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Introduction

The goal of particle size-selective sampling
procedures in the work environment is to provide
the most appropriate index of particle inhalation
hazards by giving recognition to the fact that the
size characteristics can greatly modify their re-
gional deposition. The application of information
on regional deposition of inhaled particles in the
respiratory system to industrial hygiene sampling
practice has only been done to a limited extent.
Most cases in which particie size disaimination
has been done addressed a limited number of
specific problems.

in the context of the threshold Hmit values
{TLVs) for certain particulate materiais, respirable
or total sampled mass has been used as the index
- of pollutant concentration. Unfortunately, use of
total sampled mass concentration ignores the fact
that toxicants captured at various sites in the
upper respiratory tract or trachecbronchial tree
may at times controi the extent of the hazard. For
example, based upon the recommendations of
the International Standards Organization (ISO),
particles can be divided into a number of deposi-
tion fractions which inchude gas exchange, fracheo-
bronchial (T-B) and, head airways region. Colb
lectively, these fractions, together with the exhaled
particulate mass, constitute inspirable particulate
mass {IPM).

On the basis that the aerodynamic size ranges
associated with the specified deposition regions
are valid for instances of occupational exposures,
it was a major charge to the Alr Sampling Pro-
cedures Committee to define size-selective air
sampling equipment specifications and proce-
dures required to evaluate potentially hazardous
situations in the workplace. A frarmnework for estab-
lishing TLVs with size discrimination for individual
compounds will be outlined in terms of the physio-
logical or biochemical responses or the pulmonary
diseases associated with each. With the application
of particle size-selective sampling criteria, future
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proposed and revised TLVs for particles would
take into account not only the inherent toxicity of
the particles, but also their particle size distribu-
tions, their patterns of deposition within within the
respiratory fract, and the particle size related rate
of dissolution and translocation to target tissues.

Present standards and criteria for
respirable dust samplers

Size-selective standards have been established
to address the problems associated with pneu-
moconiosis, and the development of standards
for respirable dust are reviewed in this subsection.
However, the limitations have not all heen ad-
dressed because the information used to develop
the standards was in most cases, quite limited.

British Medical Research Council

in 1952 the British Medical Research Council
{BMRC) adopted a definition of “respirable dust”
applicable to prnieumoconiosis producing dusts. It
defined respirable dust as that reaching the al-
veolar region. The BMRC selected the horizontal
elutriator as a practical size selector, defined
respirabie dust as that passingan ideal horizontal
elutriator, and selected the eluiriator cutoff {o
provide the best match to experimental human
respiratory tract deposition data available at that
time. The same standard was adopted by the
Johannesburgh International Conference on
Pneumoconiosis in 1859.""

In order to implement these recommendations,
it was specified that:

1. The estimation of airborme dust in its
relation to pneumoconiosis, compositional
analysis, or assessment of concentration
by a bulk measurement such as that of
mass or surface area, would represent
only the "respirable” fraction of the cloud.

2. The “respirable” samples should be sep-
arated from the cloud while the particles
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are airborne and in their original state of
dispersion.

3, The “respirable fraction” was defined in
terms of the seftling velocity speed of the
particles, by the equation C/C. =18 V/Vis
where C and C, are the concentrations of
particles of falling speed V in the “re-
spirable” fraction and in the whole cloud,
respectively, and Vosris a constantequal to
twice the settling velocity in air of a sphere
of unit density 5 ym in diameter.

118, Atomic Energy Commission

Asecond standard, established inJanuary 1961
at a meeting sponsored by the U.5. Atomic Energy
Commission (AEC), Office of Health and Safety'
defined “respirable dust.” in this report it referred
to respirable particulate mass {RFM), as those
portions of the inhaled dustwhich penetrate to the
non-ciliated portions of the gas exchange region.
This application of the respirable dust concepts
and concomitant selective sampling was intended
only for "insoluble” particies which exhibit pro-
longed retention in the lung. Itwas notintended to
inciude dusts which have an appreciable solubility
in body fluids and those which are primarily
chemical toxicants. Within these restrictions, "re-
spirable dust” was defined with a 50% respirable
cut-size at an aerodynamic diameter of 3.5 um.
Other specified fractions were 0% at 2 pm, 25% at
2.5 pm, 75% at 5 pm, and 100% at 10 um. The
aerodynamic diameter, d,, is the diameter of a
spherical particle of physical density 1.0 g/cm’
that has the sameterminal settlingspeed inairas
the particle in question, irrespective of the physical
size, shape and density.

American Conference of Governmental Industrial
Hygienists
Silica — crystaliine

The ACGIH, at its annual meeting in St. Louis,
Missouri, on May 13, 1968, announced in their
"Notice of Intended Changes” alternate mass
concentration TLVs for quartz, cristobalite and
tridymite (three forms of crystalline free silica} to
supplement the TLVs based on particle number
count concentrations. For quartz, the altermative
mass values proposed were:"”

1. Forrespirable dustin mg/m® 10 mg/m’/(%
Respirable Quartz + 2)
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Note: Both concentrations and % quartz
for the application of this limit are to be
determined from the fraction that pene-
trates a size-selective sampler with the
following characteristics.

de (um) <20 2.5 35 50 10
{unit density sphere)

% Penetration 90 75 50 25 0

2. For “total dust” respirable and nonrespi-
rable: 30 mg/m’/(% Quartz -+2)

3. For cristobalite and tridymite: Use one-half
the value calculated from the count or
mass formulae for quartz.

The size-selector chacteristic specified by ACGIH
was almost identical to that of the AEC, differing
only at 2 um where it allows for 90% passing the
first stage collector instead of 100%. The difference
appears to be a recognition of characteristics of
real particle separators. For practical purposes,
the two standards may be considered equivalent.

The proposed mass concentration limits were
chiained by a comparison of simultaneous im-
pinger and size-selective samples collected in the
Vermont granite sheds."” Since the origina! im-
pinger sampling and microscopic particle counting
standards were based on epidemiological investi-
gations which has been performed 3to 4 decades
earifer in some of the same granite cutting sheds,
it was possible to make a valid comparison of
“respirable” mass and particle count. ‘

Coal dust

The following values were suggested for coal
dust:

2mg/m’, Respirable Particulate Mass Concentration
{(RPMC)} with less than 5% Si0;

or

10 mg}mj,‘(% SiO; + 2} if respirable dust fraction
was greater than 5% quartz

The coal dust standard was not well defined for
all of the potential related diseases. It was de-
veloped to address the problem of pneumoconi-
osis, but did not deal with the industrial exposures
leading to immunological effects and the onset of
bronchitis.
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Inert or nuisance dust

The following values were suggested for inert or
nuisance dusts:

30 million particles per cubic foot (mppcf) or
10 mg/m’ of total dust less than 1% quartz

or
5 mgim’ (RPMO)

The Federal Coal Mine Health and Safety Act of
1969" specified that:

“References to concentrations of respirable
dust in this title means the average concert
tration of respirable dust if measured with an
MEE instrument or such equivalent concert-
trations if measured with another device
approved by the Secretary (of Interior) and
the Secretary of Health, Education and Wel-
fare. As used in this title, the term ‘MEE’
imstrument means the gravimetric dust sam-
pler with four channel horizontal elutriator
developed by the Mining Research Establish-
ment of the National Coal Board, London,
England.”

While the 1960 Act specified the MRE instrument,
which closely follows the BMRC sampling criteria,
the Federal Mine Safety and Health Act of 1970,
which superceded it, does not. The National Re-~
search Councii Committee on Measurement and
Controt of Respirable Dust in Mines'” noted that it
may be more appropriate to use the definition of
respirable dust adopted by ACGIH, since human
deposition data demonstrate thatthe ACGIHH curve
is a better representation of respirable dust than
the BMRC curve.

The Occupational Safety and Health Act of
1970 has led to the adoption of only a few
permanent standards, and none of them address
the issue of respirable dust. As a result, the Occu-
pational Safety and Health Administration {OSHA)
is enforcing numerous interim standards including
72 Maximum Acceptable Concentrations (MACs)
ofthe American National Standards Institute (ANS1)
and approximately 280 of the ACGIH 1968 TLVsY
including the silica TLVs which specify either dust
counts or respirable mass concentrations. The
Mine Safety and Health Adminstration {MSHA) of
the Department of Labor operates under different
enabling legislation, and uses the 1973 TLVs
which, for silica, are the same as the 1968 values.
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Standards and criteria for sampling
particles which deposit in the head and
tracheobronchial airways

Comprehensive definitions are clearly needed
for particles which deposit in the head airways and
T-Bregions, and cause diseases such as nasal and
bronchial cancers, and chronic bronchitis. Two
groups have addressed this need in recent years.
The first was the U.S. Environmental Protection
Agency (EFA) on the basis of its responsibility to
protect the publichealth from diseases associated
with the inhalation of airborne particles. The
second was the International Standards Organiza-
tion (ISO), on the basis of their desire to have
better sampling specification for test methods
used to determine potential inhalation hazards in
hoth the workplace and general community
atmospheres,

[.5. Envirorumental Frotection Agency

In addressing its responsibility to develop pri-
mary ambient air quality standards to protect the
public health, scientists in EPA concluded that the
diseases that could be related to the inhalation of
ambient aerosols were associated with particies
which penetrated through the upper respiratory
tract and were available for deposition in the
tracheobronchial and/or gas exchange regions.
They initially called this fraction “inhalable” dust.”
Since theywere only concerned with those particles
which enter the trachea, they took a conservative
position on the selection of the appropriate cut-
size for a pre-collector, proposing a ds (50%
cut-size) at a d. 15 um. This was based on pub-
lished data whichindicated that about 10% of the
particles of this size could enter the trachea of a
mouth breathing person. The use of the word
“inhalable” to designate particles penelrating
through the upper respiratory airways and enter-
ing the thorax was in conflict with the usage of the
word in Furope, where it was defined as the
particles which entered the nasal or oral air

passages.’>" .

The Office of Alr Quality Planning and Standards
recommended to the EFA Administrator, in July
1981, that the revised particulate matter primary
standard for ambient air should include a less
conservative ds; of 10 um. The size cutwas the basis
for the particulate matter standard proposed by
the administrator in the Federal Register, No. 49,
page 10408 on March 20, 1984. The fraction below
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the 1.0 um cut-size, defined by ISO as thoracic par-
ticulate (TP} matter or by EPA as PM;; {particulate
matter belowa 10 pm cut-size} would replace total
suspended particulate (TSP) as the basic ambient
air particulate pollution parameter. This recom-
mendation was intended to provide for the collec-
tion of ambient air particle concentration data
that were more relevent o potential inhalation
hazards. In the context of the present analysis the
PMis fraction represents what this Commitiee
refers to as Thoracic Particulate Mass (TPM), Le.,
the fraction of the particulate material penetrating
to the tracheobronchial and gas exchange regions.

International Standards Organization

Technical Committee 146 — Air Quality of the
ISO appointed an ad hocworking group o prepare
recommendations on size definitions for particie
sarnpling to be used In preparing standard meth-
ods for the sampling and analysis of air contami-
nants in both occupational and general environ-
mental settings. The working group used the
available human regional depositon data (o define
a series of aerosol fractions related to particie
deposition within specific regions of the human
respiratory tract. The fraction drawn in by the nose
or mouth was cailed “inspirabie”; that part coi-
lected iIn the head was calied "exitra-thoracic”;
while that part penetrating through the larynx was
called “thoracic,” and was further subdivided into
“tracheobronchial” and “alveolar.” Their recom-
mendations were presented with two options.
One, with a dso cut of 13 pm for penetration into
the trachea, and onewith adsecut of 16 pum. The 15
pm cut would have been consistent with fhe
recommendations of Miller et al of U.S. EPA™ and,
therefore, conservative for lung diseases. The 10
wm cut gave a more unbiased cut between head
and chest fractions. Eighty-eight percent of the
national membership of ISO, voted for the 10 um
cut size. Fortuitously, this turned out to be consis-
tent with the concurrent recommendation of the
EPA Clean Air Scientific Advisory Committee for a
dss= 10 um as the index for the primary particulate
matter air quality standard.

The recommendations of the IS0 working group
also provide a basis for a thorough re-examination
of air concentration limits for occupational ex-
posures. For some, such as droplets or soluble
components of solid particles, deposition any-
where within the respiratory tract leads to absorp-
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tion by the tissues, and the current total concen-
tration limits may be appropriate. For other types
of particles, biclogical effects may depend on the
region of deposition. For example, particles de-
positing in the head airways region which are not
expelled through the nose or mouth are likely to
be swallowed and may cause a hazard by absorp-
tion through the gastrointestinal mucosa. Particles
depositing in the trachecbronchial region and
cleared by the mucociliary escalator are also likely
to be swallowed, so that gastrointestinal absorp-
tion is also a possible route for these particles.
Particles depositing in the gas exchange region
may alsc be cleared by this route, or through the
lymphatic system, or may remain for long periods
in the gas exchange region itself.

Size-selective criteria for specific
gooupational hazards

Other criteria have been adopted for cotton dust
and asbestos, However, these are different than
the ones in the previous section, since each is
based on criferia other than aerodynamic particle
size (d.h A briefreview of the rationale and practice
used for each of these materials follows.

Cotion dust sampling

Since byssinosis, or “brown lung” is character-
ized by an aliergic response producing airway
constriction, if was recognized that particles de-
positing in the tracheobronchial airways should
not be excluded. Thus, conventional “respirable”
dust criteria were judged to be inappropriate. On
the other hand, the mass of the dust in cotion
ginning and textile operations tends to be domi-
nated by very large cotton fibers which were too
large te be inspirable. These considerations led to
the recommendation of a vertical elutriator with a
nominat 50% cutrsize at 15 pm as the precollector
ofa standard sampler."”” The second stage filter is
analyzed for the mass concentration of the par-
ticles judged most likely to be related to the health
effecis.

Asbestos sampling

For asbestos and other mineral fibers, size-
selection is applied after air sampling,. There isno
sampling selectivity specified in the NIOSH"" or
ACQIH-AIHA"™ sampling recommendations, al-
though the specified inlet configurations to the
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filter holders will, of course, impose some. In the
analyses by phase contrast optical microscopy,
there is an effective lower limit for fiber diameter
imposed by the resolving power of the optical
system. There are also other limits specified by the
methods, whereby particles with an aspect ratio
(length to diameter) of less than 3, or a length of
less than 5 pm, are not counted. The rationale for
these exclusions is based on toxicological and
epiderniological studies which showed that the
toxic effects were primarily associated with long
thin fibers. Asbestosis, a fibrotic disease, and
mesothelioma, a cancer of the pleural or pert-
roneal surfaces, are presumably related to long
fibers depositing in the gas exchange regions.
Bronchial cancer may be related to the long fibers
depositing on bronchial airways.

Regionat deposition and clearance
dynamics
Definitions

Deposition: Refers specificaliy to the collection
of inhaled airborne particles by the respiratory
tract and to the initial regional patterns of these
deposited particies.

Clearance: Refers to the subsequent transloca-
tion, transformation and removal of deposited
particles from the respiratory tract.

Retention: Refers to the temporal distribution of
uncleared material.

For the purpose of estimating toxic dose from
inhaled particies, the respiratory tract can be
divided into a number of functional regions, which
differ grossly from one another in retention time at
the deposition sites and along the elimination
pathway, and to some extent pathologic response.
These are:

1, Head airway region

a. Anterior unciliated nares (for nose
breathing).

b. Ciliated nasal passages (for nose
breathing).

¢1. Oral cavity, pharynx and lamyx {for
mouth breathing).

¢.2. Nasopharynx, pharynx and larynx (for
nose breathing}.
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2. Tracheobronchial region (for both nocse
and mouth breathing).

3. Gas exchange region (for both nose and
mouth breathing).

The fractional deposition in each of these re-
gions is dependent on particle aerodynamic size
and the subject’s airway dimensions and breathing
characteristics (Rowrate, breathing frequency, tidal
volume, etc.).

The air sampling data collected using the pro-
cedures recommended by this committee could
provide data on the deposition to be expected in
each functional region. However, at a minimum,
the sampling should be selective for regions 1, 2,
and 3, inclusive.

Head atrways region
fHasal passages

Air enters through the nares or nostrils, passes
through a web of nasal hairs, and fows posteriorly
toward the nasopharynx while passing through a
series of narrow passages winding around and
through shelfiike projections called turbinates.
The air is warmed and moistened in its passage
and partially depleted of particies. Some particles
are removed by impaction on the nasal hairs and
at bends in the air path, and others by sedimenta-
tion. Except for the anterfor nares, the surfaces are
covered by a mucous menibrane composed of
ciliated and goblet cells. The mucus produced by
the goblet cells is propelled toward the pharynx by
the beating of the cilia, carrying deposited parficles
along with it. Particles deposited on the anterior
unciliated portion of the nares and at least some
of the particles deposited on the nasal hairs
nsuaily are not carried posteriorly to be swallowed,
but rather are removed mechanically by nose
wiping, blowing, sneezing, etc.

Oral passages, pharynx, larynx

During mouth breathing, some inhaled particles
are deposited, primarily by impaction, in the oral
cavity and at the back of the throat. These particles
are rapidly eliminated to the esophagus by
swallowing.

Tracheobronchial tree

These airways taken collectively have the ap-
pearance of an inverted tree, with the trachea
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analogous to the trunk and the subdividing bron-
chi to the limbs. The branding pattern normally
asymmetric in a regular pattern, as described by
Horsfield et al''® However, for purposes of discus-
sion, itwill be clearer if we adopt Weibel's simplified
anatomic mode in which there are 16 generations
of bifurcating ciliated airways."”’ The diameter
decreases from generation to generation, but
because of the increasing number of tubes, the
total cross section for flow increases and the air
velocity decreases toward the ends of the tree. In
the larger airways, particies too large to follow the
bends in the air path are deposited by impaction.
At the lowvelocifies inthe smaller airways, particles
deposit by sedimentation and, if small enough, by
diffusion.

Ciitated and miucus secreting cells are found at
all levels of the tracheobronchial tree. Within
hours, inert non-soluble particles depostied in
this region are thus carried towards the larynx on
the moving mucus sheath which is propelied
proximally by the beating of the cilia. Beyond the
larynx, the particles enter the esophagus and pass
through the gastrointestinal tract.

Persistent defects in ciearance of particles from
the bronchial tree would also lead to increased
residence times for particles containing toxic and
carcinogenic chemicals. This increases the dose
to the underiying tissues from those chemicals
and resulting in increased systemic uptake. Con-
sequently, defective clearance may contribute to a
variety of disease conditions.

Gas exchange region

The region beyond the terminal bronchioles,
which includes the alveoli and associated ducts
and bronchioles, is the region in which the gas
exchange takes place. The epithelium is non-
ciliated and, therefore, insoluble particies de-
posited in this region by sedimentation and dif-
fusion are removed at very slow rates, with clear-
ance half-times on the order of a month or more.
The mechanisms for particle clearance from this
region are only partly understood and their relative
importance is a maiter of some debate. Some
particles are engulfed by phagocytic cells which
are transported onto the clliary "escalator” of the
bronchial tree in an undefined manner. Others
penetrate the alveolar wall and enter the lyrmphatic
system. Still others dissolve slowly in situ. Even
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“insoluble” particles have some finite dissolution
rate, which is greatly enhanced for smaller particies
by their large surface to volume ratio. Morrow et
al'" demonstrated that the clearance half-times
of many “insoluble” dusts in the lung are propor-
tional to their solubilities in simulated lung fluids.
it has also been demonstrated that the gas ex-
change region clearance mechanisms may func-
tion differently for different dusts and concom-
mitantly inhaled gaseous contaminants.

It is difficult to believe that prolonged retention
of particles in the gas exchange region of the lungs
is beneficial. Prolonged retention of the inhaled
particles in the gas exchange region increases the
doses of those particles to the underlying tissues
as well as the potential for systemic uptake. [fthe
particles are fibrogenic, this could contribute to
the development of pneumoconiosis and em-
physema. Cigaretie smoke from either passive or
active smoking contain a variety of carcinogens,
and greater refention in the alveoli could cause an
increased risk from both lung cancer and cancer
in other organs which accumulate these chemicals
after thelr dissolution in the lungs.

Limitations of selective sampling and
sampiers

The effective application of size-selective sam-
piing procedures to respiratory hazard evaluation
requires: 1) adequate knowledge of the regional
deposition and clearance of particles in people,
and 2) practical, reliable, reproducible, and ac-
curately calibrated size-selective sarmplers,

Itis apparent from reviews of human deposition
and clearance data and models that regional
deposition is not fully understood and that the
predictive models are ai best approximations,
Furthermore, there are very large variations in
bothregional deposition efficiencies and clearance
rates among normal people and within individuals
at different stages of activity. Thus, even ifthe data
were highly precise and reproducibie and popula-
tion average figures met with general acceptance,
the individual risks from the inhalation of a given
aerosol would vary over a wide range.

The technology for designing a size-selective
sampler and characterizing its collection charac-
teristics is relatively more advanced than that for
determining regional deposition and clearance
dynamics in the human respiratory tract. Yet, even
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here, there are many conflicting data in the litera-
ture, and many instrument designs have required
modifications to meet their original specifications.
Some of these instruments, especially those most
applicable to the charge of the committee, are
reviewed within the sections of Chapters 5.A, 5.B
and 5.C. Also, much laboratory calibration data
were not matched by instrument performance
under field test conditions. Therefore, the recom-
mendations made here are based upon present
state of the art, with a full awareness of the need for
further research.

In addition, size-selective sampling performance
procedures are necessary to properly insure the
instrumentation used wili be in conformance with
boundaries defined by the fung deposition criteria
found in Chapters 4A and 4.B.

Within this document the features of particle
size-selective sampling systems are reviewed and
generic size-selective sampling systern require-
ments have been described for use in situations
where toxic particles are present in the workplace.
The analysis which follows atternpts to include
size-sefection of the pariicie ranges that can
penetrate or deposit and have a biologicat effect
on various regions within the pulmonary systern.
The procedures have been designed with sampler
size cuts for IPM, TPM and RPM. Since we are
approximating the potential dose of the material
to the respiratory system, the procedures use
integrated mass collection devices. The strengths
and weaknesses of the individual samplers are
described and the efficiency of the collection
curves are presented and evaluated for approxi-
mation to the shape of the sampling efficiency
curves for the appropriate regions of the human
respiratory tract

Chemical composition vs, particle size

Since the deposition of particles in the respira-
tory system varies according to the aerodynamic
particle size, collection and analysis of size seg-
regated samples by the specified procedures can
be used to determine how much of a chemical
substance will be deposited in the interior regions
of the respiratory system and compared to appro-
priate size-selective TLVs. Unfortunately, as has
been shown in many industrial situations, the
particles often will not have a homogeneous
chemical composition and a substance will not
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necessarily be distributed uniformly, as a per-
centage of the mass, over the range of particles
found in a particular work setting. Examples for
various materials are illustrated in Chapter 6.

The diversity of chemical and physical charac-
teristics of individual particles requires the devel-
opment of compound and particle size-selective
TLVs (PSS-TLVs). Sampling procedures are iden-
tified for use in instances where one or more
particle size ranges are expected to contain a
particular compound. However, knowledge of the
dissolution rate and volatility of each compound
are also required in order to evaluate the potential
for toxicological impact at various target sites
within the body after inhalation and deposition in
the respiratory tract. The latter point will neces-
sitate the acquisition of further information for
inclusion in the TLV background documnation.

The process of defining a TLV has always dealt
with the assimilation of information on the
diseases assodiated with a particular substance. It
should now be apparent that for particles, the
development of TLVs appropriate for protection of
workers requires even more information. The
PSS-TLY must include information of the particle
size associated with a substance, its effects after
deposition, and its rate of dissolution in the
various regions of the iung. To facilitate these
evaluations, this Committee proposes a decision
flow diagram for use in establishing P33-TLVs. K
encampasses hoth the present TLV procedure
and a new procedure for determining the physical
and chemical nature of a substance and the
potential deposition regions. The approach rec
ommended by this Committee is outlined and
illustrated in Chapter 6.

Summary

The development of particle size-selective oc-
cupational threshold imitvalues has not proceded
in a consistent fashion in the past The develop-
ment of a reliable data base on size-selective
particle deposition in the human respiratory tract
in recent years has created a basis for the specifi-
cation of additional PSS-TLVs. These should con-
sider the diseases associated with the inhaled
substance, and should be based upon the physical
characteristics of the lung, size-mass distribution
and dynamics of particles, the physical and chem-
ical composition of particles emitted by varying
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processes, and other factors including dissolution
rates in the lung.
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