the highest-
exposure group contains only 15% of the cases, it
should be weighted more heavily because if there is
a causal effect, the highest risk is expected to be in
the highest-exposure group unless there are plausible
circumstances that reduce that high probability.
Consistency of excess risks from all relevant studiesis
an importani guideline for determining causalily. As
summatized in this report, B-R wends are consistently
lacking with a few exceptions. The authors cited their
“positive” results as slightly lower but similar in expo-
sure, RRs, and risk estimates to workers exposed to DE
(Riceet al,, 2001) and industrial sand (Steenland and
Sanderson, 2001).

+ In DE the E-R trend shows a possible excess only in
the highest-exposure groups, which drops to an insig-
nificant RR of 1.3 after accounting for the exposure
misclassification in the pre-1939 hires and indirectly
adjusting for smaking. If the highest-exposure group is
excluded, there is absolutely no trend and no associa-
tion as RRs are less than 1.0 except for the nonsignifi-
cant RR in the penultimate exposure group (Figure 1).
In other words, the analogy with DE shows a different

12011 Informa Healtheare USA, Inc.
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scenario, namely that there is alinear decrease inexpo-
sure at lower exposure levels, with the anly increased
risk at the highest exposure level. The analogy with the
risk estimates (Rice et al., 2001) are considered to be
overestimates because accaunt was not taken of expo-
sure misclassification and confounding from smaking
{see discussion of DE above).

« In the industial sand study cited (Steenland
and Sanderson, 2001) the highest OR is in the
highest-exposure group. If the last exposure group is
excluded the E-R trend is negative (Figure 19),

+ The other industrial sand study (Hughes et al., 2001}
was updated and reanalyzed {(McDonald et al., 2003).
Exposures were higher and the OR was 2.64 at the
highest-exposure group of 4.5 mg/m?3-years and 1.8
at about 3.2 mg/m*years. Below about 2.5mg/m?*
years there are na significant risks (ORs <1.2). If the
highest-exposure group were excluded, there would
still be an E-R trend because of the 1.8-fold OR at
about 3mg/m?-years (see Figure 20).

Smeking as a confounder (Altfield et al., 2004). Attfield
et al. argue that although skeptics continually raise the
issue that smoking is a “potential confounder of occupa-
tional exposure, there is evidence that it has limited capac-
ity o cause confounding” For confounding to occur, it
would have to be correlated with exposure intensity within
both the shed and quarries, which is “hard to envisage.”

The authors argue there is no foundation for the idea
that “the tenure-related trend of lung cancer mortality
in workers hired after 1940 is due to excess smoking in
that group”

For confounding to accur in the E-R trends, there has
to be a difference in smoking rates by exposure group.
For internal comparisons, cases and controls are similar
because they are from the same population. Generally
there are only small differences in smoking rates
between expesure groups. Attfield and Costello suggest
smoking-related mortality from bronchitis, emphysema,
and ischemic heart disease ([HD} is greater amang
quarry warkers than shed workers, suggesiing smoking is
a greater risk in quarries than sheds.

Comments on smoking. Working populations consis-
tently have higher smoking rates than the general popu-
lation, from which expected dearhs for calculation of the
SMR are derived. Thus the absolute value of the SMR gen-
erallyis confounded by smoking. Withour seme smoking
prevalence data in the cohort and by exposure category it
is not possible 10 assess the potential confounding effect
in the SMR point estimate of risk in the cohort analysis.

[t is true that in E-R analysis, it is unlikely smoking is
a confounder because cases and controls at all expaosure
levels are similar, including smoking habits. But there are
times this is not true, as was shown in the E-R for work-
ers exposed to diatomaceous earth. In this instance the
20% ditference in rates between high exposed and low
exposed reduced the SMR in the highest exposure cat-
egory ta nonsignificance,
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The authors disagreed with the contendon that
smoking-related causes of death, apart from lung can-
cer, were mare prevalent among shed workers than
quarry workers. ‘Therefore the increased lung can-
cer rates among post-19440 hires would not be due 10
smoking.

‘The data do not provide much support abow: smok-
ing prevalence. The §MRs for 1HD (bold in summary
helow} suggest similar smoking among shed and
quarry workers. Data on bronchitis mortality are not
shown (Graham et al., 2004), but there are no diifer-
ences in nonmalignant respiratory disease (NMRD),
which includes bronchiris. The rate of emphysema is
2-fold higher among quarry workers, which is sugges-
tive of higher smoking among quarry workers. There
were apparent differences in laryngeal, bladder, and
esophageal cancers, two favaring greater smoking in
shed workers and ane showing no difference. However,
laryngeal and esophageal cancers have few cases (0 far

These arguments do not address the important ques-
tion being asked: if silica exposure is causing lung can-
cer, why isn't lung cancer reduced when silica exposure
is reduced? Smaking is the most plausible alternative
hypothesis and is supported by no known nonsmokers
among lung cancer cases.

Comments on Vacek et al. [2010])

Vacek et al (2010) added 1700 more workers, 155 more
lung cancer cases, and 10 more years of follow-up to the
Aufield et al (2004) cohort.

A major difference was esploration of all extant dara
to assure more camplete enumeration of the cohort,
which appears successtul because of the large increase
in cohort size. The previous cohort [Audield et al., 2004;
Graham et al., 2004) was abour 76% as large as Vacek
et al. About 18% of workers added in Vacek et al. had not
participared in the cross-sectional radiegraphic surveil-

;: lance programs priar (o 1963 when participation rate was
- laryngeal), so the SMRs are not stable and the compari- about 96%. There were enumeration errors that led to
= sons are relatively uninformative. exclusion of about 263 workers and other errors such as
o in cause of death (COD) and waork history,
FS There were substantive diiferences in work history.
§ . e Both studies relied heavily on the surveillance program.
£ __.. Shed . Quarry But these dara were not available for workers who did
B . . (oK (AL (K . . . .
=z £on (AKC) (Gae) (as0) | (GE not participare in that program. Data from the cross-sec-
Branchitis L6 - 2] - tional surveillance program did nat include work done
l'm_ph_\’-‘*l’-ma 107 L7 2.6 206 after last participation in the program, and often did not
e 0.87 0.72 178 .72 include work done before World War I or work for other
NMRD L45 156 companies, Vacek et al. accounted for these gaps largely
Ty er - 7a .
=2 Lung cancer 1l 0.7 by use of insurance and pensions records.
! arvogeal vance r — — : ; : .
<2 wryvgeal cancer LAl .0 There were some difierences in estimates of exposure,
Z Bladder cancer 150 - 0.8 in large part because of differences in JIEM, ‘The JTEM
E ] apeal cancer . — . . - .
2 Fsophageal cancer . N 068 used by Anficld and Costello (2004) way based on six
e
S
3
: Gearmran and Finnish Stone Waorkers
= Ul et al (1899) adiusted DO, duration, latency,
= otrer exposaras and including beth store and ceramic workers,
P Firrist (Koskela et at, *393) from Pocled analysis (Steenfard et al, 2007
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Figure 17, German and innish stone workers.

Ceitical Beviews in Toaicology

OGO TS



AL TRG 30 o US98

1
12

.
c
.
g
B
=
(=}

octded Trom inforiuab:

i

v Doam

Tsicolo

Lirntiveal Buevivws 1

Far personal ase o

environmerntal surveys conducted between 1929 and 1982
(Davis et al,, 1983). Vacek et al. added other surveys and
consulted with individnals familiar with past and current
I11 practices. lhe primary differences were in the con-
version from mppcef o gravimetric with a factor of Ling/
m? per 10 mppef by Vacek er al. and 0.075mg/m? per 10
mppct by Attfield and Costello, Estimated job concentra-
tions were similar with the exception of the pre-1940 esti-
mates for “channel bar operator” Vacek et ul. conducted a
sensitiviry analysis using four different modifications and
reported little effect on associations of quartz exposure
with silicosis or lung cancer mortality. Odds ratios ranged
from 1.06 (o 1.17 per unit increase in cumulative exposure
for silicosis and 0.98 to 1.0 for lung cancer. The strong
association of silica exposure and silicosis maortality vali-
dated the exposure estimates in both studies.

Major strengths of Vacek et al. include complete enu-
meration of the cohorr, use of all available information
and careful editing to reduce errors, and langer follow-up
o increase number of deaths. The longer follow-up essen-
dally climinate questions of too short latency as foltow - up
ended in 2004 or 34 years alter 1970 when only 20% of
the cohort were hired. The increased number of granite
workers revealed potential information bias in the previ-
ous studics (Aitficld ot al., 2004; Graham er al., 2004) and
confirm the necessity of relying on the Vacek et al. data set
as the most complete and most appropriate for assessing
a silica-lung cancer assoclation (Figure 16).

2.3.1.3. Summuary of Vermont granite worker studies
(Attlield et al., 2004; Graham et al., 2004; Vacek et al,,
20098, 2010} (Figures 15, 16) The two intervention
studies {Graham et al,, 2004; Vacek et al, 2004, 2010)
compared pre- and post-1940 hires (high and low expo-
sures) and detract from the silica-lung cancer hypoth-
esis. The primary limitation is the lack of quantirative
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exposure estimares for individual workers, so to a lim-
ited extent this is an ecolagical or group-level study. But
this lack of precision does not reduce the significance
regarding the hypothesis abour silica carcinogenicity.
All post-1940 hires were exposed to markedly reduced
silica levels compared to pre 1940 hires. The reduced
silicosis mortality amang post-1940 hires supports a
causal association of silica and silicosis, whereas the
lack of a reduction in lung cancer mortality is contrary
ta a causal assaciation between silica and lung cancer.
1he initial published E-R study of Vermont granite
workers [Attfield et al., 2004} is indeterminate because of
the incompletely resolved question about exclusion of the
highest-exposure group. The pooled analysis {(Steenland;
Mannetje et al,, 2001) used all the data without exclusion
and showed no apparent association of silica and lung can-
cer. Alargerissue in this cohort is the potential information
bias from incomplete enumeration which was revealed by
a complete enumeration of the cohort (Vacek et al., 2008),
Figure 16 clearly shows {1} 4 strong assoclation of siticosis
with cumulative respirable silica thereby validating the
exposure estimates; and (2} »o association with lung can-
cer that detracts from the lung cancer-silica hypothesis.

2.3.2.German stone and quarrying industry (Ulm et ai.,
1999) (Figure 17)

The stone and quarrving portion of this study consisted of
133 cases and 231 conrrols matched on YOB. They were
all nonsilicotics and all male. There were no significant
associations with three exposure metrics:

Exposure metric

C OR(9sE LY
Time weighted [average intensite} g/ m? 0B (h37-1.77}
1,86 ((L38-1.93}

125 (0.5H-2.69)

Cumulative, mg/m’-yvears
Peak, mgim?

Hwene Cotters: Mast anpropriaie B R araiysis oo cacer anz silica exposcne

Weron: gratite workers Vacek o) al 2000)

Germran stana and guarry warkers + caramics [Ulm et al, 485,

Finrisk granive workers (Sieeriars o Al 2007)

T8 vemort yrante

-4

——B—— Vermori grarite, 0 = 356, UR = $550.495-1.00

s e Oirgenite qLAry poramic workers, 1= 247 p=0.52
— e e o Fienish grande, = 38, DR = 1.008 10,850 05}

------- OR="2

—— — QOR=20

B 17 8 20 &t 30 35 40 45 50 5

Curaiative Expostre 10 Hespitale Silica (mgm” years)

B

Figure 18, Summary: (Juarty workers and stane cutters.
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1he authors concluded that there was no association
between lung cancer and silica exposure (Figure 17).
Exclusion of silicotics may have reduced the number of
high-exposed workers and therefore reduced the range
of exposure and reduced the power for detecting a small
risk.

Limitations of this study are discussed in the pat-
tery section (Section 2.2.2] of this study, 1he unit risks
estimated fram the dichotomous 1i-R analysis do nol
correspond to the categorical result for both industries.
For example, the OR is 1.04 (0.53 1.89] in the high-
est exposure category for all industries (>4.68 wirth an
estimated average of about 16 mgsm* years) bul in the
dichotomous analysis the OR at 16 mg/m*-years is 1.37
(0.002 1100). So the categorical results for the individ-
ual industries (stone/quarry and pottery) are too crude
to be of much use for describing effects except ina very
broad way.

This {s a negative E-R study, although there were crid-
cisms. The Working Group (TARC, 2009) noted restriction
of study participants to nonsilicotics and adjustments for
duration of exposure may have restricled the exposure
range and limiled the power of the study to detect an asso-
clation. the criticism of low exposures may be incorrect,
as average Yermont granite exposure in the 3rd quartile
was 2.2 (Mannetje et al,, 2002) cormnpared to a range of
2.89 4.68mg/ m'-vears for the German cohort (Ulm
el al, 1999). Maximum curmulative exposure was about
28 myg/m’ years; 10% of cases had exposure of 12mg/
m?-vears or greater and about 50% of study participants

had exposure of 3mg/m’ vear or more. Mean exposurcs
were largely above the TIV of 0.025mmg/ m?®, with 75%
of the cases and controls exposed to average exposures
=0.03mg/m?.

1he number of cases is fairly large (247 cases), so lark
of power is not a significant limitation in derecting an
increased risk with this large number of cases and when
the E-R trend is so obviously flat (Figure 17},

Jhese results do not support the silica-lung cancer
hypothesis and suggest little or no increased risk of lung
cancer at the highest silica exposures in the German
stone/quarry industry. Exclusion of this study from
the pooled analysis is unfortunate as adjustments for
duration could have been removed and eliminated this
limitation.

2.3.3.Finnish granite workers {Koskela et af,, 1994; Steenland;

Mannetje et al, 2001) (Figure 17)

This is a cohort of 1026 Finnish granite workers hired
berween 1940 and 1971 and working in granite quar
ries and processing barns in three main granite areas
in Finland. Vital status was followed in 1940- 1985, Dust
exposure measurcments were collected in 1870 1972
and 1980 1989 by the Finnish Institute of Occupational
Tealth at the workplaces where occupational histaries
were obtained from personnel records. These are total
dust samples and no estimates ot respirable silica were
found. Quartz content was 31% in both the grey and
red granite areas. The third area had black Vitassaari
“granite” composed of 60% plagioclase, 20% augite,
15% fluorite, and 5% hornblende, so it is not granire.

Cighteen U.S. Irdustrial Sard Plants
Lung canzer SRRs with 0 ard = * 5-year lags {85 & 74 cases) and case-zontrel
with 75 cases and »B-months tenure (Steenland & Sanderson 20017
Lurg carcer pooled analysis with 85 cases (Steerlard et ab 20011
Silicosis poaled analysis with 14 cases (Mannetje et al, 20027

10 - ) )
Silicosis {SRR)
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IS} | i L ung Cancer(OR)
5 : 4. 5o
o W=,§§ L ung Cancaer (SRR
) e -
— ; Th-y fng
o R R U R
% - — .
— fiag canoar (SREY -
v - e 9 lay
-W g
0 1 2 4 5 &
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Figure 19, Eighteen (IS industrial sand plants (Steenland etal., 2001).
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This region had only nine deaths and was not analyzed
further. Lung cancer SMR was signiticantly elevated to
1.75 (1.02-2.81) in the grey area. In the red and grey
granite areas there were 22 lung cancer cases and an
SMR of 1.48 (0.93-2.24) with =10-year exposure and
z20-year latency. There was no E-R analysis.

The data used in the pooled analysis are from a disser-
tation where follow-up was extended to 1994. Total dust
measurements were converted to respirable silica based
on Finland regional conversion factors. Cumulative
respirable silica exposure estimates for the cohort were
a median of 4.63, 3rd quarlile of 15.42, and a maximum
of 101 mg/m?-years. There were 14 silicosis deaths in
this cohort with 4 deaths in the 3rd quartile and 10 in
the 4th quartile indicating a significant trend validating
the exposure estimates (Mannetje et al., 2002). The lung
cancer SMR was 1.4 (1.0-2.0), with 38 lung cancer cases.
A nested case-contrel study with E-R analysis and quan-
titative estimates of exposure produced a nonsignificant
unit risk of 1.008 (0.998-1.020) {Steenland; Mannetje
et al., 2001) (Figure 17). The pooled analysis is consid-
cred the most appropriate because of longer follow-up
and E-R using quantilative estimates of exposure.

2.3.4.Summary of quarry and stone cutter cohorts (Figure 18}
These studies are among the least confounded regarding
occupational exposures, making smoking the primary
potential confounding exposure.

None of the latest publications were available to IARC
(1997). Early studies of Vermont granite and Finnish
granite were considered amongleast confounded studies.
Both were updated, E-R analyses added, and included in
the pooled analysis.

Exposures appear adequate for assessing risk as
cumulative exposure in high-exposed groups range from
about 10 1o 50 mg/m?-vears (Figure 18). Exposures were
validated hy strong associations hetween pneumoco-
niosis {or silicosis) and cumulative silica exposures. The
cohort of Finnish stone workers had among the highest
cumulative silica exposure amoeng all studies vet there is
only a slight nonsignificant trend.

The initial E-R Vermont granite study {Attfield et al,,
2004) is replaced with the updated cohort (Vacek et al.,
2009, 2010}, which is a decided improvement because it
has complete enumeration of the cohort, complete work
historydata, 10years longer follow-up, and large increases
in lung cancer cases { 7= 356), making it the largest of the
18 cohorts. The intervention study clearly shows silica
exposure is not responsible for increased lung cancerrisk,
which is supported by the E-R analysis.

All three cohorts indicate no associations, as E-R
trends are nonsignificant or negative. The pattern from
these studies of granite and quarry workers does not sup-
port the hypothesis that silica is a lung carcinogen:

» Strength of association is consistently weak. Risk at
high exposure is at or below the null in two cohorts
with lower cumulative exposures, and around 1.5 at

€ 2011 Informa Healthcare LSA, Inc.,
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high exposures of about 50 mg/m’-years. All are sta-
tistically nonsignificant.

» ‘There is a consistent lack of biological gradients
(Figure 18), which is strong evidence against the
silica-lung cancer hypothesis.

2.4 5and and gravel {industrial sand} (Brown et al.,
2005h; McDonald et al., 2005; Steenland and
Sanderson, 2001}

‘There are three new cohorts of industrial sand workers
that were not available to IARC (1996); two in the USA
(McDonald et al., 2001, 2005; Steenland and Sanderson,
2001)and cone in the UK {Brown et al,, 2005b). Only one
US cohort {Steenland and Sanderson, 2001 ) was included
in the pooled analysis (Steenland; Mannetje et al., 2001).
Confeunding from cceupational sources is minimal, so
the primary confounding source is smoking,

2.4.1.US8 industrial sand workers (Sanderson et o, 2000;
Steentand and Sanderson, 2001) (Figure 19}

This is a cohort of 4626 industrial sand workers who
had worked for »1 week in 18 plants in 11 states.
Follow-up was 1960-1996. There were 109 lung cancer
deaths and 100 controls matched on race, sex, date of
birth, and survival. E-R was analyzed by conditional
logistic regressien using curnulative, average, and peak
exposures. Indirect control of smoking was based on
N10SH survey data in 1978-1989 on 358 men in four of
the largest plants in this study. For E-R analyses 13% ot
the cohort had to be excluded hecause they “worked
in unknown jobs enly.” For lung cancer there were 109
cases in the SMR analysis, 85 cases in the SRR and SMR
E-R analysis, and 75 cases in the case-control analysis
that excluded workers with <6 months' employment,

SMRs were significantly elevated for lung cancer
(1.60; 1.31-1.93} with 109 cases, TB {3.39; 1.09-7.92};
silicosis {66; 33-119) with 11 cases, and [HD (1.22; 1.09-
1.36}). In the discussion the authors indicate smaoking in
this cohert would be expected to increase lung cancer
mortality by 10-20%, “which can only partially explain
the cbserved 60% excess.” Adjusting for a 20% upward
smoking bias to the observed unadjusted overall risk of
1.60 (1.31-1.93} reduces the excess to 1.33 (1.09-1.61).
Sensitivity analyses were conducted to adjust for pos-
sible confounding effects of smoking using Bayesian
and Monte Carlo methodoelogy. These produced an
adjusted lung cancer SMR of 1.43 and confidence inter-
vals of 1,12 and 1.15-1.78 respectively {Steenland et al.,
2004).

There were significant E-R trends for silicosis
{(p<.00001), respiratory TB (p=.01}, but not lung can-
cer (p=.66) in the SRR analysis without lags (Figure 19).
There was a suggestive trend for lung cancer (p=.07)
with a 15-year lag. Silicosis was mentioned in only
2 of the 109 cases of lung cancer, which is about half
the expected based on mention of silicosis on all other
death certificates. Silicosis is expected to correlate with
silica exposure, so “partial canfirmation” of the validity
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of historical exposure estimates was provided by the
significant positive E-R trend for silicosis.

Analysis of lung cancer mortality revealed a 2.4-fold
increased mortality for short-term workers (<6 months)
that seemed unrelated to occupational exposures. Lung
cancer E-R analysis was repeated in the nested case-
control study, excluding the short-term workers. This
analysis showed “a twofold excess risk for those in the
highest quartile” (Figure 19), and the trend was even
more pronounced with average exposure. None of these
analyses are adjusted for smoking.

1he authors concluded these findings “lend (o sup-
port the 1997 judgment by IARC that crystalline silicais a
lung carcinogen.”

The pooled analysis (Steenland; Mannetje et al., 2001)
reported a similar lung cancer SMR of 1.60 (1.2-1.9), but
with 85 cases instead of 109 cases as in Steenland and
Sanderson. Unit risk for lung cancer based on 85 lung
cancers was 1.19 (0.95-1.50) (Steenland; Mannetje et al.,
2001). The E-R trends were similar when therc werc
15-year lags (Figure 19).

Comments on industrial sand cohort [Steenland and
Sanderson, 2001}

Three strengths of this study are noted,

i. It was unlikely therc were significant confounding

occupational exposures.

il. The number cflung cancer cases was reasonably large
{109 cases) in the cohort analysis. There were 75 lung
cancer cases in the case-control analysis when work-
ers with <6 months' tenure were cxcluded.

Industrial hygiene sampling was available over
time. There were 4269 MSHA and company sam-
ples collected in 1974-1996; 1974-1988 dala were
used because end of follow-up was 1988, These data
allowed E-R analyses, which are important for two
reasons. E-R analyses "are less subject to confeund-
ing by smoeking than are simple comparisons of lung
cancer Tates in exposed workers versus the general
population because workers with a high exposure may
be compared with those with a low exposure who are
more likely to share similar smoking and other life-
style habits. Exposure-response trends, or the lack of
themn, also provide valuable evidence with which to
draw conclusions about whether the agent in ques-
tion truly causes the disease in question.”

—

ii

Limitations include the following points:

i. There were only limited data on smoking gathered in
the 1980s on about 7.5% of the cohort. Using these
smoking data and Axelson-type smoking adjust-
ments by age and dichotemous exposure categories
produced smoking adjusted RRs of 1.04 and 1.10 at
cummulative exposures >0.59 mg/m?-vears for >45 years
and <45 years, respectively, compared to RR=1.0 at
<0.59 mg/m®-vyears. Unfortunately, smoking adjusted
(ORs for each exposure category were not calculated,
so a smoking adjusted E-R trend is unavailable, IARC

{2009) noted a sensitivity analysis (Steenland ct al.,
2004) adjusting for smoking produced a reduction in
overall SMR for lung cancer from 1.60 {1.31-1.93) to
1.43(1.15-1.78).

Unfortunately there wus no adjustment for smoking
in the E-R analysis. None of the ORs were significant
but the trend in the case-control study was margin-
ally significant. It would have been useful to conduct
a sensitivity analysis for smoking effects in the E-R
analysis. It's unclear what would happen for an
adjusted E-R trend.

ii. Industrial hygiene data were lacking for years 1947-
1974. Impinger data were collecled in 1946 in 19
plants. All exposures prior to 1946 were assumed to
be the same as 1946, and linear extrapolation betwecn
1946 and 1974 was used to estimate exposure in the
intervening vears. No adjustments were made for
plant-specific engineering changes. Conversion from
mppct impinger sample results to respirable mg/m’?
results were conversion factors derived from side-
by-side sampling in Vermont granite sheds, North
Carolina dusty trades, and taconite mines.

.Results are equivocal with regard to a causal associa-
tion, in part because of the appearance of changing
exposure categories. [here was no association in the
SRR analysis where both TB and silicosis showed
strong associations. With a 15-year lag the SRR trend
was similar to the trend in the case-control analysis
with the same RRs in the penulimate and highest
exposure categories (Figure 19). There was a margin-
ally significant E-R trend (p=.04) afier excluding short-
term workers of <6 months, and the lower confidence
interval in the highest-exposure group was less than
1.0. A possible reason the E-R trend became statisti-
cally significant may be related to changing exposure
cut-points, which in the initial analysis were quartiles
based on the distribution of all decedents. In the case-
control analysis quartiles were based on distribution
of all non-cases. E-R trends in categorical analyses
can be influenced by choice of cut-peints defining
exposure categories and the distribution of exposure
cut-points within a category. As a result, the changing
choice of cut-points may have influenced the shape
and statistical significance of the E-R curve.

—_

ii

The most appropriate result from this cohort is from the
pooled analysis because the continuous E-R analysis is
notinflucnced by exposure cut-points.

2.4.2.Updated US sand industry study (McDonald et al., 2005)
{Figure 20)

McDonald et al. (McDonald et al., 2001) conducted a
cohort study of 2670 men in nine industrial sand plants
who were employed before 1980 for =3 years. Of the
cohort, 2644 {99%) were followed up to 1995 with 1025
deaths. SMRs for those with 220-vyear latency were 1.39 for
lung cancer, 1.61 for nonmalighant respiratory disease,
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and 37 deaths fromw silicosis and silico-1'B. "lhe increased
SMR for lung cancer was due to high rates in four of the
nine plants in two states. The authors concluded that the
significant SMR int lung cancer could not be attributed to
silica because there was no smoking information and no
E-R analysis.

A nested case-control study of lung cancer and silico-
sis was conducted to ascertain quantitative E-R trends
afier adjusting for smoking (Hughes et al., 2001). There
were 32 silicosis cases (57 controls) and 91 lung cancer
cases [162 controls) matched on date of birth, date of
hire, plant, and survival. Workers with silicosis were hired
on average about 10 years earlier than lung cancer cases,
and died slightly younger (63 vs. 66). More lung cancer
cases smoked (91%) than silicosis cases (85%), and both
smoked more than controls (69% and 70%, respectively).
Silicosis risk was associated with lagged cumulative and
average silica exposure. These results “lend support to
the validity...of exposure estimates.” Lung cancer risk was
related (o lagged and unlagged cumulative exposure and
unlagged average exposure after accounting for a highly
significant smoking exposure,

Subsequently, 6 more vears of follow-up through 2000
added 231 total deaths (McDonald et al,, 2005), with lung
cancer cases increasing from 91 to 105. Objectives were
to assess E-R with chronic renal disease and determine
whether or not lung cancer and silicosis majntained
similar asseciations as in the initial study. The [ollow-up
included 2452 workers in eight US plants, excluding the
Canadian plant with 215 employees. Only those with
=3-year employment with 1 month empleyment during
1940-1979 were included in the cohort.

Updated ORs for lung cancer and silicosis were very
similar to original results with lung cancer, again related
to average and curnulative silica exposure {(but not ten-
ure) after adjusting for smoking (Figure 20).

‘The authors concluded these findings “support a
causal relationship berween lung cancer and quartz
exposure after allowance for cigarette smoking, in the
absence of other known carcinogens.”

Comments on updated US industrial sand worker study

(McDonald et al, 2005} and comparison with other UUS
industrial sand study {Steenland and Sanderson, 20013}
IARC (2009) noted the two US studies arose from ihe
same population of workers but the degree of overlap was
unknown. The Steenland et al. (2001) study comprised 18
175 plants, and 8 of these plants were also in the Mconald
et al. case-control study (McDonald et al, 2005). The
Steenland cohort included 4027 workers with =1 week’s
employment in 1987-1988 and adequate exposure infor-
matien; follow-up was 1960-1996. The McDonald et al.
cohort comprised 2455 workers with >3-year employ-
ment and 21 month’s employment in 1940-1979, with
follow-up through 2000. Despite the larger size, the
Steenland et al. cohort had fewer lung cancer cases (85)
than the McDonald et al. cohort {105). Several reasons for
this disparity in number of deaths is that the McDonald
et al. cohort is elder (50% vs. 24% deceased), earlier mean

& 2001 Informa Healthcare USA, Inc.
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year of hire (1950 vs. 1967 ), employed earlier in the cen-
tury (1940-1979 vs. 1987-1988); longer follow-up (60 vs.
9 years or 1940-2000 vs. 18987-1996). These differences
indicate limited overlap, suggesting these are essentially
separate cohorts separated in time.

‘There were several differences in exposure estimates
between the two US studies. In the McDonald cohort
more sampling data were obtained {Rando et al., 2001).
For example, they bad 14,249 measurements from
cyclone and membrane samples from company docu-
ments, consultant reports, publications, and government
databases. The database is smaller in the Steenland et al.
industrial sand study with 2975 samples from MSHA and
1294 from plant data (Sanderson et al,, 2000).

The conversion from mppef to mg/m® was also differ-
ent. [n the study of 18 plants the conversion was:

1 mppef= {100 pg/m*}« (% quartz in historical sam-
ples) (Sanderson et al., 2000)

This canversion was based on estimates from other
industries (e.g., Vermont granite ) that are not representa-
tive of the industrial sand industry,

Conversion in the smaller study was | mppcf =276 pg/
m* (Rando et al., 2001) based on particle counts by size
range from 14 samples from industrial sand plants and
reported in a master’s thesis (Severns, 1979). Rando et al.
showed a geometric mean exposure that was nearly twice
as high as that of Sanderson et al.: 42 vs. 25.9 pg/m”.

There was a large database of environmental silica
samples. A problematic factor is converting mppcf to ug/
m? ‘The most appropriate conversion is the one using
side-by-side sampling in the industrial industry (Rando
et al., 2001), rather than industties other thao industriat
sand {Sanderson et al., 2000).

A strength of this study is adjustnent for smoking
based on records for 91% of cases and controls. It would
have been informative to have presented bothunadjusted
and adjusted results. Another strength is that the analysis
was based on workers with 20+-year latency,

Consistency between results from the original and
updated analysis strengthens the authors’ conclusions of
a causal association.

"The Steenland et al. cohortwas in the pooled analysis,
although presumably hoth could have been included. Tt
would have been appropriate and a significant improve:
ment if both studies had been included, or even better,
combined.

2.4.3.UK industrial sand worker cohort (Brown et al,, 2003a,
2005 b) (Figure 20)
This is a cobort study of 2703 industrial sand workers in
seven UK silica sand quarries with > 1-year employment
1950 and 1886; follow-up was 1950-2001. There were 764
total deaths, 8] from lung cancer and 91 from NMRD,
with SMRs of 0.90 (84.97), 0.99 (0.78.-1.24), and 091
{0.73-1.12) for men and 0.70{0.49-0.96), 1.45 (0.10-3.72),
and 0,52 (0.11-1.51) for women, respectively.

Internal E-R trends for lung cancer and NMRID were
analyzed on a subcohort of 2272 workers with complete
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industrial Sand Plants in the 1.5 and UK.
Lung cancer and silicosis in the U.S. (McDanald et al, 2005}
L.ung cancer and Nonmalignanl respiralory disease (NMRLY)
10 in Ihe UK (Brown and Rushton, 2008)
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Figure 20. [ndustrial sand coharts in USA and UFK,

data. Poisson regression was used to adjust {or attained
age, calendar year, year beginning work, time since first
employment, employment status, and cumulative expo-
sure to respirable crystalline silica (RCS).

Curnulative exposure ranged from 0.01 fo 23.2mg/m*-
years, with a geometric mean (GM) of 0.31 mg/m*-years.
There were no E-R trends with curnujative exposure for
mortality from lung cancer or NMRD (Figure 20). ‘The
authors concluded this “study did not show any consistent
relation between RCS exposure (in the absence of other
known carcinogens) and the development of lung cancer”
Comments on UK industrial sand study (Brown et al.,

This is clearly a negative study and does not supporr
the silica-lung cancer hypothesis. Several criticisms have
been directed toward this study.

i. Low exposures and deficits in expected silicosis
mortality

TARC (2009} noted that low exposures in this study
reduced its power to detect a silica effect. Exposure
levels were rather low, so the negative resulis are not
surprising as exposure may be below a threshold effect
level (Steenland, ¥, 2005). Because silica is “not a strong
carcinogen,” lung cancer excesses may not increase until
after a cumulative exposure of about 2my/m’-yvears
{Steenland; Mannetje et al., 2001). A GM of 0.31 mg/m™
years in the UK study may mean exposures were too low
to detect an increased risk.

But these comments are contradicted by “a similar
low overall level of cumulative exposure” in the 17S study,
which showed a strong Ii-R trend for silicosis, and a lung
cancer excess, despite lower exposures among UK work-
ers than US workers (Figures 20, 21).

Brown and Rushton (Brown et al., 20054) nate that
“average silica exposure levels were higher than those in
1S sand workers, although not as high s those in other
industrial environments where silica occurs” 'The GM
among UK sand workers was 0.09 (3.9) mg/m? (Brown
etal., 20054} orabout3umesgreater thanthe0.026 (0.011)
mg/m?* in UJS sand workers in 1974-1996 (Sanderson
et al.,, 2000), Mean exposures were clearly higher in the
older US industrial sand cohort as the 75th percentile
for average exposure was =0.26mg/m’ (Flughes et al.,
2001). In the pooled analysis (Steenland; Mannetje et al.,
2001) US industrial sand has the lowest cumulative silica
exposure, whereas half of the 10 cohorts have cumula-
tive exposures »10mg/m’-years and a number of those
studies have median average exposures ranging from
0.05 mg/m* among US gold miners and granite workers
10 highs of 0.43mg/m’ among Auvstralia gold miners and
0.59 mg/m* among Finnish granite workers (Mannetje
et al,, 2002). Iistribution of cumulative exposure is not
reported, bur among UK industrial sand workers the
overall GM was 0.31 mg/m*-years and in the 4th quartile
was 1-23.2mg/m*-years (Brown et al., 2005a) compared
to>1.23 mg/m'-yearsin USsand workers with 6 months’
employment (Steenland and Sanderson, 2001).

In US industrial sand studies, there were 11 cases ol
silicosis and silico-tuberculosis {0.24%) (Steenland and
Sanderson, 2001 ) in one study and 37 cases {1.4%) in the
other (McDonald et al.,, 2005}, but only 2 (0.07%) in the
UK cohort {Brown et al., 2005h).

Twareasons were offered for these differences: (a) sili-
cosis is rarely mentioned on death certificates in the UK,
and (b) exposure was oo low to have an effect (Brown
etal., 2005b).
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Silica and lung cancer hypothesis

Most Appropriate E-R lung cancer trends from Industrial Sand Cohorts
18 LS. plants pooled (Steenland el al, 2001};
8 U.S. plants {McDonald et al, 2005);

30 - 7 UK plants (Brown & Rushton 2005)
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Figure 21. Summary of industrial sand cohorts.
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The latter reason scems implausible, as average and
cumulative exposures in the UK study were comparable
10 those in the Steenland study, even theugh there were
fewer cases of silicosis. Two other reasons might be
considered. Perhaps there were differences in the silica
as the authors discussed with regard to high mortality
at quarry 7. Possible differences included a different
geclogy of the quarries, chemical composition ol the
sand, different methods of extraction and refining, and
whether exposure was to aged or {reshly cut surfaces
of silica. Fresh cut surfaces were produced at quarries
5 (during extraction) and 6 (milling to produce silica
flour). But mortality {all cause, lung cancer) was not
elevated at these quarries.

Ancther possible difference is smoking. McDonald
etal. (McDonald et al,, 2005) found a strong relationship
beiween smoking and silicosis, with the risk of silicosis
significantly increased 5-fold {(OR=5.09; 1.29-20) for
smokers compared to nonsmokers. Brown et al. (Brown
et al., 2005b] did not have smoking histories, but believed
smoking “did not play a significant role in mortality within
the cohort” because mortality was reduced in smoking-
related diseases (i.e., SMRs of 0.99 for lung cancer, 0.91
for respiratory diseases, 0.90 for circulatory disease, and
0.93 for IHD among men).

ii. Less follow-up time and inadequate latency

The negative finding was also attributed to only eight
lung cancer cases with, 20+-year latency. The overall
deficit of lung cancer SMR was because of significant
deficits from one quarry in lung cancer mortality (0.27),
which also had significant deficits for all-cause mortality
{0.81) and all-cancer mortality (0.58), possibly because
of less follow-up time and a greater healthy-worker effect
(Steenland, 2005).

2011 Informa Healthcare USA, Inc.

It is unlikely these are plausible reasons for the
negative finding. The quarry with significant deficits
in lung cancer SMR (SME=0.26) only had 12% (n=7)
of lung cancer deaths, bul 30% (r=228) of all causes
(SMR=0.81) and 20% (n=43) of all cancers (SMR=0.74).
Shorter follow-up and inadequate latency (<20 years) are
implausible reasons for deficits based on data from an
internal report (Brown et al., 2003). 1he average length
of follow-up was 28 vears with over 80% followed for 20
or more vears. The lowest SMRs were in workers with
20+-year employment, and highest mortality tended to
be in short-term workers (<5 years): e.g., 1.10 versus (.69
for all causes, 1.24 versus 0.66 for all cancers, 1.25 versus
0.63 for lung cancer, and 1.08 versus 0.54 far respira-
tory disease. Those with 40+-year follow-up had lower
mortality than those with <20-year fellow-up: e.g., 3.61
versus 0.36 for all causes, 3.90 versus 0.36 for all cancers,
4.33 versus 0,33 for lung cancer, and 2.38 versus 0.36 far
respiratory disease.

iii. Consistency in epidemiology studies

In commentary on the UK study of industrial sand
workers, a broader question was raised (Steenland, 2003)
about how "we evaluate consistency in epidemiological
studies, and when one might consider that a controversy
about a putative carcinogen might be laid to rest” It was
considered not unusual for a new study to be negative,
“especially when exposure levels are low!” Policy malk-
ers must judge the weight of evidence as has been done
by IARC and the Nationa! Toxicology Program (NTP). In
light of the large number of studies, it “might be consid-
ered high time ...to act without the petennial call that
‘more research is needed.”

Bur a new study may also be positive, as it was for the
two US industrial sand studies, even though exposures
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Pooled Exposurg-respanse analysis for lung cancer
in 10 coharts of silica -exposed workers

Steenlandg et al,
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Figure 22, Summary of pooled analysis of 10 cohorts.

tended to be lower than in the UK study, and especially
lower in the Steenland et al. cohort (Figure 21}, But the fact
that the UK study (or the US study) is new does not provide
a plausible reasen to dismiss either because they are nega-
tive or positive. Whatis perhaps more surprising is that the
Steenland et al. cohort was not negative despile being a
voung cchort with low exposures, short tenure, and short
follow-up. One might consider that some of the cxcess
mortality might be from other nonsilica causes because of
the mean latency of 17 years (mean years to death from
vear of first employment), short tenure (8.8 vears), and
inclusion of petentially short-term workers (only excluded
workers with <1-week employment).

2.4.4.5ummary of industrial sand studies (Figure 21)

I-R trends for three studies of US and UK industrial sand
workers are inconsistent, with one showing a sirong E-R
trend between lung cancer and cumulative exposure to
silica (McDonald et al., 2005), one showing a strong but
nensignificant E-R trend (Steenland and Sanderson,
2001), and one showing no association with a flat E-R
slope in UK workers (Brown et al., 2005b).

‘These industrial sand studies are new and were not
available for IARC (1896). 'lhey added 272 lung cancer
cases to the database. A surprising difference between the
US and UK is the absence of a lung cancer response in the
UK despite the higher cumulative and mean exposures.
The US studies had lower exposures than the UK studies
and showed strong associations, whereas there were no
associations of silica with NMRD or lung cancer in the

UK. Smoking was a potentially important confounder in
one study of US workers (McDonald et al., 2005). Limired
information on smoking was available on only 10% of US
workers in the other study, but no adjusiments were made
for smoking in the E-R analysis and the authors suggested
smoking could not explain all the excess risk (Steenland
and Sanderson, 2001). Smoking data were not available in
the study of UK workers, but the role of smoking did not
appear to be a strong confounder based on low mortality
in smoking-related diseases (Brown et al., 2005b).

'The inconsistent resulls from these three studiesin the
industrial sand industry, two positive {one nonsignifi-
cant) and one negative provide limited support for the
silica-lung cancer hypothesis {(Figure 21).

2.5.Pooled analysis {Steenland; Mannetje et al., 2001)
A pooled analysis converts exposure levels to the same
metric and analyzes [-R as one database. The statistical
power of a pooled analysis is markedly increased, the
range of exposure is wider with more subjects at both
lower and higher exposures, and studies are weighred
proportional to their sample size. A potential problem
with pooled analysis is the selection of smdies. Studies
with unresolved confounding or bias shouwld nat be
included in the pool. All relevant studies (positive, nega-
tive, equivocal) should be included with regard to quality,
but not results.

The pooled analysis of 10 silica-exposed cohaorts
includes 992 lung cancer deaths (Steenland; Mannetje
et al,, 2001). The focus was on internal E-R analyscs
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Exposure-response analysis for lung cancer
in 10 cohorts of silica-exposed workers included in paoted
anaysis but using most appropriate trends from this report and
adjusted for confounders when possible
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Figure 23. Summary of most relevant E-R vends trom 10 cohorts in pooled analysis.
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Figure 24. Most apprepriate E-R in eight cohorts not included in pooled analysis,

using conditional logistic regressions via nested case-
control design. Fach case was matched by race, sex,
DOB, study, and survival, with 100 controls/study ran-
domly selected from each study. Only exposure vari-
ables of cumulative exposure (mg/m?-years) or average
exposure {mg/m?) were included in the models, “given
the matching on confounders.” Categorical E-R analy-
ses used quartiles based on distribution of exposure

112017 informa Healthcare USA, Inc.

among cases. Adjustinents were made for competing
risks. There werc no adjustments for confounders.
E-R for silicosis was analyzed in 5 of the 10 cohorts
{Mannetje et al., 2002).

Literature was reviewed to identify all cohorts with
quantitative exposurc data. Ten of 13 cohorts were
selected. Several studies were excluded from (he pooled
analysis:
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a. Dutch ceramic workers (Miejjers et al., 1996) because
of confidentiality issues.

b. South African gold miners (Reid et al., 1996) because
of data unavailability.

c. UK pottery workers (Cherry et al., 1998) because
of different case-control matching criteria. Cherry
et al. matched on DORB, date of first employment,
and never smokers were excluded because none
of cases had been nonsmokers. But in the pooled
analysis there is the implication that new matching
was done or redone. Since presumably the entire
database was available for studies included, it
seems possible to match cases and control using
their own criteria. It is not clear why this negative
study was excluded. Ixclusion of this study reduces
the significance of the pooled analysis.

d. Coal miners (Miller et al,, 1997) because of low silica
content of the dust (5%) and different surface proper-
ties of silica in some coal mines that appear to reduce
toxicity of silica particles coated with clay.

e. Foundries because of likely confounding exposures,
including two studies in [ARC (1996) (Andjelkovich,
Det al., 1994; Xu et al., 1996).

2.5,1.Ten cohorts from pooled analysis (Figure 22)

E-R trends from the pooled analysis of 10 cohorts with
952 lung cancer cases are positive but the authors com-
mentled on the heterogeneity of results, as shown in
Figure 22. E-R trends are quite steep for China tin min-
ers confounded by arsenic, DE workers (cristobalite)
confounded by smoking and exposure misclassification,
US industrial sand workers (very steep slope but low
exposure), and South African gold miners (Hnizdo et al.).
Moderate slopes are displayed for Australian gold miners,
IS granite shed workers, linnish granite workers, and
Chinese tungsten miners. There were no associations for
Chinese pottery workers and US gold miners.

Four studies show strong B-R trends with three signifi-
cant {South African gold, DE, tin) and one not significant
(IS industrial sand). The remaining seven studies suggest
positive E-R trends that are not significant and the high-
est ORs at high exposures are less than 2-fold. Combining
all 10 cohorts produced a significant positive trend with
a UR=1.011 {1.006-1.015) and a calculated QR=1.35
(1.19.1.51) at 28mg/m*years (median exposure in the
highest exposure category of all cases). The categorical
analysis produced an OR of 1.5(1.2-1.9) for the high-ex-
posure quintile with median exposure of 28mg/m?®-years
(Figure 22).

2.5.2.Ten cohorts using most appropriate E-R trends from this

report (Figure 23}

These cohorts contrast results from the pooled analy-
sis (Figure 22) with individual results from the same
cohorts with 1237 lung cancer cases and using the
most appropriate I R trend available derived from
the analysis in this report [Figure 23). E-R trends
from the pooled analysis were used for Finnish

granite workers, US gold miners, Australian gold min-
ers, and US industrial sand workers (Steenland and
Sanderson, 2001). The categorical data trom South
African gold miners was used instead of the continu-
ous data from the pooled analysis. More appropriate
data selected to replace the pooled data included the
improved updated results for US granite (Vacek et al.,
2010) and 1wo studies of China tungsten and pottery
workers adjusted for confounding and with improved
exposure estimates (Chen et al., 2007). Data from the
DE cohort (Checkoway et al., 1997) were adjusted for
exposure misclassification and smoking (this report),
and analysis of tin miners was restricted to the Limu
mine to ameliorate confounding from arsenic (Chen
et al., 2002).

‘These results show a relatively homogeneous outcore
of two studies, with strong, positive ¥ R associations
(South African gold mine, industrial sand) and ene (Limu
tin miners) with a suggestive E-R wrend based on bigh
0ORs but unstable, nonmonotonic, and nonsignificant
E-R trend. All are at low exposures, and only the Hnizdo
et al. study of South African gold miners was statistically
significant. Four studies showed no E-R associations (U$
granite, U§ gold, tungsten, and pottery) or moderate
nonsignificant E-R trends (Finnish granite, DE, Australia
gold) (lFigure 23). Overall there are no apparent associa-
tions and flat E-R trends in 7 of the 10 cohorts selected
from studies with the least bias or confounded, longest
follow-up, and better exposure data.

1ARC. (2009) concluded that the “strongest evidence
supporting the carcinogenicity of silica on the lung comes
from the pooled and meta-analyses. The pooled analysis
demonstrated clear exposure-respense.”

A more systematic review of these 10 cohorts suggests
a consistent finding of no clear exposure-response asso-
clations (Figure 23).

2.5.3.5even additional cohorts of silica-expased workers
(Figure 24)

‘There are seven cohorts of silica-exposed that were not
in the pooled analysis. ‘These studies show one clear and
significant B-R trend (US industrial sand). There are four
studies with flat E-R trends showing no associations (UK
pottery, UK industrial sand, German stone/quarry/pot-
tery workers, and Sardinia silicotic miners). There are
two equivocal studies with possible but nonsignificant
E-R trends (South African gold miners, Fe/Cu miners)
(Figure 24). These “excluded” studies suggest a consistent
and homogeneous pattern of weak or negligible strength
of association and lack of E-R trends.

‘The pooled results are incomplete as eight cohorts are
missing (Figure 24) and contains at least four studies that
may be biased or confounded (DE, tin, Vermomt gran-
ite, China pottery). Limitations of the pooled analysis
are that new and updated studies were not or could not
be included (US granite, Chinese miners/potteries, US
and UK industrial sand workers and German porcelain
workers); no adjustments for contounding were made,
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some cohoerts were not included {Sardinia silicotics,
South Africa gold miners, German stone/quarry/ pouery
workers, Fe/Cu miners), and some studies should not
have been included because of confounding {China tin
miners).

IARC (2008) characterized the pocled analysis as
representing the “strongest evidence supporting the
carcinogenicity of sifica” Resulis from the pooled anal-
vsis do not provide strong evidence for the silica-tung
cancer hypothesis because all the available cohorts
with E-R evidence from the literature are not included;
biased and confounded data from several cohorts are
inciuded or not adjusted; and there is not a consistent
finding of E-R trends, as a majority of the 10 studies
show no apparent E-R assoclation.

3.0.0verall summary

This report has attempted to include relevant cohorts
with quantitative E-R analyses where confounding and
bias are unlikely to have a major eifect en resulis.

Studies with E-R analyses were divided into four
industrial groupings for preliminary consideraton. ‘lhe
guality of data from ecach cohort was assessed and sum-
marized and a judgment made as (o what evidence is
most appropriatc in preparation for evaluating all this
evidence and making a judgment about the strength or
weiglht of this evidence regarding carcinogenicity. this
overall summary consolidates the rationale and selec-
tion of the most appropriate E-R evidence. This bedy of
evidence is compared to IARC and the pooled analysis,
and assess the weight or “strength” {WHO, 2006) of the
evidenee.

3.1.Mining {Figure 10)

‘there are eight miner cohorts with E-R analyses.
‘there are four E-R studies of geld miners (Figure
4}, plus (wo large studies without formal E-R analy-
sis but showing no difference in mean exposure of
cases and controls {Iessel el al, 1986, 1990). These
gase-contiol studics from necropsy files have 364
cases and are considercd negative studies. 'The
other four cohorts are not gold miners, but are min-
ing tungsten, Fe/Cu, (n, and a variety of minerals
{Figure 9).

S gold miners. The Homestake mine is now closed
and has been studied numerous times, The first E-R
study {Steenland et al., 1995b}included a cohort analysis
and a nested lung cancer case-control study. The cohort
analysis showed a slight nonsignificant excess risk in the
highest exposure category, and the nested case-control
study showed a negative E-R trend (results not shown}.
The cohort was updated 6 years for the pooled analysis,
which increased the number of cases from 115 1o 156 and
produced similar results with a unit risk of 1.006 (0.76-
1.34) {Steenland; Mannetje et al., 2001). The pooled E-R
is used because of longer follow-up, larger number of
cases and no occupationat confounding (Figure 1).
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Australia gold miners. ‘lhe original study (de Klerk
et al., 1998} reported no E-R association based on a quali-
tative exposure-score. Radon exposures were negligible.
Exposure was quantified for the pooled analysis and
produced similar results with 135 cases and a unit risk of
1.016 (3.99-1.04) {Steenland; Mannetje et al., 2001},

South African gold miners (Hnizdo et al., 1997).
‘there are 77 cases and significantly positive E-R trends
(Figure 3). There was possible confounding from radon
but ineclusion and exclusion of this cohort in the pooled
analysis did not alfect the outcome, ‘The unit risk (UR)
from the pooled anatysis was 1.23 {1.03-1.47)} and pro-
duced an OR=4.63(1.24-16.7} at 7.3mg/m® vears that
was higherthan the 3.19(1.3-7.6} from highest-exposure
group in the categorical analysis. 'lhe lower slope in the
original categorical analysis may be due to adjustments
for smoking and is the reason for selecting the origi-
nal publication {(Hnizdo et al., 1997). These resulis are
similar to the other South African E-R study (Reid et al.,
1996} except for the high-exposure group {Figure 3).

South African gold miners {Reid et al., 1996}
There are 159 cases and a positive but nonsignificant
E-R trend simitar to Hnizdo et al. {1997) at the lower
exposure levels {Figure 3}, Adjustments for smoking
increased the UR from 1.08 to 1.12, indicating smoking
was & negative confounder and cases smoked less than
controls, which seems unlikely. This is considered an
equivocal positive study. Exposures are low with non-
significant RRs of 1.52 (0.89-6.5) and 1.32 (0.80-1.96}
at 3.7mg/m’-vears with and withoul adjustments for
smoking {Figure 4).

Results are mixed for the gold miner studies. Two
South African studies show positive trends {Hnizdo et al,,
1997; Reid et al., 1996) and two show no difference in
exposure of cases and controls (Hessel et al., 1986;, 1930).
‘The cohorts from Australia and the USA {Steenland;
Mannetje et al, 2001) show no apparent associations
(Figure 4).

Chinese tin miners (Figure 5}, McLaughlin et al {1992}
reported a positive E-R wrend (p=.004} after adjustment
for smoking. There were also positive (rends for arsenic
(p=.004) and PAH (NS]. This cohott with 97 cases was
included in the pooled analysis, showing a strangly
positive association and a unit risk of 1.04 (1.02-1.03)
without adjustrrent for any confounders. Chen et al.
{2007) reported a unit risk of about 1.06 {1.02-1.11) for
silica and lung cancer after adjusting for smoking but
not arsenic. 'There was no E-R analysis adjusting for
arsenic because reliable results could not be produced
“due to the strong correlation (colinearity) between the
cumulative exposure to respirable silica and arsenic.
IARC {IARC, 1997, 2009} agreed with this assessment,
but the pooled analysis included this study and found
a significantly positive UR=1.036 (1.021-1.052} attrib-
utable in part at least to arsenic {Steenland; Mannelje
etal., 2001).

Chen and Chen (2002) split this cohert of four tin
mines into two groups. the tin mine located in Limu
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had low arsenic exposures, 29 lung cancer cases, and
no significant associations {p = 63) of lung cancer with
wotal dust, or with silicosis and lung cancer {p=.18). The
Limu tin mine results adjusted for smoking are consid-
ered appropriate for assessment of silica effects although
the results are unstable becanse of the small size of this
cohort in the one mine {Figure 3).

Chinese Fe/Cu miners {Figure 6). 'Ihe original analysis
showed no E-R trend adjusted for smoking, but con-
founding fram PAlfs and radon was possible although
the associations with lung cancer were nonsignificant
(MclLaughlin et al., 1992). Chen er al. (2007] revised the
case-contrel analysis and with 73 cases found a positive
E-Rtrend after adjustment for smoking. Adjustments for
smoking, radon and PAHs reduced lung cancer risk o
below the null, except foran OR of 1.4(0.33 - 5.50) at about
Amg/m?-years. Chen et al. estimated the unit risk to be
1.1 {(.82- 1.42), which is used in the weight of evidence,
although it appears high compared to the categorical
analvsis (Figure 8).

Chinese tungsten miners (Figure 7). ‘This is among the
least confounded swudies (no occupational confound-
ers and adjusuncnis for smaking), is among the larger
studies (n=172), and is a study with high exposures. The
midpoint in the last exposure quindle is 11 (10-72) mg/
m?-vears (Chen et al., 2007), whereas in the poaled analy-
sis (Mannetje et al., 2002] the midpeintwas about 134 mg/
m*-years, between the maximum of 232mgim® years
and average of 30 mg/m’-years in the 3rd quartile. In the
pooled analysis there were only 135 cases, with a unit risk
al 1.0095 (1.005-1.014) withow adjusrments for smok-
ing (Sweenland; Mannete et al, 2001). However smoking
wis not a confounder as unir risks were 1.00 {0.99- 1.02)
both with and without adjustment for smoking (Chen
etal.,, 2007). The E-R trend from Chen et al, (2007) is used
because there are maore cases than in the pooled analysis
(172 vs. 135), iris consistent with the quintile analysis and
ariginal analysis (McLaughlin), and because revised and
improved exposure estimates were used {Figure 7).

Sardinia miners with compensated silicosis (Carta et al.,
2001) (Figure 8). This is a4 case-control study of 34 lung
cancer cases with silicosis. There were significant asso-
clations of lung cancer with radon, smoking, and airflow
obstruction, There was no association of lung cancer and
cumulative exposure (o silica or severity of silicosis, as the
unit risk was 1.003 {0.82-1.09) after adjusiment for con-
founders. IARC {2009) remarked that the study was small,
Nevertheless the confidence intervals for lung cancer are
narrow suggesting a stable negative result (Figure 8).

‘There are four studies where exposure is (o mincrals
other than gold (Figure 9). Two studies clearly show no
associations, and the other rwo are equivocal without
cither a clear negative or positive trend.

‘Lhere are a total of 10 mining studies, including two
negatve studies of South Aftican gold miners where con-
rrols had higher average exposure than cases (Hessel erat.,
1986;, 1990). Far the other eight cohorts, only threc have
high exposures greater than 10mg/m*-years and those

with high silica exposure show no E-R association with
lung cancer. The remaining five cohorts have low cxpo-
sures of less than 10mg/m®-years but heterogeneous E-R
rrends, with ORs ranging from a low of 1.02 (0.39-2.6) w0 a
highof 3.2 (1.3-7.6) at 6 7mg/m*-years. The latter study of
South African gold miners (Hnizdo et al., 1997)is the only
statistically significant study among the mining cohorrs,
although the other South African gold miner cohort shows
a suggestive but nonsignificant E-Ruend (Reid eral., 1986).
'The Chinese tin miner cohort is the smallest study and is
of limited value because of unstable rates. Confounding
from arsenic was presumed o not materially affect results,
although trends appeared similar to Gn miners exposed to
higher concentradons of arsenic. Four studies (ungsten
miners, US and Australian gold miners, and Sardinian sili-
cotics) clearly detract from the silica-lung cancer hypoth-
esis. One South Atrican gold miner cohort (IInizdo eral.)
supports the silica lung cancer hypothesis, whereas the
other three cohorts are equivocal (Figure 10).

3.2, Diatomaceocus earth and potteries (Figure 14}
‘There are five cohorts in this industrial group. One is the
cohort of diatomaceous carth (DE) workers {Checkoway
etal, 1997) exposed o cristobalite, whichcan be produced
under certain conditions when diatoms are heated. lhe
remaining are potteries located in the UK (Cherry et al.,
1998), China (Chen et al., 2007), and Germany (Ulmet al,
1999; Mundt et al., 2011) where quartz is heated when fir-
ing the ceramic bodies in the kilns.

DF (Checkoway er al, 1997) {Figurc 11). "The original
and pooled analyses produced positive significant E-R
trends, but had potental confounding that was adjusted
in this reporr by indirectly adjusting for smoking and
excluding pre-1930 hires o eliminate potential asbestos
confounding and misclassification of exposure. These
adjustments produced the most appropriate E-R uwend
and reduced estimated risks 1o below the null.

This study is important hecause exposure is predomi-
nately o cristobalite after calcining processes rakes place,
which may be more fibrogenic than quarrz, and because
it was decisive factor in the 1997 TARC conclusion. The
number of cases is relatvely small (n=69) {Figure 11).

UK pottery {Cherry et al,, 1998) {Figure 12). There is
a strong association with silicosis (IR=1.37 11.24. 1.53],
but no association with lung cancer (UR=1.01 [0.84
1.22]}. lhe preliminary results from this cohort suggested
excess risk from workers around the kiln and poten-
rially exposed ro cristobalite. ‘Ihe seemingly consistent
results from DU and this preliminary result were major
factors leading to the 1997 [ARC conclusion rhar silica
and its polymorphs were carcinogenic. ‘lhe follow-up
{Cherry et al,, 1998] provided 4 more substantive analy-
sis and did not substantiate the cristobalite associalon
(Figure 12).

Chinese pottery (Chen et al,, 2007) {Figure 13). lhe
initial anatysis (McLaughlin et al,, 1992) showed a posi-
tive hut nonsignificant trend with possible confounding
from PAlls. Chen et al. (2007) updated the cohort and
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improved exposure estimates. With 20 lung cancer cases
they found significant confounding effect of PALls that
produced a spurious significant - wrend. Adjustments
for smoking and PAHs produced a flar E-R curve with a
UR = 1.0 (0.96-1.09). The pooled analysis had 68 lung can-
cer cases, no adjustment for PAlls or simoking, and a posi-
rive nonsigniticant UR of 1.004 (0.97-1.037). It is not clear
why there wis no association given the large confound-
ing effect of PAHs in Chen et al. {(2007). Silica exposure
is among the highest among silica-exposed cohort with
maximum exposures over t0mg/m'’-years. Chen et al.
provides the most appropriate evidence (Figure 13).

CGerman pottery (Ulm et al,, 1999). This cohort is com-
prised of ceramicworkers and stone/quarry workers. The
analysis by industry group is limited ro a dichotomous
E-Rwith only two high- versus low-exposure groups. The
appropriate result from this cohort is the L-R trend from
hoth industry groups, which shows no association, with
an OR=1.04 {0.53 1.89) ar about 16mg/m" years high-
exposure category (Figure 14).

[n summary, there are no signiticant or clear-cut asso-

ciations between silica and lung cancer in the industry
group of DE and potieries, the only group with cxposure
to cristobalite (Figure 14).
Cerman Porcelain (Mundtetal., 2011 (Figure 12). There
is a srrong association with silicosis that may not be a
lincar E-R relatonship despite the relatively low silica
exposurcs. Diagnosis was based on a consensus of two
readers and rounded opacities of [LO category 1/1 or
grearer. No silicosis cases were observed below 3 mg/
m* years cumulative exposure. lhiere were no associa-
tons of lung cancer and silica exposure for either men or
women. Overall about half of the cohort were women,
but there were only 20 lung cancer cases compared to
74 among the men. Possible cristohalite exposure was
not mentlioned, and there were no apparent workplace
confounders.

3.3. Quarry and stone cutters (Figure 18)

There are three cohorts rom Vermont, Finland, and
Germany. The Vermont granite shed workers is a recent
update that supersedes all previous studies of this cohorr.
Thelinnish cohort became eligible for thisreport because
of a quantitative -1 analysis in the pooled analysis. The
German cohorr contains both potrery workers plus srone
and quarry workers.

Vermont graniie shed cohort {Vacek et al, 2010)
(ligures 15, 16). The updated cohortincreased lung can-
cer cases from 2071 to 356 by closing the information bias
with complete cohort enumeration. Lxposure estimates
were improved (Vacek et al., 2010) by using all available
sample data compared to Artfield and Cosrello (1995).
‘Ihe intervention part of this study showed no increase
inlung cancer after the large reduction in silica exposure
that nceurred atter installation of dust controls around
1940. This important tinding is consistent with the E-R
portion that showed no association, wirh a unit risk = 0.99
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{0.95- 1.03) (Figure {6). the updated resulrs validale each
othier in showing no associatinns between lung cancer
and silica exposure and supersede previous studies
(atrfield et al., 2004; Graham er al,, 2001) because this is
the first study 10 use all data sources for complete enu-
reration ol the cohort. The pooled analysis (Steenland
et al., 2001 Jhave these same limitations bur still show no
associations with a UR of 1.015 (0.96 1.07).

Finnish granite workers (Koskela et al,, 1994] {Figure
17).71his is a cohort with 38 lung cancer cases but no B-R
analysis inthe original publication. For the pooled analysiy
vital status was exrended 9 years ro 1994 and quantirative
exposures estimated. Exposures were high at ~30mg/m*-
years and no association of lung cancer with silica expo-
sure was found, with a unit risk of 1.008 (0.988-1.03).

German stone workers (Ulm et al, 1999) (Figwre 17).
There are no associations of lung cancer and silica exposure
overall orin either the stone/quarry or the ceramic cohort,
The stone/quarry analysis has limnitaidions in the dichotwo
maous E-R analysis so both indusiries are considered one
study. The combined cohorr UR=1.02 (0.67-1.35).

In summary, there were no assaciations between lung
cancer and silica exposure in these cohiorts where there
are no known occupational confounders (Figure 18) and
low, intermediate, and high exposures (see Figure 26).

3.4. Industrial sand (Figure 21)

Three new cohorts exposed o industrial sand have
been added to the data since the 1997 IARC monograph
{Brown et al,, 2003, 20054, 2005b; McDonald er al., 2001;
Steenland and Sanderson, 2001). 1wo cohorts were
available for the pooled analysis {McDonald et al., 2001;
Sreenland and Sanderson, 2001), but enly the Sreenland
and Sanderson version was used because of “consider.
able overlap” All three cohorts were described in the lat-
est [ARC Working Group results {2009).

US cohort from 18 industrial sand plants (Steenland
and Sanderson, 2001) (Figure 19). The original study
used SMHE, SRR, and case-control analyses to assess
E-R trends. The criterion for including cases and con-
‘rols was changed with the change in study design
from cohort to case-contral. There are no known con-
founding work exposures. The pooled analysis uses
a consistenr analytical method and showed a strong
association of silicosis maortality and silica exposure
validaring exposure cstimates. lhere were 83 lung
cancer, a unit risk of 1.19 (0.95-1.50], and low expo-
sures (<5 mg/m*-vears). Resulrs from buth studies are
similar bur anly the pooled analysis is statistically sig
nificant {(Figure 19].

Updaled cohort of eight US industrial sand plants
(McDonald er al, 2005) (Figure 20). This cohorr study
extended vital status 6 years to 2000, added 20 lung cancer
cases for a wtal of 105, and confirmed the original find-
ings (Hughes et al,, 2001) supporting a causal association
between lung cancer and guartz exposure after adjust
ments tor smoking. The cohort was slightly arger than
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the other US sand study and had a steeper E-R trend, with
OR =2.64 at the high category of about 6rug/m*-years.

UK cohort of seven indusirial sand plants (Brown
et al., 2005h] (Figure 20). This is the smallest industrial
sand cohort with 82 lung cancer cases bur the one with
the highest exposures. There were no dssocviatdons of
silica with NMRD or lung cancer, with the lung cancer
OR=0.92 [0.44-1.92) at abour 12mg/m*-vears and a p
value of .80 for E-R trend.

In summary, the two industrial sand cohorts in the
US show positive E-R trend that support the silica-Jung
cancer hypothesis. The UK cohorr produced no associa-
tions of lung cancer and silica exposure despite higher
exposures o silica (Figure 21},

3.5. Comparison of IARC {1997, 2009), pooled analysis,
and this report {Table 1)

Resulrs from this review are summarized and compared
to results from 10 “least confounded” studies of IARC
(1997), 10 cohorrs where individual study results are
pooled for an averall E-R analysis (Steenland; Mannetje
et al., 2001), 14 cohorts discussed by the 1IARC Working
Group (2009), and 18 studies evaluated in this review
(Table 1).

[ARC (1997), The basis for an IARC judgmentis some-
whatspeculative because [ARC does nof explicitlyindicare
whether a specific study supports or does not support an
association between silica and lung cancer. ‘Lheir judg-
ment regarding chance, bias, and confounding on spe
cific studies is generally not known. An exception is the
exclusion of the Chinese tin miner cohorr (MclLaughlin
etal., 1992)because of arsenic confounding. But the IARC
Consensus on a positive but not statistically significant
E-R wend, for example, is unknown. 1ARC (1897] indi-
cated there were 10 “least confounded examinations of
an association between silica exposure and cancer risk,”
and nort all demonstrated excess risk. “In some studies,
increasing risk gradients have been observed in relation
1o dose surrogates” thar “could not be explained by con-
founding or orther biases.” This evidence led the Working
Group to conchide that "overall the epidemiologival
findings support increased lung cancer riske” from silica.
*Support” is uncertain and undefined because a majority
of the studies suggest no E-R association between lung
cancer and silica exposure.

TARC (1997) largely based their conclusion of suffi-
cient evidence of silica carcinogenicity in humans on 10
“least confounded” industrial cohorts. The source of this
conclusion is unclear, as only two of the five cohorts with
E-R analysis or intervention design showed a positive
association (30% of cases). So a majority of E-R studies
were negative {or would be if bias had been considered).
Several negative studies should have been included but
were nol included by IARC.

Several limitations have been noted in the [ARC con-
clusion, One is thar from one to four cohorts could have
been added to the IARC list. Lhe Chinese rungsten miner
cohort was among the least confounded, but inexplicably

was not included among the 10 swdies. The Chinese
FesCu cohort was not included, although there was no
more polential confounding from PAlLs and radon in this
cohort than porential confounding from PAHs in the pot-
tery cahort (Mclaughlin etal., 1992}, which was included.
The UK pottery cohort was an exrended abstract with
only preliminary analysis. These preliminary results were
superseded by a more complete E-R analysis using cumu-
lative silica exposure where the cristobalite risk was not
confirmed. In the DE cohort, the Working Group did not
consider possible effecrs of conlounding from asbesios
or misclassificarion of silica and asbestos exposure in the
pre-1930 hires. These factors are considered in this review
and transtormed the DE study into a negative study.

Four studies [tuingsten, Fe/Cu, and the two South
African gold miner studies) could be added o the “least
confounded” cohorts; halt of these are considered positive
{(South African gold miner cohars, Hnizdo, and Reid). These
addirions produce a toral of nine gquantrative E-R or inter-
venuon studies and 100 additionat lung cancer cases that
doubles the number to 864 cases, 70% in negative studies.

In summary, [ARC (1997) considered nine studies
(excluding siudies of slicotics). Five of these were E-R stud-
les with 424 cases, Based on the information available at
the time, 2 are considered t¢ show positive E-R rends with
30% of the cases. The other three were negative studies
with negative to slight positive but non-significant slopes. A
more critical review of confounding in the DE cohiort might
have led ro a different conclusion, and subsequent analysis
of the UK pottery produced a different negative associa-
rion. Tf all the available E-R stadies had been considered,
there were 9 studies with 824 cases. Based on the available
evidence al the time, it appears 3 were positive studies
with 25% of cases and 6 were negative studies with flar or
non-significant trends and 75% of the cases. "Lhe tin cohort
is confounded and is not included in any of these (oals
{Table 1). Based on both the 5 and 9 E-R studies available to
[ARC (1997), it is my conclusion thar the weight of evidence
is more supportive of a conclusion af fimired or inadequate
evidence of silica carcinogenicity, rather than a conclusion
of sufficient evidence in humans. This conclusion remains
the same wherher based only on information available at
the time or on a post-hoc conclusion from more detailed
analysis, updates ar control of confounding (Table).

Pooled analysis of 10 cohorts (2001) (Table 1). The
pooled analysis (Steenland; Mannetje et al, 2001]

[ARC (1997)

E-R cohort ) cum—.lusirin_s__ _ Post hioe canclusions
us gald Ncga;i.x:'e Ncga;i:ém o
Vermant granite Megative Megative

DE Pusitive Negative (- bias)
UK pottery Positive Negative {+ analysis]
China pottery MNegative MNegutive

Tungsten MNegative MNegalive

Fedllu Megative MNegalive

Huizdo gold miner Positive Positive

Reid gold miner Megaiive Positive

N9 o Seposiiive  2=positive
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‘Table 1. Summary of compaiison of E-R results from IARC (1997, 2009), pooled analysis (Steenland et al., 2001), and this report.

(.uhurl refLr( noe

us },r:]d [‘?t( senland
etal., 1995a)

Danish stone (Guenel
el al., 1989}

Vermont granite
(Costello et al., 1988}

Crushed stone
[Costelly et al., 1945)
Diatomaceous earth
{(DE) (Checkoway
eral, 1997)
Refractory brick (Donyg
et al,, 1995)
Refractory brick
(Merlo et al., 1991)
UK puttery {Cherry
et al., 1997)

Chinese pottery
{McLaughlin et al.,
1942}

Registered silicotics

"SMR=1.31(0.88-1.87) at 48,000

10 least confounded studies and 9
E-R studies (IARC, 1997)

Pooled analysis (Steenland; Mannetje
el al., 3001) of 10 E-R cohorts
UR = 1.006 (0.76-1.34), Add 4 years of
follow-up n- 156, Negative

dust-day (p=.2) fortrend};, r=115,
Negativi:

No ER analysis 5{R=2.00 (1.49-2.69}
Positive

Intervintion designSMR pre- and post-
1940 hires [high vs. low exposure): 1.8)
(1.33-2.4)vs. L73{1.01-2.8) N~ 118,
Nepgative

Attfield (personal comnmunication)
UR::1.015 (0.965-1.07} n= 124, Negative

No ER analysis SMR 3.54 granite
Positive

KRR 2.74 [1.38-5.5) in highest exposwe UR-:
category W =77, Posilive

1.05 (1.007-1.10) N—77, Positive

No ER analysis SRR::1.49(1.15- 1.9)
Positive

No £R analysis SMR
Pusitiv

(R =1.88 at =200 pg/m* avg; 2.16
(1.1-4.2) at =400 pg/m’ max no assoc
with pg/m-years N =52, Positive
OR=1.5 at high exposme [N5) n : 62,
Negative

.51 {1.00-2.2)

UR - 1.004 {0.97-1.04) N. : 68, Negative

Positive studies

Cohorts not among IARC 1997 least confounded cohorts

Silicotic miners {Carta
etal., 2001)

SA gold {Hnizdo et al.,
1931)

SA gold (Reid and and
Sluis-Cremer 1296}
Australia gold (de
Klerk et al., 19498)

Chinese tungsten
{McLaughlin et al.,
1932)

China tin (McLaughlin
etal, 1392)

RR=292{1.02-8.4)at?.3n: 77,
Positive

UR=1.12(0.97-1.3) Possible overlap,
radon confounding N-. 143, Negative
LR = 1.00 {0.988-1.604)E-R by exposure
score-yeat a2 138, Negative

UR : 1.23{1.03-1.47} n < 77, Positive

e Kleik (personal communi-cation)
UR=1.016,{0.99:1.0a} n = 135, Negative

OR=0.5 at high exposure (p=.01)
=93, Negative

VR = 1.0095 (1.005-1.014) Significant
E-R=:positve #2 22 135, Negative

Confounded by arsenic Biased and nor
used, n=87, Not considered

UR=1.04(1.006 .1.00)n = 97Confuunded
by arsenic Showuld be excluded, Positive

16 cohoris cited with E-R
_dnalysis | (lAHC, 20049}
%Ml{*l 31(0.87-1.89) a1 =48, (100

roppef-years n - 115, Negative

(Attfield et al., 2004 UR : 1.0
(0.31-3.35)2=201 Without high-
expasure group UR=1.21¢(1.2-
1.22)Unresolved (Graham et al.,
2004 JIntervenrion Negative

UR_1.06(1.01-1.11) i same with
or without adjusting for asbestos
ER association n=77, Fasilive

(Cherry etal., 1998 UR = 1.01
(0.85-1.149) n =52, Negative

(Chenetal, 2007) OR =09
{6.19-4.32} at 4 1lmg/m’-years
n=120, Negative

‘This report, 18 cohortswith maost

appropriate E-R analysis

 (Steenland; Mannetje o al., 2001) UR= 1006

{0.76-1.34] n+ 156, Negative

(Vacek, P etal, 2010} UR=0.99(0.95-1.03}
n - 356, Negative Intervention:Lung cancer
SMRPre-1940 hire: 1.23(1.01-1.49) Post-
1943 hire: 1.44 {1.27 -1.63) Negative

Calculated OB = 1.35 (0.66-2.69) a; 34 mg/
m?-years; adjusted for smoke, no pre-1930
hires n=64, Negative

{Cheiry etal., 1998) UR=1.01 {0.86-1,19),
adjusted fur sinoking A 52, Negative

(Chen etal., 2007) UR=1.0(0.96-1.09),

adjusted for PAH, smoking n~+ 120, Negative

m’-years n+— 34, Negalive
OR=3.14(1.3-7.6) at 6.3 mp/ -
years £+ 7§, Positive

UR=1.00(0.988-1.004]E-R bry
cxiposure score-year n: 138,
MNegatve

{Chen et al., 2067)0R = 1.6 (6.55-
1.66) at 41 mg/m’-years N 172,
Negative

{Chen etal., 2007) Unnesolved
arsenic confeunding Not
considered

SMR-1.35(0.73-2.51) at >10mg/

'UR=1.003 {0.83-] 04); adjusted for smoking,

COPIy1adon, ILO n- 34, Negative
Pooled analysis: UR = 1.23 (1.03-1.47] 1.
Positive

UR=1.12{0.97-1.3); adjusted for smoking,
no significant ovetlap N = 143 Positive or +
Pooled analysis:UR~ 1016 ((,99-1.04)

n: 130, Negative

77,

{Chen etal., 2007} R =1.0{0.99.1.02];
adjusted for smmoking n - 172, Negative

{Chen etal., 2002) OR=2.4 {{5_10.2) at
5.4 mg/m-yearsLimu mine low As; unstable
n+ 29, Equivocal +

Table 1. continued on next page
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Vable 1. Continued.

Cohart, reference

‘1t rminers
(MeLaughlin et al,,
19y2)

Chinese by

Crinizal Reviews inToxicofogy Dowelowded ftom informahcalthcarc.com 2y 128086740 on 05/00:/ 11

For parsoral uss culy.

.1.0 leas1 éﬁﬁioﬁnded stua.i-e“s_;ud El
E R studies (IARC, 1997)
OR=0.7 at 30 (NSjn =87, Noegative

I’ooled"a.ﬁ;
etal., 2001) ol 10 E-R coharts

is (Steenland; Manneye

16 cohoits cited with E R
analvsis (IAR(, 2009)
[Chen etal, 2007)IR-1.4(0.33-
5.507 at 4y m-years n= 143,

Negative

Cahort, reference
Finnish granite
(Koskela etal, 1994)

Clerman stone/!
patteryAll included
inanalysis(1lm et al.,
199%)

S indastrial sand
[Steenland and
Sunderson, 2001)
US industrial sand
(McDonald et al.,
2000)

UK industrial sand
[(Brown eval., 2005}

Cerman Pincelain
(Mundt enal., 201])

10 least confounded studies und 9
-1 studies JARG, 1997)

Na ER unalysisIncreased SME in grey

granite

NA

NA

NA

NA

Pooled analysis [Steenland; Mannetje
et ab, 20017 af 10 E-K coharts

Koskela [prersonal communi -cation)
UR- 1008 (0.99-1.03) - 38, Negative

LR=1.1%(0.95-1.30) n =85, Positive

MNA

Subitotals, excluding
poaled analysis

3 EH cohorts studies, v 425,
2 —positive (30%) 9 total ER studies,
n 824

3 positve (25%)

1 cohorts cited w_uﬁi:R
anabysis (ARG, 2009)
(Koskelaetal., 199410
quantitative ER analysis Increased
risk associated with tenure
(R 1.04(0.53-1.89] at »4.68mg/
in'-vears N - 247, Negative

RH—1.37 at > .2 mg/m’-vears
[pr=07) =75, Pusitive

OR-2.64 at »1.5 my/m’-years
(trend p— .0R) 1= 103, Positive

RE=0.88 (0.45-].73) at »1.0mg/
m-vears, p=.79 n=HZ, Negative

NA

This vepaoit, 18 cobartswith most
appropriate E-Ranalyvsis
adjusted for PAH, radon, smoking n
Negative

143,

This rt‘.g.mrt....iﬁ cohoriswith most
appropriate E-R unalysis {19 ER curves)
Paoled analysis UR=1.008 (0.99-1.03} 2=34,

Negative

OR_E04 (0,53 1,89} at 16 g/ years
n-- 247, Negative

Pooled analvsis UR 2119 (096 1.50] M= 85,
Positive

Fusitive

RR 0.92(0.44-1.92) at 12my/m’-years
[p— 8O} adjusted for lutency, DOIL, quarry
n—H2, Negutive

0.5-1.5)0 (M, 0.4 (0.1-3.4: (1 @

s =99, negative

I0ER cohorts: n 992;4  positive (24%);
b= negative (7H%}

14 EX studies: n= T63%4;
4 positive [20%); 10 = negative
(80%)

18 ER studies: 71— 2141; 3= positive (L2%);
2 =equivacal (B%); 14 - negative (80% )

Note, NA - not available: positive - assotiation supporting silica-ung cancer hyputhesis; negative - no association, does not support silica-lung cancer hypothesis; underline - maost

appropriate ER,
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was conducted in part because of limitadons in the
IARC (1997) evidence. The “very supportive findings
from individual studies” was countered by no cancer
excesses in some studies; conclusions remained con-
troversial (Hessel et al., 2000); exposure measures dif-
fered between studies; and E-R uends were not alwayvs
consistent where B-R analyses were conducted. Among
the IARC least confounded E K studies there were 5 that
provided evidence useful for evaluating causality. Two
of these were considered posilive and consistent with
a causal association. ‘lhis is clearly not a majority, and
subsequent analyses suggest no association between
silica and lung cancer.

The pooled analysis included four of [ARC (1997)
least confounded cohorts (US gold, Vermont granite,
DE, and Chinese pottery). All showed weak trends;
only the DE trend was significant. Three E-R studies
not included by IARC among the least confounded
studies were added to the pooled analysis (Hnizdo
South Alrican gold, Chinese tungsten, and tin). Two
showed significantly positive E-R trends. However the
tin miner cohort was confounded hy arsenic so a silica
ellect could not be determined and this study was not
considered by TARC (1997). ‘lhree studies previously
considered added quantitative exposure estimates and
E-R analyses (Australia gold, Finnish granite, and US

“granite}, E-R analyses produced weak positive bur non-

signilicant trends and are considered negative studies.
A completely new cohort of US industrial sand work
ers that showed a strong but nonsigniflicant positive
E-R trend was also added. Qverall, the pooled analysis
showed positive LR association in all 10 cohorts, 4 of
which were statistically significant (DE, Sputh Alrican
gold, US industrial sand, China tungsten and rin) (Table
1, Figure 22). 'lhis report agreed with the pooled analy-
sis results on eight of the studies, but disagreed on 1DE
and China tin cohorts because of conlounding.

‘The pooled analysis is an excellent idea and produced
three F-R analyses that have not reported elsewhere
{ Australia gold, Finnish stone, US gold). Limitations of
this analysis include lack of adjusunent for confounding
and the inclusion of the Chinese tin miner cohort with
confounding arsenic exposures. Another limitation is
that IARC (2009) considered at least five additonal stud-
ies (UK potiery, Sardinia miners, I'e/Cu miners, German
stone/porteries, and McDonald er al. US industrial sand).

‘Lhe pooled analysis [Steenland; Mannetje et al., 2001}
had 10 cohorts, a UR=1.011 [1.006-1.013} and a categori-
cal OR=1.5 (1.2-1.9} at the highest exposure quintile,
with a median of 28mgim’-years.

[t is not clear how much the pooled analysis contrib-
utes to the weight of evidence regarding causality, or how
strong the evidence is that TARC (2009) relicd upon to
support their conclusion. The strength of evidence fromm
the pooled analysis is limited for several reasons,

i. The rin miner cohort results should be excluded
because of confounding from arsenic.

w2017 informae Heatthoare G5A, Inc.
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ii. There are nine cohorts with 895 lung cancer cases and
only four with statistically significant E-R trends and
426 lung cancer cases.

i, There wete five studies cited by TARC [2009] that were
not included in the pooled analysis. These excluded
studies are UK pottery, Sardinian silicotic miners,
Fe/Cu miners, German stone/potery workers, and
US McDonald industrial sand, with 381 lung cancer
cases. Lour negative studies with 476 cases outweigh
the one positive study with 105 cases (Table 1)

ii

FARC (2009) (Table 1). IARC (2009) had all the data avail-
able for this report except they did not consider the tin
and South African Reid gold cohorts and did not cite the
Finnish granite study reported only in the pooled analy-
sis. Two studies were not vet published, the updated
Vermont granite shed cohaort (Vacel et al, 2010} and the
Gierman porcelain industry cohort (Mundt ot al., 2011}
(Table 1) The E-R evidence was essentially the same for
TARC (2009}, as the evidence from the Vermont granire
shed cohort has generally been negative with the excep-
rion of the Davis et al. proportional maorrality stady since
the first intervention study in 1988 (Costello) through
the intervention and E-R analyses in 2005 (Graham,
Altfield). The 2010 study reported a significantly nega-
tive trend with complete enumeration versus a nonsig-
nificant trend. The Working Group concluded there was
sufficient evidence supporting carcinogenicity and the
strongest evidence was from the pooled analysis and
meta-analyses. Visual scanning (Vigures 22-26) and
quantitative analysis of the evidence (Table 2) does not
support the JARC (2009]) conclusion,

Overall [TARC [2009) cited 14 L-R studies. Based on
the data they used, four studies (Checkoway er al., 1997;
Hnizdo er al, 1997; McDonald et al., 2005; Steenland
and Sanderson, 2001} supported the silica-lung cancer
hypothesis (lable 1). lhe majority ol studies did not
support the hypothesis. [ARC (2009) did nor include a
positive South African gold mine study (Reid and Sluis-
Cremer, 1996), which would have led to 5 positive studies
oul of 16 wotal studies. Overall the majority of this evi-
dence cited by IARC (2009) does not support the silica-
lung cancer hypothesis.

Current review (Figures 23 .26, lTable 1), 'Lhis report
included 18 cohorts with 2141 lung cancer cases and 19

quantitative E-R analyses that support a conclusion of

no apparent causal association between lung cancer and
silica exposure based on E-B evidence.

Three studies with 267 (13%) cases had srrong asso-
clations ([inizdo gold miners, McDonald, and Steenland
industrial sand workers). Two studies with 172 (8%)
cases had sugpestive but nonsignificant positive L-R
trends (Limu tin and Beid gold miners). ‘the remaining
14 negative E-R analyses with 1702 [79.5%) lung cancer
cases do not suppaort the silica-lung cancer hypothesis,
Overall there is a negative E-R trend (coefficient=-0.012
or UJR=098) based on a weighted regression using the
ORs of workers at greatest risk (highest exposure) in each
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study (Figure 26). This evidence is consistent with and
supported by the most appropriate E-R trends of cach
study (Figure 25, Table 1). This evidence in large parr is
congistent with the results reviewed by TARC and (10 a
lesser extent the data from the pooled analysis,

These resulrs are inconsistent with the conclusions
ot TARC and from the pooled analysis, but are consis-
tent with the evidence cited by TARC where a majority
of the evidence is negative and not supportive of the
silica-lung cancer hypothesis. Note that the major sub-
srantive difference in the data is with regard to the DE
cohort, which Is considered a positive study by TARC and
pooled analysis. 1t is considered 4 negative study based
on adjustments for exposure misclassification in the
pre-1930 hires and confounding from smuoking at higher
exposure levels.

Cohort " IARC(1997)  Pooled (2001]  1ARC, 2009
US Gold . Negative - UR=1006 N.'-égam-c
(0.76-1.34)
Vermant granite Nepative +UR-1.013 MNegative
(0.96-1.07}
DE Positive ~UR . 1.05 Paaltive
(1.007-1.097)
UK pottery Positive — Negative
Chinese pottery Negative =1 Lo Negative
[0.97-1.037)
Sardinia silicatic — — Nogalive
miners
SA pold [1nizda) Pasitive - Tii=1.23 Positive

(1.03 1.47)

SA gold (Reid) Negative
Australia gold FUJR=1.016
(0.99-1.04)

‘Tungsten Nepative + UR..1.0095 Negative
(1. 005-1.014]

Tin Coofounded + UIH - LAN3E Contounded
[1.0121-1.052)

leitu Negative — Nepative

Tirnish granite — +UR-1.008 —
(0.988-1.028)

(German stone; — — Negative

pottery

[ndustrial sand 1 UR=1.14 Positive

{Steenland) [0.95 1.50)

[ndusmial sand Positive

{McDonald)

Industrial sand - Negative

(UK)

+-equivoral or positive trend but not significant; + - positive
study; - =not considered.

4.0. Conclusions (Table 1, Figures 23-26)

‘The evidence from the most appropriate E-R analvses
indicates a minority of studies support the silica lung
cancer hyporhesis, whereas a large majority of stud-
ies and cases do not support an assoclation between

cumulative expnsure to respirable silica and increased
risk of lung cancer. 'The hasjs for this conclusion is a con
sistent lack of clear exposure-response trends in indus-
tries where silica exposure oceurs, and is summarized in
Figures 23 to 26 and Table 1. 1he data used in these tables
and figures were sclected after consideration of potential
roles of chance, bias, and confounding; consideration of
the shape and slope of the E-R wrends; and consideration
of the guality of each study {e.g., exposure assessment
and range, number of cases). ‘The evidence supporting
rthis conclusion is not substantvely different from the
evidence used by IARC and in the pooled analysis (1ARC,
1997, 2009; Steenland; Mannetje et al., 2001) where a dif-
ferent conclusions were reached.

TARC (2009) concluded there was sufticient cvidence
thar silica caused lung cancer with a focus on studies
with quantitative I R analyses. The rationale (or the IARC
conclusion was based largely on the pooled E-R analysis
ol 10 major studies and the same conclusion was reached
from huth.

The pooled analysis combined data sets that produced
a "relatively shallow exposure-response-trend” with a
unit risk= L.011 (1.006-2.84). These overall results “tend
to support” a conclusion that silica is an nccupational
carcinogen.

Individually and after consideration of subsequent
analyses, results from the pooled analysis provides less
support than TARC gave them. The tin cohort in the
pooled analysis was clearly confounded by arsenic and
should have been excluded. Four studies have clear
positive E-R slopes (DE, South African gold, tungsten,
and tin} (Figure 22). The relatively shallow slope for
the tungsten miner cohort is statistically significant but
is inconsistent with a later study having maore cases,
improved exposure estimates and a flat slope where
(JR=1.0 {099 1.02) {Chen ot al., 2007). Australian gold
miners have a steeper but insignificant E-R slope com-
pared to tingsten miners, UR=1.02 (0.99-1.04) versus
UR = 1.02 (L.01-1.014), respectively, in the pooled analy-
sis. Both are considered negative studies. Despite the
samc number oflung cancer cases and shallower slope,
the tungsten E-R trend is statstically significant and has
narrower Cl The US industrial sand has a steep slope
that is not significant.

Dara from tour cohorts in the ponted analysis are con-
sidercd the most appropriate E-R data available ({US and
Australian gold miners, Finnish granite workers, and US
industrial sand), three of which are not positive.

Six of the swdics from the pooled analysis are
replaced by more appropriate data. The steep E-R trend
for Chinese tin miners {s due to confounding from arse-
nic. Limiting the cohort to the Limu mine {Chen et al.,
2002) where there is no apparent arsenic confounding
produces an unstable but suggestive E-R relationship,
with the second and fourth quartiles having ORs »2.0
whereas the ORin third quartile is 1.5. The E-R trend for
DI workers {(Checkoway et al., 1997} appears to be due
to smoking and misclassification of exposure in pre-
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1930 hires, which when corrected shows no E-R trend.
The significant E-R trend of Chinese rungsien miners
is contradicred by the Chen et al, (2007) analysis that
found a unit risk of 1.0 [0.96-1.09) and had 37 more
tung cancer cases, although follow-up dares were the
same. The caregorical analysis from the South African
pold miner cohort (Hnizdo e al,, 1997) is adjusted for
smoking. The updated US granite worker cohort {Vacek
er at., 2010) improved exposure estimates, enumerated

Sur-raty of st aapreonate FR Peads o a0 28 conots
af silica-exaosed wokars wincoart ez of ax;

osdre croludes
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the complete cohort, extended follow up for 10 niore
vears, and added 232 lung cancer cases and over 2000
new cohort members and so is selected over the unpub-
lished earlier analvsis or subsequent more comptete
puhlished analvsis by Attfield.

The revised evidence {or these 10 cohorts (Figure
23) shows three studies with ORs above 2-fold at low
exposures tess than 10mg/m*-vears. South African
gotd and US industrial sand cohorts were the anly

ere—————— L3 g d (Stecalind 20010 UR = 0 DORILTR < 34)

B minicg; 1o atoraves.ds ewth o teries; 2 grarit wor<ae s, — e B — — Australia gold{Steer and 2007 JUR: .
Jind.sttia’ sand. and ore corrainad stored oitery cO0T - — @ am e SR QoIE(HAZde, 1897 RR=3.700 3T 510t 7.3
} ——— - ——— SAQDo (Red GBS UR = 0 120573
339 Hrizdo s B e | 0sten (e, 20071 UR = .00 (0.89-0.02)
I ‘f -------- — B e e S20L (AN 2007 UR = 400 {0.82-7.42)
34 _ / e Sane e S. cnt.os {Cata, ?UI.J‘.] WUR =203 ¢ ..C]I!.-.1.129_‘_-
. _ fow I‘JI;D:':-wah'd = e e e e e U {Cneer 20023RR = 2400 E-1 28 U4 cumoox
5 < :gg‘f mrmdreee—— M TH1S Hepoml RR=1.35(0.86-22 71 {834 cumexp
x R G e e MIFE pOCy (Char, FOOTUR = 1.0 (098109
& wrang T T e e —— L potliy (Cnerny, 19987 UR = 101 10 ER-1 0o
E qas Soansn o el — e Porgea ™, feraic]Mand), 20 1HRR=1.4{007-3.4)607
P /‘:;ﬂ____j@_- e T grante e Porcels -, maleiMuards. 207 4 RR S7B{0.5- 5@ 7
E e | APERlED ——refee——— WGt granite)Vace <, 200 UR = T.09/0.05-1.03)
Chira . — ol e S0 R gran telStesnand 2001 UR= I X
Pottery e o G e e StDAEICOMERL 1 1996 IHRE1.04(0.53-0 BY) 216
— — —8— —— IncsandiStleealand 20070 UR = © 1902855500
R 1 ‘amales = e (R = P sane W eDonaz 2005) RR=2 24 @ 8 car- oxc
0< M o e T P o = = UK d sandiBrowr, 20051 RR=(.87(2.44-1.97) @ 7
——— - RR="10
Coardlatve Exoosare lo Rescirable S i~ginyears) — — — = — RR=21
Figure 25, Summary af most appropriate £-8 of 18 silica-expoesed cohorts.
Relative Risks at Highest Cumulative Expaosure to Silica using Mnost
Approoriate E-R Aralysis in 78 Coborls Regressior is weighted
by rumber 0! lurg cancer cases and RRs are proportionai to N & Goiz (Reid) 1.52@3.7
e FeCo (Chen} 14534
i X Inz Sund (Sleaniand] 21434 4
50 “ v Tit (Chert 2 4354
& God, US (Swenlarz) 1.01E@E
. Sarcalain FXMond 04087
=2 Parealain (MR Lndt DHO@E S
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E
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Figure M6, RRs and T-Rin hiphest exposure calegories woong 18 silica exposed cohorts,
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ones with strong associations and only one was sta
tistically significant (South African gold). The tin
miner resulis could be chance findings. The remain-
ing seven cohorts show weak or no associations;
four of these E-R trends are flat {pottery, tungsten,
granite, guld) and the granite shed result is a sjgnifi-
cantly negative L-R trend (Figure 23). These results
contradict the evidence from the pooled analysis
(Figure 22}, which was said to "support the decision
by the IARC to classify inhaled silica in occupational
settings as @ carcinogen” (Steenland; Mannetje et al,,
2001).

Seven E-R studies could not be included in the
pooled analysis but were available for TARC (2009)
consideration (Figure 24}, One study of US indusirial
sand workers showed a strong association (McDonald
etal., 2003}, whereas a South African gold miner cohort
(Reid et al., 1996} showed a weaker nonsignificant E-R
trend. Four of the seven cohorts showed no associa-
tions with flat E-R curves, three of which occurred at
higher concentrations of 10-20mg/m’-vears. The
remaining Fe/Cu cohort showed no apparent asso-
ciation at low exposure. These results are inconsistent
with the 1ARC carcinogenic classification for inhalable
silica (Figure 24). Two studies were not available for
IARC (2009]. These were the updated Vermont granite
cohort (Vacek et al, 2010) and the GGerman porcelain
industry cohort (Mundt et al., 2011).

Resulrs using the most appropriate E-R analyses
from all 18 cohorts and 19 E-R trends are shown in
Figures 23 and 26. Two features of this evidence clearly
stand out from this analysis.

L. ‘There are two groups ol studies with opposite results.
There is a small group of positive studies with clear
E-R wends and strong associations. A larger group
of negative studies show no E-R associations ({lat
or negative E-R slopes) and no excess risks at high
exposures, A small intermediate group has shallow
E-R slopes and weak associations with ORs about 1.5
or less at high exposures (Figure 23).

The group of five positve studies (2 are equivocal,
tin and Reid SA gold) is consistenr with the silica-
lung cancer hypothesis and show steep E-R slopes
and strong associations al about 2-fold or greater
increased risk. These studies include two cohorts of
South African gold miners, rwo cohorts of US indus-
rrial sand workers, and tin miners from a single mine,
The ORs are 3.19, 1.52, 2.64, 2.15, and 2.1 at low expo-
sures 0of 7.3, 3.7, 6, 4.4, and 5.4 mg/m’-years, respec-
tvely. Only ane of the gold miner cohort (Hnizdo
et al., 1997) and one of the industrial sand cohorts
(McDonald et al,, 2003) are statistically significant.
‘Ihe OR from the tin miner study is unstable because
of small numbers.

‘The second group of 14 negative studies is not sup-
portive of the silica-lung cancer hypothesis. Four
studies have negative slopes (U8 granite, UK sand and

German porcelain workers, both men and women).
RRs are less than one at highest exposure levels of
about 2, 12 and 7 mg/®-years respectively. Two stud-
ies have flat E-R slopes, both with URs = 1.0 {rungsten
miners and China pottery workers). lour studies
have very shallow slopes with URs = 1.01, 1.006, 1.016,
1.003 (i.e., UK pouery, US and Australian gold min
ers, Sardinia miners, respectively]. The remaining
four cohorts are somewhat intermediate with weak
strength of association (ORs less than 1.5 at maximum
exposure) and shallow E-R slopes, They do not support
the silica-lung cancer hypothesis but provide only
limited weight against a carcinogen classification.

. The second observation is with regard to the distri-

bution of studies by range of cumuladve exposures,
Thereis a rendency for studies with higher exposures
to have weak or nonexistent associations. The nega-
tive E-R rend (UR=0.99) from the weighted regres-
sion suppaorts that impression (Iigure 26).

Studies can also be classified in low-, intermediate-,
and high-exposure categories. There are ten E-Rourves
in the low-exposure category of less than 10mg/m*-
vears, four siudies in (he intermediate category of
10 30mg/m'-vears, and five studies in the high cat-
egory of more than 30mg/m*-vears (Figure 26).

All of the 3 positive and 2 equivocal studies are in
the low exposure group below 10 mgdm?-vears. RRs
al high exposurcs are 1.5 (Reid) and [our have
maxirmum RRs =2.0 (2 11S industrial sand, Limu tin
and A gold). There are a total of 439 (20.5%) cases
and a weighted average KR of 2.26.  There are 5
negative L-R wrends and 445 lung cancer cases in
the low exposure group. Both sexes in the porcelain
cohort had maximum KRs bhelow 1.0, BRs were 1.02
and 1.08 for UK pottery and US gold, with l'e/Cu
miners having a high RR of 1.4, for a weighted aver
age of L.O8. Over half (10/19) of the E-R trends and
41% of the 2141 lung cancer cases were in the low
cumulative silica exposure group, with an overall
weighted RR of 1.67. A RR this high is suggestive of
a possible weak association (Figure 26).

In the intermediate exposure category there are
4 negative E-R studies with 719 (34%) lung cancer
cascs. Two studies have RRs less than 1.0 (US gran-
ite, UK industrial sand) and 2 have RKs of 1.04 and
1.03 (German stone/ pottery and Sardinia silicotics),
The weighted average RR is 0.89, indicative of no
association with silica (Figure 26).

In the high exposure category there are 5 nega-
tive E-R studies with 534 (23%) lung cancer cascs.
Threc studies have BRs ranging from 1.35 1o 1.73
(DE, Australian gold miners, Finnish granite work-
e1s) and rwo studies have flat curves and RRs of 1.0
{China pottery warkers and tungsten miners). The
average weighted RR is 1.27 in the high exposure
category, indicative of no association for workers
in the high exposure category (Fgure 26).
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This evidence from the 18 E-R cohorts with the most
appropriate results is summarized as

RR high

cumulative
EXPOSLIT
High group (95%
Industry/Reference Nt CE Cl) F-R? Causal?

Dintomaceous earth 2331 31 1.45 o xNo
{Checkoway et al., (0.66-2.69)
1997 )/ adjusted

China pattery (Chen 120 41 1.0 Mo No
et al,, 2007) (0.28 1.66)
1JK pottery (Cherry a2 B 1.08 No No
etal., 1997) (0.27 4.02)
{(rjerman stane, pottery 247 13 1.04 No No
{Ulm et al,, 1999) ((.53.1,89)
U8 gold miners 156 3.5 1.02 No Nuo

[Steenland et al., 1993) ((1.349-2.61)

via ponled

Australian gold miners 135 35 1.73 ND Nn
(de Klerk et al., 1998 via (0.71-3.79)

poaled

Sauth African gold 77 7.3 319 Yes  Yes
miners [(Hnizdo et al, (1.3-7.6)

1997}

South African gpold 153 3.7 1.52 4 *

miners (Reid et al., {(1HF £.45)

1946)

South African gold 133 — — N Nun
miners {Hessel et al.,

1986}

South African gold 231 Mo s
miners [Hessel et al.,

1990}

Chinese jron/copper 143 4 1.4 N No
miners (Chener al., {1.35-5.50])

2007)

Chinese tungsten (Chen 172 41 1.0 No ANy
et al., 2007) (0,55-1.66)

Limu Chinese tin 29 3.4 24 = -

miners (Chen etal, (0.6 10.2)

2002)

Sardinia silicotic 34 11 1.03 No MO

granite, miners {({arta {1.42-2.50)

etal., 2001)

11§ Granite (Vacek etal, 356 27 .76 N Nu
2010} (0.25-2.22)

Finnish granite {Koskela 38 58 1.58 No N©
etal., 1994] via pooled (0.30 1.89)

118 Industrial sand 85 4.4 215 Yes Yos
tSteenland, 2001) via (0.80 5.94)

pooled

1S Industrial sand 105 33 2.64 Yes  Yos
(McTDonald et al, 2005; {p=.02)

DK industrial sand B2 12 n.42 Mo No

(Brown eral., 2003h) {(0.44.1.92)

German Poreelain 743 7 0.80(0.5- No YS!
[(Mundt et al, 2011) 1.5
20F 7 0.40(0.1-  No No
34)

*=number of lung cancer cases; ~ cumulative exposure at high
exposure levels or high-exposure category; ¢ exposure-respanse
where ves - clearly positive; + = suggestive of no, but equivocal;
no—clearly no E-K.
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The weight of evidence is now evaluated by Ilill's
guidelines of strengih of association, biological gradients,
consistency, and consideration for roles of chance, bias,
and confounding.

Strength of associntion. A strong associalion is
considered greater than 2-fold. A RR of 1.5-2 is con-
sidered moderatrely weak and less than 1.5 weak. Weak
associations are considered not likely to be support-
ive of causal associations as they are potentially more
affected by residual confounding. In these E-R studies,
srrength of association is evaluated for the workers at
highest risk, namely those with the highest exposure.

The weighted average RR for all studies combined
iy 1.51, suggesting an overall moderate strengrth of
association (Figure 26}, As shown in the table below,
strengrhy of association are consistently weak or
negligible and become weaker as exposure increases
(Figure 26). These data are consistent in not support-
ing the Strength of Association guideline. This evi-
dence therefore does not support a causal association
beiween silica and lung cancer

Strength of association at highest expasure levels

Strang  Moderate Weak tono association

RHs HRs LIiRs
RRs>2  HHs 152 1.2-15  1-12 S10
~No. of studies 4 (24] $(18) 2(12) A(24)  4(24)
(%)
No. of cases 296 316(15)  212(10) 489 (24) 730
A - . (26)

Exposure-response or biological gradient. A positive
biological gradient (or F. R trend} is strong evidence of a
causal assuciation. Statistical significance is a tactor, bur
a clear positive, nearly monotonic trend is more impor
tant. Selecrion of the most appropriate E-R trend was
based on several factors, including the latest analysis, the
best exposure data, and the lack of potential confounding
and bias.

Eighteen cohorts had quantditative data evaluating
L-R trends. These mast appropriare trends are shown
in Figures 25 and 26 and Table 1. The data in Figure
25 indicate a relarively clear separation between five
studics wirh steep slopes and strong E-R wrends ar low
exposures and the remainder of the studies showing
little or no evidence of E- R relarionship at both high
and low exposures. This evidence is consistent with
the negative E-R trend where higher risks are found in
studies with low exposures and risk decrease as expo-
sure increascs (Figure 26},

‘Thesc visual presenrtations are consistent with numeri-
cal estimates of these same data as demonstrated in the
rable below, These data indicate a consistent pattern ofno
biological gradients. Over two thirds of the studies show
no L-Rtrends, nearly one quarter show equivocal but not
definitive trends and only two (10%) show clear strong
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trends and at low exposures. The table below shows the
consistent lack of positive exposure-response trends.

sSuggesdve
Strong E-R  nonsignificant No apparent
(rends trends E-R trends
No. of studies [%} 2{12) 3(18) 12(71)
No. of cases [%) 182 (8.9) 257 (12.6) 1604 (79}

Consistency. Consistent results showing strong associ-
ations and clear E-R trends support a causal conclusion.
Consistent findings of weak asseciations and clear lack of
E-R trends or indeterminate or equivocal trends do not
support a causal association.

Data from 18 cohorts show a consistent pattern of
weak associations and a consistent pattern of weak and
negligible E-R trends, as demonstrated visually in Figures
23 to 26 and quantitatively in Tables 1.

Temporality. This requirement for determining a
causal association appears to be met. For occupational
lung cancer about 20 years should elapse after first
exposure. One study adjusted for latency (Uln) and for
another study latency periods ranged from 18 to 50 years
(Koskela). In nested case-control studies, follow-up peri-
ods ranged from 22 to 81 years except for two (Hnizdo,
Fe/Cu} with 16 and 17 years follow-up. However, bias is
unlikely with matching on age or date of hire.

The evidence is surnmarily reviewed in Figures 25 and
26 and Tables 1. These data and the following listing show
that the weight-of-evidence does not support but instead
detracts from the hypothesis that there is a causal asso-
ciation of lung cancer and silica cxposure. The evidence
is suggestive of a lack of carcinogenicity between occupa-
tional exposure to silica and lung cancer.

In sum there are consistent patterns showing no
increased risk of lung cancer at the highest exposure and
a majority of studies with no increases in risk as expo-
sure increases. Carcinogenicity was detected in only nwo
industrial circumstances where increased risk could not
be explained by bias, confounding, er chance. Results
from original E-R studies available to TARC (2009) are
similar to the most appropriate data sclected in this
review, Both data sets consistently shows no associations
between silica exposure and lung cancer. Both detract
from the silica-lung cancer hypothesis despite the TARC
(2009} conclusion of sufficient evidence supporting a
causal association of lung cancer and silica exposure.

The Working Group conducted a perfunctory review
and did net graphically review the cverall database
to assess consistency of strong associations or bio-
logical gradients. Too much reliance was placed on
the author's conclusion from the pooled analysis with-
out evaluating each cohort and the data in the seven
cehorts not included in the analysis. Whether one uses
the “appropriate” trends selected in this review or the
exposure-response trends directly from the literature,

High RRin high-
Exposure exposure

Industry/ mg/m’- group (95%

Reference N* years Cl}) ER 7?7 Causal???
Diatomaceous 69 34 1.35 Ko No
earth (Checkoway {0.66-2.69)

etal., 1957)/

adjusted

China pottery 120 41 L.0 No No
{Chen et al., 2007) {0.28-1.66)

UK pottery (Cherry 52 ] 1.08 No No
et al., 1997) (0.27-4.02)

German stone, 247 16 1.04 No No
pottery(Ulm et al., {1.53-1.89)

1999)

155 gold miners 156 G 1.04 No No
{Steenland et al., (0.19-5.81)

19952} pooled

Australian gold 135 35 1.73 No No
miners {de Klerk (0.71-3.79)

ctal., 1998) pooled

South African gold 77 7.3 3.19 Yes Yes
miners (Hnizdo (1.3-7.6)

atal., 1997)

South African 143 37 1.52 +
gold miners (Reid {1.89-5.45)

and Sluis-Cremer,

1996)

South African gold 364 -- — No No
miners {Hessel

etal., 1986;, 1990)

Chinese iron/ 143 4 1.46 No No

I+

copper miners (0.45-4.06}

{Chen etal., 2007)

Chinese tungsten 172 41 1.0 No No
(Chen etal., 2007) (0.55-1.66)

Limu Chinese 29 5.4 2.4 + +
tin miners {Chen (0.6-10.2)

et al., 2002)

Sardinia silicotic 34 11 1.03 No Na
granite, miners {0.42-2.50)
{Carta et al,, 2001)

US granite (Vacck 356 27 0.76 No No
et al., 2010) (0.25-2.22)

Finnish granite 38 58 1.58 No Nao
{Koskela et al., {0.50-4.839}

1994) pooled
S [ndustrial sand 85 4.4 215 Yes Yes

{(Steenland and (0.80-5.94)

Sanderson, 2001)

pooled

USIndustrial sand 105 6 2.64 Yes Yes
{(McDonald etal., {(p=0.02)

2005)

K industrial 82 12 0.92(0.44- No No
sand (Brown etal., 1.92)

2005b)

Porcelain workers  74M 7 0.6(0.5-1.5) No No

{Mundtetal, 2011) 20F 7 0.4{0.1-3.4) No No

* = number of lung cancer cases; + =cumulative exposure at high
exposure levels or high-exposure categary;

presence of E-R trends rated as yes=clearly positive;

* = suggestive of no, but equivocal; no = clearly no association;
pooled =results from Steenland; Mannetje et al. (2001).
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the weight of evidence s no! sufficient 1o support a
silica lung cancer hypothesis.

1he weight-otf-evidence from epidemiology studies
does not support the silica-lung cancer hypothesis. Jhe
consistent lack of U-R associations is inconsistent with
and detracts from the IARC conclusion of sufficient evi-
dence that silica is a ling cancer carcinogen.
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Summary of least confounded studies.

Referonee Country

Study base! Follow-up a ]ung(-an(‘ct RR(!!-}i’:?’_\ Cliand/orE Romgdm3 d

South Dakato gold
minersiSteenland, K et al
1945a)

Mo follow up

Danish stone warkers
{Guenel, Petal, 1989}
Vermont granite
[Costelln, T et al. 198K)

(Graham, W eral. 2004)
Notin JARC table

[Attfield, M et al. 2004)

Crushed stane

(Costello, 1 etal, 1883)
Diatomaceous Facth
{Checkoway, H et al, 1896)
(Checkoway, Hetal, 19497)

(Checkoway, H et al, 1994)
Chinese Befractory Brick
[Trong, 1Y etal, 199

Walian refractory hrick {Merlo,

Fetal 1991)

UK Fotwery

[Cherry, N et al. 1936)
(Cherry, Iv vt al. 1998)

Chinese Portery
[MeLaughlin, Jer al. 1442)

[Chen, Weral, 2007)

[ARC or authar Comments (ray cormrments)

S (115% 1.13(0.94- 136!
ls U8B La an
L1y 1 naay 1,41

3328 gold miners1840-490

2071 stone workersineidence 1943-84 2.00[1.449-2.649) Skilled

LAL(L.16 2.70) unskilled

<1940 [30H, 40 latency, 30+ tenure:

181[1.33-2.41)

=1940 DOIT, 25+ latenay, 10+ tenure;

173 na1-2.07)

214940, 2539 latcney, 1 29 tenure:

0.95(0.31-2.2)

#1940 25-39 latency, 10-29

tenure: 15401 -2.2)

14450 19494 g 0#s 6.5 L0 1.5 2.0 3.0 6.05MR
77 083 1.3s 127 133 l

L.48  1.70 6
204y latency, 10+ tenure: 7/ L9A - 354(1.42-7.29)

3414 shed & quarry 1950 - 1982

5408 shoed & quarcy1930-1996

4246 stone workers 1 940- 1980

226 workers in 1 plant1942-87. lnrensity-yre:<oth  50-99

Lab L37(0.51-3.08)
7 mare vis follow-up; 2342 Mgim3 yrs <0 0.0 L1 Lo
workers 1942- 1994, includes pre-1930 QA% [LAT- 1,32)

hires 41 - =R01,19{0,5 2.4)

100-19% =200
LB[EZ-39) 179077 4.2)

L0539 2.2)

2010107 4113

=N O0mgim3-yrs - 1,31 (0.71-2.33)

Silicaties: 337 16.7 = 2.10 (1 46-2.92)Non-silicotics:
30707 — 11100751 . 54)

Lxcluded pre-1930 hires; 19421994
R2BH retractary brick workers; 11470
ponsilicotic steel worker controls;
fullow-up through 1965

1022 hrick workers emploved 19%4-770 SR ARES - 1LRI0LO 223200 ¥lateacy: <20 vears: A/
fillowe-up through 14956 4.6 = 1,75(0.75-346)20 vears; 137 6.3 =200 (1,07 3.44)
32 cases emploved [0+ vears, nested 1o Assoolation with smaoking ot net cumulative

aithiort of 3110 pottery workers

3340 Peak » 400 ugdm3; OR_AIG[1.11 4.2)
= 1.01 [1.85-1.19)
Averape concentration — 167 (1.13-2.47)

He-unalvsis of Cherry et al (1996)
with quantitative E-R{avg —ugsm3;
curmnlative =g mi-yrs)

Cumulative silica dust, contimions

2 cases £2%38 matched controls from tlow( K7 mediomf 28] high{=221]

pottery; nested in (Chen, Jetal, IHE); 10 LBLO4 291 1.5{0490 2.2] 2.1 (080 4.1)

employved 1972- 1974, follow-up uetil

T9ME exposite —ugim3 yIs

120 cases & 450 matched controls; [V 206 5.4

extended follow up te 1994; medm3-y; 107(h2532) 07063 1.8)
100 - 720.5(0.25- 1.8

03 A0

tahle only; no discussion in teat 0.9 (019 4.4)

cxpasure; AVErage expasnre: =200 ngsod: OR - LHE {106

Negative trend in case-contral

S, adjusted sinuking

2Ald S8R among long-term workers indicates increased sisk; Lack of
E-R limits conclusions

Similar risks by duration & latency hefore & afer Just suppression
fndicates quarte not risk facror

Clear E-Rup w highest exposuce; statisucal significance unless highest
exposure group included

pro- 1430 hires excluded; adj asbestos, age, calendar year, duration of
follow: up, ethnicity
2N k

includes pre 1830 hires, adjusted tor age. caleadar yvear, duration of
followe-up, ethoicity; Signiticant SMR in high exposure group

adjusted tor smoking;, high exposure et signilicant
"modest increasing trend of lung cancer was found with radiopraphic
profusion category”

“nearly twe-told increased risk among long-term workers” mortality
almost due to workers hired <1957

peak exposure risg limited woerkers in firing & post-firing coccupations,

Adjusted for smoking amount (all smokers], no mention of
vonfounders, probable exposure cristobalite

adjnsted age & smoking: trend p = 3IARC 2009 r — (156 silica & PAHSs,
“adjustment for PAHs reported to raise silica 1.,

adjusted tor PANs where (O1R= 1.4 (1.02-1.94]) per 100 ug/m3-y.
“pottery warkers had the highest PALL levels over all industrial groups.
Adjustment for PAlis., jed to a silica exposure RR of 1.1{1.02 1.12)
dropping to 1.0 {0.96-1.09). | The Working Group noted _in the prior
analysis ..adjusting for PAHs slightly raised rather than reduced sidica
exposure HEs”

| puB IS

G aaaued Bun

jodi

S1531

Eot


http:0.96-1.09
http:1.1(1.02-1.12
http:1.02-1.94
http:1.13-2.47
http:0.85-1.19
http:1.07-3.44
http:1.ll(0.75-1.58
http:0.71-2.33
http:2.ll(1.07-4.11
http:0.55(0.23-1.32
http:1.37(0.61-3.08
http:3.54(1.42-7.29
http:1.73(1.01-2.77
http:1.81(1.33-2.41
http:l.I6-2.70
http:2.00(1.49-2.69
http:1.13(0.94-1.36
http:informahealthcare.com

P30 on 0574941 ]

Ir=]
)
3
i
-
£
=
=
o
2
=

464 1. F Gamble

Table A-2 Characteristics of South African gold miner studies

{Hessel, Petal. 1986}

{Hessel, Petal. 1990)

(Reid, P et al. 1995)

[linizdo, b et ;11.”.1.55.97}

Follow-up 18749-43 1974-1974, 1941-1986

Location All South Africa gold mines

N ¢uses 133 231

OB Average ~ 1917 Avg ~1508-1921

Elgibility Pension fund, »15-yrs Necropsy file with -
tenure, > 1000 dusiy shifts
[~4-yrs) shifts,

Cantrols 266 Matched DOB, tobacen 318 Matched age at
from pension fund

Analysis No differences berween cases & controls on

cumuiative exposure, tenure, averags inlensity,
number shifts of high dust

1970-1950

Transvaal

143

1916-1930

86% 39-54 gold miner working on

WM gald miners, 1000 17171970, medical exam 1969

certifying able 1o wark; =85%
work as pold miner, 215% UG
286 randomly selected on YOB,

death from necropsy tile survival of case from eohort of

A925 miners
S-year lag, regression

t86i-1986

Sarnple of all miners

i

14916-19245

miners selected for study of
respiratory disorder, age 45-54in
L968-71, »10-years UG

386 matched YOB, survival of
case from cohort of 2260 miners

Conditinnal logistic regression
adljusted for packyears

lable A-3. Comparisoo of Mining stadies from pooled analysis (Steenland, K, Mannetje, A et al. 2001) and published lierature

{sometimes adjusted fur smoking or nccupational exposures).

Study

mgs

me-yr:hiexpos  Pooled AnalysisOR Peer-reviewed studies; RR [(45%)
CH in highest exposure category Comment

group {95% CTY

US Gold Miners(Steenland,  5.5(1.9.9.03)

K et al. 19496a)

Australian Gold miners({de
Klerk, N et al. 19948)

$a Gold miners(Hnizdo, ¥
et al. 1997)

§A gold miners (Hessel, P
ot al. 198E; 199[]]

SA pold miners(Reid, P
etal 1996)

Chinese rungsten[Chen, |
etal. 18992; Chen, W et al.
2007}

Chinese Fe-Cu(Chen, §
etal. 1992; Chen, W et al.
20073

Chinese tin miners(Chen,
Ieral 1992 Chen, Wetal,
2007)

1.03{0.22 4.94)

Median 11.4 7 (1.12-1.62)

1.27
(@ 1smpim'y

25% »B.3mgs
m3-y lagged
20y

5.496(1.29 22,3}
@amg/m3-y

expasures 1ot in ---

mg/ml-vrs

Typical- 3.7 mgs -

mi-v

41 (10-72) 1.48 (1.81-1.70)

Median=4.8 @ A mgimd-y
(0-72.4)

4.7 (2.6-6.8)
Median=0.2
(0-6.8)

23(10.1-45.4]
median - 2.6
(0-35.4}

2.2B{0.62-4.24)

SMR: 131 {0.88-1.87); Negaiive, Pooled analysis added 6-years to

non-significant rrend in casce-

follow-up; RRs appear to have declined

eontrol study; Cases vs contrals with further follow-up; No associatiun

cumulative exposure - 114 vs
L.24mgsm' vrs

EXPOSUTE MEIIC - EXPOSUTE-
score year; RIE- 1.003(0,9949-
1.005} after adjustment for
smoking, bronchitis

F9{13-7.6) @ »68.3; adjusted

for smoking

E-R trends not analyzed

but exposures are on the low side, Data
from pooled analysis used because of
added {ollow-up

Paoled results most appropriate
analysis because guantitative exposure
metric

Lapgeed 20-years & sdjusted for
smoking; possible confounding f1om
radon {-1.2-1.3 RR} based on uranium
miners

N apparent association with silics

although guantitative estimates exposure but limited as only mean
of cumulative exposure were theexposure estimates of cases & controls

same tor cases and contrals,
L33 (0.80-L.96) @ 3.7, lagged
Hoyrs1.52 (0.84-2.64) adjusted
for smmoking

Categorical: 1.0 [0.55-1 6}
Regression: 1L0{1.66-2,23)
Adjusted for smoking

wete evalualed.

Exposure levels low, perhaps

hecause based on mass from thermal
precipitatar,

Adjusted for smoking, no ather relevant
confounders.

Categorical: 1.4 (0.33-5.5) @ 2.6-RR for radon (yes/no) - 1.2 (0,64 2,42)
S A0Regression: 1,46 [0.43-14.07)
Adjusted for smoking, PAlls &

radon

unadiusted: tor
arsenic:Categotical: 3.3 (1.66-
.61 JUnreliable results when
adjusted for arsenic

‘Ihis study should be excluded
because high collinearity of silica
and arsenic making statistical model
resudts unreliable: unable o assess
independent effects of silica and
4rsenic.
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‘lable A-4. Comparison of Cristobalite and Heated Quartz (potteries) results from poaled analysis (Steenland, K, Mannetje, A etal. 2001)
and published literature { sometimes adjusted for confounders in original analysis and/or in this paper). No adjustments in the pooled
analysis. (See Figure 22).

Poaled Peer-reviewed
mg/m?-yr: Analysis published
Study hiexpos group  OR (95% CT) Studies; OR (95% CI) GComment
DE (Checkoway, H et al. 1997): 34 (5-63) 5.47(1.27-23) Original: 2.15(1.08-  Exclude <1930 hires that adjusts asbestos,
[this paper] 4.28)Adjusted: 1.31  silica exposure misclassification, adjust
(0.71-2.2) smoking
China Pottery:(Chen, J et al. 1992} 40(10-72) 1.16(0.82- 1.0(0.35-1.66) Adjusted for smoking & carcinogenic PAHs
{Chen, Wet al 2007) 4.19)
UK Pottery(Cherry, N et al, 1998) 7 (=6) 1.07 (2.32-3.38) Adjusted for smoking, 10-year lag
German Ceramics{Ulm, K et al. 15(2.9-27) 1.05(0.59-1.86) Adjusted for age & year of 1 expasure,
19499} duration, latency; other exposures; matched

on smoking

Table A-5. Comparison of Quarry and stone workers results from pooled analysis (Steenland, K, Mannetje, A et al. 2001) and published
literature (sometimes adjusted for confounders in original analysis or in this paper. No adjustments in the pooled analysis.
Peer-reviewed studies; RR
mg/m’-yr:hi  Pooled Analysis  (95% CI) in highest exposure

Study exXpas group OR(95% CI) category Comment
Vermont granile:[Attfield,  10.6 (5-%) 1.17(0.66-2.11)  Latency>15years SRR=1.18 Pooled analysis added exposure estimates
M et al. 2004) SMR=1.16 (0.78-1.66) to cohort {Costello, ] et al. 1988); published

Expasure lagged 15 years  paper used similar exposures but based an
SRR=1.18 SMUK=1.12 (0.74- extended follow-up (Graham, W et al. 2004)

1.62)
Finnish stone (Koskela, B 32 (>28.1) 1.29(0.68-2.45) E-R analysis of lung cancer not published
et al. 1994) independently.
Sardinian quatry & mining 30 (>20) - SMR; 2.08 (0.88-4.91) SMR =20+ v latency; no adjustment for
(Carta, P! et al. 2001) Regression: 1.05(0.10-3.65) confounders: Regression adjusted for
smoking, airflow obstruccon, radon.,
silicotics included quarry, mining (metal,
coal)
German stone & quarry, 15 {2.88-27) 0.86 (1.38-1.95) Adjusted for age at hire, year 1¥ exposure,
pottery (Ulm, K el al. 1399) duration of exposure, latency, additional

exposure in warkplace; nonsilicotics.

Table A-6. Comparison of Industrial Sand resutts from pooled analysis and published literature.

mg/ Pooled
m*-yr:hiexpos AnalysisOR Pecr-reviewed studies; RR [95% C1) in highest

Study group (95% Cl) eXposure category Comment
US(Steenland, K and »1.28=1.23@ 2.43(1.28-7.52) =1.28:5MR: 2.25(1.51-3.23); 15-v lag: 2.38(1.41-
Sanderson, W 2001) 5mg/m3-y 3.80) SRR: 1.50 1.01-2.15) 1.57 (0.89-2.83) SMR,

>6mo 2.25 (1.48-3.27)21.23 OR »6 mo: 1.70 (0.688-

3.25)15-y lag:2.00 (1.0-4.01)
1IS(Hughes, T et al. Median="7.1 --- 6 exposure categories:OR: no lag; »6mg/m3-y:  Adfusted smokingShould
2001 )W pdated OW=1.9; lag 15 yr: OR = 1.84 exposure categories: use a priori
version(McDonald, original OR updated OROR, no lag:@>4.5 (7.1 categorics == mg/m3-y
1 etal. 2005) median) 2.58 2.6415-y lag@ »3.3 (median 6.2):

2.07 2.56
UK(Browr, T et al. 2003) > lmg/m3-y --- (JR: adjusted age, period from 1* employment,

employment status, quarry: 0.92 (0.44-1.92)
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