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Lung Cancer Risk Associated with Regulated and
Unregulated Chrysotile Asbestos Fibers

Ghassan B. Hamra,* David B. Richardson,® John Dement,© and Dana Loomis

Background: Regulation of asbestos fibers in the workplace is
partly determined by which fibers can be visually counted. However,
a majority of fibers are too short and thin to count this way and are,
consequently, not subject to regulation.

Methods: We estimate lung cancer risk associated with asbestos
fibers of varying length and width. We apply an order-constrained
prior both to leverage external information from toxicological studies
of asbestos health effects. This prior assumes that risk from asbestos
fibers increases with increasing length and decreases with increasing
width.

Results: When we apply a shared mean for the effect of all asbestos
fiber exposure groups, the rate ratios for each fiber group per unit
exposure appear mostly equal. Rate ratio estimates for fibers of diam-
eter <0.25 pm and length <1.5 and 1.5-5.0 pm are the most precise.
When applying an order-constrained prior, we find that estimates of
lung cancer rate ratio per unit of exposure to unregulated fibers 20—
40 and >40 pm in the thinnest fiber group are similar in magnitude to
estimates of risk associated with long fibers in the regulated fraction
of airborne asbestos fibers. Rate ratio estimates for longer fibers are
larger than those for shorter fibers, but thicker and thinner fibers do
not differ as the toxicologically derived prior had expected.
Conclusion: Credible intervals for fiber size-specific risk estimates
overlap; thus, we cannot conclude that there are substantial differ-
ences in effect by fiber size. Nonetheless, our results suggest that
some unregulated asbestos fibers may be associated with increased
incidence of lung cancer.
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Asbestos has been classified by IARC as a human carcino-
gen since 1970s' and many countries have restricted or
banned its production and use. Nevertheless, substantial pro-
duction is ongoing in several middle-income industrial coun-
tries, including Brazil, India, China, and Russia; notably, it
is widely used in Asia.? Exposure also continues in countries
that have restricted use; for example, approximately 1,000
tons of asbestos are imported in the United States each year
and exposure to asbestos in industrial plants and in many
buildings continues.> Given that it is an established lung car-
cinogen®’ and occupational exposure persists, asbestos con-
tinues to pose important occupational hazards in the United
States and worldwide.

Currently, permissible asbestos exposure levels in the
workplace are expressed in terms of fibers of asbestos per mil-
liliter of air (f/ml) averaged over an 8-hour period.® Fibers are
counted using phase contrast microscopy. Only asbestos par-
ticles greater than approximately 0.25 um (the resolution limit
of phase contrast microscopy) and having an aspect ratio (i.e., a
length:width ratio) of 3:1 or greater and a length greater than 5
pm are counted; the fibers that do not meet this criteria, because
they are too thin and/or too short to be counted, are unregulated
in workplace settings where asbestos fibers are subject to occu-
pational safety standards. A persistent concern is that the speci-
fied dimensional criteria may not be sufficient for protecting the
health of exposed workers because they are not based solely on
health concerns. For example, the use of the 3:1 aspect ratio as
the minimum to define a fiber was based on the ability of the
microscopist to determine the elongate nature of a particle,” and
the practice has been carried through to this day.® Airborne par-
ticles that are not counted as fibers by the standard are unregu-
lated. These concerns would be largely academic if regulations
to minimize the fiber concentrations always led to environments
that had little or no airborne exposure to the unregulated frac-
tion of fibers. However, prior work demonstrates that in most
occupational and environmental settings nearly all of the air-
borne asbestos may be constituted by fibers with dimensions
outside the range counted by phase contrast microscopy.”!”

Recent reviews suggest that the unregulated fibers
may lead to occupational disease.'! Risk of asbestos-related
disease may be greater for very thin fibers than for thicker
fibers, and greater for long fibers than short fibers'!; how-
ever, such conclusions likely depend on the health effect
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of interest and the epidemiologic evidence to support such
conclusions is extremely sparse. In epidemiologic studies of
occupational exposure to asbestos, estimation of the influ-
ence of dimensional attributes is complicated by the fact that
workers are typically jointly exposed to particles of varying
dimensional attributes, with correlation in concentrations of
particles of differing dimensions. In prior studies, fiber size-
specific exposure estimates (based on combinations of fiber
width and length) were examined one at a time and each was
found to be a predictor of lung cancer and asbestosis.'>!3
However, cumulative exposures were highly correlated across
all fiber size categories, which complicates the interpreta-
tion of such results. Models to simultaneously estimate fiber
size-specific effect estimates, by including terms for multiple
length—diameter categories simultaneously, failed to converge
in some analyses'? and yielded highly unstable estimates in
other analyses.'> We previously modeled individual asbestos
fibers in a single regression model using data from a cohort
of North Carolina (United States) asbestos textile workers
and Bayesian methods including shrinkage to a grand mean.
The results suggested little difference across fiber size groups;
however, we could not discount the possibility that there was
not enough data to address this question and overcome high
correlations among the asbestos groups.'4

In the current article, we build on previous analyses
of the North Carolina textile workers’ cohort by pooling this
group with a cohort of textile workers from South Carolina,
both of which were exposed to chrysotile asbestos. We apply
a hierarchical Bayesian model to jointly estimate the lung
cancer risk associated with multiple asbestos fiber groups.
Furthermore, we apply a model that implements an order con-
straint to integrate a prior belief that asbestos fibers of greater
length and narrower diameter may be more harmful than
shorter fibers.

METHODS

Study Population

Elliott et al.* have previously studied the pooled cohort
of North Carolina (NC) and South Carolina (SC) textile work-
ers. We will briefly summarize the pooled cohort here, but
provide reference to previous studies that detail characteristics
of the pooled cohorts.!>! The cohort includes 6,136 work-
ers, 3,717 of whom were male. Workers were employed in a
single facility in South Carolina (1,791 men, 1,263 women)
or one of three facilities in North Carolina (1,926 men, 1,156
women). Of the three textile facilities in North Carolina, two
produced asbestos beginning in the 1920s and the third since
the 1940s. In South Carolina, production began in 1909 and
ended in 1977. Exposure assessment methods have been thor-
oughly discussed and briefly summarized in numerous prior
publications.!%14.17.18

Vital status was ascertained through 2001 in SC and
through 2003 in NC. We observed 202 and 159 lung cancer
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deaths in SC and NC, respectively. In addition to a total of 361
observed lung cancer events, the combined cohorts provide
a total of 218 631 person-years at risk. Procedures for study
of human subjects were approved by the Institutional Review
Boards of the University of North Carolina, Chapel Hill.

Transmission electron microscopy was performed on a
stratified random sample of 160 historical dust samples cap-
tured on membrane filters collected in surveys of the study
plants in 1964-1971, as described previously.!”!' The trans-
mission electron microscopy fiber-counting protocol was
based on the International Standards Organization direct-
transfer method?® and procedures for combining the data by
plant and operation and deriving size-specific exposure esti-
mates followed the procedure described by Dement et al.'%!7:1?
Data from all of the study plants were modeled simultane-
ously by Poisson regression to estimate adjustment factors
as proposed by Quinn et al.?! for each length-diameter cat-
egory.!®!7:1 These were applied to a matrix of plant-, depart-
ment- and time-specific fiber concentrations estimated by the
standard phase contrast microscopy (PCM) method to gener-
ate fiber size-specific estimates of exposure.'” TEM estimates
exposure to asbestos fibers in four categories of fiber width
(<0.25, 0.25-1, 1-3, and >3 pm) and six categories of fiber
length (<1.5, 1.5-5, 5-10, 10-20, 2040, 40+ pm). Estimated
exposures to fibers of different dimensions were linked to
workers’ occupational histories for assignment of individual
cumulative exposure measured in fiber-years/ml (f-y/ml).

There were no fibers counted in three of the 24 possible
categories of diameter, length 1.0-3.0, <1.5 pm; 3.0-5.0, <1.5
pum; and 3.0-5.0, 1.5-5.0 um. Therefore, in the current analy-
sis, we consider estimates of cumulative asbestos exposure in
21 length/diameter groups. Furthermore, we note that the vast
majority of asbestos used in these plants was raw chrysotile.
Small amounts of crocidolite yarn were used in the SC plant
(1950-1975) and some amosite was used in one of the North
Carolina plants (1963—-1976). Thus, results are with regard to
chrysotile asbestos.*

Statistical Analyses

We conduct a nested case—control study using incidence
density sampling with 10 controls matched to each case by
age at the time of lung cancer event. We adjust models for con-
tinuous age, sex (male, female), race (white, non-white), and
year of observation in ordinal categories from 1950 to 1959
(reference), 1960 to 1969, 1970 to 1979, 1980 to 1989, 1990
to 1999, and 2000+. The model follows the form

1
logit (P(D = 1)) =0 +2 Bx, +¢, *age +¢, *race +¢, *sex +¢, * year

i=1

in which f3, represents the change in the logit(risk) of lung can-
cer per unit increase in exposure to cumulative asbestos in 1 of 21
length/diameter groups. Cumulative exposures are lagged 10 years.
Elliott et al.* demonstrated that changes to the assigned lag, ranging
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from 0 to 20 years, did not result in meaningful changes to the risk
estimates (eAppendix; http://links.lww.com/EDE/B147).
Toxicologic evidence from animal models provides
fairly strong support for the notion that the risk of asbestos-
related disease is greater for longer, thinner fibers compared
with shorter, thicker fibers.22* However, critical reviews of
the literature concentrating on lung tissue burden analyses
suggest that it is difficult to exclude fibers of any particular
dimension from a role in causing disease.'! Furthermore,
asbestos fibers of all shapes and size have been classified as
group 1 carcinogens by the International Agency for Research
on Cancer. There are differing views concerning the role of
short (<5 pm) fibers.”> While studies in animals are subject
to uncertainties with respect to how their findings apply to
humans, the evidence from such studies serve as the basis for a
somewhat informative prior regarding the effects of fiber size.
In the current study, we apply a prior to the data in the form
of a simple ordered constraint on the parameters 3, Within
a category of fiber width, the ordered constraint imposes the
assumption that the parameter describing the effect of fiber
length category n + 1 is equal to or greater than the parameter
for fiber length n. Furthermore, we apply a second constraint
that assumes a greater effect of fibers in diameter category
m — 1 relative to category m; in other words, thinner fibers are
believed to be more carcinogenic than thicker fibers. Finally,
we impose a constraint that no asbestos fiber can protect an
individual from developing lung cancer (i.e., negative values
for B, are implausible). These constraints imply monotonic-
ity of effect (biologic effectiveness may not reverse across the
range of support in the observed data) but are flexible with
regards to shape of the function and magnitude of effects
regarding relative effectiveness of fiber size. We compare
results from this model to one in which no order constraints
are imposed, but in which we assume that the rate ratio of lung
cancer due to exposure to asbestos fibers of a specific size
may share a common mean (i.e., that the effects are partially
exchangeable), as in previous analyses of the North Carolina
asbestos cohort.!* In brief, this model assumes the effect for
any individual fiber size group, B, arises from the same distri-
bution as other fibers so that B, ~ N(u, 72). The prior on 72 is

largely noninformative so that the data determine the degree
to which effect estimates are shrunk toward the group mean.

Models are run for 100,000 iterations with a burn-in of
10,000 iterations and thinning = 2. We utilize a Gelman-Rubin
diagnostic to assess convergence over two chains, after which the
estimates from the two chains are pooled.?® Bayesian models are
fit with the Just Another Gibbs Sampler (JAGS)?’ package. We
note that for order-constraint model, we rerun analyses including
a more and less informative prior on the variance of the coeffi-
cients, and results appear nearly identical. Furthermore, we run
models in which we impose only a constraint on length but not
diameter. Results are similar to the order-constrained model we
apply here and, thus, results are not presented.

RESULTS

Table 1 provides descriptive characteristics of the North
Carolina (NC) and South Carolina (SC) cohorts, as well as
the pooled cohort. A higher percentage of workers in the SC
cohort were white, and were of slightly younger age at first
employment. Also, workers in SC were employed for a longer
time period and contributed more total person-years at risk.
Notably, exposures were much higher in the NC plants com-
pared with the SC plant, with an average cumulative fiber-ml/
year exposure of 80.4 compared with 28.2.

Table 2 summarizes estimates from the models described
above and presents prevalence of each fiber size group in the
airborne samples analyzed by transmission electron micros-
copy. The smallest fibers (i.e., <0.25 um in diameter and <1.5
pm in length) represent 54% of the total fiber count. Fibers in
the largest fiber size group by diameter (>3.0 um) represent
the smallest fraction of total fibers; in sum, these fibers are
less than 0.4% of the total fibers counted.

When we apply a shared mean to all asbestos fiber groups,
the rate ratio associated with all fiber size groups appear equal
in magnitude. We note that the rate ratio for the shared mean
estimated by the data was 1.02. In the case of the model sub-
ject to the order constraints, the risk of lung cancer increases
with increasing length, but does not follow the prior assumption
that risk will increase with decreasing diameter. In both mod-
els, the most precise estimates are obtained for asbestos fibers
with diameter <0.25 um and length <1.5 pm or between 1.5

TABLE 1.
and South Carolina (SC) (1940-2003)

Characteristics of a Combined Cohort of 6,136 Asbestos Textile Workers from Plants Located in North Carolina (NC)

Characteristics NC (N =3,082) SC (N =3,054) Combined (N = 6,136)
White race (%) 1,943 (63.0) 2,485 (81.4) 4,428 (72.2)
Mean (range) age at first employment 27.3 (10-71) 25.4 (13-64) 26.3 (10-71)
Mean (range) age at cohort entry (years) 28.3 (16-73) 26.2 (13-64) 27.3 (13-73)
Mean (range) duration of employment (years) 44 (<1472) 7.0 (<1-49.9) 5.7 (<1-49.9)
Mean (range) person-years at risk 32.7 (<1-53.9) 38.6 (<1-61.9) 35.6 (<1-61.9)
Total person-years at risk 100,742.2 117,888.6 218,630.8

Mean (range) cumulative exposure (fiber-ml/year)

80.4 (<1-2,944)

28.2 (<1-700) 54.4 (<1-2,944)
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TABLE 2. Coefficients for Change in the RR of Lung Cancer Associated with a 100 f-yr/ml Change in Exposure to Chrysotile
Asbestos, by Diameter and Length Groups, in a Cohort of North and South Carolina Asbestos Textile Workers

Shared Mean Order Constraint
Percent of
Diameter Length RR (Credible Interval) RR (Credible Interval) Total Fiber Count®
<0.25 <l.5 1.01 (0.98, 1.04) 1.00 (1.00, 1.00) 54
1.5-5.0 0.99 (0.89, 1.11) 1.00 (1.00, 1.01) 26
5.0-10 1.12 (0.89, 2.03) 1.01 (1.00, 1.05) 4.1
10-20 1.01 (0.56, 1.77) 1.03 (1.01, 1.10) 2.0
20-40 1.03 (0.69, 2.40) 1.08 (1.02, 1.24) 0.83
>40 1.01 (0.52, 2.01) 1.15(1.04, 1.45) 0.33
0.25-1.0 <l.5 1.00 (0.56, 2.01) 1.00 (1.00, 1.02) 1.6
1.5-5.0 0.94 (049, 1.17) 1.01 (1.00, 1.03) 55
5.0-10 1.01 (0.65, 2.21) 1.03 (1.01, 1.07) 2.0
10-20 1.00 (0.49, 1.74) 1.05 (1.01, 1.13) 1.2
2040 1.01 (0.61, 2.28) 1.09 (1.03, 1.24) 0.60
>40 1.01 (0.51, 1.90) 1.15(1.05, 1.39) 0.42
1.0-3.0 1.5-5.0 1.00 (0.49, 1.85) 1.05 (1.01, 1.16) 0.36
5.0-10 1.00 (0.55, 1.87) 1.08 (1.02, 1.22) 0.56
10-20 1.00 (0.47, 1.58) 1.12 (1.04, 1.30) 0.53
2040 1.01 (0.57, 2.18) 1.18 (1.06, 1.44) 0.24
>40 1.01 (0.53, 2.06) 1.26 (1.09, 1.60) 0.13
>3.0 5.0-10 1.01 (0.55, 2.20) 1.17 (1.04, 1.51) 0.04
1020 1.01 (0.59, 2.42) 1.24 (1.07, 1.63) 0.12
20-40 1.01 (0.61, 2.45) 1.32 (1.11, 1.77) 0.11
>40 1.01 (0.56, 2.26) 1.40 (1.14, 1.93) 0.06

Italicized values indicate unregulated diameter/length groups for asbestos fibers. The regression model is adjusted for age (continuous), sex, race, and year of employment.

2Mean proportion of fibers for all plants and operations combined.'
RR indicates rate ratio.

and 5.0 um, and are at or near the null. In fact, estimates for
the thinnest (<0.25 pwm) fiber size group are the most precise in
both models. Risk estimates become less precise with increas-
ing width and length. The asbestos fiber groups with the largest
risk estimates are also the least precise in all diameter groups,
especially those for fibers of width >3.0 pm.

The Figure displays fiber size-specific estimates reported
in Table 2 for the model in which we assume that rate ratio
estimates may share a common mean effect (left column) and
for the model in which we assume the order constraints based
on toxicology (right column). Again, it is clear that the associa-
tion between asbestos fiber exposure and lung cancer mortality
increases with increasing fiber length, but does not increase
as diameter decreases. The shared mean model suggests little
difference in risk imposed by fiber size category whereas the
model with ordered constraints found that the constraint on
length had a greater impact than the constraint on width, sug-
gesting that the data are more supportive of the former.

DISCUSSION
Current regulation of asbestos fibers in the workplace is
informed by scientific evidence and limitations in the ability to
measure shorter, thinner fibers with standard methods. This has
led to a policy that does not directly consider the health effects
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of shorter, thinner fibers. However, our analyses integrating evi-
dence from toxicology suggest that unregulated fibers have a
meaningful effect on lung cancer mortality. Our analysis sup-
ports and strengthens prior analyses that considered only the
cohort of North Carolina textile workers.?® Importantly, using a
Bayesian approach, we were able to jointly estimate effects for
all fiber size groups in a single model while also incorporating
evidence from toxicology regarding relative effects of asbes-
tos fibers by fiber length and diameter. The order constraint
imposes a strong assumption that lung cancer risks associ-
ated with asbestos fibers increase with increasing length and
with decreasing width; this prior relies on the belief that ani-
mal models can inform observational studies in humans. We
emphasize that the constraint of increasing risk with increas-
ing length seemed to outweigh the constraint of increasing risk
with decreasing width. We believe this is because the data pro-
vide more support for an effect of length versus width. Cred-
ible intervals for fiber size-specific rate ratio estimates overlap;
thus, we cannot firmly conclude that there are substantial dif-
ferences in effect by fiber size. Nonetheless, our results suggest
that some unregulated asbestos fibers are likely carcinogenic.
Several issues should be considered with regard to inter-
pretation of the estimated risk posed by fibers of varying lengths
based on our model results. First and perhaps most important,
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FIGURE. Medians and estimated SDs of coefficients () for chrysotile fiber size groups subject to a shared mean (left) or order
constraints (right). Lines represent 16th-84th percentile values of the distribution.

the overall risk of lung cancer among these workers is the result
of all inhaled fibers acting collectively. Both our shared mean
and order-constrained models attempted to disaggregate the
effects by size and the rate ratios presented by fiber size are
based on increased rate per 100 f-year/ml (Table 2). As shown
in Table 2, unregulated short and thin fibers (i.e., <0.25 pm in
diameter and <5.0 um in length) account for approximately
79% of all fibers to which workers were exposed. Rate ratio
estimates for asbestos fibers <5 um were generally of much
lower magnitude compared with longer fibers. However, the
decrease in the magnitude of the rate ratio per unit exposure
for shorter fibers should be considered with respect to their
sheer numbers in the airborne dust. Second, fiber respirability is

© 2016 Wolters Kluwer Health, Inc. All rights reserved.

largely governed by fiber diameter.?>3° Smaller diameter fibers
are most respirable and fibers >3.0 um in diameter have a lower
probability of deposition beyond the nasopharyngeal and tra-
cheobronchial regions with subsequent mucociliary clearance.
While our models found higher rate ratio estimates for fibers
>3.0 um in diameter in the size constrained model, their pres-
ence in the airborne dust is relatively rare and those that were
present would have a lower probability of deposition at critical
sites. The same comment applies to several other fiber size cat-
egories that represent a small proportion of the fiber exposures
experienced by these workers. Finally, neither of our models
nor previous analyses of specific fiber size ranges'®?® exclude
a contribution of short and thin fibers to the risk of lung cancer.
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Consideration of health effects of asbestos fibers by size
is important because regulating only a subset of asbestos fibers
may be inadequate for protecting human health. Importantly,
asbestos fibers of varying dimensions are created in the pro-
cessing of raw materials and large portions of these fibers are
in the smallest size categories that are currently unregulated.
Unfortunately, techniques that prevent worker exposures to reg-
ulated fibers do not necessarily limit or eliminate worker expo-
sure to unregulated fibers. Personal protective equipment may
not be capable of preventing inhalation and exposures to these
smallest fibers, which are in the range of nanoparticles. This
study suggests that protection standards should be adapted to
minimize or eliminate exposures to asbestos fibers of any size.

Our analyses leverage the information available in the
data and external to the data by integrating toxicology evi-
dence with Bayesian methods. These methods are an essen-
tial tool in considering the joint effects of highly correlated
exposures’!*2; however, like any other method, it is not always
possible to overcome limitations in the data. The asbestos fiber
size groups considered here are highly correlated. In some
instances, fiber size groups are nearly perfectly correlated,
which may explain the similarity in results when we impose
partial exchangeability of effects in our analyses presented in
Table 2 across asbestos fiber groups. We believe this limits the
ability to consider the health effects of any one asbestos fiber
size group outside of a controlled, experimental setting.

Asbestos is classified as a known carcinogen by the Inter-
national Agency for Research on Cancer, regardless of its form.!
Our results integrating toxicologic evidence suggest that longer,
thicker fibers are as carcinogenic as longer, thinner fibers. Our
results are consistent with the conclusions of the International
Agency for Research on Cancer that asbestos is carcinogenic.?
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