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1 INTRODUCTION

Despite advances in knowledge of the relationships between exposure to mineral dusts
(asbestos, coal dust, silica) and the respiratory diseases that can occur (pneumoconioses.,
obstructive lung diseases, cancer, eic.}, these diseases are still present and workers are still
dying with these conditions. Important insight has been gained into the understanding of
the mechanisms of the injury that occurs when the cells and Lhe tissue of the lungs are
exposed to these mineral dusts. However. the primary mede of protecting workers from
the development of these mineral dust-induced lung diseases is by reducing or elimirating
exposure to increased concentrations of the dusts in the first place. No amount of treatment
can substitute for prevention in the development of these diseases.

This chapter provides the reader with background krnowiedge regarding the respiratory
system {anatomy, defense mechanisms, physiology, assessment, and the response of the
lungs to injury) and specifics of the lung diseases caused by exposure to some of the
mineral dusts.

Treatment of these disorders will not be covered in great detail in this chapter. However.
it remains paramount that engineering controls and personal respiratory protection be re-
quired so that these dust-induced lung diseases can be prevented,

Pauy's fndusiriaf Hygiene, Fifth Edition, Vohune !. Ediled by Robert L. Harris.
[SBN 0-471-29756-9  © 2000 John Wiley & Sons, Inc.

89



90 WILLIAM L. ESCHENBACHER, GREGORY ]. KULLMAN AND CRISTINA C. GOMBERG

2 PULMONARY ANATOMY

The primary function of the lung is to effect gas exchange with the environment: transfer
oxygen frem cutside the body to the bleod within the bady and remove carben dioxide
from the blood to outside the body. The anatomy of the respiratory system is set up to
allow for this exchange to occur in a maost efficient fashion.

The respiratory systewn includes the Jungs, the airways leading into the lungs. the pleural
covering of the lungs, the bicod vessels leading 10, away from, and in the lungs, the muscles
of the diaphragm and chest wall that allow air movement to cccur and the chest wall itself
which provides suppor:. and protection of the internal structures including the lungs, the
heart, and the major blood vessels. The respiratory system can be divided into these sepa-
raie components for cortvenience angd also because disease when it occurs can preferentially
affect one component snore than another (see Fig. 4.1).

2.1 Tracheobronchial Tree

The tracheobronchial tree or airways actually begin gt the nose and mouth and continue
1o the leve! of the terrninal bronchiote, the smallest conducting breathing passage. Air
containing oxygen enters the body through the nose and mouth and from there is inhaled
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Figure 4.1. The respiralory sysiem. Reprinted with permission (rom American Lung Association
{1). Note figure is from 1979,
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through the throat or pharynx and then through the vocal cords or larynx before entering
the windpipe or trachea. From here the trachea or main airway branches into the right and
lelt major bronchi. Air moves into these branches and then into smaller and smalier di-
visions of the trachecbronchial tree until the smallest conducting units or terminal bron-
chioles are reached. The trachea is 20-25 mm in diameier and the smaller bronchioles are
less than | mm in diameter. However, because of the many divistons and many number
of smailer bronchioles, the total cross-sectional area of the tracheobronchial tree actually
increases from approximately 4 cm? at the trachea to 10,000 cm” at the level of the terminal
bronchioles.

2.2 Pulmonary Parenchyma and Interstitium

The pulmonary parenchyma and interstitium refer to those parts of the lungs that are
involved in functions other than air conductance. This is a network of cells and supporting
matrix (including coilagen) where gas exchange takes place. The next airways afier the
terminal bronchioles are the respiratory bronchioles which contain air sacs (alveoli) within
their walls. The alveolar spaces are tiny air sacs formed by a thin cellular membrane
(epithelium} abutting blood-filled capillary membranes {endothelium}. There are approx-
imately 300 million alveoli in the lungs of a human with a total surface area of a 1ennis
court (approximately 280 sq ft). Once air reaches the bronchioles and alveoli, gas exchange
occurs: oxygen diffuses across a thin cellular membrane into the blood stream and carbon
dioxide s transferred from blood into the alveolar space. During exhazlation, the alveolar
air which now contains reduced oxygen and increased carbon dioxide moves up the tra-
cheobronchial tree where it leaves the body at the nose and mouth.

The space between the walls of the alveoli and the walls of the capillaries is the inter-
stitiurn, which is a space normally devoid of material or cells so that efficient gas exchange
can occur. The interstitium can be the site for inflammatory changes. Celiular infiltrates
and increased protein/collagen deposits that could occur in certain occupational diseases
can make the lungs stiffer and hamper gas exchange. These diseases are varied but are
collectively referred to as interstitial lung diseases.

2.3 Pulmonary Vascuiar Bed

Blood is carried to the lung by the pulmonary arteries from the right ventricle of the heart.
The pulmonary arteries then branch and branch again, with the blood vessels paralleling
the bronchi and bronchioles. Eventually the vessels become the capillaries which come
into cloge contact with the alveclar spaces. It is thought the capillary bed is probably more
a large continuous membranous surface through which bleed celis and plasma flow than
a conduit provided by individual vessels. After oxygen is transferred from the alveoli into
the blood (actually attaching to the hemoglobin melecules within the red blood cells}, the
oxygenated blood leaves the capillary bed and enters the pulmonary venous system which
is composed of larger and larger vessels until they become the pulmonary veins which
carry the oxygenated blood to the left atrium of the heart. From here, the oxygenated blood
Aows to the left veniricle and then is pumped out to the rest of the body.
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2.4 Pleural Surfaces

There are two adjacent layers of thin celluiar coverings for the lung. In immediate contact
with the lung is the mesothelium referred to as the visceral pleura. The visceral pleura is
surrounded by the parietal pleura which is a thin second mesothelial covering that lines
the inside of the chest wall. These two layers remain in close proximity and have smooth
surfaces facing each other allowing for ease of movement of the lungs within the chest
wall. The pleural surfaces can become diseased due to infiammatory changes (influx of
cells and proteinaceous material} resulting in a thickened and irmtated surface that can
limit the expansion of the lungs. In addition, the cells present in the pleural space can
mutate to dysplastic, metaplastic, or neoplastic in cases of malignancies related to the
pleura {(malignant mesothelioma). Also, fluid can accumulate in the pleural space between
the two layers limiting lung and chest wall expansion. These pleural effusions can be
benign {without malignant cells) or malignant.

2.5 Respiratory Muscles

In order for respiration (gas exchange) or ventilation (air conductance) to take place,
expansion of the chest wall must occur. The respiratory muscles (primarily the diaphragm)
are involved in this process. By contracting with each breath, the diaphragm descends
causing the chest cavity to increase in size. This creates a negative pressure in the pleural
space with a resulting expansion of the lungs. This force results in air being pulled into
the lungs during inhalation as necessary for gas exchange. While inhalation is an active
process requiring respiratory muscle coniraction, exhalation is nommally a passive process
with the chest wall and the lungs relaxing back to their resting or pre-inhalaticn size.
Diseases that affect the respiratory muscles are usually related to nerve or muscle diseases,
but mineral dusts such as asbestos can result in changes to the diaphragm surface which
can impact ventilation.

3 LUNG DEFENSES

3.1 Cough

The body vigilantly protects itself from foreign materials entering the trachecbronchial
tree. There are many nerve fibers in the upper airways around the larynx or vocal cords
and also in the trachea and major divisions of the bronchi. These nerve fibers react to the
presence of any foreign object or irritant substance such as gas or particles of dust. One
of the responses to stimulation of these nerve fibers in normal lungs is the cough. As part
of this cough refiex, the lungs involuntarily take in a large breath, the air is then forced
out with respiratory muscular effort (not passively as occurs with normal exhalation). The
resulting high intrathoracic pressures generated with this forceful effort cause the major
airways to narrow. The Aow of air cut through narrowed airways occurs at high velocities
with great shear force (o help expel any foreign object or substance. When cough is caused
by permanent changes in the lining of the airways or in the interstitium or the lung paren-
chyma, then it is no longer part of a normal response but rather a sympiom of a disease.
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3.2 Mucociliary Escalator

The airways including the trachea, bronchi, and smaller bronchioles are covered with
hairlike projections called cilia. Cells within the airways secrete mucous which layers over
the cilia. The cilia beat in a rhythmic pattern moving the mucous up the airways toward
the larynx or vocal cords where the mucous can then be swallowed or expectorated. A
foreign substance or material that reaches the trachecbronchial tree can be trapped in this
mucociliary escalator and removed from the lungs. Occasionally, however, this systemn can
be overwhelmed by the presence of excessive amounts of foreign material such as inhaled
dust. In that situation, the dust or other 1oxic substance can interact with airway cells and/
or the alveolar spaces. Before it is adequately removed, additional damage may occur with
resulting irritation and inflammation.

3.3 Macrophages

Gases, fumes and microscopic particles can eventually reach the alveolar spaces despite
the cough reflex and the mucociliary escalator. The size, shape, and mass of particles
determine where they are deposited within the respiratory system. Particle size can be
measured in microns. A micron is 10~® meters with approximately 25400 microns in one
inch. The smallest particles that can be seen by the naked eye are greater than 50 microns.
To be inhaled into the lungs and into the tracheobronchial tree and the alveolar spaces, a
particle is usually smaller than 5-10 microns. Particles bigger than 5 microns usuaily do
net remain airborme Jong enough te be inhaled or they can be trapped on the mucosal
surface of the nose. Particles of 1-5 microns are more likely to deposit in the tracheo-
bronchial tree. Smaller particles (0.01-1 microns) are more likely to reach the smaller
bronchioles and the alveolar spaces.

Once particles do reach the alveolar spaces without being coughed out or caught and
removed by the mucociliary escalator, they encounter macrophages, cells that reside in the
alveolar spaces. Alveolar macrophages are specialized cells that can engulf and digest
patticles. In time, the macrophages will then die and move up the mucoeciliary escalator
for removal by swallowing. In this last line of lung defense, the macrophage can protect
the lung {and in tum the rest of the body) from the potentially toxic effect of the particles.

However, just like the mucocilliary escalator, the macrophages can be overwhelmed by
excessive quantities of particles. Particles that are not engulfed by macrophages can lead
to irritation, inflammation, and disease.

4 PULMONARY PHYSIOLOGY

4.1 Ventilation

Airflow into and out of the lungs is a balance of two opposing forces intrinsic to the
respiratery system: elastic recoil and flow resistance.

Elastic recoil refers to the properties of the lung that cause the lung to revert back to a
resting state after the lung has been expanded. These elastic properties are produced by
the networks of collagen and elastin fibers that course throughout the lungs and provide
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the support structure of the lungs. As lung volume increases, these fibers are stretched,
and the potential elastic recoil progressively increases. The result is for the Jungs to shoink
back to their pre-expansion size.

In addition to the elastic forces that must be overcome with each inhalation, resistance
forces related to the flow of air through the tracheobronchial tree must also be overcome.
These resistance forces depend upon the flow rate of air, the characteristics of the air
including density and viscosily, and the characteristics of the tracheobronchial tree,

To achieve the required oxygen uptake and carbon dioxide removal at rest, one must
breathe at a rate to move 5-7 liters of air each minute into and oul of the lungs. This
ventilation requirement is increased in the face of lung disease because of inefficiency of
diffusion of gases or in gas exchange or in inequalities of ventilation/perfusion relfation-
ships (see below). Ventilation requirements will also be increased by increasing metabolic
demands such as exercise or in centain i{lnesses which may include fever,

4.2 Diffusion

Once air reaches the alveolar spaces, diffusion of the oxygen molecuies occurs across the
alveolar-capillary membranes (through the interstitium of the lung) and carbon dioxide
molecules diffuse in the opposite direction to be removed from the body. This diffusion
process is most efficient if the alveolar—capillary membrane is not thickened by disease
and the total surface area of the alveolar—capillary bed is not reduced by disease. Interstitial
disease such as the pneumcconioses caused by the inhalation of dusts can result in both
the thickening of the interstittum as well as loss of the alveolar—capitlary surface area by
tissue destruction. Diffusion limitation can occur in these interstitial diseases. It can also
occur in other lung diseases such as pulmonary emphysema where the alveolar spaces are
destroyed from years of smoking. In these circumstances, the blood leaving the lungs may
not be adequalely oxygenated resuiting in compensatory inereased demands for ventilation.

4.3 Ventilation/Perfusion Relationships

In addition to the volume of air moved in and out of the lung, the distribution of air in
relation to the Aow of blood in the capillary bed is imponant. The distribution of air to
the different sections of the lungs can be affected by diseases in the airways (bronchitis,
emphysema, or asthma) or by interstitia! disease with alterations in regional distribution
of elastic recoil forces.

Once oxygen, a component of the inhaled air, reaches the alveolar surfaces and diffuses
through the alveotar-capillary membrane, it will be taken up by the hemoglobin in the red
blood cells that flow through the capillary bed. There must be an even matching of the air
flow {57 liters per minute) to the alveolar spaces with the blood flow (5-6 liters per
minute) through the vascular bed. In normal circumstances, 95% of the output of the heart
flows through the lung from the right ventricle to the left atfium of the hearr.

Again, this matching of ventilation and blood fow or perfusion can be altered by
disease. When there is mismatching, there can be increased requirements for ventilation,
and the energy requirements for breathing (so-calted work of breathing) can be significantly
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increased and adequate gas exchange may nol occur. In severe conditions, this can lead to
respiratory failure and death.

4.4 Stress of Exercise

Any abnormality of pulmonary physiology, whether a problem with ventilation, diffusion,
or ventilation/perfusion matching, can appear worsened with exercise. Normally at rest,
humans consume 0.2 to 0.3 liters of oxygen per minute to satisfy the needs of the body.
However, under conditions of exercise (work or play), the requirements for oxygen can
be increased dramatically to as much as 5 to & liters of oxygen per minute. Under these
circumnstances, the tetal ventilation to support these oxygen requirements can increase to
100 to 140 liters of air per minute and the blood fAow through the lungs from the hean
can be increased from 5 to 6 liters a minute to 20 to 25 liters per minute. Because of the
inefficiency of diseased lungs, these increased requirements of ventilation cannot be met.
Therefore, any disease of ihe lungs even in the earliest stages can result in mild, then
severe, limitation to exercise and possibly progress to limitations even at rest.

5 ASSESSMENT OF THE LUNGS

5.1 Lung Function Testing

The principal function of the lung is to exchange gas between air outside the body and
blood within the body. In general, the body is quite efficient at adjusting and regulating
the ventitation and the ventilation to perfusion relationships so that homeostatsis is main-
tained even in the presence of extensive lung disecase. Additionally, the “pulmonary
reserve’—ihe portion of lung capacity not normally used even during strenuous exercise—
is quite adequate so even in the presence of mild lung disease, there may be no perception
of limitation. Also, symploms of respiratory disease {cough and shortness of breath) may
net correlate with actual lung dysfunction. For these reasons, determination of tung health
is best done by objective measurement of the physical properties of the lung; the size of
the lung or the volume of air within the lung, expansibility or the efasticity of the lung,
ventilatory ability {forces of breathing), and/or the efficiency of gas exchange. Pulmonary
or lung function tests are physiologic measurements that can be vused as a surrogate for
direct knowledge about a physical property of the tung. A cautionary note: no single test
can measure ali aspects of ung function. Therefore, care should taken in generalizing from
any one measurement, either normal or abnormal. The limits of interpretation are based
on (1) level of knowledge of the physiologic principles on which the test is founded, (2) the
biclogical variability inherent in the lung physiology being measured, and (3) the accuracy
of the measurement itself. Improving the reliability and utility of test results can be bes?
achieved by reducing the variability of testing. Quality contrel including test standardi-
zation is central to reducing variability.

5.2 Testing Standardization

Guidelines for the standardization of lung function tests have been developed by profes-
sional societies such as the American Thoracic Society (ATS) and European Pulmonary
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Saciety (EPS}). The documents that contain these guidelines are highly recommended read-
ing for individuals involved in all aspects of lung function testing (2-5).

The goal of standardization is to decrease variability of laboratory testing. As variability
with testing is reduced, sensitivity for detection of lung dysfunction and disease is in-
creased. Or stated differently, the variability of the physiologic measures should seek to
be as low as possible in order that the variation caused by the dysfunction or disease can
be identified (6). It has been demonstrated that significant decrement in variability can be
achieved with quality control principles applied to all aspects of spiromerry (7) the most
common!y used pulmonary function test.

Figure 4.2 from the 1994 ATS Spirometry Update lists spirometry standardization steps.
Each of the components will be outlined to give a brief intreduction to considerations to
be made when critically assessing spiromertry results. The most widely administered pul-
monary function lest—spirometry—is used as an illustrative example of how the stan-
dardization steps may be generally applied. Spiroretry, covered in greater detail later in
the chapter, is a “breathing’™ test measuring how much and how fast air can be inhaled or
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Figure 4.,2. Spirometry Standardization Steps. Reprinted, with permission, from American
Thoracic Secicty (2).
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exhaled. Industrial hygienists may be asked to help design and implement screening, moni-
toring, or surveillance programs which include spirometry. Understanding how vartability
may be intreduced (o the measurement system is essential 1o obtaining acceptable results.
These siandardization steps with appropriate modification can be applied to any of the
pulmonary function testing procedures, or any testing situation as the issue of separating
the variation of interest (the signal) from the vanation attributable for all other sources
(the noise} is common to all testing situations.

Equipnment Performance Criteria. The accuracy of spirometric equipment depends on
the reselution (i.e., the minimal detectable flow) and the linearity of the entire system.
Recommendations contained in ATS documents are minimal requirernents. Detailed spec-
ifications for equipment to be used for spirometry are available (2).

Equipment Velidation. Spirometry equipment, like all equipment, requires periodic val-
idation o test equipment performance in meeting the pre-established equipment perfor-
mance crteria.

Quualdiry Conniol. Quality control is important 1o ensure consistency tn meeting stan-
dards. Procedure manuals which include quality conirol plan, catibration and test perfor-
mance procedures, calculations, criteria, reference values source, and emergency proce-
dures are essential in any testing situation. Documentation of daily activilies, abnormal
events, continuing education and performance feedback are highly desirable. A quality
control program that provides continuous feedback to the technician is increasingly seen
as critical to the collection of high-quality spirometry darta (2, 7).

Subject/Patient Maneuvers, Detailed description and criteria for the actual performance
of maneuvers, for not only spirometry, but other pulmonary function testing as well, {i.e.,
methacholine challenge, diffusion capacity), is essential in obtaining consistency and stan-
dardization.

Measurement Procedures. Spirometric vaniables should be measured from a series of at
least three acceptable forced expiratory curves (2). What should be noted is the requirement
that more than one maneuaver is needed. Additionally, the concept of acceplability and its
companicn concept, reproducibility, are essentizl and need 1o be defined. ATS documenla-
tion gives detailed requirements for each type of maneuver’s measurement procedure.

Acceptability. Acceptability is the performance of a pulmonary function testing maneu-
ver in accordance with criterta recommendations, vsually these criteria are as set forth by
the ATS (2). Acceptability criterta consists of such items as satisfactory start-of-1est, min-
imum testing times, minimum performance vanables, and end-of-lesi criteria, Obviously,
dependent on the components and parameters to be measured, each pulmonary function
test will have its specific criteria for acceptability.

Reproducibility. Reproducibility is the ability to successfully produce usually at least
three acceptable maneuvers that are within a range of predefined variability, e.g., for the
values of forced vital capacity (FVC) and forced expiratory volume in one second (FEV ),
the largest and the second largest, should not vary more than 0.2 L (2). Again, dependent
on the parameters measured, each pulmonary function test will have its specific criteria
for reproducibility.

Reference Value/interprerotion. Pulmonary function tests, like all clinical measure-
ments, are subject to (/) technical variation related to instrument, procedure, observer,
subjeet, and their interactions; (2) biologic variation (the focus of interest of most of the
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nonclinical biological sciences); {3) variation caused by dysfunction or disease. Interpre-
tation of pulmonary function tests depends on establishing the variation of interest (the
signal) and it relation to all other sources of variation (the noise). In assessing if particular
pulmonary results are abnormal, the ¢linician uses reference equations to provide a context
for evaluating an individual in comparison to the distribution of measurements in a ref-
erence population, There are multiple reference equations available. The choice of a par-
ticular set of reference values depends upon several factors including the poputation being
studied. Recently published reference values for spirometry may become the standard in
many different situations (8). [Nere: There is significant statistical rationale and preference
for determining abnormality using lower limits of norma! {(LLN) as determined from the
regression modef used in selected reference equations; rather than the relatively arbilrary
20% less than the predicted value (5).]

Clinical Assessiment. Pulmonary function tests may be used to (/) describe dysfunction
and assess its severity. and explain it in terms of diagnosis, prognosis, management, and
assessment of trends over time, including vesponse lo treatment; (2) identify abnormality
in individuals without known pulmonary disease; (3) and as part of a bealth assessment
for a third party (e.g., insurance or government interest).

Quality Assessment and Feedback to Technician. The pulmonary function testing tech-
nician is critical 1o the successful performance of the pulmonary function iesting maneu-
vers, Since many maneuvers require breathing in unusual, forceful, and sometimes stressful
ways, a well-trained, knowledgeable, enthusiastic technician will affect significantly ihe
quality of data obiained. Suboptimal technician performance is the most imporant factor
causing tnaccurate spirometry resclts. The maintenance of high quality data collection is
critically correlated with regular written technician feedback regarding the quality of their
efforts in obtaining results (7).

Lung Velumne Subdivisions. The total volume capacity of the lungs is sometimes useful
for understanding pulmonary pathology. See Figure 4.3 for subdivisions of lung. A rea-
sonable estimate of total lung capacity can be obtained by combining several volume
parameters. The most common parameters are

1. Tidal Volume (TV): during guiet, relaxed breathing, the volume of air that is exhaled

with each breath,

Residual Volume (RV): the amount of air remaining in the lungs after the greatest

exhalation possible.

3. Vital Capacity (VC): the maximum amount of air that can be exhaled after the
fullest inhalation possible. The amount of air that can be exhaled with a maximal
effort after a maximal inhalation is called the Forced Vital Capacity (FY(C), The FVC
is the volume that is measured in spirometry.

4, Total Lung Capacity (TLC): the sum of the vital capacity and the residual volume
and a representation of total measurable lung volumes.

i

5.3 Spirometry

Spirometry is a medical test that measures the volume of air an individoal inbales or exhales
as a function of time. Flow, or the rate at which the volume is changing as a function of
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Figure 4.3. Volume subdivisions of the Lung.

time can also be measured. Spirometry is a useful screen of generai health and correlates
well with morbidity and life expectancy (9). Spirometry is used to gather information
about respiratory function and may be used to diagnose, monitor, evaluate disability or
impairment, and in public health surveillance and evaluation ¢10).

Spirometry refers 1o the measurements of exhaled air volume and flow rates from in-
dividuals who are coached by trained technicians using either volume-based or flow-based
measuring equipment. The important measurements inciude forced vital capacity (FV(C)
or the greatest volume of air exhaled from a maximal inspiration to a complete exhalation;
the forced expiratory volume in one second (FEV,) or the volume of air exhaled in the
first second of a FVC maneuver; and the ratio between these two values; FEV,/FVC.
These measurements can be made using either a volume-based system (such as a dry
rolling-seal spirometer) or a flow-based system interfaced to a dedicated computer. All
procedures should conform to standard goidelines (2). At least three maximal expiratory
maneuvers or FYC maneuvers should be performed at each session, The selection and
interpretation of resuits including the nse of published reference equations should also

conform to standard guidelines (5).

5.4 Bronchodilator Administration

Lung function tests such as spirometry are on occasions performed before and after the
administration of an inhaled bronchodilator to measure the response to that intervention.
A bronchodilator is a pharmacological agent causing the airways of the lung 10 dilate or
become greater in diameter. Specifically, it has been proposed by the American Thoracic
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Society that increases of at least 12% and 2000 mL in FEV, or in FVC be considered to
be significant (5). Bronchodilator responsiveness can be found in cenain lung diseases
such as asthma or chronic obstructive pulmonary disease (COPD).

5.5 Methacholine Bronchial Challenge Test

Asthma is a pulmonary condition characterized by: (/) airway obstruction {or narrowing)
that i5 reversible either spontaneously or with reatment, (2) airway hyperresponsiveness
to a variety of stimuli, and (3) airway infammation {11). To assist in the diagnosis of
asthma, determining the presence of reversible airway obstruction (usually lo the use of a
bronchodilator} or determining the presence of increased airway or bronchial responsive-
ness is important.

When an individual is evaluated for the possibility of asthma, baseline spirometry is
first indicated. If there s presence of airways obstruction (a reduction in the ratio of FEV,/
FVC), then a bronchodilator is administered to determine the presence and extent of re-
versibility. If significant reversibility is present (> 12% increase and a 200 ml increase in
the FEV, ar FVC) (13), then determination of bronchial responsiveness may not be nec-
essary (4). Otherwise, the next step might be the performance of a bronchial challenge tcst
to measure bronchial responsiveness. By far, the most commonly used nonspecific inha-
lation challenge agent used for such testing is methacholine.

The presence of increased bronchial responsiveness is not diagnostic of asthrma but can
be found in individuals with asthma. Increased bronchial responsiveness can be seen in
other conditions such as smoking-induced chronic obstructive pulmonary disease (COPD),
congestive heart failure (CHF), cystic fibrosis, bronchitis, and in about 5% of normal
individuals ¢4). In addition, a few individuals with asthma may have normal bronchial
responsiveness. Thus, the test for bronchial responsiveness can be useful but again is not
diagnostic of any specific condition.

5.6 Lung Volume Measurement

As mentioned above (Lung volume subdivisions), the amount of air within the bungs can
be represented by different volume parameters: total lung capacity, vital capacity and
residual volume. Spirometry testing measures the amount of air an individual can inhale
or exhale. However, even at the end of a complete exhalation, air still remains in the lung
(the residual volume). Thus, spirometry is not capeble of measuring all the air that com-
prises the total lung capacity. Knowing the total lung capacity can be useful in the eval-
uvation of workers who may have certain lung diseases or conditions. Measurement of total
lung capacity or TLC requires the direct measurement of lung volures.

There are four methods for determining lung volumes: body plethysmography, nitrogen
washout techniques, helium dilulion techniques, and radiographic planimetry. Of these
techniques, the one most commenly used in clinical laboratories is the body plethysmo-
graph or the “body-box.”™ With this methaod, the individual sits in an enclosed box {the size
of a telephone booth) and piaces his or her mouth on a mouthpiece. While the individual
is breathing in and out through the mouthpiece, the body-box measuring equipment senses
changes in pressure surrounding the person. The resulting pressure changes are converted
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to volume changes which in tumn provide a measure of the total volume of air within the
lungs at that time. By other calculations and breathing maneuvers, the delermination of
TLC can be made.

As described later in this section (Classification of Lung Function Abnormalities}), the
determination of a restrictive ventilatory defect requires the actual measurement of TLC
as by a body plethysmograph. When the TLC as measured by one of the four methods is
considered to be abnormally reduced, then a restrictive ventilatory defect is present. For
an obstructive ventilatory defect, the TLC can be normal, increased or reduced.

5.7 Diffusing Capacity

Diffusing capacity of the lung {DL.qo} is the measurement of the transfer of carbon
monoxide (CO) from inspired air to pulmonary capillary blood. This tung function test is
complementary to spirometry testing in that it is a crude estimate of pas exchange and the
status of the pulmonary vascular bed. Procedures for performing the test conform to stan-
dard guidelines {3). A maximum of four trials can be performed to obtain at least two
values that are within 10%. The mean value of at least two acceptable tests within 10% is
reported. Predicted values for DL and the ratio of DLg to the single-breath alveolar
volume {V,) or DL/V, are based on published predicted values {2} and are the measures
of interest.

5.8 Classification of Lung Function Abnormalities

Disturbances of respiratory anatomy or physiology give characteristic pattemns of abnormal
lung function. A lessening of ventilatory capability can either be due to a reduction in the
total capacity of the lung (restrictive pattern) or obstruction in the airways of the lung
{obstructive paliern),

An obstructive ventilatory defect is defined as lessening of the respiratory system's
capability to cause air to flow from the lung. Usually the total amount of atr the lungs are
capable of holding remains relatively stable/unchanged. It is the relationship, the ratio, of
the ability to force air out of the Tungs (forced expiratory volume in one second, FEV )
refative to the maximal volume that can be exhaled (forced vital capacity or vital capacity,
FVC and ¥, respectively) that defines an obstructive pattern. A reduced FEV,/VC in-
dicates airflow limnitation and suggests a reduction in the cross-sectional area of the airways
or airway nammowing (5). Examples of lung diseases that can have obstructive patterns
include asthma, chronic obstructive puimonary disease (COPD) (including chronic bron-
chitis and emphysema), cystic fibrosis, bronchitis, bronchiolitis obliterans, and brenchi-
ectasis.

A restrichive ventilatory defect is characterized physiclogically by a reducticn in total
lung capacity (TLC) (5). The ratic of FEV,/VC which when reduced defines an obstructive
pattern, remains normal or can even increase. Spirometry testing which measures the vital
capacity might suggest a restrictive ventilatory defect but the measurement of total lung
capacity (TLC} is required to determine if a true restrictive defect is present. Examples of
lung diseases that can have restrictive patterns include the pneumoconioses {(asbestosis,
silicosis, coal workers” pneumoconiesis), interstitial fibrosis, and sarcoidosts.
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5.9 Radiographic Examination

The comerstone of the radiologic diagnosis is the plain thoracic radiograph, or the “chest
x-ray” (13). Radiographic methods record anatomic structure and the changes that can
occur within these structures, such as can be present with disease, The routine views of
the chest are a front view and a side view. With these two visualizations, a three-
dimensional inspection of the thoracic contents and chest wall can be accomplished. When
the chest x-ray is used as a screening tool, the single front view may be the only one
collected {14).

Other radiographic procedures may be performed to complement the simpte chest x-ray,
these include: digital radiography, computed tomography (CT scans), and magnetic reso-
nance imaging (MRI).

Digital radiography techniques offer the ability to electronically transmit and compactly
store images. [t is possible that in the next 25 years, use of conventional radiographtc film
will either disappear or become dramatically reduced.

Tomography allows the selective visualization of a specified layer of tissue, excluding
all others. This selective visualization is accomplished by maintaining the “focus” between
object and radiographic device for one “slice” at a time. The compilation of all the slices
results in a detailed three-dimensional image. Computed tomography {CT) uses the com-
puter to process and dispiay the resulting three-dimensional image. High resolution CT
(HRCT) scans have thinner slices which can help identify certain pathological abnormal-
ities. CT scans are particularly helpful in the evaluation of changes within the structure of
lung tissue including interstitial changes or fibrosis.

MRI. or magnetic resonance imaging, is accomplished by placing certain atomic nuclei
in 2 magnetic field. When the nuclei are excited with a particular frequency of radio waves,
they emit some of the absorbed radio wave energy as radio signals. The magnetic resonance
technique allows interpretation at a chemical-physiologic level while all previous imaging
techniques have permitted only anatomic inspection. Since chemical-physiologic changes
may occur before actual structural changes, magnetic resonance offers the potential for
earlier disease detection.

5.10 ILO Classification for Presence of Pneumonconiosis

For aver 50 years, the Intemational Labour Organization (Geneva, Switzerland} has pro-
vided guidelines for the classificaton of chest radiographs for the presence of pneumo-
conioses. The most recent updated version of this classification system was released in
1999 (15). In this classification system, each chest radiograph (single front view) is scored
in different categories: technical quality, presence of small opacities (representative of
pneumoconicses), large opacities, pleural changes, and other abnormalities.

The most important classification scoring for the presence of pneumoconiosis is the
profusion score for small opacities. The number and concentration of the small opacities
is scored using 2 i2-point scale and the use of standard films of four categories of small
opacity concentration or profusion. The four categories for the presence of profusion of
small opacities are 0, 1, 2, and 3 (0 considered to essentially without significant number
of small opacities to 3 which represents the greatest number or concentration or profusion
of small opacities). The film to be reviewed is compared to a standard, 22-image film set.
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If the reader feels that the number and concentration of the small opacities in the film
being reviewed matches exactly the profusion of small opacities in the standard film, the
score for the film is then recorded.

In addition to the profusion of small opacities, scoring is done for the size and shape
of the small opacities; for the size and number of large opacities; for the extent, width and
presence of calcium within pleural abnormalities; and for the presence of other disease
conditions such as lung cancer or hean disease.

Use of the ILO classification system allows for consistency in scoring the changes on
radiographs for workers that may have pneumoconioses such as asbestosis, silicosis, or
coal workers” pneumoconiosis. This classification system has been used in epidemiological
surveys as well as for medical-legal determination of impairment or disability.

& INFLAMMATORY AND FIBROTIC RESPONSES OF THE LUNG

6.1 Particle Deposition

The lung diseases that occur as a result of exposure to the inhalation of mineral dusts are
determined in part by the site deposition of the parlicles of dust. In general, airborne
particles that are in the respirable range of size (<10 micron} deposit in the tracheobron-
chia! tree through impaction, sedimentation, interception and diffusion. The physical char-
acteristics (length, diameter, and shape of the particles) determine the distance that the
particles may travel through the tracheobronchia! tree. For example, the asbestos fibers of
chrysotile (serpentine) and crocidolite {amphibole) are long and narrow and can impact at
the bifurcation of smaller airways such as bronchioles. Once deposited in the tracheo-
brenchial tree or within the alveolar spaces, damage then depends on the ceflular response
to the presence of the dust particles.

6.2 Cellular Response of tnflammation

As discussed previously in Section 3, Lung Defenses, particles that reach the terminal
airways and the alveolar spaces can be engulfed by the resident alveolar macrophages.
Once these cells engulf or phagocytize the particles, these cells can produce a variety of
infammatory mediators and cell-to-cell messengers depending upor the physical-chemical
characteristics of the particles themselves (16, 17). For example, alveolar macrophages
can release reactive oxygen species (oxygen radicals) that can be damaging to nearby cells.
These macrophages can also release med:ators or factors that can lead to the recruitment
and proliferation of other cell types as weil as the production of protein substances that
are the basis of fibrosis.

For example, macrophage-released mediators such as tumor necrosis factor-alpha
(TNF-a}, interleukin-1 (IL-1), or interleukin-6 (IL-6) can lead to significant local responses
in lung parenchyma and interstittum. TNF-o can lead to the recruitment of other inflam-
matory cells such as lymphocytes, eosinophils, and neutrophils, TNF-a can also cause the
increased expression of adhesion molecules, which can result in the attraction and collec-
tion of other cell types in the region of lung injury. IL-1 and IL-6 are other inlammatory
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mediators that can alter collagen synthesis in the lung, affect the balance of protein sub-
strates in the lung acellular matrix, and can also result in tbe recruitment of other cell
types. All of these inRammatory mediators have been found in the lavage fluids from the
lungs of workers exposed to dusts such as silica, coal dust and asbestos, as well as from
the lungs of animals exposed 1o these mineral dusts.

Other mediators relcased from macrophages may be more involved with the subsequent
fibrosis or scarring that occurs with long-temm exposure to mineraj dusts. Mediators such
as transforming growth factor-beta (TGF-), platelet-derived growth factor (PDGF), and
insulinlike growth factor-1 (IGF-1) have been implicaied in the recruitrnent and prolifer-
ation of cells involved in fibrosis such as fibroblasts. In some cases, it may be the relative
proportions of these key mediators that characierizes the degree and extent of fibrotic
response of the lung to the mineral dust. For example, fluids from patients’ lungs with
simple coal workers' pneumoconiosis (CWP) had higher concentrations of TGF-f while
fluids from patients’ lungs with progressive massive fibrosis (PMF) had greater concen-
trations of PDGF and IGF-1 (18).

In summary, particles such as asbestos fibers or coal dust or silica particles deposit in
terminal airways such as respiratory bronchioles or alveolar ducts and are eaten or phago-
cytized by alveolar macrophages. These macrophages then release mediators that lead to
infltammatory and fibrotic changes withio the lung. The substances released by macro-
phages that may be involved include reactive oxygen species and cytokines such as inter-
leukins (IL-1 and IL-6) as well as TNF-a, TGF-p, PDGF. and 1GF-1. These mediators
recruit other inflammatory cells such as lymphocytes. cosinophils, neutrophils and fibro-
blasts. These mediators can also damage resident cells such as the alveolar epithelial celfs
and endothelial cells. The activation of these recruited cells especially the fibroblasts can
then [ead to the production of changes within the connective tissue malrix with increased
presence of collagen and resulting fibrosis.

These changes in cellular physiolagy, when extensive, can lead to changes in anatomy
and both can be evidenced as changes in lung function.

7  MINERAL DUST-INDUCED LUNG DISEASE

7.1  Asbestos

Asbestos is a term used to deseribe a group of naturally occurring, fibrous magnesium
silicate minerats. Asbestos is fourd in serpentine ard amphibole mineral formations
throughout the world; due to its indestructible nature and thermal insulating propenies,
asbestos has found many commercial applications. Asbestos has been recognized and used
since ancient times in pottery, wicks for oil laps and torches, woven shrouds, ard napkins
or tablecloths that could be cleaned by fire (19-22). Commercial miring of asbestos began
in the late 19th Cenwury. The first asbestos textile mill in the United States began production
in approximately 1896. Commercial asbestos production also began in Russia at approx-
imately the same ume. Large scale use of asbestos came with industriafization, and in
particular, mass production of the steam engine which required heat resistant insulaling
materials for packing and seals {20-24). The production of asbestos increased rapidly
during the mid 1900's as it found use in over 3000 applications.
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Approximately iwenty years after the start of commercial asbestos production, the first
reports of pulmonary fibrosis occurred among asbestos textile workers in France {17), The
considerable attention drawn to asbestos in modem times surrounds its ubiquitous use and
diverse nature of attributable human health effects. Asbestos related diseases 2nd condi-
tions include asbestosis, small airways disease, pleural plagues, lung cancer, cancer of the
larynx, cancers of the gastrointestinal tract, mesothelioma, and others {see Table 4.1) {22).

These diverse, significant health outcomes, in the context of the modern medical and
legal environments, have made asbestos related respiratory disease one of the most sig-
nificant occupational health issues of the 20th Century.

7.1.1  Mineralogy of Ashestos

From a mineralogical perspective, the term asbestos refers 10 a specific pattern of crystal
formation {called asbestiform crystalline habit) producing long thin fibers with lhigh aspeci

ah

Table 4.1. Asbestos-related Diseases and Conditions

Pathology Organ{s}) Affected Diseases/Condition

Nonrnalignant  Lungs Asbestosis (diffuse interstitial fibrosis)

Small airway disease® (fibrosis limited 1o the
peri-bronchiolar region)

Chronic airways disease”

Pleura Pleural plagues

Viscero-parietal reactions, including benign
pleural cffusion, diffuse pleural fbrosis and
rounded oteleetosis

Skin Asbestos coms”
Malignant Lungy Lung cancer (all cell types)
Cancer of larynx
Plenra Mesothelioma of pleura
Other mesothelium-lined  Mesothelioma of the peritoneum, pericardium and
cavities scrotem (in decreasing frequency of occurrence)
Gastrointestinal tract/ Cancer of stomach, oesephagus, colon, rectum
Others Ovary, gail bladder, bile ducls, pancress, kitlney

“Reprinted with permissian from Rel. 22, Copyrighl®@ Intemational Lobour Organizalion, 1998, Other sources
are Refs 25-30.

*#The diseases or conditions indicaled in bold type are those mosl frequenily encounlered and the ones for which
a causal relatienship is well established and/or generally recogsized.

“Fibrosis in the walls of the smal] airways of the lung (including the membranous and respiralory bronchioles)
ts thought to sepresent the cacly luag parcnchymal response 1o retained asbestos (25) which will progress to
asbestosis if exposure continues and/or is heavy, but if exposure is Jimiled or light, the lung response may be
limited to these areas (20).

“Included are bronchitis, chronic obstructive pulmonary disease (COPD) and emphysems, All huve been shown
to be associaled with work in dusly environments. The evidence For causality is reviewed in ref. 27.

‘Related to direet handling of ashestos and of historical rather than curnem interesi,

Data noi consistent from all studies (27) some of the highest risks were reported in a cohort of uver 17.000
Amcrican and Canadian asbeslos insulation workers (29) followed from January |, 1967 to December 31, 1986
in whom exposure had been particutarly heavy.
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ratios (fiber length divided by width), high tensile strength, and flexibility. Although many
minerals can crystallize in ap asbestiform habit. oniy six have been of industrial use and
commonly referred to as asbestos {31). These include the serpentine mineral chrysatile
and the amphibole minerals crocidolite, amosite, anthophyllite, tremolite, and actinolite
(Table 4.2).

Chrysotile accounts for approximately 95% of the asbestos used in the United States
(24). These asbestos rninerals can also have nonasbestiform crystalline habits as noted in
Table 4.2. Amphibole minerals and, to a lesser degree, serpentine minerals occur widely
distributed throughout the earth’s crust in many igneous or metamorphic rocks. However,
only in rare instances do these mineralogical occurrences contain sufficient quantities of
asbestos to be economically suited to mining.

7.1.2 Production and Use of Asbestos

The world production of asbestos has increased from the late 19th Century until about
1976 with the production of approximately 3,708.000 tons in that year. Production dropped
during the 1980s and 1990s as the adverse health effects of asbestos exposure became a
matter of increasing public concern (21, 22). Approximately 2.7 million tons of asbestos
were produced during 1994 and world mine producers, in order of output, included Russia,
Canada, Kazakhstan, {China, and Brazil (23). The United States asbestos consumption was
less than 27,000 metric tons in 1994. Chrysotile accounts for approximately 95% of world
production and a key market for this fibrous mineral is the production of asbestos cement
{21, 23). Chrysotile is produced primarily in Russia, Canada, Swaziland, and Zimbabwe
with minor production plants in the United Siates (California), Australia, Cyprus, Italy,
Brazii, and China. Crocidolite is produced in South Africa and in Australia (now discon-
tinued} and Bolivia. Amosite was produced untquely in South Africa. Anthophyllite was
produced only in Finland.

The physical properties of asbestos that have resulted in its widespread use include (1)
good insulator (2) incombustibility, (3} flexibility, () high 1ensile strength, and (5) resis-
tance to corrosion. By virtue of (hese properties, asbestos has found many industrial ap-

Table 4.2. Classification of Asbestos Minerals

Ashestos Nonasbestiform Analogs Chemical Formuia
Serpentine

Chrysotile Antigorite, Lizardite Mg,(Si,05)(0H),
Amphibole

Crocidolite Riebeckite NajFe;{Si;04,)(0H),

Amosite Cummingtonite-Grunerite {Fe, Mga),(Si;0.,{OH),

Anthophyllite Anthophyllite {Mg, Fe),(8i3;04,)(OH),

Tremolite Tremolite Ca,Mgs(8ig012)(OH},

Actinaolite Aclinolite Caa.{(Mg, Fe)s(8iz01)(OH),
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plications including (/) use in cement products including pipes and shingles, (2) vinyl
floortile, (3) paper for insulation and hitering, (4) friction materials for brakes and clutches,
(3) textile products including yarn, felt, rope, wicks, and others, (6) paints and coatings,
and (7) spray-on materials for fireproofing, and thermal or acoustical insulation. The ship-
building, automobile, railroad, and construction industries have been among the larger
asbestos users nationally (21, 22, 32}. A 1995 list of industrial applications for asbestos
shows some redistnbution in uses including asbestos cement (84%), friction maternals
(10%), textiles (3%), seals and gaskets (2%), and other uses {1%) (22).

7.1.3  Occupational Exposures and Exposure Limits

Most ashestos exposures are of accupational origin, paricularly in industrialized nations,
and the list of occupations with the potential for asbestos exposures is quite large. Primary
asbestos exposures occur through direct ashestos production in mining and milling opera-
tions. Most ashestos mines are open-pit operations {chrysotile) with some underground
mining (amphiboles). Workers are exposed as asbestos containing ores are remaved, {rag-
mented and screened. The milling process involves occupational exposures as the asbestos
containing materials are further concentrated by crushing and screening, washing/drying,
cyclone separation, sorting into commercial grades, and packaging for distnbution. The
handling of waste ores and transportation of asbestos products at mine and milling opera-
tions is also a source of occupational exposure {21, 22, 33). Asbestos exposures can also
occur to workers invelved in mining stone or other mineral products through asbestos
contamination of parent ores (33, 34).

Secondary asbestos exposures occur in a wide range of industrial seitings through the
production/application of asbestos containing products or by contact with these materials,
Workers have used raw asbestos in packing and lagging (e.g., steamn engines and boilers),
in spraying materials onto ventitation ducts and structural surfaces in buildings, and in
shipbuilding. In the manufacture of asbestos cement and asbestos liles, exposures can occur
through the opening of bags of asbestos, mixing these materials into slurries, and in the
machining of the end products. In the manufacture of asbestos yarns and textile products,
exposures can accur by preparing, blending, carding, spinning, weaving, and calendaring
the fiber. In addition, exposure to asbestos can occur in the construction indusiry with the
application of asbestos-containing insulation materials and the cutting, drilting, and sand-
ing of asbestos-containing construction materials. Maintenance and construction workers,
including electricians, welders, pipefitters, carpenters, and others are exposed by working
directly with asbestos containing materals or by working in proximity to other construction
operations involving asbestos. Asbestos exposure can atso occur in office settings through
uncontrolled maintenance/repair of building surfaces or structlures containing asbestos ma-
terials (35). Significant levels of domestic ashestos exposure have also been reported to
occur through materials adhered to work clothes when they are taken home for laundry.

Historically, occupational exposures to asbestos are reported to have been as high as
100 fibers per cubic centmeter (fibers/cm®); although, in most occupational settings, ex-
posures were commonly between 2 to 20 fibers/cm?® prior to occupational exposure control.
Occupational disease resulting from asbestos exposures became evident during the early
1950s. During the 1960s and 1970s, large epidemiological studies confirmed clinical ob-
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servations asscciating asbestos exposure with asbestosis and lung cancer (21-23, 32).
Occupational asbestos exposures have been substantially reduced since regulatory enforce-
ment began during the early 1970s. In the United Siates, the Occupational Safety and
Health Administration (OSHA), enforces a Permissible Exposure Limit (PEL) for asbestos
in general industry of 0.1 fibers/cm® as a time-weighted average (TWA). (For regulatory
purposes, asbestos is defined 10 be chrysotile, amosite, crocidolite, tremolite. anthophyllite,
and actinelite, Fibers, measured at the microscopic level, are defined as a particulate form
of asbestos 5 microns or longer with a length-to diameter ratio of at least 3 to 1). The
Mine Safety and Health Administration {MSHA) exposure limit for asbestos as a TWA is
2 fibers/cm’, The National Institute for Occupational Safety and Heaith (NIOSH), Rec-
ommended Exposure Limit (REL) and the American Conference of Governmental Indus-
trial Hygienists {ACGIH), Threshold Limit Value (TLV) are also (.1 fibers/cm® as a TWA
for all forms of asbestos. In modern industrial settings, the occupational exposure limits/
criteria and the use of engineering control methods for asbestos containing dusts have been
effective in reducing asbestos exposures (36-39).

7.1.4 Asbestos-Related Respiratory Disease

The primary toxic effects of asbestos on the respiratory system involve the ability of
asbestos fibers to induce a fibrotic pulmonary response and cancers of the lung and pleura)
spaces (48). The level of asbestos exposure, fiber type, fiber dimensions, durability, and
fiber surface properties influence the toxicity, fibrogenicity, and carcinogenicity. Inhaled
asbestos fibers becomne aligned with the airstream and can penetrate lo the lower, gas
exchange region of the lung depending on fiber diameler. Asbestos fibers with diameters
less than § microns have a greater ability to penetrate to the nonciliated regions of the lung
where they can exert the greatest toxic effect. Particles deposiied in the major airways are
cieared by the action of mucus secretions/ciliated cells and are transported out of the
respiratory system. Smaller diameter fibers, deposited beyond the major airways are en-
gulfed by alveolar macrophages and can remain in the tungs for longer periads of time.
There is limited clearance of asbestos fibers deposited tn this region of the lung. and when
clearance occurs, it is through the lung lymphatics o the interstitium, the pleural cavities,
and the lymph nodes. Often the fibers penetrating ta the non-ciliated regions of the lung
are partially engulfed, or coated, by scveral alveolar macrophages forming an asbestas
body, a characteristic marker of asbestos exposure (see Fig, 4.4).

Asbestos fibers retzined in the lung usually invoke an inflammatory reaction with an
accumulation of white blood cells followed by a macrophagic alveolitis. The subsequent
release of fibronectin, chemotactic factors, growth factors, and supercxide ion release
results in the proliferation of alveolar, epithelial, endothelial, and interstitial cells {21, 22,
32) (see Section: Cellular Response of Inflammation) The asbestos-related respiratory dis-
eases and conditions described below include pleural disease, asbestosis, lung cancer, and
mesothelioma.

7.1.4.1 Asbestos-Related Pleural Disease. Pleural disease is the most common manifes-
tation of asbestos exposure and can present as benign pleurisy with effusions (collection
of Auid), pleural plaques, diffuse pleural thickening. and rounded atelectasis. Benign pleu-






110 WILLIAM L. ESCHENBACHER, GREGORY . KULLMAN AND CRISTINA C. GOMBERG

the parenchymal (interstitial) subpleural areas. Diffuse pleural thickening is attributed to
the combined effects of large pleural plagues, the extension of subpleural fibrosis to the
visceral pleura, and scarring from exudative (fluid forming) benign pleunsy. Due to the
extent of diffuse pleural thickening resulting in restriction of the lungs to expand, dyspnea
{shortness of breath) on exertion is a common symptom of this condition as is dry cough.
If extensive and bilateral, lung function effects can be severe to the point of causing
respiratory insufficiency and failure in some instances. Diffuse pleural thickening can be
identified by chest radiograph or by CT scan, unilaterally or bilaterally. By nature of its
location, diffuse pleural thickening diagnosis is facititated by the CT scan. Since diffuse
pleural thickening has etiologies other than asbestos exposure, it is not 2 good exposure
marker as pleural plaques. and the elimination of the other disease causes should be part
of the initial clinical assessment.

Rounded atelectasis, a form of asbestos-induced pleural disease, is caused by scarring
of the parietal and visceral pleura, thickening of the interlobar fissure and adjacent lung
tissue, and, with retraction of the scar, trapping and collapse of adjacent lung tissue. This
form of pleural disease is less common than other forms. Rounded atelectasis ts usually
asymptomatic and detected by chest radiography as a pleurai-based opacity often resem-
bling a tumor. With the: CT scan, the true nature of rounded atelectasis can often be resolved
without the need for surgery, Chest pain in the area of formation is occasionally the only
presenting symptom. Rounded atelectasis is usually a late condition occurring long after
other pleural changes have been noted (21-23).

7.1.4.2 Asbestosis. Asbestosis is u fibrotic disease of the lungs caused by the inhalation,
retention, and pulmonary reaction to asbestos fibers (44). The fibrotic changes, which give
rise to asbeslosis, are: the result of an inflammatory process caused by asbestos fibers
retained in the lung. This fibrosis is diffuse, interstitial, and tends to involve primanly the
Jlower lobes and subpleural regions of the lung. Early lesions are characterized by discrete
areas of fibrosis in the: regions around the respiratory brohchioles. In advanced cases, the
normal lung architecture is obliterated producing a honeycomb pattem. Fibrosis of the
adjacent pleura is often seen (21). The histologic features of asbestesis do not distinguish
it from interstitial fibrosis due to other fibrogenic agents; however, the presence of asbestos
bodies or asbestos fibers in the lung are markers for asbestos exposure. The extent of the
lung fibrosis generally relates 10 the measured asbestos fiber burden in the lungs.

The two most significant clinical findings of asbestosis are dyspneza on exertion and
end-inspiratory crackles or rales on anscultation of the chest. Dyspnea is the earliest and
most consistently reported symptom. Other symptoms can include a dry cough and chest
tightness.

The chest radiograph has been one of the most important diagnostic tools for deter-
mining the presence of ashestosis. The radiographic appearance of asbestosis is charac-
terized by immegular opacities in the lower two-thirds of the fieids for both lungs. When
densely profuse, these opacities can obscure the cardiac outline and the dome of the dia-
phragm. The reduction of lung volumes is radiographically evident (see Fig. 4.5},

The diagnosis of asbestosis is based upon several separate criteria (43). This diagnosis
of asbestosis by radiography has been facilitated by the International Classification of
Radiographs of the Paneumoconioses established by the Intemational Labor Office (ILQ)
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association berween lung cancer and asbestos exposure. Today there is substantial evidence
to demonstrate an association between lung cancer and asbestos exposure including ex-
posure to all types of asbestos fibers {22, 23, 47-49). All histologic forms of lung cancer
are seen in asbestos-exposed workers and the pathology of asbestos-related cancers is not
distinct in type, nature, or location within the lung. There is an approximate fivefold
increase in lung cancer risk for workers exposed to asbestos and lung cancer rates peak at
approximately 30 years latency. Current knowledge on the pathogenesis of asbestos related
cancers in incomplete. The increased risk of lung cancer in asbesios exposed smokers
increases exponentially. There is some controversy that the increased risk for lung cancer
exists only for those individuals where asbestosis (the presence of fibrosis related to as-
bestos exposure) is present (50). Others contend that sufficient, prolonged exposure to
asbestos even without the development of asbestosis 18 associated with increased risk for
lung cancer (57}.

The clinical presentation of asbestos-related lung tumors is similar to that of lung tumors
caused by other carcinogens, excluding the possible associated symptoms of lung fibrosis
due 10 ashestosis. The major symptoms in lung cancer patients can include cough, dyspnea,
chest pain, hemoptysis, recurrent bouts of pneumonia, localized wheezing and others. Lung
cancer in asbestos exposed workers presents as a mass lesion on the chest radiograph and
is indistinguishable from lung cancers associated with other carcinogens. The CT scan
increases the potential for early detection of lung cancers when applied to high risk groups.
The diagnosis of lung cancer is based on histopathologic grounds with cytology or tissue
samples; the histologic changes are not specific to asbestos-related cancers,

The overall lung cancer survival rates remains poor with only an 8 to 10% five-year
survival rate. There have been recent advances in chemotherapy, surgery, and in the un-
derstanding of the molecular pathogenesis of lung cancer. As a result of the latter, gene
therapy approaches show much promise (21-23, 32).

7.1.4.4 Malignant Mesothelioma. Mesothelioma is a rare malignant tumor arising largely
in the pleura and to lesser extent from the peritoneum (lining of the abdomen). In early
stages of disease, mesothelioma presents as small grayish nodules on the visceral and
parietal pleura that coalesce and form larger tumor masses. The tumor develops by direct
extension, forming large masses that can invade adjacent structures including the chest
wall, lung parenchyma, and Lhe diaphragm (21, 23}.

Malignant mesothelioma is relatively rare with an incidence of approximately two cases
per miltion in the general population of North America. The majority of malignan? meso-
thelioma cases have a history of exposure to asbestos through occupational or environ-
mental sources. No other associated exposure has been found. This asbestos exposure
history may be quite brief. Asbestos-exposed populations have mesotheiioma incidence
rates five to twentyfold higher than the general population. Wagner and colleagues {52}
were the first to report a case series of mesothelioma among individuals from the crocidolite
mining region and asbestos factories in South Africa. Since this report, the association
hetween asbestos exposure and mesothelioma has been confirmed repeatedly (21-23, 52).

All types of asbestos fibers have produced mesothelioma. Amphibole ashestos fibers
are considered to be the cause of most cases of mesothelioma. Mesothelioma cases have
also beer attributed to chrysotile exposures but much less frequently. The reasonrs for the
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increased prevalence of mesothelioma from amphibole asbestos exposures is believed as-
sociated with the geometric properties of amphibole fibers, favoring deeper penetration
into the lung, and the increased resistance of amphibole fibers to degradation, favoring
persistence in lung tissue. [t is also accepted that mesothelioma has no association with
cigarette smoking. A characteristic of mesothelioma is a long latency period of approxi-
mately 20 to 50 years (21).

Malignant mesotheliomas are diagnosed primarily in males at ages from 50 to 70 years,
The most common clinical symptom is chest pain. Cough and dyspnea are also common
symptoms due largely to pleural effusions. Weight loss. fever, and general malaise often
present in later stages of disease. In addition to being locally invasive, approximately 50
to 80% of malignant mesotheliomas are metastatic. The radiologic findings in mesotheli-
oma typically reveal a thick pleural peel along the lateral chest wall with extension to the
apex. There is usually pleural effusion and this is a common presenting sign. Most of these
changes can be detected by plain radiography; however, the vse of CT and HRCT scans
add sensitivity to better evaluate the extent of the tumor progression. Biopsy is usually
needed to establish a firm diagnosis of malignant mesothelioma. The various forms of
treatment for malignant mesothelioma can include surgery, radictherapy, chemotherapy,
and more recently immunotherapy and cytokine therapy. The clinical course of disease is
usually rapid and survival is limited; the treatments generally provide only a few months
of life extension. In most instanees, medical intervention remains largely supportive in
nature. Death by cardiorespiratory failure usually occurs within 2 years from diagnosis
(21-23).

7.2 Other Silicate Minerals

Two of the most abundant elements on earth are silicon and oxygen: the combination of
these two produces silicon dioxide (Si0,). Silica or silicon dioxide (5i0,) exists in both
crystalline and amorphous forms. Amorphous (noncrystalling) silica occurs in natural
glasses (e.g., volcanic tuff} as well as synthetic glasses such as mineral wool. Amorphous
silica is characterized by a random, nonrepeating organization of silicon dioxide melecules.
Crystalline forms of silicon dioxide are characterized by an organized, repeating pattern
of moelecules in a three-dimensional array commenly known as quartz (see 7.4 Silica-
Crysualline). Crystalline forms of silica are produced by increased pressure and heat during
forrnation in the earth’s crust. Alpha-quartz is the most common, naturally occurming form
of crystalline silica. Much of the silicon dioxide present in the earth’s crust is eombined
with other elements to form silicate minerals. These silicate minerals contain the silicon
dioxide tetrahedron in combination with varicus cations or anions including aluminum
(AD), calcium (Ca), Auorine {Fl), hydroxide {OH), iron {Fe), magnesium, (Mg), sodium
(Na) and others. Collectively, the silicates comprise abut 25% of known minerals and
constitute over 20% of the earth’s crust (53-55).

A wide variety of silicate minerals in addition 10 asbestos (chrysotiie, cracidolite, amo-
site, anthophyllite, tremolite, and actinolite} and crystalline silica (quartz, cristobalite, and
tridymite) can cause pneurnoconiosis, cancers of the respiratory system, and other respi-
ratory health problems. Other minerals, described in this section, can give rise to puimonary
responses, including radiographic changes, but are seldom associated with impairment and
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respiratory disability. Additionally, many mining, construction, and manufacturing mate-
rials to which workers are exposed contain a mixture of silicates, often including crystalline
silica. in the form of quartz or cristobalite; this combination of mineral constituents often
presents a mixture of respiratory health effects caused by specifce silicate minerals. The
following discussions present some of the common, commercial silicate minerals according
to their mineral habitat (fibrous and nonfibrous) and respiratory health effects. Silicate
minerals commonly assoctated with fibrous contaminants are also discussed (53-36).

7.2.1 Fibrous Silicates

7.2.1.1 Attapulgite and Sepiolite. Auapulgite [(Mg, AD),Si,0,,(OH) - 4H,0] and sepi-
ofite are the commercial varieties of palygorskites, fbrous, crystalline magnesium-
aluminum clays that can contain varying amounts of aluminum, magnesium, and iron.
These silicates have @ unique chain structure producing charactenistic colloidal and ab-
sorptive properties, and as a result have a variety of industrial applications. Attapulgite is
mined predominantly in the southeastern United States {Georgia and Florida). Spain is the
predominant producer of sepiolite. Both are used in drilling muds, as paint thickeners. and
as insulation substitules for asbestos, Atuapulgite and sepiolite are known as fuller’s earth
constituents as derived from vse in finishing and thickening {or fulling) wool. Attapulgite
is aiso used as an anti-diarrheal agent and as an absorbent in pet litter. Sepiolite is used as
a material in cigarette llters (53, 54).

Studies on the carcinogenicity of attapulgite have resulied in variable resulis and this
has been largely attributed to differences in the geological origins and mineralogical prop-
erties of attapulgite. Attapulgite [rom some geological deposits is reported to canse lung
cancer and fibrosis on intrapleural injection and inhalatien studies. Long attapulgite fibers
have been reported to cause mesothelioma on intrapleural injection into rats; while shon
tibers (less than 4 microns in length} have not produced mesothelioma. There is one case
report of attapulgite cavsing pulmonary fibrosis in a mining engineer exposed for over 2
years. A mortality study of approximately 2,300 workers, exposed to attapulgite mining
and milling for one month or longer, showed a slight but significant increase in lung cancer;
nonmalignant respiratory disease was not increased in this study (57).

7.2.1.2 Wollastonite. Wollastonite is a naturally occurring monocalcium silicate with a
predominant acicular (or needlelike} crystalline habit with common fibers aspect ratios
between 3 and 20. Wollastonite occurs in deposits throughout the world; although, the
largest deposits are in (he United States. Mexico, and Finland. Wollastonite is used in
ceramics, in paint and bonding cements, as a substilute for asbestos in brake linings,
wallboards, insulating, materials, plastics, and fiberglass yam {53-56).

Long term animal studies of wollastonite indicate low carcinagenic and fibrogenic po-
tentials. These studies show that wollastonite fibers induced an atveolar macrophage re-
sponse that reselves on exposure cessation. Wollasionite has been found to activate semm
complement and increase pulmonary macrophage chemotaxis. Human morbidity studies
of 103 wollastonite miners in New York sugpest no significant relatienship between ex-
pusure and pulmonary function or radiographic changes. A study of 46 Finnish wollas-
tonite miners showed some mild profusion of irregular opacities (14 workers) and bilateral
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pleural thickening (13 workers); airbome fiber concentrations were high with a range from
1 to 63 fibers/cc and there was also a potential for exposures to crystalline silica. Wollus-
tonite appears to have a relative low toxicity but limited evidence suggesis some potential
for pleural and interstitial changes on high tevels of exposure (22. 54-39}.

7.2.1.3 Zeolites. Zeolites are a group of hydrated aluminum silicates with exchangeable
cations. Appreximately 40 different zeolite species have been identified. The zeolites con-
tain large pores. filled with water. which can be released on heating to (emperatures of
200°C. The term zeolite is derived from the Greek word meaning boiling stone. Natural
zeolites can occur in both fibrous and nonfibrous crystalline hahits, The fibrous zeolite
minerals. erionite and mordenite, are crystalline structures that can be cleaved into long
thin, respirable fibers with high aspect ratios. In the United Stales. the main deposits of
zeolites occur in the Western Intermountain regions, especially in the Great Basin ¢includ-
ing Nevada and portions of Utah and neighboring states). Currently there is almoesi no
commercial mining of zeolites and the zeolite currently used in industrial applications 1s
produced synthetically in nonfibrous form (54--56).

Zeolites have several important commercial properties including reversible seiective
adsorption and ion-exchange capabilities. These properties account for much of the in-
dustrial application of the synthetic form of zeolites. The mineral is used in the wastewuter
treatment, petrachemical, and water fltration industries. Zeolites are also used in animal
litter, as dietary supplement in animal feeds. and in cerlain cements {54).

The nonfibrous, synthetic forms of zeolite are not considered (o be fibrogenic or car-
cinogenic. In contrast. the natural, fibrous forms of zeolites are fihrogenic and carcinogenic
as determined by both anima! and human data. The Gbrous zeolite erionite has been iden-
tified as the causal agent in the increased incidence of malignani mesothelioma in the
Turkish villages of Tuzkoy and Karain, with an incidence of pleural and peritoneal meso-
theliomas approximately 1000 times higher than the general popuiation. Villagers were
highly exposed as they carved homes into volcanic tuffs containing fibrous erionite. The
fibrous zeolite mineral erionite should be handied according to all health and safety guide-
lines for asbestos {54-56).

7.2.2 Minerals with the Potential for Fiber Contamination

7.2.2.1 Vermiculite. Vermiculite is the geological name for a group of nenfibrous, hy-
drated. ferromagnesium aluminum silicates. Yermiculite has the unique characteristic of
expanding many times its original size on heating. Heat converts the water, present in the
spaces between the laminar mineral plates. to steam forcing the thin, fAexible plates apart
into an expanded, wormlike configuration. The first significant domestic deposit of ver-
miculite was found in 1916 near Libby. Montana and commercial production began in
162}, In the United States. commercial quantities of vermiculite are also found South
Carolina and Virginia. Qutside the United States, vermicalite is also mined in Phalahnrwa,
South Africa, and Transvall. Vermiculite, in its expanded form, is used as insulation, as a
carrier for fertilizers, herbicides, and pesticides, as a soil conditioner, as an aggregate and
filler for eoncrete and gypsum, and in water purification. Pare vermiculite is @ silicaie
mineral considered to be a particulate or particle not classified {PNOC) without significant
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pneumoconotic or carcinogenic potential. However, cenain vermiculite deposits can be
contaminated with amphibole asbestos fibers, thereby creating occupational exposure haz-
ards on mining and processing. Ore from the vermiculite deposits near Libby, Montana
contains actinolite and tremelite asbestos. Ore from depesits in Virginia has also been
shown to conltain actinglite asbestos; while, some of the vermiculite deposiis in South
Africa contain anthophyllite agbestos, The presence of asbestos minerals in the vermiculite
presents substantially increased exposure hazards for workers. Routine monitoring of the
vermiculite ores for fiber contamination is required to prevent asbestos exposures.

7.2,2.2 Tale. Talc is a layered, hydrated magnesium silicate with a chemical composition
of Mg,3i,0,,(OH),. It can occur in platy, granular, and fibrous forms and occasionally as
mixiures of the three forms. Commercial quantities of taic are found in several different
states with the majority of commercial preduction from mines in New York, California,
Texas, and Yermont, QOutside of the United States, the major producers of tale include
Australia, Austria, Chinn, and France. Commercial ralc often contains other mineral con-
taminants including crystalline silica as well as amphibole and serpentine forms of asbestos
(54). Talc has a wide range of uses and is pant of formulations for paint, paper, cosmetics,
ceramics, textile materials, roofing products, rubber, fire extinguishing powders, water
filtration agents, insecticides, and others. Over 500 different products are sold under the
name falc and the worldwide production of talc is about 5 10 6 million tons on an annual
basis (53-56).

Tale is considered to have pneumoconotic potential independent of ashesios and crys-
talline silica contamination. Workers exposed to the nopasbestiform varieties of tale have
developed lung fibrosis. Epidemiologic studies of talc miners and millers in upslate New
York revealed a progressive pneumoconiosis in older workers, disabling them with de-
creased vital capacity, parenchymal opacities, and pleural fibrosis. The upsiate New York
talc mines are contaminated with tremolite and anthophyllite (60-63). Studies of Vermont
talc workers, mining ore deposits without significant asbestos and crystalline silica con-
tamination, found evidence of pneumocaniosis on chesi radiographs that correlated with
exposure but not smoking (64). Some of the earlier studies of talc miners and millers
suggested an association bctween expesure and brenchogenic careinoma {(60-63), Al-
though, more recent studies on miners and millers working in tale deposits free of asbestos
and crystalline silica have not substantialed these findings. In a study of 389 workers
exposed to nonasbestiform talc, Wergeland did not observe an increase in deaths from
lung eancer (63). As with vermiculite, routine monitoring of talc ore deposits is recom-
mended to detect and prevent exposures to asbestos present as ore centaminants.

7.2.2.3 Metal Ore Deposits. Serpentine and amphibole asbestos can be present as inclu-
sions in the ore deposits of many different metal or mineral ores including copper, gold,
lead, silver, tungsten, zinc, and traprock. Careful mineralogical assessment of the ores prior

te mining and milling is recommended 1o help preveni overexposures to asbestos minerals
{54).

7.2.3 Nonfibrous Silicates

7.2.3.1 Bentonite. Bentonite is a commercial term for a group of clays fonmed by crys-
tallization of vitreous volcanic ashes deposited in agueous environments. Bentonite defines
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clays that contain large percentages of sodium montmorillonite or beidelite. Bentonite takes
its name from the clays found at Fort Benton, Wyoming. Within the United States, ben-
tonite is produced in approximately 12 states. Bentonite clays are taken from open pit
mines, ground, dried in kilns, and bagged for shipment. Bentonite is used in drilling muds,
as catalysts in petroleum refining, as a foundry sand bond, as a filler in paints, in carbonless
copy paper, in filtering agents for wine, water. or other liquids, in pharmaceuticals and
cosmetics, as a component in animal feeds, and others. Pneumoconiosis has been docu-
mented among bentonite miners and millers although this is believed to be due to crys-
talline silica present in the clays as cristobalite (54, 56).

7.2.3.2 Mica. Mica refers to a family of nonfibrous silicate minerals occurring as complex
hydrated aluminum silicates having a platy structure similar to that of talc. Micas are
associated with the alkaline metals of iron ¢r magnesium. Important mica groups include
the muscovites, phlogopite, lepidolites, and biotites. The only mica groups used commer-
cially include muscovite and phlogopite. Mica was used historically in shades for oil
lamps and in windows for stoves. Continued uses incjude liners for steam boilers, in opticat
instruments, as artificial snow and flocking agents for Christmas decorations, in roofing
materials, in drilling muds, in asphalt, as an electrical insulator, in ceiling tiles, and in
wallboard joint cements. Epidemiclogic studies of mica workers demonstrate an associa-
tion with pneumoconiosis, In a study of mica workers in Norh Carolina, 10 of 57 workers
grinding mica free of crystalline silica had radiographs consistent with pneumoconiosis.
Symptoms of cough and dyspnea were identified among workers consistent with radio-
graphic evidence of pneumoconiosis. Other human epidemiologic studies support the as-
sociation between mica exposures and pneumoconiosis (46, 47, 50).

7.2.3.3 Diatomaceous Earth. Diatomaceous earth is comprised of the solidified remains
of skeletons of diatoms (a unicellular algae} deposited millions of years ago. The diatom
has a skeleton made of silicon dioxide. In nature, diatomite is largely an amorphous,
nonfibrous silicate. For industrial applications, diatomite is calcined at approximately 8G0
to 1000°C producing crystalline silica in the form of quartz and cristobalite. Natural di-
atomite usually contains approximately 1% or less of crystalline silica; following calcining,
the crystalline silica content can increase to approximately 90%. Diatomaceous earth finds
industrial application based on its insulating and adsorbent properties. It is used in the
lining of molds in foundries, in abrasive lubricants, and as filtering agents, in pottery glazes,
and other vuses. High exposures to cristobalite have been described among workers in
diatomaceous earth processing mills. Exposed workers may develop lung changes involv-
ing simple or complicated pneumoconiosis. The pneumoconioses observed among diato-
maceous earth workers resembles that from crystalline silica. Workers are also at increased
risk for lung cancer related to cumulative exposures to crystalline silica (22, 54-56).

7.2.3.4 Kaolin. Kaolin is a nonfibrous hydrated aluminum silicate referred to as China
clay. Kaolin belongs to a family of silicate minerals termed the phyllosilicates based on
the platy or fiaky mineral habit. Kaolin [AL,Si,Os{OH),], as a clay, does not have an exact
chemical composition, but is comprised primarily of kaoclinite with minute and variable
quantities of metal oxides that can include iron and titanium. Crystalline silica is also an
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ancillary mineral contaminant in some kaalin deposits. The mining of sedimentary kaclin
deposiis is by open-pit methods using high pressure water jets 1o remove the clay materials.
This wet mining technique does not generate high dust concentrations. By contrast, work-
ers are exposed to higher dust levels during subsequent drying, processing, and bagging
of the kaolin mine slurry. Some kaolin is calcined by heating to emperatures of 1000°C
and this can increase the crystalline silica content. Kaolin has many industrizl applications.
It is used in paper products, ceramics, inks, paints, adhesives. insecticides, medicines,
cosmetics, crayons, detergents, absorbents, cements, fertilizers, plastics, and rubber prod-
ucts,

Workers exposed to kaolin clays can develop pneumoconiosis. Kaolin workers show
radiographic evidence of pneumoconiosis, with reductions in pulmonary function includ-
ing FYC, FEV,, and peak flow, The presence of crystalline silica in the kaolin deposits is
believed largely attributable for these pneumoconioses and potential for kaolin to induce
lung damage in the absence of crystalline silica contamination is not resolved.

7.2.3.5 Velcanic Ash. Volcanic ash is aerosolized as a result of volcanic eruptions. The
nature of the particulates can be highly variable as determined by the geologic character-
istics of the region. The eruption of the Mount St. Helens Volcano in Washington State on
May 18, 1980, produced vertical clouds of ash and gases more then 20 kilometers into the
air. A large percentage of this particulate was of respirable size fraction. The ash was
comprised of plagioclase and aluminum silicates. The ash was found to contain crystalline
silica, both quartz and cristobalite, at concentrations of 3 to 7%. Toxicological studies of
the ash further suggested that it was moderately fibrogenic and should be considered a
pneumoconiosis sk for those individuals more heavily exposed on a regular basis. Lon-
gitudinal studies of loggers exposed to variable concentrations of ash found significant
declines in FEV | associated with exposures during the first vear after the eruption. Symp-
toms of cough. phlegm, and wheeze were reported among the loggers. No radiographic
changes were observed in the 4 year follow-up period (54, 56).

7.2.3.6 Feldspars. Feldspars are one of the largest groups of minerals comprising igneous
rocks. The two major groups are known as orthoclase, a polassium based feldspar, and
plagioclase, a sodium—calcium feldspar. Granite is an igneous rock containing large quan-
tities of feldspars. Feldspars are used in the ceramics industry. In the absence of quartz
contamination, the feldspars are believed to present a relatively low pneumocenotic po-
tential (33, 54),

7.3 Coal Dust
7.3.1 Exposure

Workers involved in extracting and drilling operations to obtain coal are exposed to coal
dust. The risk of coal dust-induced inng disease development is related to the length of
time of exposure (job tenure), the concentration of dust in the environment, and the rank
of the coal. Coal dust exposure in the work place in high concenirations leads to the
development of disabling and deadly pneumoconiosis. Studies from the 1960s reported
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below). These lesions are by definition greater than 10 millimeters or ] centimeter in
diameter. These various, mostly rounded lesions usually exist within the upper zones of
the lung, Nodules and the masses of PMF are seen in chest radiographs and can be char-
acterized by classification systems such as the ILO Guidelines for the Classification of
Radiographs of Pneumoconiosis (13). Macules, nodules, and masses can lead to patholog-
ical changes within the interstitium of the lung causing degenerative changes including
calcification, blood vessel obliteration, and cellagen deposition. The affected lung sub-
stance becomes stiff and restricted in movement. Gas exchange (the primary function of
the lungs) can become altered with the development of respiratory limitation, disability
and in severe cases, death.

In addition to macular changes, coal dust exposure is also associated with emphysema.
Emphysema is the loss of elastic recoil of the alvecli with subsequent trapping of air and
the concomitant decrease in air exchange. Furthermore, there may be airway changes
charactenized by increases in the number and size of mucous glands within the walls of
the airways (68). These findings of emphysema and airway involvement seen in pathologic
samples correlate with the physiological findings of obstructive airways disease, indepen-
dent of the effects of smoking.

7.3.3 Coal Workers’ Pneunoconiosis

Studies from 1960s reported the presence of Coal Workers' Pneumoconiosis or CWP in
as many 25 46% of coal miners (69). As stated previously, greater prevalence of CWP is
related to longer times of exposure, higher rank of coal (anthracite > bituminous), and
greater concentrations of dust. The diagnosis of CWP is made in the presence of an ap-
propriate exposure history and by characterization of the radiographic presence of nodules
(usually rounded and located in the upper lung zones) using a classification system like
the TLO Classification. CWP is the reaction of the lung to chronic inhalation of coal dust
which over time has pverwhelmed the normal defense mechanisms of the lung {cough,
mucociliary escalator, and alveolar macrophages) with the formation of macules, nodules
and in severe cases masslike lesions (70).

The termn “Black Lung” is often used in descnibing the lung diseases associated with
coal dust exposure. Black Lung is occasionally classified as a lay definition refemming to
any lung disease or disorder associated with work in coal mining. The legal term as used
in the Coal Mine Health and Safety Act is similar to this lay definition. CWP refers to the
interstitial lung disease that occurs as a result of the accumulation of coal dust within the
lung.

Using the [LO Classification System, workers with CWP can be classified as having
Category 1, 2 or 3 disease. These Categories are based upon the presence of small opacities
with greater number of opacities associated with a higher category of classification. The
presence of large opacities represents Progressive Massive Fibrosis or PMF (see below).

Miners with CWP but without PMF may have few signs or symptoms and no physio-
togical abnormalities such as reductions in lung function testing. However, the presence
of even Category | CWP should be a cause for concern because with continued exposure,
these individuals are at risk for progressing to higher categories of CWP and also to PMF,
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7.3.4 Progressive Massive Fibrosis

With time and continued exposure 1o coal dust (especially higher concentrations
[>>2 mg/m?®] and higher rank coal), miners can progress from simple CWP Lo Progressive
Massive Fibrosis {PMF). The hallmark of PMF is the presence of mass-like lesions or
large opacities {>>1 centimeter) seen on plain chest radiographs. These lesions (like the
rounded smaller nodules} tend to be in the upper lung zones and can be unilateral or
bilateral and may be rounded or irregular in shape. It may be difficult in some instances
to distinguish these tesions from lung carcinoma which may have a similar mdiographic
appearance.

In contrasl to simple CWP with minimal signs, symptoms or physiological abnormal-
ities, workers with PMF can have cough, sputum production, shortness of breath, and chest
pain. Impairment can range from minor problems to severe disability and in some cases
to death,

The physiclopical changes associated wilh PMF include restrictive puimonary physi-
ology with reduction in lung volumes, reduction in gas wransfer capability or diffusing
capacity, exercise limitations, and in some cases cardiac disability of right ventricular
cnlargement and right ventricular dysfunction (cor pulmonale).

There is no treatment for the pneumoconiotic conditions of CWP or PMF other than
avoidance of further dust exposure. In severe cases. lung transplantation has been offered
for some individuals.

7.3.5 Obstructive Lung Disease

In addition to the interstitial pneumoconiotic diseases of CWP and PMF, coal dust exposure
has been linked with the development of cbstructive lung disease. Early studies showing
presence of airways obstruction were criticized for not completely eliminating the con-
founding factors of smoking (a well-known cause of obstructive lung disease) and asthma
(an obstructive lung disease that can occur in the general population). Recent reviews
however, have found a sipnificant correlation between coal dust exposure and obstructive
lung defects. In one recent review (71), the statement is made that “the balance of evidence
points overwhelmingly to impairment of lung function from expesure to coal mine dust,
and this is consistent with the increased mortatity from Chronic Obstructive Pulmonary
Disease (COPD) that has been observed in miners”.

7.4 Silica-Crystalline
7.4.1 Exposure

Silica or silican dioxide (8i0,) can exist in a fixed or crystalline patteru as opposed lo a
random molecular arrangement defined as amorphous. It is exposure to respirable concen-
rations of the crysialline form that is associated with the development of disease. Specif-
ically. the crystalline forms of silica are primarily quartz, tridymile, and cristobalite. The
most common forms of crystalline silica are found in common sand and sandsione. In
addition. crystalline silica may exist as minuie grains cemented with amarphous silica and
these composites include tripoli, flint, chalceony. agate. onyx, and silica flour. Exposure
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1o respirable crystalline silica occurs in individuals engaged in the occupations of mining,
quarrying. drilling, and tunneling. Other occupations with exposure to silica include sand-
blaslers. stonecutiers. pottery workers, foundry workers, and refraciory brick workers.
Concern also exists for individuals exposed to silica Aour (72} and for drillers in surface
coal mining who are involved in removing Lhe overburden to gain access Lo the ceal (73).

As with exposure to other dusts, the risks involved with development of disease are the
length of time of exposure and the concentration of the silica to which the werker is
exposed. The eurrent U.S, Occupational Safety and Health Administration (OSHA) ex-
posure limit for respirable sitica (Permissible Exposure Limit or PEL) is based on the
measurement of respirable dust and on the percent silica content of the respirable dust
(74). After chemical analysis of the respirable dust to delermine the percent silica (%S510,),
the PEL is calculated as:

PEL = (10 mg/mY)H%Si0, + 2)

The measured 8-hr time weighted average (TWA} coneentration of respirable dust is com-
pared 1o this PEL to determine if the concentration exceeds the exposure limit.

A study of gold miners from South Dakota predicted that exposure to 0.09 mg/m? over
a 43-year period of time would result in a 47% lifetime risk of silicosis (the fbronodular
interstitial disease of the lung associated with deposition of silica within the lung) (75).
The Recommended Exposure Limil or REL by the Natioral Institule for Occupatienal
Safety and Health (NIOSH) for quariz, ridymite, and cristobatite is 0.05 mg/m”.

Recent studies have examined alternatives to the use of silica sand for abrasive blasting.
Although these studies have shown etfectivencss of these alternative materials in their use
ax abrasives, silica-conlaining products are still used.

In conurast o exposure o coal dust and to asbestos fibers where the interstitial lung
disease occurs only after a minimum of 15 to 20 years of exposure, some forms of silicosis
facute and accelerated silicosis [see below]) can occur in only a few years or less under
ctrcumstances of intense exposure.

7.4.2  Pathophysiology

The hallmark of silica-induced disease is the presence of the silicotic nodule (see Fig. 4.7).
This pedular lesion contains a central aceliular zone with extracellular silica particles
surrounded by whorls of collagen and fibroblasts and an active peripheral zone composed
of macrophages, fibroblasts, plasma cells, and additional extraceliufar silica. The formation
of these nodules is thought to occur because of surface properties of the silica particles
that activate lung macrophages with the subsequent release of chemotactic and inflam-
matory mediators in tum resulting in further cellular inflammatory responses. It is thought
that treshly fracturcd silica is more toxic because of reactive radical groups found on the
freshly fractured surface.

As with voal dust-induced disease, there is a predilection for these nodules within the
upper zones of the lung, With continued exposure, there are increasing numbers of these
nodules with coulescence resulting in larger masses. In addition 1o involvement within the
lung parenchyina and interstitium, silica can also cause pathological changes within bron-
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If the lesions of silica-induced lung disease remain as only individual small nodules
(<5 millimeters in size), there is usually mimimal if any physiclogical changes associated
with the disease and, therefore, individuals usually have few if any symptoms. In this case,
the disease is classified as Simple Silicasis.

1l there is coalescence of the nodules over time with the formation of large masses
(large opacities on the chest radiograph of >10 millimeters in diameler), the disease is
then referred to a Progressive Massive Fibrosis or PMF (similar terminology to the changes
with coal dust-induced disease) or Complicated Silicosis. In this case, individuals with
PMEF can have reductions in lung function with restrictive-type pathophysiology and de-
creases in diffusing capacity measurements. The worker may have significant respiratory
and systemic symptoms of shortness of breath, productive cough, chest discomfort, with
weight loss. In contrast to coal dust-induced disease (especially simple CWP), silica-
induced lung disease can progress once exposure ends (79, 80).

7.4.4 Accelerated Silicosis

The pathologic and radiographic changes of silicosis can occor after only 5-10 years of
exposure to higher concentrations of respirable crystalline silica. Progression occurs in
these cases even if the worker is removed from further exposure. The association of rheu-
matelogical diseases such as Progressive Systemic Sclerosis (see below) can be found
more commonly with accelerated silicosis as compared to chronic or classic silicosis.
Accelerated silicosis can be fatal.

7.4.5 Acute Silicosis

If the concentrations of respirable crystalline siliea ure extremely high, disease can occur
inonly a few months or 1-2 years. Severe, disabling shonness of breath. weakness and
weight loss can be secn with Acute Silicosis. An historical example of acute silicosis was
the tragic situation of the Hawk's Nest Tunnel construction in the early 1930s near Gauley
Bridge, West Virginia. Hundreds of workers died from acute and accelerated sificosis when
they were exposed 1o extremely high concentrations of respirable silica by cutting through
three miles of high-quartz sandstone without adeguate respiratory protection (81}

In acute silicoss, there is filling of the alveolar spaces of the lungs with a proteinaceows
material similar to that found in the disease Pulmonary Alveolar Proteinosis or PAP. This
form of silicosis is associated with a relentless progressive course that is frequently fatal
with death due to respiratory failure.

7.4.6 Silico-Tuberculosis

The association between the presence of silicosis and the development of pulmonary my-
cobacterial infections including pulmonary tuberculosis, has been known for many years.
Recent studies have shown that those workers with chronic or classic silicosis have a 3-
fold increased risk of developing both pulmonary and extra-pulmonary tuberculosis when
compared (o a similar control population of silica-exposed workers without silicosis (82).
In addition, this report also suggested that those individuals with long exposures to silica
dust were at a greater risk of developing tuberculosis even if they did not have silicosis
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compared to workers not exposed to silica. For those workers with silicosis, the risk of
incidence of tuberculosis is in direct relationship to the radiographic presence of silicotic
nodules.

7.4.7 Obstructive Lung Disease

In addidon to the development of the fibro-nodular insterstitial disease that is silicosis,
workers exposed to respirable crystalline silica dust can also develop chronic obstructive
pulmonary disease (COPD). Increased frequency of chronic bronchitis {chronic cough and
sputumn production, a form of COPD) has been reported in miners of coal, gold, granile,
and agate {76). It is felt that the pathophysiological changes contributing to silica-induced
chronic lung disease are the occurrence of silicotic nodules in close proximity to small
and medium airways with parmowing and distortion of the lumen of these airways. In
addition to airway lumen compromise, there may also be emphysematous-type changes
especially in association with conglomerate lesions, which can be detected with radio-
graphic CT imaging of the chest. Thus, in many workers exposed to silica who develop
silica-induced lung disease, there may be the presence of both obstructive and restrictive-
type ventilatory defects as measured with pulmonary function testing.

7.4.8 Lung Cancer from Silica Dust

In October of 1996, a committee of the International Agency for Research on Cancer
{IARC) reclussified silica as a Group 1 substance described as “carcinogenic to humans,”,
concluding that there is “sufficient evidence of carcinogenicity in humans” (83). Although
many studies have had confounding factors such as smoking and exposure to other minerals
that are carcinogenic, the balance of evidence indicates that workers with silicosis have
an increased risk for lung cancer. It is less clear whether long-tern exposure to silica dust
withaut development of silicasis is also a risk factor for lung cancer.

7.4.9 Progressive Systemic Sclerosis

Silica has not only been shown to be associated with diseases of the respiratory system
(silicosis, obstructive lung disease, and lung cancer), it is also been shown to be associated
with Progressive Systemic Sclerosis or Scleroderma. A recent review concluded that the
“gsystemic sclerosis” associated with silica exposure is indistinguishable from idiopathic
Scleroderma (84). Although it is known Lhat silica-exposure can lead to changes within
the lymphatic and immune systems with the development of auto-antibodies, the exact
mechanism for the development of this systemic disease in silica-exposed workers is un-
clear.

7.4.10 Comparison of Silica vs, Coal Dust-induced Lung Disease

Similarities exist between coal dust-induced lung disease and silica-induced lung dis-
ease. Specifically, both mineral dusts can lead to the development of small rounded opac-
ities (<X 5 millimeters) located in the upper lung zones identified by plain chest radiography.
In addition, both may progress to show coalescence of the smaller opacities into larger
opacities classified as Progressive Massive Fibrosis or PME In both exposure situations,
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workers can also develop obstructive lung disease. In the past, it was thought that the
preumoconiosis seen in coal dust exposed workers was actually due to the silica content
of the dust. However, it has been recognized in recent years that coal itself can tead to the
pathological, radiographic. and physiologic changes seen in CWP and in coal dust-induced
PMF.

However, despite the similarities between coal dust and silica-induced lung disease,
there are significant differences. (1) Silica can cause changes in lymphoid tissue with
involvement of mediastinal lymph nodes as well as bronchial associated tymphoid tissue
(BALT); (2) silica can lead to systemic involvement with silicotic nodules present in
different extra-pulmonary tissue; (3) silica has been associated with the development of
systemic diseases such as Progressive systemic Sclerosis or Scleroderma; (4) stlicosis and
silica exposure can be associated with the development of mycobacterial disease such as
tuberculosis; (5) silicosis can be associated with the development of lung carcinoma;
(6) there are more rapidly progressive forms of silicosis (accelerated and acute silicosis)
that can develop in rnonths or a few year; (7) many cases of silicosis can progress after
remaoval from further exposure. Unless the worker has PMF from coal dust exposure, it is
unusual that coal dust-induced simple pneumoconiosis (CWP) will progress after removal
from funther exposure.
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