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Pulmonary Deposition Modeling with Airborne Fiber
Exposure Data: A Study of Workers Manufacturing
Refractory Ceramic Fibers
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Increasing production of refractory ceramic fiber (RCF),
a synthetic vitreous material with industrial applications
(e.g., kiln insulation), has created interest in potential
respiratory effects of exposure to airborne fibers during
manufacturing. An ongoing study of RCF manufacturing
workers in the United States has indicated an association be-
tween cumulative fiber exposure and pleural plaques. Fiber
sizing data, obtained from electron microscopy analyses of
118 air samples collected in three independent studies over
a 20-year period (1976–1995), were used with a computer
deposition model to estimate pulmonary dose of fibers of
specified dimensions for 652 former and current RCF pro-
duction workers. Separate dose correction factors reflect-
ing differences in fiber dimensions in six uniform job title
groups were used with data on airborne fiber concentration
and employment duration to calculate cumulative dose esti-
mates for each worker. From review of the literature, critical
dimensions (diameter<0.4µm, length<10µm) were de-
fined for fibers that may translocate to the parietal pleura.
Each of three continuous exposure/dose metrics analyzed
in separate logistic regression models was significantly re-
lated to plaques, even after adjusting for possible past as-
bestos exposure: cumulative fiber exposure,χ2 = 15.2 (p<
0.01); cumulative pulmonary dose (all fibers),χ2 = 14.6
(p < 0.01); cumulative pulmonary dose (critical dimension
fibers),χ2 = 12.4 (p< 0.01). Odds ratios (ORs) were cal-
culated for levels of each metric. Increasing ORs were sta-
tistically significant for the two highest dose levels of critical
dimension fibers (level three, OR= 11, 95%CI = [1.4, 98];
level four, OR = 25, 95%CI = [3.2, 190]). Similar associa-
tions existed for all metrics after adjustment for possible as-
bestos exposure. It was concluded that development of pleu-
ral plaques follows exposure- and dose-response patterns,
and that airborne fibers in RCF manufacturing facilities

include those with critical dimensions associated with pleu-
ral plaque formation. Analysis of additional air samples may
improve estimates of the dose-response relationship.

Keywords Dose, Exposure, Man-Made Vitreous Fiber, Pleural
Plaques, Pulmonary Deposition, Refractory Ceramic
Fiber, Synthetic Vitreous Fiber

Refractory ceramic fiber (RCF) is a lightweight, heat-resistant
material belonging to the larger group of synthetic vitreous fiber
(SVF) that also includes glass fiber and mineral wool. Produc-
tion of RCF and other types of SVF has increased rapidly since
the 1970s, creating concerns about the potential for exposure
to airborne fibers among workers and possible health effects.
While RCF differs from naturally occurring mineral fibers ac-
cording to physical and chemical characteristics, one hypothesis
supported by the literature is that fiber toxicity is determined by
dose of durable fibers of specified dimensions reaching target
tissues of the respiratory system.(1−7) Animal studies indicate
that inhalation of RCF at the maximum tolerated dose (approxi-
mately 220 fibers/cm3) may induce mesothelioma, lung cancer,
and pleural and pulmonary fibrosis.(6,8,9)

The industry group Refractory Ceramic Fibers Coalition
(RCFC) has established an industry recommended exposure
guideline for RCF of 0.5 fibers/cm3 as an eight-hour time-
weighted average (TWA). Early in 1996, the U.S. Occupational
Safety and Health Administration (OSHA) placed SVFs on a list
of priority areas requiring non-regulatory consideration. The Na-
tional Institute for Occupational Safety and Health (NIOSH) set
a recommended exposure limit (REL) for MMVF at 3 fibers/cm3

TWA exposure for up to a 10-hour shift during a 40-hour work
week.(10)

The American Conference of Governmental Industrial Hy-
gienists (ACGIH©R ) Committee on Threshold Limit Values
(TLVs©R ) assigned to RCF a rating of A2 (suspected human
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carcinogen) and a TLV of 0.2 fibers/cm3 as an eight-hour
TWA.(11) The International Agency for Research on Cancer clas-
sified ceramic fiber as group 2B, or possibly carcinogenic to
humans.(12) The EPA also has classified RCF as a probable hu-
man carcinogen based on animal data and has recognized the
need for additional human exposure monitoring.(13) Currently
airborne exposure levels encountered during production range
from 0.66 fiber/cm3 to below the limit of detection.(14)

To monitor for any potential respiratory effects among work-
ers at RCF manufacturing facilities in the United States, re-
searchers at the University of Cincinnati (UC) have been per-
forming exposure assessment and medical surveillance since
1987 with the cooperation and support of the RCFC, formerly
the Thermal Insulation Manufacturers Association (TIMA). In
a retrospective cohort study of workers at two RCF manufac-
turing sites, the UC researchers reported a relationship between
increasing cumulative fiber exposure and the occurrence of pleu-
ral plaques.(15) Historically, pleural plaques have been viewed
predominantly as a marker of asbestos exposure. Plaques have
been related to mild but detectable decreases in pulmonary func-
tion, but in general have not been associated with pulmonary
impairment as measured by submaximal exercise testing.(16−20)

The aspect of the RCF study reported here involved the cal-
culation of pulmonary deposition estimates of airborne fibers
for former and current exposed workers based on air monitoring
conducted during the production of RCF. The purpose of this
investigation was to test the possible relationship between air-
borne fibers of specific dimensions and the development of pleu-
ral plaques in RCF workers. Procedures involved in performing
this investigation included: 1) characterizing occupational ex-
posure to RCF by reviewing and comparing air sampling data
collected from multiple studies at RCF manufacturing and pro-
cessing facilities; 2) calculating cumulative pulmonary doses
of fibers for RCF production workers using a lung deposition
model; and 3) calculating odds ratios (ORs) to evaluate the rela-
tionship between levels of cumulative pulmonary dose of critical
dimension fibers and the formation of pleural plaques. In particu-
lar, this study sought to compare metrics of cumulative exposure
measured by phase contrast microscopy alone and cumulative
dose of fibers as determined by a combination of phase contrast
and electron microscopy analyses. Pulmonary deposition esti-
mates were used as a surrogate for dose, that is, the quantity of
fibers reaching the smaller airway regions of the lungs. Obtain-
ing this information on dose has been recognized as an essential
step toward assessing the toxicity of inhaled SVF.(21)

RCF MANUFACTURING AND RCF PRODUCTS
Production of RCF in the last four decades has experienced

rapid growth, especially as RCF has gained acceptance as an
economical, alternative, heat-resistant insulation material. This
growth may also be attributed to the search for less hazardous
man-made substitutes for naturally occurring mineral fibers
that have been associated with adverse health effects.(22,23) In
1997, U.S. production of RCF totaled 107 million pounds,

accounting for 1–2% of worldwide SVF production.(24) Ap-
proximately 30,000 workers in the United States are potentially
exposed to RCF during its manufacture, distribution, installa-
tion, conversion, and end-uses.(25) Of these, slightly more than
700 workers are employed in the domestic manufacture of RCF
and RCF products.(22)

RCF production begins with a mixture of raw materials,
which includes kaolin clay or alumina and silica, in a batch
house. The batch mix is transferred either manually or auto-
matically to a furnace to be melted at temperatures exceeding
1600◦C. Upon reaching a specified temperature and viscosity in
the furnace, the molten batch mixture drains from the furnace
and is fiberized either through exposure to pressurized air or
by flowing through a series of spinning wheels.(26) Fans used
to create a partial vacuum pull the fibers into a collection or
settling chamber. RCF may then be conveyed pneumatically
to a bagging area for packaging as bulk fiber; fiber may be
used directly in bulk form, while it may also be processed to
form textiles, felts, boards, cements, blankets, and other spe-
cialty items. Many processes are automated and are monitored
by machine operators. Post-production processes (cutting, sand-
ing, packaging, handling, and shipping) are more labor-intensive
and may account for differences in airborne fiber concentrations,
although potential for airborne fiber exposures exists throughout
production.

Although RCF differs from naturally occurring mineral fibers
by physical and chemical characteristics, the literature suggests
that fiber toxicity also relates to fiber dimensions.(1,2,4,5,27,28)

From a review of this literature, a definition of critical dimen-
sion fibers (diameter<0.4 µm, length<10 µm) was derived
to describe the fiber dimensions believed to be associated with
pleural plaques. This review and a characterization of airborne
fiber dimensions measured in RCF manufacturing facilities were
described previously.(29)

MATERIALS AND METHODS

Air Sampling Data
Sampling data at RCF manufacturing plants were derived

from personal monitoring of airborne fiber exposures for work-
ers from representative work areas or dust zones (DZs), charac-
terized previously in industrial hygiene walk-through surveys.(30)

Over 900 air samples have been collected at six facilities and
analyzed according to NIOSH Method 7400 using phase con-
trast microscopy (PCM) to determine concentration of airborne
fibers,(31) which provided the basis for calculating cumulative
fiber exposure.(14,30) In addition, a set of 124 air samples was
analyzed by scanning electron microscopy (SEM) or transmis-
sion electron microscopy (TEM) to obtain fiber sizing data.

The PCM and electron microscopy methods were intended
for different purposes. Whereas the PCM was used to determine
an index of exposure (i.e., airborne concentration of respirable
fibers with length> 5 µm), the TEM method incorporates a
much smaller lower limit for inclusion (fiber length> 0.5µm)
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and was intended for measuring fiber dimensions. A significant
percentage of the fibers sized by TEM (many of those in the
critical dimensions range) would probably be excluded using
the PCM method. In an earlier publication comparing the distri-
bution of airborne fiber dimensions for this study,∼40 percent
of fibers identified by TEM met the critical dimensions criteria
while∼1 percent of fibers identified by SEM met these criteria
(with analytic capabilities and protocol comparable to PCM).(32)

Analyses of variance (ANOVA) for fiber size distributions
by plant showed no statistically significant differences.(32) Ad-
ditional fiber sizing data from TEM analyses were available
from two independent sampling surveys, which were also col-
lected at the same RCF manufacturing or processing plants. The
combined air sampling data contained 118 samples analyzed by
TEM, the only microscopy method capable of detecting all crit-
ical dimension fibers of importance to this study.(33) The three
sources of TEM fiber sizing data included: Study A—air sam-
ples (n= 67) collected in June 1976;(34) Study B—air samples
(n = 28) collected by UC researchers between June 1988 and
January 1991;(32) and Study C—air samples (n= 23) collected
by member companies at RCFC between 1993 and 1995 as part
of a consent agreement between the RCFC and the U.S. Envi-
ronmental Protection Agency (EPA).(25)

All air samples were obtained from workers in representative
work areas and jobs using a personal sampling pump worn by the
worker connected to a sampling cassette or cowl positioned in
the breathing zone of the worker. Air was pulled through a mem-
brane filter (0.45 or 0.8µm pore size) on the sampling cassette
at a rate between 0.5 and 2.5 liters per minute. Laboratory anal-
yses of the filters were performed using TEM at a magnification
of 10,000–25,000×. Fibers with an aspect ratio (length:width)
greater than 3:1 were measured. Selected area electron diffrac-
tion (SAED) and energy dispersive x-ray analyses (EDXA) were
used to verify that fibers were RCF according to crystallogra-
phy patterns and chemistry. In total, 3711 fibers were identi-
fied and sized according to these criteria. Statistical analyses
of fiber sizing data were performed using PC SAS, Version
6.03.(35)

FIBER CHARACTERISTICS BY UNIFORM JOB
TITLE GROUPS

In combining information from the three studies, air sampling
data were standardized under one set of categories to ensure a
consistent classification system representative of exposures for
groups of workers. Uniform job titles (UJTs) were used to de-
scribe a set of activities routinely performed by an individual
with a specific job title within each facility.(14) Standardization
involved determining from the sample number the job duties of
the person sampled, the sampling date, and the plant identifi-
cation, and then checking or reassigning the appropriate UJT
and dust zone (DZ) classifications as necessary. A Kappa statis-
tic was calculated to measure classification agreement between
two independent reviewers for a subset of the samples (∼25%).

The Kappa statistic for the UJT assignments (k=0.89) indicated
a high level of agreement between the reviewers.(36)

Based on similarity of job functions and specific operations,
UJTs were consolidated into UJT Groups to increase the num-
ber of exposure estimates for each group and to provide an esti-
mate of concentration for individual UJTs not represented in the
TEM sampling data. The UJT Groups consist of the following
six categories: wet secondary processes; furnace; blanket line;
dry secondary processes; maintenance; and other. ANOVA tests
by UJT Group showed statistically significant differences for
log diameter (p= 0.03) and log length (p= 0.01). Thus, differ-
ences in fiber size distributions existed among the UJT Groups
at the exposure level; these differences might be magnified at
the dose level due to differential deposition patterns reflected in
the calculation of pulmonary deposition estimates.

PULMONARY DEPOSITION MODELING
The models considered in Table I were judged against the fol-

lowing criteria: applicability to a human population (i.e., based
on human lung anatomy and physiology); ability to simulate the
aerodynamic behavior of RCFs, or fibers with similar physical
characteristics; and availability of the model to the researchers
and access to the facilities necessary to utilize it. For this study
the Harris-Fraser model was chosen.(37) This model predicts
deposition of fibrous dusts based on the regular dichotomous
architecture of the lung described by Weibel and Gomez,(38)

mechanics of air flow within the respiratory system documented
by the ICRP Task Group on Lung Dynamics,(39) and assumes
nose breathing.(40,41) The model, designed to predict the be-
havior and deposition of regular-shaped cylindrical rods, was
previously used to evaluate a dose-response relationship among
textile workers exposed to chrysotile asbestos,(28) an irregular-
shaped fiber characterized by its curved shape and many frayed
and projecting fibrils.(42)

Fiber sizing data were entered into the computer model ac-
cording to bivariate sizing characteristics in matrix format as
presented in Figure 1, with length categories on the horizontal
axis and diameter categories on the vertical axis. Each cell in the
matrix was assigned a value representing the number of fibers
meeting the bivariate characteristics of that cell; for example,
for the UJT Group of wet secondary processes, the cell char-
acterized by midpoints of 0.30µm for diameter and 2.10µm
for length contained 12 fibers as shown in Figure 1. The com-
puter model calculates aerodynamic equivalent diameters for the
fibers in each cell of the matrix according to fiber length and uses
these data to provide pulmonary deposition estimates based on
established deposition probability values.

The model was adjusted to reflect a tidal volume of 1450 cm3

(associated with moderate exercise or work activities), RCF
density of 2.65 g/cm3,(6) and airborne exposures consisting of
100 percent single, straight fibers, to be consistent with the char-
acteristics of work with RCF.(23) Critical dimension fibers were
defined as having diameter<0.4µm and length<10µm.
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FIGURE 1
An example of the fiber sizing data matrix used for each of the six Uniform Job Title (UJT) Groups with the Harris-Fraser

computer model to calculate pulmonary deposition. (Values in the matrix indicate numbers of fibers in each category according
to length and diameter characteristics.)

Calculation of Cumulative Exposure and Dose Indices
The equation for calculating cumulative dose is similar to

that for cumulative exposure, the difference being that dose is
the fraction of exposure reaching a specific region or tissue. In
general, the equation for cumulative dose can be expressed as:

Cumulative Dose= 6DiTi, [1]

where Di = dose for conditions ati,
and Ti = duration over which these conditions ati exist.

Cumulative exposure is based on air sampling results from PCM
analysis only. Cumulative dose estimates rely on a combina-
tion of air sampling results from analysis by PCM for expo-
sure and electron microscopy for sizing data. The relationship
of pulmonary dose to measured fiber exposure (as determined
by sampling and analysis by NIOSH method 7400 and electron
microscopy techniques) can be described as follows:

Di = C[(fi )/P] [2]

where Di = dose of fibers at sitei (pulmonary region)
per cm3 of air breathed;

C = airborne fiber concentration as measured by
PCM, (fibers≥5µm in length per cm3 of air);

P= fraction of fibers≥5µm in length;
fi = fraction of all airborne fibers deposited at sitei

(pulmonary region).

Cumulative dose was calculated by multiplying the expression
above by the duration (Ti) of the dose under conditions at eachi
and summing for alli’s. Alternatively, calculation of cumulative
dose involves multiplying the product of CiTi by [(fi )/P]i and
summing for alli’s. The value defined by [(fi )/P]i or ki is also
referred to as the dose correction factor.

The above expression was modified to determine the ”effec-
tive dose” of the critical dimension fibers (<0.4µm in diameter
and<10µm in length). Calculating the effective dose based on
the parameters of the critical dimension fibers involved use of
the following formula:(28)

DEi = C{[(S)(fis)]/P} =C(kis) [3]

where DEi = dose of critical dimension fibers at sitei
(pulmonary region) per cm3 of air breathed;

C and P are the same as in the previous expression;
S= fraction of all airborne fibers meeting the

definition of critical dimension fibers (i.e.,
diameter< 0.4µm and length< 10µm);

fis = fraction of critical dimension fibers
deposited at sitei (pulmonary region);

kis = [(S)(fis)]/P= dose correction factor
for site i.

Dose correction factors for all fibers (ki) and for critical di-
mension fibers (kis) calculated for each of the six UJT Groups
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were as follows: Wet secondary processes (ki = 0.19, kis =
0.034); furnace (ki = 0.23, kis= 0.057); blanket line (ki = 0.24,
kis = 0.071); dry secondary processes (ki = 0.25, kis = 0.058);
maintenance (ki = 0.22, kis= 0.053); and other (ki = 0.24, kis=
0.063). The appropriate dose correction factors were then ap-
plied to the cumulative exposure algorithm in an SAS computer
program to calculate cumulative dose. Modification of the cu-
mulative exposure algorithm resulted in the following equation:

Cumulative Dose=
∑

(ki or kis)CiTi = 6DiTi, [4]

where Ci is the exposure level (concentration) for a given UJT,
Ti is the duration of the exposure in months,

and ki or kis is the appropriate dose correction factor for
the UJT Group associated with the UJT.

Screening for Pleural Plaques
Former and current RCF production workers at two facilities

participating in the study who agreed to medical monitoring
(n= 652) underwent chest x-rays (one posteroanterior and two
oblique views).(15) Personal identifiers on the chest films were
masked and these x-rays were mixed with normal films from
nonexposed workers as a quality control measure. The additional
films were from an industrial population with no known fiber
exposure and were taken at one of the two medical facilities from
which the study films were obtained. The films were interpreted
independently by three radiologists who are certified B-readers
using the ILO 1980 International Classification of Radiographs
of the Pneumoconiosis.(43) Agreement between at least two of
the three radiologists was required to determine whether or not a
set of chest films demonstrated pleural changes consistent with
pleural plaques. Following this protocol, 20 pleural plaque cases
were identified among 652 participants (3.1%).

Statistical Analyses of Pleural Plaque Status
and Exposure/Dose Variables

Three measures of exposure/dose were examined for their
association with pleural plaques: cumulative exposure; cumu-
lative pulmonary dose of all fibers; and cumulative pulmonary
dose of critical dimension fibers. Each of these measures was
treated as a continuous variable in an analysis of pleural plaque
status with each variable in separate logistic regression mod-
els (Proc Logistic) using PC/SAS, Version 6.03.(35) Because the
values for these variables were highly skewed, each was loge-
transformed prior to statistical analysis. Each analysis included
adjustment for years since first asbestos exposure (latency), the
major known risk factor for pleural plaques, calculated using
information obtained from employee interviews. RCF latency,
or months since first RCF production job, was also considered
as a separate variable, based on previous analyses that showed
this variable to be associated with pleural plaques.(15) This vari-
able was found to be correlated with the exposure/dose variables
(Pearson correlation coefficients range from 0.6–0.9).

Four categories of dose levels were created to allow for com-
parison of plaque status according to different levels of pul-
monary dose of critical dimension fibers. Categorical variables
were also created from the variables of cumulative exposure
and cumulative pulmonary dose of all fibers. Dose categories
were determined by dividing the log-transformed cumulative
pulmonary dose into four levels, each containing approximately
25 percent of the study cohort (quartiles).(44) Geometric means
of each category were compared by ANOVA and found to dif-
fer significantly (p< 0.01) overall, as well as in all individ-
ual comparisons using the Scheff´e test. Determining categories
according to quartiles for each exposure/dose metric ensured
a consistent approach to creating categorical variables for the
three measures.

Calculation of Odds Ratios (ORs)
ORs for developing pleural plaques were calculated among

the quartile groups of study subjects at increasing cumulative
pulmonary dose levels. The lowest two cumulative dose cate-
gories were combined to be the referent group used for compar-
ison with each of the two highest cumulative dose groups. The
same procedure was followed for the variables of cumulative
exposure and cumulative pulmonary dose of all fibers. For each
OR, the 95 percent confidence interval (CI) was also calculated
to determine statistical significance using maximum likelihood
estimates (parameter estimate and standard error) for each cat-
egory to calculate the upper and lower bounds. To account for a
possible effect from past asbestos exposure, adjusted ORs were
also calculated in an analysis that included the variable of years
since first asbestos exposure.

RESULTS

Exposures of Workers by Pleural Plaque Status
In Table II, the arithmetic mean values for cumulative expo-

sure, cumulative pulmonary dose of all fibers, cumulative pul-
monary dose of critical dimension fibers, cumulative pulmonary
dose of non-critical dimension fibers, asbestos latency, and RCF
latency are presented for plaque cases, all non-plaque partici-
pants in the study, and all study participants combined. Mean
values for each variable are higher among the plaque cases.

ORs for Categorical Exposure/Dose Variables
and Pleural Plaques

The distribution of all study subjects and pleural plaque cases
among each of the four categories of cumulative exposure lev-
els is presented in Table III(a). Similar distributions are pre-
sented among the categories of cumulative pulmonary dose of all
fibers, Table III(b), and cumulative pulmonary dose for critical
dimension fibers, Table III(c). ORs, as compared with the lowest
exposure/dose categories, are shown for each exposure/dose
metric, both with and without adjustment for asbestos latency.
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TABLE II
Arithmetic mean values of exposure/dose metrics for plaque cases, all non-plaque participants, and all study

participants combined

Mean (range)

Cum. Cum. pulmonary Cum. pulmonary Cum. pulmonary Asbestos RCF
Plaque status (SD) exposureA dose—all fibersA dose—CD fibersB dose—non-CD fibersC latencyD latencyE

Cases
(N = 20)(15) 140 (0.2–970) 79 (0.2–810) 65 (0.2–770) 13 (0–36) 32 (3–50) 259 (155)

All non-plaque
(N = 632) 45 (0–840) 20 (0–655) 15 (0–655) 5.5 (0–170) 21 (0–54) 125 (119)

All combined
(N = 652) 47 (0–970) 22 (0–810) 17 (0–770) 5.8 (0–170) 22 (0–54) 131 (124)

AIn fiber-mo/cm3 (range in parentheses).
BCritical dimension fibers (<0.4µm in diameter and<10µm in length) in fiber-mo/cm3 (range in parentheses).
CNon-critical dimension fibers (>0.4µm in diameter or>10µm in length) in fiber-mo/cm3 (range in parentheses).
DIn years since first exposure (range in parentheses).
EIn months since first exposure (standard deviation).

Logistic Regression Modeling of Exposure/Dose Metrics
as Continuous Variables

Each of the three exposure/dose measures (loge-transformed)
was analyzed as a continuous variable in separate regression
models of all study subjects (n= 652), adjusted for asbestos
latency. Results of these analyses are presented in Table IV,
which includes the model parameter estimate, standard
error, Waldχ2 value, and p-value for each exposure/dose vari-
able. The Waldχ2 test statistic, commonly used with logis-
tic regression models and derived from Abraham Wald’s large

TABLE III
Odds ratios (ORs), with and without adjustment for years since first asbestos exposure, for pleural plaques

among quartile categories for exposure/dose variables with all (N= 652) study participants

Fiber-mo/cm3 Unadjusted OR Adjusted OR
(Arith. mean [SD]) N Plaque cases (95% CI) (95% CI)

a) Cumulative exposure
0–2.3 (0.6 [0.6]) 148 0 (This category was combined with the next to form baseline.)
>2.3–15.7 (7.6 [3.8]) 165 1 1.0 (–, –) 1.0 (–, –)
>15.7–50.8 (30.7 [9.9]) 164 5 9.5 (1.1, 82)A 7.7 (0.9, 67)
>50.8 (150 [143]) 175 14 26A (3.4, 200) 22A (2.9, 170)

b) Cumulative pulmonary dose—all fibers
0–0.57 (0.17 [0.17]) 148 0 (This category was combined with the next to form baseline.)
>0.57–4.23 (1.9 [0.95]) 165 1 1.0 (–, –) 1.0 (–, –)
>4.23–14.3 (8.5 [2.9]) 164 6 11A (1.3, 95) 9.3A (1.1, 79)
>14.3 (78.1 [118]) 175 13 24A (3.1, 190) 20A (2.6, 160)

c) Cumulative pulmonary dose—critical dimension fibers
0–0.18 (0.05 [0.05]) 147 0 (This category was combined with the next to form baseline.)
>0.18–1.11 (0.54 [0.27]) 168 1 1.0 (–, –) 1.0 (–, –)
>1.11–4.88 (2.5 [1.0]) 164 6 11A (1.4, 98) 10A (1.2, 85)
>4.88 (63.1 [118]) 173 13 25A (3.2, 190) 20A (2.6, 160)

AStatistically significant (p < 0.05).

sample hypothesis test construction method, is the default
statistic used with PC/SAS logistic procedure.(35) Pleural
plaques were found to be significantly related to all metrics
(p< 0.01).

Tests for linear trend were performed when adjusted ORs
were statistically significant; all linear trend tests were statisti-
cally significant (p< 0.01). Logistic regression modeling of all
three exposure/dose metrics in one model showed that only the
cumulative pulmonary dose of all fibers was statistically signif-
icant (p< 0.01).
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DISCUSSION
Fiber toxicity has been identified with three factors: 1) fiber

dimensions, 2) biologic durability, and 3) dose delivered to the
target organ.(45) Although much less durable and biopersistent
than amosite or crocidolite, RCF is the among the most durable
of SVFs in biologic fluids, with a dissolution rate that approxi-
mates that of chrysotile. Durability and resistance to dissolution
increase the biopersistence of a fiber in a target tissue, thereby
affecting its potential toxicity. This study used carefully char-
acterized fiber dimensions to estimate dose using a pulmonary
deposition model. While the pulmonary dose estimate is not pre-
sumed to be the exact dose ultimately delivered to the parietal
pleura, it is a surrogate characterization of the fibers that may
induce pleural plaques.

The complete mechanism of pleural plaque formation is un-
known. One hypothesis is that some fibers that traverse the respi-
ratory airways and deposit in the alveoli are translocated through
membranes into interstitial tissues. Deposited fibers may pen-
etrate the lungs and the visceral pleura, enter the pleural cav-
ity, and migrate into the parietal pleura.(46−48) It has also been
proposed that fibers cleared from the lung via lymphatics are
transported to the parietal pleura before reaching the mediastinal
lymph nodes,(49−52) because sites of plaque formation coincide
with pathways of lymphatic drainage of the pleura.(53) The func-
tion of alveolar macrophages in clearance has also been consid-
ered important for the translocation of deposited fibers.(54) It is
probable that all these mechanisms contribute to clearing fibers
deposited in the alveolar region to the pleura.(55)

Results of this study show an association between pleural
plaques and increasing levels of cumulative exposure, cumula-
tive pulmonary dose (all fibers), and cumulative pulmonary dose
estimates for fibers of critical dimensions (diameter<0.4µm
and length<10µm). Analyses controlling potential asbestos ex-
posure showed the magnitude of the association was diminished
but remained statistically significant at the highest dose levels.

Logistic regression modeling of all metrics in one model
showed that all were successful at predicting the incidence of
pleural plaques. Although it was hypothesized a priori that the
cumulative dose metrics would be more predictive than cumu-
lative exposure, no such difference in predictive ability of the
models was observed (refer to Table IV.) Possible explanations
for this include: 1) too few data to provide the statistical power
to discriminate among exposure and dose metrics and models;
2) the exposure and dose metrics are too highly correlated to
detect differences; 3) the inability of the deposition model to
predict the effect of fiber clearance. With respect to the third
explanation, some of the longer fibers (as compared to criti-
cal dimension fibers) deposited in the pulmonary region may
be fractured, creating shorter fibers that eventually reach the
pleura.

It is also possible that some fibers just beyond the “critical
dimensions” defined by this study may reach the pleura. These
fibers would be included in the cumulative pulmonary dose for
all fibers and not the dose for the critical dimension fibers. An-

TABLE IV
Separate logistic regression analysesA of pleural plaques
for associations with three exposure/dose metrics for all

(N= 652) study participants

Exposure/ Parameter
dose metricB estimate SE Wald X2 p-value

Cumulative exposure 0.75 0.19 15.2 <0.01
Cumulative pulmonary 0.52 0.13 14.6 <0.01

dose (all fibers)
Cumulative pulmonary 0.36 0.10 12.4 <0.01

dose (critical dimension
fibers)

AAdjusted for years since first asbestos exposure.
BLoge transformation performed.

other possible explanation for the slightly weaker association
with the dose of critical dimension fibers is misclassification of
UJTs under UJT Groups. Precautions were taken to reduce the
possibility of misclassification (i.e., using two independent re-
viewers and testing agreement between categorical assignments
with a Kappa statistic); however, the effect of measurement er-
rors could reduce the association.

Air sampling data, obtained from both TEM and PCM anal-
yses of airborne fiber samples, were important. Data from TEM
analyses of airborne fibers provided information about fibers that
would otherwise go undetected using the conventional exposure
assessment method: namely, the fiber counting procedure de-
scribed in NIOSH Method 7400. From the sizing data, it was
determined that airborne fiber concentrations at RCF facilities
include fibers that meet the critical dimensions associated with
pleural plaques. The fiber counting procedure using PCM, on
which the cumulative exposure metric is based, also proved to
be an important method for evaluating the exposure-response
relationship for RCF and pleural plaques. Fiber counting data,
derived from more than 900 samples collected over roughly a
20-year period, indicate that airborne fiber concentrations have
declined significantly to current levels below 0.5 f/cm3.(14,25)

CONCLUSIONS
Size distributions of airborne RCF measured in the RCF

manufacturing industry include fibers of dimensions that may
be associated with pleural plaques.(29) Most of these critical
dimension fibers would normally go undetected in air samples
analyzed using NIOSH Method 7400, due to the limit of res-
olution for phase contrast microscopy and counting rules that
preclude counting fibers shorter than five microns. Based on
this realization, the use of TEM to measure airborne fiber size
distributions may be an integral part of characterizing airborne
RCF and the potential toxicity related to fiber dimensions.

Despite the limitations of the fiber counting method, cu-
mulative exposure to RCF (calculated from airborne exposure
data obtained using NIOSH Method 7400) was found to be
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significantly related to pleural plaques, even after adjustment for
asbestos latency. This is consistent with the earlier findings.(15)

Estimates of cumulative pulmonary dose (all fibers and critical
dimension fibers) were significantly related to pleural plaques, as
was the simpler model based on cumulative exposure. This asso-
ciation between pleural plaques and cumulative dose estimates
was apparent even given the limited amount of air sampling data
from TEM fiber sizing analyses.

RECOMMENDATIONS
Areas for future research might include the evaluation, adap-

tation, and use of additional animal lung deposition and clear-
ance models(61,62) that have become available since this study
was initiated and performed. Advantages of such models, if
adapted to simulate human lung parameters, include the integra-
tion of calculations to simulate the effect of clearance mecha-
nisms (e.g., dissolution and breakage of fibers) on the cumulative
lung burden of fibers in various size ranges.

With additional fiber sizing data, a more accurate characteri-
zation of the dose-response pattern for RCF and pleural plaques
might also be obtained. Specifically, these data may help to iden-
tify potential differences in fiber size distributions that may be
associated with specific dust zones or UJTs. More dose cate-
gories in an epidemiologic analysis would assist in the interpre-
tation of any health risk at various levels.

Answers to the questions of whether and how pleural plaques
relate to other possible health effects are elusive, indicating a
need for additional experimental and epidemiologic research.
Further study, presumably with animal models, may provide for
a better understanding of the mechanisms by which deposited
fibers ultimately reach the pleura and induce plaque formation.
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