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DRAFT - 9/25/85

WHO EUROREGION AIR QUALITY GUIDELINES FOR PARTICULATE MATTER AND SULFUR OXIDES

1.0 Introduction

The WHO Regional Office for Europe (Copenhagen), with financial support from
the Netherlands, embarked on a project to establish air quality guidelines rele-
vant to countries of the European Region. As part of the hroject, this working
paper summarizes and evaluates key scientific information useful in deriving
guidelines for airborne particulate matter (PM) and sulfur oxides.

The paper mainly draws upon certain earlier authoritative critical reviews and
analyses published by the World Health Organization (WHO, 1979) and the U.S.
Environmental Protection Agency (U.S. EPA 1982a,b,c). This includes reprinting
from such sources of selected tables or figures which provide particularly
useful summarizes of pertinent information.

2.0 Physical and Chemical Properties of Airborne Particulate Matter and Sulfur
Oxides and their Sources, Emissions, Transport and Transformation

2.1 Particulate Matter

Airborne particles exist in many sizes and compositions that vary widely with
changing source contributions and meteorological conditions. However, airborne
particle mass tends to cluster in two principal size groups: coarse particles,
generaliy larger than 2 to 3 micrometers (pym) in diameter; and fine particles,
generally smaller than 2 to 3 pm in diameter. The dividing Tine between the coarse
and the fine sizes is frequently given as 2.5 um, but the distinction according to
chemical composition is neither sharp nor fixed; it can depend on the contributing
sources, on meteorology, and on the age of the aerosol. The curves in Figure 1
depict the influence of these parameters.

Fine particle volume (or mass) distributions often exhibit two modes. Parti-
cles in the nuclei mode (which includes particies from 0.005 to 0.05 um in diame-
ter) form near sources by condensation of vapors produced by high temperature
processes such as fossil-fuel combustion. Accumulation mode particles (i.e., those
06.05-2.0 pm in diameter) form principally by coagulation or growth through vapor
condensation of short-lived particles in the nuclei mode. Typically, 80 percent or

more of the atmospheric sulfate mass occurs in the accumulation-mode. Particles in
the accumulation mode normally do not grow into the coarse mode. Coarse particles




include re-entrained surface dust, salt spray, and particles formed by mechanical
processes such as crushing and grinding.

Primary particies are directly discharged from manmade or natural sources.
Secondary particles form by atmespheric chemical and physical reactions, and most
of the reactants involved are emitted as gaseous poliutants. In the air, particle
growth and chemical transformation occur through gas-particle and particle-particle
interactions. Gas-particle interactions include condensation of low vapor pressure
motecules, such as sulfuric acid (H2504) and organic compounds, principally on fine
particles. The only particle-particle interaction important in atmospheric pro-
cesses s coagulation among fine particles.

As shown in Figure 2, fine atmospheric particles mainly include sulfates,
carbonaceous material, ammonium, lead, and nitrate. Coarse particles consist
mainly of oxides of silicon, aluminum, calcium, and iron, as well as calcium
carbonate, sea salt, and material such as tire particles and vegetation=related
particles (e.g., pollen, spores). The distributions of fine and coarse particles
overlap; some chemical species found mainly in one mode may also be found in the
other,

The carbonaceous component of fine particles contains bhoth elemental carbon
{graphite and soot) and nonvolatile organic carbon (hydrocarbons in combustion
exhaust and secondary organics formed by photochemistry). In many urban and
nonurban areas, these species are the most abundant fine particles after sulfates.
secondary organic particles form by oxidation of primary organics by a cycle that
involves ozone and nitrogen oxides. Atmospheric reactions of nitrogen oxides yield

nitric acid vapor (HNOa) that may accumulate as nitrate particles in the fine or

coarse modes. Most atmospheric sulfates and nitrates are water-soluble and tend to
absorb moisture. Hygroscopic growth of sulfate-containing particles markedly
affects their size, reactivity, and other physical properties which influence their
biological and physical effects.

The proportions of various PM chemical components noted above vary widely,
depending on types of proximal sources. For example, one special feature of
airborne particles in the™United Kingdom prior to Clean Air Act implementation
was the high tar content very evident in high pollution episodes. Also, as
indicated in WHO (1979), results from analyses of high volume samples of suspended
particulate matter at sites in“the USA indicate organic contents on the order
of 10% of the total airborne particulate matter.
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Figure 2. idealized represantation of typica! fine- and coarse-particle mass snd chamical
composition distribution in mn urlan serotol, Although some overlap axists, note substan-
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sach mode are listed in approximate onder of relative mass contribution. Note that the or-
dinate is linear and not logarithmic,

Source: U.S. EPA (19823)

The relative proportion of particles of different chemical composition and
size ranges, as seen Trom the above discussion, can vary greatly depending upon the
emission sources from which they originate and interactions with meteorological
conditions, e.g., relative humidity and temperature. Particles derived from
combustion of fossil fuels or high temperature processes such as metal smelting
tend to fall in the fine (<2.5 um) or small coarse mode (<10 pm MMD) range, whereas
those from crushing or grinding processes such as mining operations tend to be
mainly in the coarse mode (often much larger than 10 pm).

Another most important distinction to be made concerning airborne particles is
neither the precise size distribution, nor the detailed chemical composition, but
the very broad characterization that results from the different methods of assess-
ment that are commonly used for routine monitoring purposes. The most commonly
used methods for collection and measurement of airborne particles have been previ-
ously described (WHO, 1976,- 1979; U.S. EPA, 1982a), and their application in
monitoring networks discussed (WHQ, 1977). The bases for various airborne particie
monitoring methods are summarized in Table 1.
~ As indicated in Table 1, various instruments are used to measure levels of
particulate matter. Differences in exposure characterization obtained from various




Table 1. Methods of snalysis for suspended particulsts matter
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methods have important implications for derivation of quantitative dose-response
relationships from various epidemiologic studies and for establishing air quality
guidelines. It is generally not practicable to discriminate on the basis of either
particle size or chemical composition when assessing particulate matter for routine
monitoring purposes. Characteristics of the sample are determined by types of
sources in the vicinity, weather conditions and sampling procedures. Difficulties
that result and limitations of measurements have been discussed by Holland et al.
(1979) and U.S. EPA (1982a), some of which are noted below for certain important
methods.

When considering measurements of airborne particles it is essential to specify
the method used and to recognize that results obtained in one set of conditions are
not necessarily applicable to others. The main difficulty has arisen in attempts
to apply findings based on smoke measurements that relate mainly to dark-coloured
characteristics of particles from incomplete combustion of coal or other hydrocar-
bon fuels to situations involving total suspended particulate matter or
size-specific fractions thereof assessed more directly in terms of weight. Because
the former (smoke) methods were used in much of the early epidemiological work and
the latter are now used for monitoring purposes in many countries, conversion from
one type of measurement to the other would be desirable, but for reasons noted
below, there can be no generally applicable conversion factor. Comparative evalua-
tion of the two methods has been undertaken at a number of sites (Ball & Hume,
1877; Commins & Waller, 1967: Lee et 51., 1972), but the results serve to emphasize
that they measure different qualities of the particulate matter and cannot be
directly compared with cne another (WHO, 1979; Holland et al., 1973; U.S. EPA,
19822).

Sampling airborne particles is a complex task because of the wide spectrum of
particle sizes and shapes. Separating particles by aerodynamic size provides a
simplification by disregarding variations in particle shape and relying on particie
settling velocity. The aerodynamic diameter of a particle is not a direct measure-
ment of its size but is the equivalent diameter of a spherical particle of specific
gravity which would settie at the same rate as the measured particles. Samplers
can be designed to collect particles within sharply defined ranges of aerodynamic
diameters or to simulate the deposition pattern of particles in the human respira-

tory system, which exhibits a more gradual transition from acceptance to exclusion
of particles. High-volume (hi-vol) samplers with selective inlets, dichotomous

samplers, cascade impactors, and cyclone sampiers are the most common devices with




specifically designed collection characteristics. Mass concentrations can also be
estimated using methods that measure an integral property of particles such as
optical reflectance, and empirical relationships between mass concentrations and
the integral measurement can be ascertained and used to predict mass concentration.
However, without a valid physical model relating to the measurements, plus empirji-
cal data to verify the model predictions, these techn1ques have only limited
ability to estimate mass concentrations.

The hi-vol sampler collects part1c1es on a glass-fiber filter by drawing air
through the filter at a flowrate of ~1.5 m /m1n » and s used to measure "total
suspended particulate matter” (TSP). The hi-vol sampler has cutpoints of =25 pm at
a wind speed of 24 kph and 45 pm at 2 kph. Although sampiing effectiveness is
wind-speed sensitive, no more than a 10% day-to-day variability occurs for the same
ambient concentration for typical conditions. The hi-vol is one of the most
reproducible particle samplers in use, with a typical coefficient of variation of
3=3. One major problem associated with the glass-fiber filter used on the hi-vol
is formation of artifact mass caused by the presence of acid gases in the air
(e.g., artifactual formation of sulfates from 502), which can add 6-7 pg/m to a
24-hour sample. The hi-vol sampler has been widely used in the United States for
routine monitoring and has yielded TSP mass estimates used in many American epidem=~
iological studies.

The dichotomous sampler collects fine and coarse ambient particle fractions,
typically providing a separation at 2.5 pm. The sampler uses Teflon® filters to
minimize artifact mass formation and versions are available for manual or automatic
field operation. The earlier inlets used with this sampier were very wind-speed
dependent, but newer versions are much improved. Because of low sampling flowrate,
the dichotomous sampler coliects submilligram quantities of particies and reguires
microbalance analyses, but is capable of reproducibilities of +10% or better. The
method, however, has not been extensively employed to generate size-selective
data on PM mass assessed in relation to health effects evaluated in epidemio~
logical studijes.

Cyclene samplers with cutpoints around 2 pm have leng been used to separate
the fine particle fraction, and there are versions available for personal dosime-
ter sampling. Cyclone samplers are designed to cover a range of sampling flowrates
and are available in a variety-of physical sizes. Applications of cyclone samplers
are found in 10+~ and 15-pm cutpoint inlets for the dichotomous sampler. Cyclone
samplers have coefficients of variations similar to that of the dichotomous sampler




and, similarly, have also onty found limited use in epidemiological studies of PM
health effects.

The Size Selective Inlet (551) hi-vol collects samples particles <15 um for
comparison with TSP, Except for the inlet, this sampler is identical to the TSP
hi-vol, it is expected to have the same basic characteristics, and is being
evaluated for possible routine monitoring use.

Cascade impactors have been used to obtain mass distribution by particle size.
Because care must be exercised to prevent errors (e.g., those due to particle
bounce between stages) these samplers are normally not used as routine monitors.

A study by Miller and DeKoning (1974} comparing cascade impactors with hi-vol
samplers showed inconsistencies in mass collections by the impactors.

Samplers that derive mass concentrations by analytical techniques other than
direct weight have been used extensively. One of the earliest was the British
smokeshade (BS) sampler, which measures the reflectance of particles collected on a
filter and uses empirical relationships to estimate mass concentrations. These
relationships are more sensitive to carbon concentrations than mass (Bailey and
Clayton, 1980), and hence are very difficult to interpret as either total or
size-selective PM mass present in the atmosphere. The BS method and its standard
variations typically collect PM with an =4.5 pm 050 cutpoint under field
conditions, with some particles ranging up to 7-9 pm at times being collected
(McFarland et al., 1982). Thus, regardless of whether larger particles are present
in the atmosphere, the BS method collects mainly fine-mode and small coarse-mode
particles. The BS method neither directly measures mass nor determines chemical
composition of collected PM. Rather, it measures light absorption of particles
jndicated by reflectance from a stain formed by particles collected on filter
paper. Reflectance of light from the stain depends both on density of the stain,
or amount of PM collected, and optical properties of collected PM. Smoke particles
composed of elemental carbon in incomplete fossil-fuel combustion products typical-
1y make the greatest contribution to darkness of the stain, especially in urban
areas. Thus, the amount of elemental carbon, but not organic carbon, present in
the stain tends to be most highly correlated with BS reflectance readings. Other
nonblack, moncarbon particles also have optical properties which can affect the
reflectance readings, but their contribution to optical absorption is usually
negligible. B

Because the relative proportions of atmospheric carbon and noncarbon PM can
vary greatly from site to site or from one time to another at the same site, the




same absolute BS reflectance reading can be associated with very different amounts
(or mass) of collected particles or, even with very different amounts of carbon. .
Site-specific calibrations of reflectance readings against actual mass measurements
from collocated gravimetric monitoring devices are therefore mandatory in order to
obtain credible estimates of atmospheric concentrations of particulate matter based
on the BS method. A single calibration curve relating mass or atmospheric concen-
tration (in pg/ma) of particulate matter to BS reflectance readings obtained at a
given site may serve as a basis for ¢crude estimates of the levels of PM (mainly
particles <10 um) at that site over time, so long as the chemical composition and
relative proportions of elemental carbon and noncarbon PM do not change. However,
the actual mass or smoke concentration present at a given site may differ markedly
from values calculated from a given reflectance reading on either of the two most
widely used standard curves (the British and OECD standard smoke curves). Thus,
much care must be taken in interpreting the meaning of any BS value reported in
terms of pg/mB, and such "nominal" expressions of airborne particle concentrations
are not meaningful unless related to direct determinations of mass by gravimetric
measurements carried out at the same geographical location and close in time to
the BS readings.

The AISI 1ight transmittance method is similar in approach to the BS technique
and has been use for routine monitoring in some American cities. The instrument

collects particies with a D50 cuptoint 5.0 pum aerodynamic diameter and uses an air
intake similar to that of the BS method. Particles collect on a filter-paper tape
periodically advanced to allow accumulation of another stain. - Opacity of the stain
is determined by transmittance of 1ight through the deposited material and tape,
with resulis expressed in terms of optical density or coefficient of haze (CoH)
units per 1000 linear feet of air sampled (rather than mass units). Readings of

CoH units are more responsive to noncarbon particles than are BS measurements; but,
again, the AISI method does not directly measure mass or determine chemical compo-
sition of collected particles. Attempts to relate CoHs to pg/m3 also require
site-specific calibration of CoH readings against mass measurements determined by a
collocated gravimetric device, but the accuracy of such mass estimates are subject
to question. Such calibration has only been attempted for New York City and has
very limited usefulness for evaluating certain New York City aerometric data.

Since the hi-vol method collects particles considerably larger than those
collected by the BS or AISI methods, intercomparisons or conversions of PM
measurements by the BS or AISI methods to equivalent TSP units, or vice versa are

10




severely limited. For example, as shown by several studies, no consistent rela-

tionship exists between BS and TSP measurements taken at various sites or even at
the same site during various seasons. One exception is the relationship observed
between BS and TSP during severe London air pollution episodes when low wind-speed
conditions resulted in settling out of larger coarse-mode particles. Because
fine-mode particies consequently predominated, TSP and BS Tevels (in excess of
about 500 pg/m3) tended to converge, as expected if mainly fine-mode particles were
present. Given the range of particle sizes found in wind tunnel tests to be
potentialily collected by the BS method, however, BS concentrations expressed in
pg/m3 {based on site specific calibrations with gravimetric methods) are most
appropriately interpretable as estimates of concentrations of particles <10 pm
aerodynamic diameter. . ‘

Optical particle morphology techniques are useful for identifying the charac-
ter and sources of collected particles, but these techniques are very dependent on
the skill of the microscopist and require careful quality assurance procedures,
Such methods have not found wide-spread use beyond highly specialized research
applications.

Many anayltical techniques are available to determine chemical properties of
particies collected on a suitable substrate. Most of the techniques, such as those
for elemental sulfur, have been shown to be more precise than the analyses for
aravimetric mass cnncentrafion. Methods are available that provide reliable
analyses for sulfates, nitrates, organic fractions, and elemental composition
(e.g., sulfur, lead, silicon), but not all analyses can be used for all particle
samples because of factors such as incompatible substrates or inadequate sample
size. Misinterpretation of results can occur when samples have not been appropri-
ately segregated by particle size and when artifacts mass is formed eon the sub-
strate rather than collected in particulate form, e.g., positive artifacts likely
in sulfate and nitrate determinations. Techniques for sulfate determinations are
noted below under discussion of sulfur oxides measurement methods.

2.1 Sulfur Oxides

The only sulfur oxide that occurs at significant concentrations in the atmo-
sphere is sulfur dioxide, one of the four known gas-phase sulfur oxides (sulfur
monoxide, sulfur dioxide, sulfur trioxide, and disulfur monoxide). As discussed in
WHD (1979) and U.S. EPA (1982a), sulfur dioxide is a colorless gas detectable by
taste at levels of 1000 to 3000 pg/m> (0.35-1.05 ppm). Above 10,000 pg/m> (3.5
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ppm), it has a pungent, irritating odor. Sulfur dioxide is mainly removed from the
atmosphere by gaseous, aqueous, and surface oxidation to form acidic sulfates. ’:
Gas~phase oxidation of 502 by the hydroxyl (OH) radical is well understood; not so
well understood, however, is the oxidation of 502 by hydroperoxy?l (HOZ) and methyl
peroxyl (CH302) radicals. The ready solubility of 50, in water is due mainly to
formation of bisulfite (Hsosu) and sulfite (5032-) ions, which are easily oxidized
to form acidic sulfates by reacting with catalytic metal ions and dissolved oxidants,
Sulfur dioxide reacts on the surface of a variety of airborne solid particles, such
as ferric oxide, Tead dioxide, aluminum oxide, salt, and charcoal.

Sulfur trioxide (503), which can be emitted into the atmosphere directly, or
may result from reactions mentioned earlier, is a highly reactive gas. In the
presence of moisture in the air, it is rapidly hydrated to form sulfuric acid.

In the air, therefore, it is sulfuric acid in the form of an aerosol that
is found rather than sulfur trioxide, and it is gemerally associated with other
pollutants in droplets or solid particles extending over a wide range of sizes.
The acid is strongly hydroscopic, and droplets containing it readily take up
further moisture from the air until they are in equilibrium with their surroundings.
IT there is any ammonia present, it reacts with sulfuric acid to form ammonium
sulfate, which continues to exist as an aerosol (in drdp]et or crystalline form,
depending on the relative humidity). The sulfuric acid may react further with
compounds in the air to produce other sulfates, Some sulfate reaches the air
directly, from combustion sources or industrial emissions, and near oceans,
magnesium sulfate exists in aerosols generated from ocean spray.
- Many sulfur compounds are present in the complex mixture of urban air
pollutants. Some are naturally occurring and some are manmade. Total biogenic
sulfur emissions in the Euroregion have been estimated to be in the range of
million metric tons annually. Additional contributions from coastal and
oceanic sources may also be significant. In contrast, anthropogenic (manmade)
sources are estimated to emit __ million metric tons of 50x (mostly $0,) annually
in the Euroregion. Most manmade sulfur oxide emissions come from stationary point
sources and more than 90% of these are in the form of 502; the rest are sulfates.

Once emitted into the lower atmosphere, maintenance of a tolerable envirenment
depends on the ability of wind and turbulence to disperse the pollutants. When
these processes fail, the resﬁits can be diastrous, as in London in 1952. Factors
affecting the dispersion of sulfur dioxide from combustion sources, include: (1)
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temperature and efflux velocity of the gases, (2) stack height, (3) topography and
the proximity of other buildings and (4) meteorclogy.

Some of the 50, emitted into the air is removed unchanged by varicus surfaces,
including soil, water, grass and vegetation in general. The remainder of 50,,
after removal by these so-called dry deposition processes, is transformed into
sulfuric acid or sulfates by a variety of processes, in the presence of moisture

and is then mainly washed out in rain. The relative proportion of S0, and its

transformation products resulting from the above types of reactions varies with
increasing distance from emission sources and residence time (age) in the atmosphere,
With Tong-range transport {over hundreds or thousands of kilometers), extensive
transformation of 30, to sulfates occurs with dry deposition of acidic sulfates

or their net depositon in rain or snow contributing to "acidic precipitation”
processes and their consequent effects on crops and terrestrial and acquatic
ecosystems,

As discussed in U.5. EPA (1982a), sulfate particles fall mainly in the
fine-mode {<2.5 pm) size range. These particles, when present in air with water
droplets, can combine with such droplets to form aerosols consisting of
sulfate-containing particles of sizes ranging into the coarse mode range
(i.e., 2.5 pym). Such aerosols, along with gaseous sulfur dioxide itself, can
exert notable effects on both human health and the environment.

The most commonly used methods for collection and measurement of sulfur oxides
have been previously described (WHO, 1976; WHO, 1979; U.S. EPA, 1982a). The bases
for various sulfur oxide monitering methods are summarized well by WHO (1979), as
presented in Table 2,

If SU2 were the only contaminant in air, each of the methods in Table 2 would
give comparable results, indicating the true concentration of 502. In typical
urban environments, however, other pollutants are always present and although
the sampling procedure can be arranged to minimize interference from particulate
matter by filtering the air first, errors still arise due to other gases and
vapours. Variations in specificity and accuracy of methods employed must,
therefore, be taken into account in comparing results from various studies.

Methods for measurement of 502 include: (1) manual methods, which invoive
collection of the sample over a specified time period and subsequent analysis by a
variety of analytical techniqués, or (2) automated methods, in which sample collec-
tion and analysis are performed continuously and automatically. In the most
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commonly used manual methods, the analysis of the collected sample are based on
colorimetric, titrimetric, turbidimetric, gravimetric, x-ray fluorescent,
chemiluminescent, and ion exchange chromatographic measurement principles.

The most widely used manual method for determination of atmospheric 502 is the
West~Gaeke pararosaniline method. An improved version of this colorimetric method,
adopted in 1971 as the U.S. EPA reference methed, can measure ambient SU at levels
as low as 25 pg/m (0.01 ppm) with 30 min to 24h sampling time. The method has
acceptable specificity for 502, if properly implemented; however, samples collected
in tetrachloromercurate(II) can undergo temperature-dependent decay leading to
the underestimation of ambient 502 concentrations. A variation of the method uses
a buffered formaldehyde solution for sample collecticn, reducing the temperature-
dependent decay problem. Certain American epidemiological studies employed the
West-Gaeke or other variations of the pararosaniline method.

A titrimetric method, whereby 502 is collected in dilute hydrogen peroxide and
the resultant HZSO4 is titrated with standard alkali, is the standard method mainly
used in Great Britain and by the Organization for Economic Cooperation and Develop-
ment (OECD). The method requires long sampling times {24 h), is subject to inter-
ference from atmospheric acids and bases, and can be affected by errors due to
evaporation of reagent during sampling, titration errors, and alkaline contamina-
tion of glassware. It was used to provide aerometric 502 estimates reported in
many British and European epidemiological studies.

Some other methods employ alkali-impregnated filter papers for collection of
SO2 and subsequent analysis as sulfite or sulfate. Most of these invelve extraction
prior to analysis; but nondispersive x-ray fluorescence allows for direct measure-
ment of 502 collected on sodium carbonate-impregnated membrane filters. These
methods have not yet found widespread use for routine air monitoring purposes or
for measuring 502 for epideminlogical studies.

Two of the most sensitive methods for measuring 502 are based on chemilu-
minescence and ion exchange chromatography. With the former, 502 is absorbed
in a tetrachloromercurate solution and then oxidized with potassium permanganate;
oxidation of the absorbed 502 is accompanied by chemiluminescence detected by a
photomultiplier tube. With the latter, ion exchange chromatography can be used
to determine ambient Tevels of 502 absorbed into dilute hydrogen peroxide and
oxidized to sulfate or 502 absorbed into a buffered formaldehyde reagent. These
methods have not yet been widely employed for routine monitoring uses.




Sulfation methods, based on reaction of airborne sulfur compounds with lead
dioxide paste to form lead sulfate, have been used both in the Upited States and
Europe to estimate ambient 502 concentrations over extended time periods. However,

the accuracy of sulfation methods is subject to many physical and chemical vari-
ables and other interferences (such as wind speed, temperature, and humidity);

and it is not specific for 50,, since it aiso is affected by other sulfur compounds
(such as sulfates). Thus, although sulfation rates {mg 803/100 cmzlday) have been
converted to rough estimates of 50, concentrations (in ppm), these cannot be
accepted as accurate measurements of atmospheric SO2 levels. This 1s most notable
here because Tead dioxide gauges in the United Kingdom provided many of the
estimates of 50, data used in some pre-1960s British epidemiological studies and,
also, in some American epidemiologic studies.

Automated methods for measuring ambient 502 Tevels have been widely used for
air monitoring. Some early continuous 502 analyzers, based on conductivity and
coulometry, were subject to interference by many ambient air substances. More
recent commercially available analyzers using these measurement principles
exhibit improved specificity for 502 through incorporation of sophisticated
chemical and physical scrubbers.

Continuous 502 analyzers that use flame photometric detection (FPD),
fluorescence, or second-derivative spectrometry are now commercially available.
The FPD method involves measurement of the band emission of excited SE motecules
formed from sulfur species in a hydrogen-vrich flame and can exhibit high sensitiv-
ity and fast response, but must be used with selective scrubbers or coupled with
gas chromatographs to achieve high specificity. Fluorescence analyzers detect
characteristic fluorescence of the 502 molecule when irradiated by UV 1ight, have
acceptable sensitivity and response times, are insensitive to sample flowrate, and
require no support gases. However, they can be affected by interference due to
water vapor {quenching effects) and certain aromatic hydrocarbons and must
employ ways to minimize such effects. Second-derivative spectrometry can
provide highly specific measurement of 502 in the air, with continuous analyzers
based on this principle being insensitive to sample flowrate and requiring no
support gases. However, high sample flowrates are needed for reasonable
response times, and excessive electronic noise and inherent lack of precision can
be problems. -

U.S. EPA designated continuous analyzers based on many of the above principles
(conductivity, coulometry, flame photometry, fluorescence, and second-derivative
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spectrometry) as equivalent methods for measurement of atmospheric 502 . Testing

of these analyzers by manufacturers and/or EPA demonstrated adequate performance
for use as an EPA reference or equivalent method with excellent comparability among
the methods under typical conditions.

Methods summarized in Table 3 assess total water-soluble sulfates collected on
filters along with other suspended particulate matter. Any sulfuric acid present
is generally included with this, and some material present as acid in the air may
be converted to neutral sulfate on the filter during sampling. Ne fully satisfac-
tory method exists for determination of sulfuric acid in the presence of other
pollutants, but some procedures are useful for examining acidic properties of

suspended particles. No methods, other than those in Table 3 are sufficiently
gstablished for widespread application in epidemiological studies.

TABLE 3. METHODS OF ANALYSIS FOR SUSPENDED SULFATES AND SULFURIC ACID

Method Principle Comment

Turbidimetric Sample collected on sulfate-free Samples normally collected
method giass fibre or other efficient over 24-h periods by high

filter: sulfate extracted and volume sampier (see Tabie 1).
precipitated with barium chioride, No distinction made between
measuring the turbidity of the sulfates and sulfuric acid.
suspension spectrophotometrically
(US Environmental Protection
Agency, 1974b).

Methyithymol Samples collected as in the This modification allows the
blue method turbidimetric method above and procedure to be automated,
extract reacted with barium comments as in the turbidi-
chloride, but barium remaining metric method apply.
in solution then reacts with
methylthymol blue; sulfate
determined colorimetrically by
measurement of uncomplexed
methylthymol blue (US Environ-
mental Protection Agency, 1974b).




3.0 Euroregion Ambient Concentrations of Airborne Particles and Sulfur Oxides

NOTE: Materials for this section to be prepared at or after
October, 1985, meeting in Bilthoven.

4.0 Respiratory Tract Deposition and Fate of Inhaled Aerosols and Sulfur Oxides

As discussed in U.S. EPA (3982 a,b), the respiratory system is the major route of
human exposure to airborne suspensions of particles (aerosols) and gases such as
sulfur dioxide (502). During inhalation (and exhalation), a portion of the inhaled
aerosol and gas may be deposited by contact with airway surfaces, or it may be
transferred to unexhaled air; the remainder is exhaled. The portion transferred to
unexhaled air may be deposited by contact with airway surfaces or exhaled later.
These phenomena are complicated by interactions that occur among particles, gases such
as 502 or endogenous ammonia, and water vapor in the airways. In inhalation
toxicology, specific terminology is applied to these processes. Deposition refers to
removal from inspired air of inhaled particles or gases by the respiratory tract and
to the initial regional pattern of these deposited materials. Clearance refers to
subsequent translocation (movement of material within the lung or to other organs),
transformation, and removal of deposited substances from the respiratory tract. It can
also refer to removal of reaction products formed from 502 or particles. The temporal
pattern of uncleared deposited particulate materials or gases and reaction products is
called retention.

Deposition patterns of inhaled aerosols and gases are affected by_physica] and
chemical properties, including aerosol particle size distribution, density, shape,

surface area, electrostatic charge, hygroscopicity or deliquescence, chemical composi-
tion, gas diffusivity and solubility, and related reactions. The geometry of the
respiratory airways from nose and mouth to the lung parenchyma also influences aerosol
deposition; important morphological parameters include diameters, lengths, inclina-
tions to vertical, and branching angles of airway segments. Physiological factors
that affect deposition include breathing patterns, respiratory tract airflow dynamics,
and variations of relative humidity and temperature in the airways. Clearance
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from the respiratory tract depends on many factors, including site of deposition,
chemical composition and properties of deposited particles, reaction products,
mucociliary transport in the tracheobronchial tree, macrophage phagocytosis, and
pulmonary lymph and blood flow. An understanding of respiratory tract anatomy and

regional deposition and clearance of particles and gases such as 502 is essential for

interpretng results of health effects studies discussed later,

4.1 The Respiratory Tract

The respiratory tract includes the passages of the nose, mouth, nasal pharynx,
oral pharynx, epiglottis, larynx, trachea, bronchi, bronchioles, and small ducts and
alveoli of the pulmonary acini. In regard to respiratory tract deposition and
clearance of inhaled aerosols, three main regions can be considered: (1)
extrathoracic (ET), the airways extending from the nares down to the epiglottis and
tarynx at the entrance to the trachea (the mouth is included in this region during
mouth breathing); (2) tracheobronchial (TB), the primary conducting airways of the
tung from the trachea to the terminal bronchioles (i.e., that portion of the lower
respiratory tract having a ciliated epithelium); and (3) pulmonary (P), the parenchy-
mal airspaces of the lung, including the respiratory brenchioles, alveolar ducts,
alveolar sacs, atria, and alveoli {i.e., the gas-exchange region). The ET region, as
defined above, corresponds exactly to the nasopharynx, as defined by the International
Commission on Radiological Protection (ICRP) Task Group on Lung Dynamics (Morrow et
al., 1966).

4.2 Particle Deposition and Clearance

As discussed in U,5. EPA (1982a,b), evaluation of mechanisms by which inhaled
particles ultimately affect human health requires recognition of the importance of
deposition and clearance phenomena in the respiratory tract. Major regions of the
respiratory tract differ markedly in structure, size, function, and sensitivity or
reactivity to deposited particles. They aiso have different mechanisms for particle
elimination or clearance (lLippmann, 1877; Lippmann et al., 1880; Lippmann and Schile-
singer, 1984).

U.S. EPA (1982a) depicts available experimental deposition data for total and
regional deposition in a series of figures (i.e., Figures 11-3 to 11-9 of U.5. EPA,
1982a). Curves for alveoclar dep&ﬁition and estimates of tracheobronchial deposition
are reproduced here in Figure 3. Numerous subject-related and environmental factors

can influence deposition and clearance of aerosols, including inhalation patterns
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(rate and route), airway dimensions, disease state, particle composition, and
the presence of pollutant gases. Detailed discussion of effects of such factors
on deposition patterns is beyond the scope of this paper (for more details, see
U.S. EPA, 1982a,b; Lippmann et al., 1980; Lippmann and Schiesinger, 1984).

Available data on respiratory tract deposition, as discussed in U.S. EPA
(1982a,b), can be used to provide a qualitative evaluation of deposition of typically
observed ambient particle distributions. Based on the deposition curves for normal
nasal breathing in Chapter 11 of U.5. EPA (1882a), over half of the total mass of a
"typical ambient mass distribution (see Section 2.0) would be deposited in the
extrathoracic region, most of this being coarse particies. Clearance of most of this
material to the esophagus would occur within minutes. Up to about half of the
hygroscopic fine mass (e.g., sulfates and nitrates that grown to 2-4 pm in the
respiratory tract) also might be deposited and dissolve in this same region. Smaller
fractions (5-25%) of the hygroscopic and non-hygroscopic fine particles (mostly <1 ym)
would be deposited in the tracheobronchial and alveolar regions, respectively. A
similar fraction of coarse particles (size range 2.5 - 8 pm) will be deposited in
these thoracic regions. Clearance of hygroscopic material by dissolution and reaction
would be relatively rapid in both regions., Clearance of insoluble coarse-mode _
substances would increase from less than an hour for the larger particles deposited in
the upper portion of the tracheohronchial region to as much as a day for that deposit-
ed more distally. Inscluble fine and coarse particles deposited in the alveolar
region would be expected to have 1ifetimes on the order of weeks to months or
longer.

With mouth only breathing, the regional deposition pattern changes markedly, with
extrathoracic deposition reduced and both tracheobronchial and pylmonary deposition
enhanced. FExtrathoracic deposition, although reduced, still would be dominated by
coarse mode aerosols and contain 1ittle fine-mode contribution. The higher endcgenous
ammonia in the mouth may, however, reduce net deposition of acid aerosols. Remaining
fine particle deposition efficiency would be 1ittle changed over nasa1-breathing
(<20%). ‘

In essence, regional deposition of ambient particles in the respiratory tract
does not occur at divisions clearly corresponding to atmespheric aerosol distribu-
tions. Coarse mode and hygroscopic fine mode particles are deposited in all three
regions. A fraction (5-25%) of the remaining fine mode particles (e.g., organics and
carbon not associated with hygroscopic material) is deposited in the tracheo-
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bronchial alveolar regions. Little particle mass in excess of 15 ym is
deposited in the thoracic region, and 1ittle mass greater than 10 pym is
deposited in the alveolar region.

The above discussion represents a qualitative assessment of regional
deposition of a "typical" ambient particle distribution for normal adults
and breathing rates. Because atmospheric distributions and individual
deposition characteristics (as well as other factors) differ widely, the
above may not be representative of potentially important variations in
exposure/deposition cases, considering the following:

(1} Regional deposition data for mouth breathing tend to overest1mate
resting thoracic deposition for oronasal breathing and are most applicable
to individuals who breathe only through the mouth. Still, a number of
disease states and other conditions temporarily or permanently result in
mouth only breathing. During exercise, even oronasal breathing can permit
flow through the mouth comparable to or greater than that used in mouth
only studies. Alsp, some studies suggest that subject-related variability
or other conditions can cause substantially lower nasal removal efficiency
for coarse particles (in the 2.5 to over 12 pm range) than the ICRP model
suggests, thus resulting in enhanced thoracic deposition for coarse
particles during nasal breathing.

(2} The peak in alveolar deposition efficiency for mouth and nose
breathing (Figure 3) tends to occur at or near the normal minimum in the
bimodal distribution (2-4 pm MMAD). However, near emission sources or in
other polluted conditions, substantial increases can occur in the coarse
or fine mode contribution to this most efficiently deposited range.

(3) The deposition of both coarse and fine particles in the tracheo-
bronchial region can be increased over “normal" ranges: by increased
breathing rates during exercise by mouth breathing, by cigarette smoking,
in bronchitic and asthmatic subjects, and due to ajrway constriction
caused by irritant gases (e.g., ozone, sulfur dioxide, and nitrogen
dioxide) often found in polluted air along with particles. Although it
generally reduces subsequent alveolar deposition, enhanced tracheobronchi-
al deposition may not be protective, especially for disease states (e.g.,
bronchitis) or other conditions that constrict, inflame, or cause mucous
build-up in airways. -

(4) Regional mass deposition data do not provide insights into
tocalized "hot spots". Significantly higher mass/lung surface ratiocs can




occur in the extrathoracic and tracheobronchial regions as compared to the
alveolar region. As noted in Y.5. EPA (1982a, b), enhanced deposition in
the carina and other airway bifurcations should occur for both coarse and
- fine particles. Natural or deposition related slowing in clearance may
occur in these areas. Particles with surface coatings of toxic elements,
organics, allergens, or gases may result in greater effects than that
suggested by total mass deposited because of initial localized surface
reaction with tissue or macrophages.

(5) Although probability of deposition of particles larger than 10 pm
in the alveolar region is Tow, small numbers of such particles have been
found in human Tungs. Some evidence suggests that those large insoluble
coarse substances that do penetrate may be cleared at a much slower rate.
Animal tests indicate that 15 pm particles instilled in this region clear
much more slowly than smaller particles of the same composition.

Besides variations in regional deposition patterns found for inhaled
particles and factors affecting "typical" deposition patterns, regional
differences exist for clearance mechanisms by which inhaled particles
penetrating various levels of the respiratory tract are removed. The
effects of inhaled particulate matter and other noxious agents, e.g.,

irritative gases, on clearance mechanisms represent one of the major
categories of toxic actions exerted by such air pollutants. Detailed
reviews of clearance mechanisms and effects on them due to inhaled parti-

cles and sulfur dioxide (502) are presented elsewhere (U.S. EPA, 1982a,b;
Lippmann, et al., 198%1; Lippmann and Schlesinger, 1984).

Mucociliary and alveolar clearance mechanisms are of most concern.
Mucociliary clearance is the major defense mechanism by which inhaled
particies deposited in the tracheobronchial airways are removed from the
respiratory tract by the transport of particles in the mucus blanket that
moves upward due to ciliary action. Two general types of alveolar clear-
ance mechanisms are generally recognized: absorptive and non-absorptive
processes. Absorptive mechanisms involve active and passive transport
processes, whereby deposited particles permeate the alveolar epithelium
and penetration of endothelial barriers occurs prior to uptake into the
blood or lymphatic transport. These processes are most effective in
removing highly soluble particles. Phagocytosis of deposited particles by
alvealar macrophages is generally accepted as the chief non-absorptive
clearance process. Some non-absorptive materials, especially low solubil-
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ity particles, may also escape this latter clearance mechanism and accumulate
as focal deposits within parenchymal tissues.
4.3 Sulfur Oxides Deposition and Clearance

Sulfur dioxide is soluble in water and readily absorbed upon contact
with the moist surfaces of the nose and upper respiratory passages. The
gas is almost completely removed (95 to 99 percent) by nasal absorption
under resting conditions in both man and laboratory animals. However,
human studies indicate that 30, penetration to the Yower respiratory tract
increases with activity and respiratory workloads and leads to a shift
from nasal to oronasal breathing, at a mean Ve of 30 liters per minute
{Niinimaa, 1980, 1981; D'Alfonso 1980). Most studies on deposition of 502
in animals and humans have been done at concentrations greater than 2.62
mg/m3 (1 ppm). The 95 to 99 percent removal of 502 by the upper
respiratory tract has not been confirmed at levels ordinarily found in
ambient air (generally less than 0.1 mg/m3 [0.038 ppm]). It is expected,
however, that similar deposition patterns would be observed at these lower
concentrations of 502. Once inhaled, SO2 js absorbed quickly into secretions
1ining the respiratory passages, and most is transferred rapidly into the
systemic circulation from all regions of the respiratory tract. Less than
15% of the total inhaled 502 is likely to be exhaled immediately, with only
small amounts (about 3%) exhaled later.

The deposition of inhaled partic1es such as sulfate compounds in the
respiratory tract is complex and depends upen breathing patterns and physical
properties of the inhaled particles. Depositon patterns and clearance mechanisms
for sulfates of particular size-ranges (mainiy fine particles < 2.5 pym) are
discussed under Section 4.2 of this paper. Of most importance is the fact that
there is deeper penetration of particles into the respiratory tract when a
person breathes through the mouth than when engaged inm nasal breathing.

5.0 Health Effects Associated with Exposure to Airborne Particles and
Sulfur Oxides
Extensive information exists in the published literature concerning
health effects associated with exposure to airborne particulate matter and
sulfur oxides. Detailed evaluations of this literature (including discus-
sions of potential mechanisms of toxicity and findings emerging from

animal toxicology experiments, controlled human exposure studies, and
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epidemiological studies) are contained in several prior critical reviews
of the subject (WHO, 1979; Holland et a)., 1979; U.S. EPA, 1982a,b,c;
Lippmann et al., 1980; Lippmann and Schlesinger, 1984). Key information
derived from such reviews is summarized below, along with evaluatiens or
comments on more recently published studies.

5.1 Effects Associated with Airborne Particles
3.1.1 Potential Mechanisms of Toxicity :
Numerous possibilities exist by which a wide variety of toxic effects
may be exerted by inhaled particles. Certain general types of mechanisms
of toxicity can be identified to apply across a wide range or mixtures of
inhaled particles, either acting alone or in combination with other common
gaseous air pollutants, such as 502, Nox, or ozone. These include, for
exampie, possible irritant effects that result in decreased air flow due
to airway constriction, altered mucociliary transport and effects on
alveolar macrophage activity. Other toxic effects and underlying mecha-
nisms of action are much more chemical-specific and, depending on the
particular materials involved, may inciude forms of systemic toxicity
involving non-respiratory system organs and functions. One excellent
example of chemical-specific mechanisms exists in the case of inhaled lead
(Pb) which (once absorbed into the blood stream and circulated to other
tissues) exerts diverse effects on hematological, nervous system, and many
other physiclogical functions. The main focus of discussion here is on
general mechanisms of toxicity rather than more chemical-specific ones.
The tracheobronchial portion of the respiratory system is the site of
deposition of a mixture of fine {especially hygroscopically fine) and
relatively small (<10-15 um) coarse-mode particles. Bronchoconstriction
is one common response to deposition of particles in this region and has
been reported in response to short-term exposure to high levels of various
"inert" dusts, as well as acid and alkaline aeresols of varying particle
sizes. Bronchoconstriction produced by acute exposures is likely due to
neurologically-mediated reflexive actions arising from chemical and/or
mechanical stimulation of irritant neural receptors in the bronchi. Since
particle deposition and epithelial nerve endings tend to concentrate near
airway bifurcations, deposition at such points may exert an influence on
pulmonary mechanical changes due to chemical or mechanical stimulation of

receptors. Reflex coughing and bronchoconstriction due to irritant effects
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of particles on tracheobronchial region receptors may be related to
effects observed in various epidemiological studies, e.g., aggravation of
chronic respiratory disease states such as asthma, bronchitis, and emphy-

sema. Also, as noted earlier, some persons with asthma or other respira-

tory diseases may have elevated particle deposition rates in the tracheo-
bronchial region which may contribute to a cascading effect of further
bronchoconstriction and increased particle deposition in that region.
Referring to the earlier discussion of particle clearance mechanisms,
several more potential mechanisms of toxicity associated with inhalation
of airberne particles can be readily discerned. This includes a plausible
sequence of events by which inhaled particles can contribute to chronic
obstructive pulmonary disease {Albert et al., 1973; Lippmann et al. 1980).
That is, inhaled particles and noxious gases can stimulate changes in the
distribution and activities of various cell types 1ining the tracheobronchial
airways. Acute exposures to high levels of airborne particles initially
stimuTate increased mucus secretion and mucociliary flow useful in clearing
inhaled particles. However, with continuous or repeated exposures, more marked
changes can occur, e.qg., hypertrophy of mucous glands or goblet cells, and such
changes may result in increased mucus secretions to a point where mucus transport
capacity is overloaded and obstruction of airways ensues. Also, certain
particles and gases affect the number of ciliated cells or their functioning
so as to alter (i.e., speed or slow) mucociliary clearance rates. Mucociliary
clearance is affected by fine sulfuric acid aeresols, high levels of carbon
dust, and cigarette smoke.
Because of the above mucociliary clearance phenomena, airborne
particles may be importantly involved as etiological factors that con-
tribute to various types of chronic lung diseases, as discussed by U.S.
EPA (1982a,b) and Lippmann et al. {1980). This includes: Tikely
involvement in the pathogenesis of chronic bronchitis; increasing suscep-
tibility to acute bacterial and viral infections, especially in popula~
tions or groups (e.g., children, the elderly and cigaretie smokers)
already predisposed to such infections by other factors; and likely
aggravation of preexisting disease states, e.g., chronic bronchitis or
emphysema, or other respirator§ conditions such as bronchial asthma. Also,
some individuals (e.g., those with Kartagener's syndrome) have genetically
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inherited defects in ciliated cell function or other disease states, which
result in much reduced mucociliary clearance of inhaled particles and
potentially greater vulnerability to toxic effects of such particles.

Particle deposition within the alveolar region of the Jungs is mainly
limited to fine and coarse particles of less than 10 pm. Several impor-
tant characteristics in the alveolar region affect response to particle
inhalation. Clearance from the alveolar region is much slower than from
the tracheobrenchial region. The alveolar region is the site of oxygen
uptake and of various non-respiratory functions of the lungs that may be
affected by poliutant exposures. Many victims of London air pollution
episodes were patients suffering from cardio-pulmonary diseases (e.g.,
emphysema and bronchitis), which normally reduce the lungs ability to
transfer oxygen to blood. The disturbance of normal ventilation and
perfusion in the lung by acute pollution exposures may shunt air from some
alveoli so that a sudden lack of available oxygen may occur, causing
reflex constriction of blood vessels and increased pulmonary arterial
pressure, Although this added load (due to pollution exposure) is usually
tolerable in normal individuals, the added stress and chain of events may
lead to fatal or irreversible damage in individuals already compromised
with cardiopulmonary disease.

The alveolar region of the lung is also the site of several respira-
tory diseases associated with chronic inhalation of particles. long term
exposures to high levels of acid aercsols and 502 have produced conditions
resembling emphysema in controlled animal exposure studies. Various
animal, occupational, and community exposures to insoluble particies,
including coal dusts, silica, asbestos, and ambient dust also result in
accumulation of material in lungs, and possibly through damage to macro-
phages, are associated with inflammation, fibrosis and other conditions.

5.1.2 Human Health Effects Due to Short-Term Exposures to Particles
Considerable information has been generated by experimental animal
studies and controlled human exposure studies in regard to health effects
associated with short~term (<24 hr.) exposures to airborne particles as
reviewed by WHO (1879) and U.S. EPA (1982a,b). However, much of the
information that has been gained concerning the effects on health of
exposure to realistic concentrations of airborne particles has come from

epidemiological studies, carried out on population segments chosen by
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virtue of place of residence, age, existing state of health, or other
characteristics, in order to present contrasts in expasure or sensitivity

to these pollutants. Complicating such studies is the frequent co-occurrence
of elevated levels of sulfur oxides along with airborne particies.

Attention is directed here mainly to epidemiological studies concern-
ing the health effects of exposure to sulfur oxides and particulate matter
that yield information relevant to the development of expuéure-effect and
exposure-response relationships for sulfur oxides, smoke, and suspended
particulate matter, especially as assessed by WHO (1979) and U.5. EPA (1982a,b).
More recently published studies are also noted with particular emphasis on
those with greatest potential for altering conclusions arrived at by the
earTier WHO (1979) or U.S. EPA (1982a,b) evaluations.

5.1.2.1 Mortality - effects of short-term exposures

The most clearly defined effects on mortality arising from exposure
to sulfur oxides and particulate matter have been the sudden increases in
the nmumber of deaths occurring, on a day-to-day basis, during episodes of

'high pollution. The most notable of these occurred in the Meuse Valley in

1930, in Donora in 1948 and in London in 1952, The individuals primarily
affected were those with pre-existing heart or lung disease (or both) and
the elderly. The London episode lasted for 5 days and it was estimated
that the number of deaths during and immediately after this period was
about 4000 more than expected under normal circumstances. On one day, the
number of deaths was about three times the number expected at that time of
the year. Concentrations of sulfur dioxide as high as 3.7 mg/m3 (1.3 ppm)
were recorded in the centre of the urban area (48-h average). Concentra-
tions of particulate matter were too great to be measured properly (Brit-
ish daily smoke/sulfur dioxide method), and the 48-h average of about 4.5
mg/m3 at a central site must be regarded as a conservative estimate.
Following these major episodes, attention was turned to studies on
more moderate day-to-day variations in mortality within large cities, in
relation to pollution. The large body of literature concerning such
studies carried out in the United Kingdom, elsewhere in Europe, the United
States and Japan has been critically reviewed in detail by WHO (1979),
Holland et al. (1979), and U.§. EPA (1982a,b). As discussed in these
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sources various methodelogical problems with most of the studies preclude
drawing of quantitative conclusions regarding exposure-effect or
dose-response relationships of importance to deriving air quality guide-
Tines. Among the main problems are inadequate measurement or control for
potentially confounding variables and inadequate quantitation of exposure
to airborne particles or other associated pollutants, e.g., sulfur oxides.

Bespite such problems all three critical reviews {WHD, 1979; Holland
et al., 1979, U.S. EPA 1982a,b) agree that available studies collectively
indicate that mortality was clearly and substantially increased when
airborne particle concentrations exceeded 1000 pg/m3 {as measured by the
British smoke method) in conjunction with elevations of sulfur dioxide
levels in excess of 1000 pg/m3 {with the elderly or others with severe
preexisting cardiovascular or respiratory disease mainly being affected).
As for evaluation of risks of mortality at lower exposure levels, all
three reviews also agree that studies conducted in London by Martin and
Bradiey (1960) and Martin (1964) yield useful, credible bases by which
to derive conclusions concerning quantitative exposure - effect relation-
ships (See Table 5, which summarizes key results from these and other
critical studies of mortality and morbidity effects associated with
short-term exposures to particulate matter and 50,).

The relationship between daily mortality in Greater London and daily
variations in pollution (smoke and sulfur dioxide) during the winter of
1958-59 was examined by Martin & Bradley (1960). Measurement sites can be
considered reasonably representative of outdoor concentrations in the
areas where people lived, although the inclusion of outer, less-densely
populated areas meant that average exposure may have been underestimated.
On days when smoke concentrations increased by more than 100 pg/m3 over
the previous day, or when 502 concentrations increased by 70 pg/m3 (0.025
ppm), mortality increased. Increases in daily mortality were up to about
1.2 times expected values assessed from 15-day moving averages. Thick fog
(visibility less than 200 metres) was also associated with increases in
mortality. The relative importance of the 3 factors could not be deter-
mined but, on the basis of other work, the authors considered that smoke
was probably most important, It is not clear whether the results are best
interpreted in terms of change in pollution from one day to the next,
rather than in terms of absolute values, but there is support for the
former approach from studies carried out elsewhere. When results were
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considered on an absolute basis (Lawther, 1963), it was concluded that
jncreases in mortality became evident when the 24-h mean concentrations of
smoke and sulfur dioxide exceeded 750 pg/m3 and 710 pg/m3 (0.25 ppm),
respectively. More recently, U.S. EPA (1982a,b) concluded that small
increases in mortality may have also occurred at levels as Tow as 500
pg/m3 for both smoke and 502, based on a reana1y§es by Ware et al.(1981).

Studies on day-to-day variations in mortality in London were contin-
ved in successive winters, and coupled with the records of emergency
hospital admissions. Martin (1964) showed correlations between both the
daily mortality and hospital admission data and concentrations of smoke or
50,. There was no clearly defined level above which effects were seen,
but fairly consistent increases in both mortality and hospital admissions
occurred when concentrations of smoke and sulfur dioxide each exceeded a
?4-hr mean of about 500 pg/mB. In 1962, there was a major episode of high
poltlution in London, similar to the one in 1952 in terms of duration and
SO2 levels but with lower smoke concentrations. Again, there was a sudden
increase in deaths, but not as markedly as before (about 700, compared
with 4000). Whether changes in medical care influenced these results is
not clear. Greater use of antibiotics in 1962 compared with 1952 might
have reduced deaths, along with more awareness of the risk together with
clear advice to the elderly and infirm to stay indoors.

The dramatic reduction in smoke concentrations in London brought
about by the implementation of the Clean Air Act, and the more gradual
reduction in 502 that followed means that, in subsequent years, few
pccasions occurred when levels of 500 pg/m3 were exceeded for smoke or
802. Analyses of daily mortality in London in relaticn to variations in
smoke and 502 levels during winters from 1958-59 to 1971-72 have heen
reported by Mazumdar et al. (1981, 1982). These analyses are of special
value in attempting to define lowest levels of exposure to particulate
matter and/or 50, associated with increased mortality, because they
include winters when levels of those pollutants never exceaded 500 pg/mB.
The results obtained for airborne particles (as measured in terms of
British smoke) were analyzed in relation to linear and quadratic models,
which Mazumdar et al. (1981, 1982) found to provide good fits to the data
examined (including when relevant potentially confounding variables, e.g.,
temperature and humidity, were taken into account statistically). Both of
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the models suggest small increases in mortality at smoke levels below 500
pg/m3 and, possibly, to as low as 150-250 pg/m3. Other analyses by Ostro
(1984) of the same 1958-59 to 1971-72 London data suggest that some risk
of mortality may exist even below 150 pg/ma.

5.1.2.2 Morbidity - effects of short-term exposures

As noted by WHO (1979), epidemiological studies can be useful in
assessing morbidity effects associated with air pollution in different
communities or in areas where change in air poliution occurred over time.
In such studies, where respiratory diseases are follewed, it 7s necessary
to control for age distribution, socioeconomic status, and other possibly
confounding factors. It is also crucial that adequate characterization of
exposure to air pollutants of interest be carried out, if guantitative
conclusions are to be drawn regarding exposure-effect or dose-response
relationships. Few of the available epidemiological studies on morbidity
effects associated with short-term exposure to airborne particles, as
critically reviewed by WHO (1973), Holland et al (1979), or U.S5. EPA
(1982a,b), allow for such conclusions. Those reported by Lawther for
London populations (see Table 5) appear to provide credible bases for
drawing quantitative conclusions about morbidity effects associated with
airborne particles (measured as smoke) and elevated 502 levels.

As described by WHO (1979), Lawther et al. (1970) reported a series
of studies carried out from 1954 to 1968 mainly in London, but also in
some other large cities in England, using a diary technique for
self-assessment of day-to-day changes in conditions among bronchitic
patients. A daily illness score was calculated from the diary data and
related to smoke and sulfur dioxide (British smoke/sulfur dioxide
method) concentrations and weather variables. Pollution data for most of
the London studies were mean values from the group of sites used in the
mortality/morbidity studies of Martin (1964). Many subjects in the series
were active enough teo be out and about and at work, and the aerometric
measurements used Tikely provide reasonable estimates of average exposure
in areas where they lived or worked. However, the health endpoint measures
used in these studies were not validated, for the subjects recorded only
their own assessments of their conditions, and these were not checked
against clinical examinations or ventilatory function test results; but
the changes appeared to be real.
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In the early years of the series, when the general level of pollution
was high, well defined peaks in illness score were seen when concentra-
tions of either smoke or 502 exceeded 1000 pg/m3. With reductions in
pollution that followed gradual implementation of the Clean Air Act, these
changes in condition became less frequent and of smaller magnitude. From
the series as whole, up to 1968, it was concluded that the minimum poliu-
tion associated with significant changes in the condition of the patients
was a 24~h mean smoke Tevel of about 250 pg/m3 together with a 24-h mean
50, concentration of about 500 pg/m3 (0.18 ppm). At these levels, some
evidence still indicated that the peaks were associated specifically with
pollution rather than with adverse weather conditions. A later study
reported by Waller (1971), showed that, with much reduced average levels
of poliution, there was an almost complete disappearance of days with
smoke levels exceeding 250 pg/m3 and 502 levels over 500 pg/m3 (0.18 ppm).
As earlier some correlation remained between changes in the conditions of
the patients and daily concentrations of smoke and 502, but the changes
were small at these levels and, at this low range of pollution, discrimi~
nation between the effects of poliution and those of adverse weather was
poor. Thus, as concluded by U.S. EPA (1982a,b), the observed effects
(worsening of health status among chronic bronchitic patients) were
clearly associated with smoke ]evels of 250-500 pg/m and, possibly,
somewhat lower levels (<250 pg/m ) for highly sensitive bronchitic patients.

Since preparation of the U.S. EPA (1982a,b) evaluations summarized in
Table 5, some additional studies have appeared concerning morbidity
associated with short-term exposure to airborne particles and/or sulfur
oxides. For example, Dockery et al (1982) reported on a study of 200
school children in Steubenville, OH. Pulmonary function was measured
immediately before and after air pollution episodes in 1978 and 1979..
Estimated Forced Vital Capacity (FVC) was approximately 2% lower following
each alert, whereas Forced Expiratory Volume in 0.75 sec (FEV0_75) did not
change during the 1978 study but was decreased by 4% during the 1979
alert., Other declines in Tung function were observed one to two weeks
after the episodes. Overall, these repeated measurements of lung function
showed statistically significant but physiologically smal) and apparently

reversible declines of FVC and FEC 0.75 levels with increases of 24-hr




mean TSP and SO, levels ranging from nearly 0.0 to 275 pg/m°. However, it
was not possible to separate the relative contributions of the two poliu-
tants, nor to confirm or preclude the existence of any thresholds for the
observed pulmonary function decrements within the above broad range of TSP
and 502 levels.

Similarly, several other studies (Mazumdar et al., 1983; lebowitz et
al., 1982; Dodge, 1983; Perry et al., 1983) report analyses indicative of
morbidity effects in adults, asthmatics or children being associated with
elevated levels of airborne particles (as measured by various methods,
e.g., TSP, COHs, etc.) in scattered geographic locations within the United
States. None of these studies, however, provide an adequate basis for
deriving quantitative conclusions regarding either exposure-effect or
dose-response relationships.

- 5.1.3 Effects Associated with Long-term Exposures to Airborne Particles

5.1.3.1 Mortality - effects of chronic exposures

In countries having reliable systems for the collection and analysis
of data on deaths, based on cause and area of residence, death rates for
respiratory diseases have commonly been found to be higher in towns than
in rural areas. Many factbrs, such as differences in smoking habits,
occupation, or social conditions may be involved in these contrasts, but,
in a number of countries, a general association between death rates from
respiratory diseases and air pollution has been apparent for many decades.
Analyses of these data have been of great value as a lead for epidemiologic
studies, but the absence of information concerning other relevant variables,
such as smoking, and the relatively crude nature of indices of pollution
used in many of these studies make them unsuitable for the assessment of
exposure-effect relaticenships.

The studies of Daly (1954, 1959), Pemberton & Goldberg (1954), and
Stocks (1959) were all based on mortality data from towns in England and
Wales and each showed a positive correlation between bronchitis or pneumonia
death rates and some index of pollution by sulfur oxides or particulate
matter, as assessed for periods close to those for which death rates
were calculated. The most detailed investigation of this type, taking

into account social factors as well as pollution, but still not smoking,
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was that conducted by Gardner et al. (1969). One interesting feature of
their findings was a slight improvement in correlation when the index of
pollution used was reltated to a period some 10 years earlier than that for
which the death rates were calculated {deaths 1958-64, poliution index
1952). This illustrates another problem that has been widely recognized
when trying to use mortality records to assess the effects of poliution
i.e., that it may not be recent exposures that are most relevant, but
those earlier in life; where concentrations have changed markedly over the
years, current measurements may not provide an adequate index.

Lave & Seskin (1970) reanalyzed some of the mortality data from
England and Wales, and developed multiple regression equations in terms of
pollution and socioceconomic indices. Again their findings of positive
correlations with pollution are of general interest but cannot contribute
to the development of dose-response relationships. These authors also
examined similar data for Standard Metropolitan Statistical Areas (SMSAs)
in the USA and, in a later paper (Lave & Seskin, 1972), they attempted to
assess the relative effects of air pollution, c¢limate, and home heating on
mortality rates. Although equations were obtained relating death rates to
measurements of suspended particulate matter and total sulfates (both by
high volume sampler), it is doubtful whether these can he regarded as
valid in the absence of adequate information on smoking and due to inade-
quate characterization of exposure parameters.

Other studies reported in further publications (Lave & Seskin, 1977,
Chappie and Lave, 1981) extend their earlier analyses. Based on such
anatyses, analogous positive associations between mortality and air
poellution variables were reported for the United States. Many criticisms
similar to those indicated above for the earlier Lave and Seskin (1970)
publication apply here. Of crucial importance are basic difficulties
associated with all of their analyses in terms of: (1) use of aerometric
data without regard to quality assurance considerations, most notably
including use of sulfate measurements known to be of questionable accuracy
due to artifact formation during air sampling; and (2) questions regarding
the representativeness of the air pollution data used in the analyses as
estimates of actual exposures of individuals included in their study
groups. For example, in some instances data from a single monitoring
station were apparently used to estimate pollution exposures for study
populations form surrounding large metropolitan areas.
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Further difficulties in discerning consistent patterns of association
between mortality and air pollution variables are encountered when results
of Lave and coworkers are compared with those obtained by others using
analogous "macro-epidemiological” approaches. For example, Mendelsohn and
Orcutt {1979) carried out regression analyses of associations between 1370
mortality rates (for 404 county groups throughout the United States) and
air pollution exposures retrospectively estimated on the basis of 1970 and
1974 annual average pollutant data from air monitering sites in the same
or nearby counties. Their results suggested fairly consistent (though
variable) associations between mortality for some age groups (increasingly
more positive with age) and sulfate levels but much Tess consistent and
sometimes negative associations with T5P or other pollutants.

Other results obtained by Thibodeau et al. (1980) have been inter-
preted as not disagreeing with the conclusions of lLave and Seskin concern-
ing mortality being associated with chronic expoesure to PM, 502 or
sulfates, but such results also indicate that the regression coefficients
for air pollution variables are quite unstable. Lipfert (1980) reported
results from an analysis taking into account a smoking index based on
state tax receipts, which he interpreted as showing sulfates to be least
harmful of seven air pollutants (including 302 and TSP), although no
adjustments for urban-rural differencgﬁ in study population residences
were used, This is in contrast to analyses of 1970 United States mortality
data by Crocker et al. (1979), which found no significant relationships
between air pollution and total mortality when taking into account retro-
spectively estimated nutritional variables and a smoking index. Also,
results of Gerking and Schultz (1981), using the same data base, indicated
a significant positive relationship between TSP and total mortality when
using an 0LS model similar te that of Lave and Seskin (1977) but found
negative, though not significant, air pollution coefficients after adding
smoking, nutrition, exposure-to-cold, and medical-care variables to a
two-equation model. Most recently, reanalyses of U.S. mortality and
aerometric data by Evans et al. (1983) substantiated 1ikely relatjonships
between mortality and elevated levels of the sulfate fraction of TSP.

Varjous criticisms of the above studies have been noted by authors of
the other respective studies, but it is not possible to ascertain which
findings may be "more valid" than others. Thus, although many of the
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studies qualitatively suggest positive associations between mortality and
chronic exposure to certain air pollutants in the United 5tates, many
issues remain unresoived concerning reported associations and whether they
are causal or not. Nevertheless, a number of the above studies tend to
suggest possibie relationships between mortality and long-term exposure to
certain air pollutants, e.g., sulfates.

Other epidemiological studies have more specifically attempted to
relate lung cancer mortality to chronic exposures to sulfur oxides, PM
undifferentiated by chemical composition, or specific PM chemical species.
However, little or no clear epidemiolegical evidence has been advanced to
date to substantiate hypothesized 1inks between 502 or other sulfur oxides
and cancer; nor does there now exist credible epidemiological evidence
1inking increased cancer rates to elevations in PM as a class, i.e.,
undifferentiated as to chemical content. See reviews by Higgins (1976) and
Do11 (1978) evaluating associations between cancer mortality and environ-
mental exposures to air pollutants. Other epidemiologic studies (e.g., of
occupationally-exposed workers) also provide some evidence of increased
cancer risk associated with exposure to certain types of PM, e.g., certain
organic compounds or metals, often found in the fine- and coarse-mode
particulate fractions of urban aerosols. However, no well-accepted basis
currently exists for quantitatively defining consistent relationships

concerning relative contributions or levels of such PM components to

pessible carcinogenic effects of PM as a class.

5.1.3.2 Morbidity - Effects of Long-Term Exposures

Impairment of pulmonary function is likely to be one of the effects
of long-term exposures to air pollution, since the respiratory system
includes tissues that receive the initial impact when toxic materials are
inhaled. Acute and chronic changes in pulmonary function may be signifi-
cant biological responses to air pollution exposure. A number of studies
have been conducted in an effort to relate pulmonary function changes to
the presence of air pollutants in European, Japanese, and American commu-
nities. However, few provide more than qualitative evidence relating
pulmonary function changes to airborne particles. The few thought to
provide guantitative evidence for Tung function effects due to long-term
particulate matter exposure are summarized in Table 6.
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One series of studies, reported on from the early 1960s to the
mid-1970s were conducted by Ferris, Anderson, and others (Ferris and
Andersen, 1962; Kenline, 1962; Andersen et al., 1964; Ferris et al., 1967,
1971, 1976). The initial study involved comparison of three areas within a
pulp-mill town (Berlin, New Hampshire). Kenline (1962) reported average
24~h SD2 levels during a 1imited summer sampling period (August-September,
1360) to be only 16 ppb and average 24-h TSP Tevels for the two-month
period to be 183 pg/mB. In the original prevalence study (Ferris and
Anderson, 1962; Anderson et al., 1964), no association was found between
questionnaire-determined symptoms and Tung function tests assessed in the
winter and spring of 1961 in the three areas with differing pollution
levels, after standardizing for cigarette smoking. The authors discuss
why residence is a 1imited indicator for exposure (Anderson et al., 1964).
The study was later extended to compare Berlin, New Hampshire, with the
cleaner city of Chilliwack, British Columbia in Canada (Anderson and
Ferris, 1965), Sulfation rates (lead candle method) and dustfall rates
were higher in Berlin than in Chilliwack, The prevalence of chronic
respiratory disease was greater in Berlin, but the authors concluded that
this difference was due to interactions between age and'smoking habits
within the respective populations.

The Berlin, New Hampshire, population was followed up in 1967 and
again in 1973 (Ferris et al., 1971, 1976). During the period between 1961
and 1967, all measured indicators of air pollution fell, e.g. TSP from
about 180 pg/m3 in 1961 to 131 pg/m3 in 1967. In the 1973 follow-up,
sulfation rates nearly doubled from the 1967 level (0.469 to 0.901 mg
503/100 cm2 day) while TSP values fell from 131 to 80 pg/mB. According to
"WHO (1979) only limited data on 502 was available (the mean of a series of
8-h samples for selected weeks). During the 1961 to 1967 period, stan-
dardized respiratory symptom rates decreased and there was an indication
that Tung function also improved. Between 1967 to 1973, age-sex standard-
ized respiratory symptom rates and age-sex-height standardized pulmonary
function levels were unchanged. Although some of the testing was done
during the spring versus the summer in the different comparison years,
Ferris and coworkers attempted to rule out likely seasonal effects by
retesting some subjects in both seasons during one year and found no
significant differences in test results. Given that the same set of
investigators, using the same standardized procedures, conducted the
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symptom surveys and pulmonary function tests over the entire course of

these studies, it is unlikely that the observed health endpoint improvements

in the Berlin study population were due to variations in measurement procedures,
but rather appear to be associated with decreases in TSP levels from 180 to

131 pg/m3. The relatively small changes observed and limited aerometric data
available, however, argue for caution in placing much weight on these findings
as quantitative indicators of Heffect" or “no-effect” levels for health changes
in adults associated with chronic exposures to PM measured as TSP,

Apparent quantitative relationships between air pollution and lower
respiratory tract illness in children were reported by funn et al. (1967).
These investigators studied respiratory illness in 5- and 6-year old
schoolchildren 1iving in four areas of Sheffield, England. Air poliution
concentrations showed a gradient in 1964 across four study areas for mean
24-hour smoke (BS) concentrations from 97 pg/m3 to 301 pg/ma. During the
following year, the annual concentrations of smoke were about 20% lower
and 50, about 10% higher, but the gradient was preserved for each
pollutant. In high-polltution areas, individual 24-h mean smoke concen-
trations exceeded 500 pg/m3 30 to 45 times in 1964 and 0 to 15 times in
1965 for the lowest and highest pollution areas, respectively. Sulfur
dioxide exceeded 500 pg/m3 11 to 32 times in 1964 and 0 to 23 times in
1965 for the lowest and highest pollution areas, respectively. Informa-
tion on respiratory symptoms and i11ness was obtained by questionnaires
completed by parents, by physical examination, and by tests of pulmonary
function (FEVD_75 and FVC). Socioeconomic factors (SES) were considered
in the analyses, but home-heating systems were not. Although some differ-
ences in SES between areas were noted, gradients between areas existed
even when the groups were divided by social class, number of children in
house, and so on. Positive associations were found between air pollution
concentrations and both upper and lower respiratary illness. Lower
respiratory i1iness was 33 to 56% more frequent in the higher pollution
areas than in the low-pollution area (p <0.005). Also decrements in lung
function, measured by spirometry tests, were closely associated with
respiratory disease symptoms rates.

In a second report, Lunn et al. (1970) gave results for 1l-year-old
children studied in 1963-64 that were similar to those found earlier for
the younger group. Upper and lower respiratory iliness occurred more
frequently in children exposed to annual average 24-h mean smoke (BS)
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conCEntrat1ons of 230 to 301 pg/m and 24-h mean 50, 1eve15 of 181-275
pg/m than in children exposed to smoke (BS) at 97 pg/m and 502 at 123
ug/m This report also provided additional information obtained in 1968
on 68 percent of the children who were 5 and 6 years old in 1963-64, By
1968, the reported BS concentrations were only about one-half those
measured in 1964, 502 levels were about 10 to 15% below those of 1964, and
the poliution gradient no Tonger existed; so the combined three higher
pollution areas were compared with the single original low-pollution area.
Lower respiratory illness prevalence measured as "colds going to chest”
was 27.9% in the Tow-poliution area and 33.3% in the combined high-pollution
areas, but the difference was not statistically significant (p >0.05).
Ventilatory function results were similar. Also, the 9-year-old children
had less respiratory illness than the 1l-year-old group seen previously.
Becuase 1ll-year-old children generally have less respiratory iliness than
do 9-year olds, this represented an anomaly that the authors suggested may
be due to improved air quality.

It should be noted that these Lunn et al. (1867, 1870) findings have
been widely accepted (WHO, 1979; Holland et al., 1979; U.S. EPA (1982a,b)
as valid; and, on the basis of the results reported, it appears that
increased frequency of Tower respiratory symptoms and decreased lung
function in children may occur with long-term exposures to annual BS
levels in the range of 230-301 pg/m3 and SO2 Tevels of 181-275 pg/mB.
However, these must be taken only as very approximate "observed effect”
levels due to uncertainties associated with estimating PM mass based on BS
readings. Also, one should not conclude based on the 1968 follow-up
study, that "no-effect" levels were demonstrated for BS Jevels in the
range of 48-169 pg/m3 due to: (1) the likely insufficient power of the
study to have detected small changes given the size of the population
cohorts studied; and (2) the lack of site-specific calibration of thé BS
mass readings at the time of the later (1968) study.

In summary, the one study by Lunn et al. (1967) England, provides the
clearest evidence for association of significant pulmonary function
decrements and increased respiratory disease illnesses in children with
chronic exposure to specific ambient air levels of PM and 502.
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More recently, Ostro {1983) evaluated possible associations between
long-term exposures to air pollution and certain indices of acute morbidi-

 ty effects, using data derived from the U.5. National Center for Health

Statistics (NCHS) Health Interview Survey (HIS) of 50,000 households
comprising about 120,000 people. The HIS results from 1976 were merged
with 1976 U.S. EPA data on ambient levels of particulate matter (TSP),
sulfur dioxide (502), and sulfates (as well as other data on temperature,
relative humidity, wind, and precipitation from the U.S5. National Oceanic
and Atmospheric Administration) for 84 U.S. Standard Metropolitan Statis-
tical Areas (SMSA's) mostly 100,000 to 600,00 people in size. Multiple
regression analyses were used to assess relationships between (1) annual
arthimetic mean values for TSP and sulfates, and (2) number of work Joss
days (WLD) for employed adults or restricted activity days (RAD) for adult
workers and non-workers, respectively based on the response to the HIS
survey question asking how many days in the last 2 weeks did illness or
injury prevent one from working (WLD) or combined indicators of response
to iliness (RAD). Varijous potentially confounding variables (smoking,
socioeconomic status, etc.) were controlled for in the analyses. Regres-
sions run with the total sample and a subsample of male smokers indicated
a statistically significant relationship between particulate matter and
both WLD and RAD, but not for ambient sulfate levels. However, the
analyses employed do not allow for any quantitative conclusions to be
drawn with regard to specific ambient levels of pollutants (TSP or sul-
fates) at which WLD or RAD were affected or for conclusions in regard to
whether or not the reported associations are causal or not.

5.2 Effects Associated with Sulfur Oxides
5.2.1. Controlled Human Exposure Studies of Short-term Effects

Numerous studies have evaluated effects on pulmonary function of
controlied human exposures to sulfur oxides. The most impartant ones
published before 1982 were evaluated by U.S5. EPA (1982a). They indicate
that most nonsensitive, healthy adult subjects at rest do not experience
pulmonary function changes or symptomatic effects (e.g. dyspnea, chest
pains, etc.) at SO, levels below 5 ppm. However, with increased delivery
of 502 to trachecbronchial regions of the respiratory tract, due either to
forced oral breathing via a mouthpiece or increased oronasal breathing
under Tight to heavy exercise conditions, nonsensitive adult subjects have
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been reported to experience pulmonary mechanical function changes at 502

exposure levels of 3 ppm or, in some cases, at levels as low as 0.75 ppm
under heavy exercise conditions without a mouthpiece. In other studies
(Sheppard et al., 1981b) certain sensitive population group subjects, i.e.
individuals with clinically defined mild asthma, were found to be an order
of magnitude more sensitive than nonsensitive individuals. That is,
statistically significant increases in airway resistance (SRaw) indicative
of bronchoconstriction and associated symptomatic effects occurred in such
subjects (as a group) at 0.5 ppm 502 under conditions of light exercise
(Ve~ 27 2/min) and forced oral breathing via a mouthpiece; and, for the
most sensitive individuals, SRaw increases occurred at 502 levels as low
as 0.1 ppm. Similar results were independently obtained by others (Linn
et al., 1982) with forced oral breathing of 0.5 ppm 50, by mild asthmatics
under light exercise conditions (at V, ~ 27 2/min).

The possibility was raised, then, that bronchoconstriction might be
experienced by mild asthmatic subjects in response to ambient air 50,
exposures of 1.0 ppm or below. However, direct extrapolation of
dose-effect levels from these controlied human exposure experiments to
ambient situations was not possible because of the use of an artifical
airway (mouthpiece), whereby efficient SO2 removal processes in the nasal
passages are bypassed., Moreover, airflow characteristics of the oral
airway show very marked differences between breathing through a mouthpiece
versus the spontaneous positioned mouth (Cole et al., 1982), suggesting
that 30, removal in the oral cavity during mouthpiece breathing may be
less efficient than removal during unencumbered oronasal breathing.
Additional research using non-mouthpiece controlled human exposures more
closely approximating natural oronasal breathing, has provided evidence
dose-effect relationships for 502 that can be more directly extrapolated
to ambient conditions (as described below).

Kirkpatrick et al. (1982) compared pulmonary function and symptomatic
effects with 50, exposure of exercising mild asthmatic subjects via: (a)
oral breathing; (b) oronasal breathing; or (c) nasal breathing. Six
non-smoking young adult subjects (4 men, 2 women), with medical histories
suggestive of asthmatic disease but neither receiving medication nor
recently exhibiting respiratory disease symptoms, were studied. They
exercised on a bicycle ergometer for 5 min. at 550 kpm/min which resulted
in minute ventilation rates that averaged 41-44 ¢/min % 5.0-6.9 5.D.
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during different exposure conditions that included exposure to: (a)
humidified air via mouthpiece; (b) humidified air plus 0.5 ppm SO2 via
mouthpiece with nasal airways obstructed (oral breathing); (c) humidified
air; plus ppm SO2 via a facemask (oronasal breathing); and (d) humidified
air plus 0.5 ppm 502 via facemask but mouth occluded (nasal breathing).
Dose-response curves were alsc defined for two subjects exposed to 0,
0.25, 0.50 and 1.0 ppm S0, or to 0, 0.50, 1.0 and 2.0 ppm SO, via
mouthpiece (orally) and facemask (oronasally). Observed increases in SR,
from breathing 50, orally were significantly (P<0.01) greater than
increases after breathing humidified air orally. SR was also
significantly greater when breathing SO2 gither by the oronasal or nasal
routes. Specific symptomatic responses (e.g. eye, nose and threat irrita-
tion or shortness of breath and cough), occurred for some subjects under
each of the different 502 exposure modes. Clear dose-response
relationships were seen with exposure of two subjects to several 502
tevels. That is, increases in 30, levels produced in increasingly larger
SRaw values with either oral or oronasal breathing for each; but only one
had a greater increase 1in SRaw to oral inhalation of SD2 at 0.5 and 1.0
pem 502 than with oronasal exposure.

The Kirkpatrick et al. (1982) results, using mouthpiece exposure to
0.5 ppm 50, agree with those of Sheppard et al. (1981h) and Linn et al.
(1982), using the same exposure mode. When results of these studies on
asthmatic subjects are compared with results from studies of nonsensitive,
healthy adults it appears that, with oral or oronasal breathing under
moderate exercise conditions, asthmatic subjects are about one order of
magnitude more sensitive to 502 exposure than nonsensitive, healthy
adults. These studies also show that specific exposure-effect relation-
ships for 502-1nduced increases in bronchoconstriction are influenced by
exercise levels. Holding exercise levels constant at a moderately high
tevel and using exposure to 0.5 ppm 502 via a facemask and/or mouthpiece,
Kirkpatrick et al. (1982) found that the intensity of SDz-induced
bronchoconstriction in asthmatics varied as a function of mode of exposure
in the following order: oral > oronasal > nasal. However, the
Kirkpatrick et al. (1982) finding of significant increases in SRaw with
facemask {oronasal) exposure to 0.5 ppm 502 differs from results obtained
by Linn et al., (1982) in a study where mild asthmatics were exposed to
0.5 ppm 502 during exercise (V, & 27 £/min) in an open chamber. The
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contrasting results are most likely due to differences in exercise Tevels
used, the levels used by Kirkpatrick et al. (1982) resulting in ventila-
tion rates (mean Ve & 40-44 2/min) sufficiently high to ensure oronasal
breathing with facemask exposure, whereas exercise levels in the Linn et
al. (1982) study were probably not sufficient to induce oronasal breathing
during their exposure of exercising subjects. This suggested that signif-
icant increases in bronchoconstriction could be induced in asthmatic
subjects with exposure to 502 levels below 1.0 ppm, if sufficiently high
exercise levels were used to ensure a shift to oronasal breathing and,
hence greater tracheobronchial delivery of inhaled 502.

To assess this possibility, Linn et al. (1983a) effectively doubled
(relative to the earlier study by Linn et al., 1982) the 502 dose rate
(concentration times ventilation) by exposing 23 young adult asthmatic
subjects (21 to 27 years old) in an open chamber to 0.75 ppm 502 during
moderately heavy exercise (VE 40 2/min) for 10 min., once with
unencumbered breathing and once under forced oral breathing conditions
using noseclips and mouthpiece. Similar exposures to clean air alone,
under identical temperature (23°C) and R.H. (90%) conditions, served as
control exposures. SRaw and symptoms increased significantly but with no
meaningful differences seen between mouthpiece and unencumbered breathing.
Exposures to 0.75 ppm 502 under these conditions produced significantly
greater increases in SR, than clean-air exposures, regardiess of the
breathing mode (the SRaw increases, however, bheing significantly greater
with mouthpiece exposure than with unencumbered breathing). Symptom score
changes and post-exposure forced expiratory function changes were gualita-
tively similar. These results, like those of Kirkpatrick et al. (1982),
demonstrate that mouthpiece breathing can bypass upper-respiratory defens-
es against 502 to the extent that respiratory function decrements are
greater than or equal to those seen with oronasal breathing via chamber
and facemask, respectively. In addition, the results of each study
strongly reinforce each other and jointly demonstrate that SDz-induced
bronchoconstriction effects are possible at 502 levels below 1.0 ppm under
exposure conditions closely simulating ambient situations during exercise.

The mechanisms by which Sdé induces bronchoconstriction appear to
include a neurally-mediated reflex, based on previous work by Nadel et al.
(1965) and Sheppard et al. (1980). Release of chemical substances, eg.
histamine, by degranulation of airway mast cells may also be indirectly
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invoived in mediation of the bronchoconstriction. Sheppard et al. (198la)
evaluated this by means of pharmacologic studies of effects of disodium
cromogiycate (cromolyn) on Sozﬂinduced bronchoconstriction. Disodium
cromoglycate is known to inhibit the release of mediators from airway mast
cells. In their study, Sheppard, et al., (1981a) evaluated SRaw responses
of six exercising asthmatics (who had marked bronchial hyperreactivity to
inhaled histamine aerosol) to oral inhalation of 0.5 ppm (3 subjects) and
1.0 ppm (3 subjects) SDZ‘ Prior treatment with cromolyn significantly (P
< 0.025) decreased Soz-induced bronchoconstriction. No subjective
symptomatic responses were reported. These results suggest that 502
activates parasympathetic pathways indirectly by causing degranulation of
mast cells and the consequent release of some chemical mediators such as
histamine.

In another study, Koenig et al. (1982a) first exposed atopic adoles-
cent subjects (having no clinical diahnosis of asthma) to either filtered
air, 1 mg/m3 NaCl droplet aercsol, 1 ppm 802, or 1 ppm $0, + NaCl zerosol
for 30 minutes while at rest. No changes in pulmonary functions were seen
with exposures at rest in contrast to observations made on extrinsic
asthmatics exposed for 30 or 60 minutes while at rest in an earlier study
by Koenig et al, 1980). About 5-7 minutes later, subjects in the 1982Za
study walked on a treadmill at an exercise level likely sufficient to
increase their minute ventilation to 5-6 times greater than their resting
ventilation. No exercise-induced bronchospasm followed either of the sham
exposures (i.e. air, NaCl droplet aerosol); however, in the presence of
502 (1 ppm) exercise-induced bronchospasm was observed in these atopic
adolescents, with the magintude of the exercise-induced bronchospasm for
50, alone or 502 and NaCl droplet aerosol being the same. That is, oral
inhalation of 502 or 502 + NaCl aerosol each produced statistically
significant (P< 0.05) similar aTterations in pulmonary functions: FEV
decreased by 24% and Vmax 50% and Vmax 75% were reduced by 29 and 34%
respectively. No significant pulmonary alterations were noted when breath-
ing filtered air or NaCl aerosol alone. Koenig et al. (1982b) also
reported on the effects of 50, exposure of adolescents with no evidence of

1.0

pulmonary disease. No significant changes in pulmonary functions were
observed following exposure to SO2 (1.0 ppm) or NaCl aerosol droplet alone
while at rest. Only minor (but statistically significant reductions in
FEVl.O’ (P <0.025; 3% decrease) were seen after exposure at rest to 502
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{1.0 ppm) + NaCl aerosol droplet. The Koenig et al. (1981, 1982a, 1982b)
data collectively suggest that the degree of sensitivity to 502 depends on
the relative magnitude of preexisting general hypersensitivity in the
airways of human adolescents; that is, in terms of pulmonary function
parameters, that the sensitivity of adolescents to 502~induced
bronchochonstriction decreases in the following order: extrinsic
asthmatics > atopics > normals.

Since the completion of U.S. EPA evaluations (1982a,b,c), several new
scientific articles have become available in the literature. These studies
mainly appear to reinforce the data and conclusions previously presented
in U.S. EPA {1982a,c) with regard to health effects associated with
exposure of nonsensitive healthy adults and asthmatics to sulfur dioxide
under conditions of rest and exercise. For example, testing subjects
exposed oronasally (chamber) to 1.0 ppm SOZ demonstrated no changes in
pulmonary function parameters and subjective symptoms (Schachter et al.,
1984). However, with increased delivery of 502 to trachechronchial
regions of the respiratory tract, due either to forced oral breathing via
a mouthpiece or increased oronasal breathing (facemask, chamber) under
light to heavy exercise conditions, nonsensitive adult subjects have been
reported to experience pulmonary mechanical function changes at 502 levels
of 3 ppm or, in some case, at Tevels as low as 0.75-1.0 ppm under moderate
to heavy exercise conditions without a mouthpiece (Bedi et al., 1984).
These responses to 502 in normal subjects are in striking contrast to the
effects observed in asthmatics, who developed bronchoconstriction after
breathing SD2 in concentrations as Tow as 1 ppm at rest via a mouthpiece
(Sheppard et al., 1980, 1981) and as low as 0.5 ppm under exercise condi-
tions while breathing oronasally (Bethel et al., 1983a, 1983b; Linn et
al., 1983b; Linn et al., 1984a, 1984b, Schachter et al., 1984 and Roger et
al., 1985). With increasing exercise (1000 kpm/min) Bethel et. al.,
(1985) concluded that 0.25 ppm SO2 may cause bronchoconstriction in freely
breathing, heavily exercising subjects with asthma, but the effect is
small and largely overshadowed by the bronchoconstriction or effect of
exercise alone. Overal)l the data on asthmatics demonstrates a
dose-response relationship between increasing SO2 levels and increasing
exercise and the degree of bronchoconstriction. Alsec subjective lower
respiratory symptoms in asthmatics appeared to follow a dose-response
relationship.
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The health significance of the pulmonary function changes and symplo-
matic effects reported in the above studies is of importance for to
decision-making related to derivation of guidelines for 50,. Clear and
indisputable resolution of what constitutes adverse health effects from
among the effects demonstrated by these studies is not possible at this
time. However, some important considerations can be stated which may
assist in making reasonable and appropriate interpretations as to what the
results may imply regarding the potential or impact of comparable ambient
502 exposures on sensitive members of the general population.

Little controversy exists about the seriousness of full-fledged
asthma attacks. That is, in the most extreme cases, status asthmaticus,
which occurs in as many as 10% of adults hospitalized for asthma (Senior
and Lefrak, 1980), clearly represents a 1ife-threatening medical condi-
tion. In less extreme cases of asthma attacks, also typified by airway
constriction and various symptoms such as wheezing and dyspnea, the
day-to-day activities of affected individuals are often markedly disrupted
or curtailed until medication is administered to relieve the symptoms and
to ease their breathing. In relation to the effects observed in the
controlled human exposure studies discussed here, it should be emphasized
that such studies are designed, in accord with currently accepied medical
and research ethics, to avoid precipitating very serious asthmatic attacks
or irreversible effects in exposed subjects. The question arises, then as

to what the responses observed in the above studies may imply as far as
being indications of potentially more serious effects among members of the
general population exposed to 502 in ambient settings.

The temporary small changes in pulmonary function observed with 502
exposures of healthy ("normal”) adults to § 1.0 ppm 50, are of much less
concern than the functional changes and symptoms observed in asthmatics in
the present studies at 502 exposure levels below 1.0 ppm. Probably of
most concern are the statistically significant increases in airway resis-
tance and symptomatic effects (wheezing, dyspnea, etc.) observed: (1)
with oral exposure to 0.5 ppm (1.3 mg/m3) 502 during exercise (Sheppard et
al. 1981b: Bethel et al., 1983a); (2) with oronasal exposure via facemask
to the same S0, level during exercise (Kirkpatrick et al., 1982; Bethel et
al., 1983a); or (3) with oronasal exposures to 0.75 ppm 502 during
exercise in an open chamber most closely simulating likely ambient
exposure conditions (Linn et al., 1983a; Linn et al., 1983b; Linn et al.,
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1984a, b; Roger et al., 1985; Witek et al., 1985). Such combined airway
functional changes (bronchoconstriction) and symptomatic effects (wheez-
ing, dyspnea, etc.) are likely to occur at 0.5-0.75 ppm 502 in the ambient
air and are of concern in view of reports on indices of airway obstruction
and presenting symptoms such as wheezing and dyspnea being among factors
considered by physicians in determing the need for hospitalization of
asthma patients following initial emergency room treatment (e.g.,
bronchodialator therapy) for asthmatic attacks.

The numbers of individuals in the general population potent1a11y
affected by 502 in terms of increased susceptibility to induction of
airway constriction and for symptoms indicative of asthmatic attacks are
difficult to estimate with precision, based on currently available data.
Howaver, individuals with non-asthmatic atopic disorders (e.g., hay fever,
other allergies) make up 13.25% of the U.S. population in comparison to
asthmatics (NIAID, 1979) that are estimated to comprise 4.5% (higher
estimates have been made by Dodge and Burrows, 1980). Also, the undetect-
ed presence of asymptomatic atopic individuals in studies of presumed
"normal” subjects may account for the recurrent finding of subjects
"hyperreactive" to 502 who generally make up 10-20% of study groups
evaluated in controlled human exposure studies of "normal" adults.

The health significanée of pulmonary function changes and symptomatic
effects have been previously discussed with respects to exposure to 502
alone (U.S.EPA 1982a,b). S&imilar investigations using human controlled
exposure studies have also been done using 502 in the presence of
hygroscopic particles (e.g. NaCl), mixtures of sulfates and other sulfur
containing aerosols such as sulfuric acid.

Particulate matter, especially hygroscopic salts, are potentially
important in enhancing the pulmonary function effects of SD2 exposure.
Airway resistance (Raw) increased more after combined exposure to 502 and
NaCl in several studies (e.g. Snell and Luchsinger, 1969; Koenig et al.,
1980, 1981, 1982a, 1982h) than after exposure to SO2 or NaCl alone.

In addition to 502 being absorbed by hygroscopic particies, whereby
its effects may be potentiated, sulfur dioxide is also transformed during
transport into sulfur trioxide which subsequently forms sulfuric acid in
the presence of moisture. The Tatter may exist as a sulfuric acid droplet
or can be converted to sulfates in the presence of ammonia, which is found
in the ambient air and in expired human breath. Both animal and human
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studies indicate that the major atmospheric sulfate species vary greatly
in toxicity, with most studies indicating that toxicity increases with
aerosol acidity, i.e. H2504 > NH4HSD3 > (NH4)2504. Major effects of acid
sulfate aerosols in such studies include changes in pulmonary mechanics
after single brief exposures of human asthmatics and animals (Utell et
al., 1985; Amdur et al., 1983; Koenig et al., 1983), altered clearance of
particles from the lung after single exposure in humans and animals,
persistent shifts in clearance after repeated peak exposures in animals
(Leikauf et al., 1981; Schlesinger et al., 1983; Lippmann et al., 1982),
and Tung morphological damage after chronic exposures in animals (Hyde et
al., 1978) Some of these effects have been noted at single or repeated
exposure as low as 100 to 300 pg/m3 sulfuric acid, or well within the
ranges that occurred in the ambient air in London pollution episodes. A
recent review of the Timited data on current U.5. sulfuric acid levels
indicates 12 hour values as high as 40 pg/m3 have been recorded in
summertime hazy air masses in the eastern U.S (Lioy and Lippmann, 1985).
Such peaks are probably limited, but may occur periodically over large
geographic areas, with higher 1-hour values possible., Thus, the laborato-
ry data show potential acid aerosol effects at levels less than an order
of magnitude higher than short-term peaks that can occur in the eastern
u.s.

5.2.2 Epidemiological Studies of Suifur Oxides Health Effects

Considerable information has been generated by experimental animal
studies and controlied human exposure studies with regard to health
effects associated with short-term (<24 hr) exposures to sulfur oxides as
reviewed by WHO (1979) and U.5. EPA (1982a). However, as noted earlier,
most of the information gained concerning the effects of health of
exposure to realistic concentrations of sulfur oxides has come from
epidemiological studies. The most important of the results obtained from
such studies are summarized below for mortality and morbidity effects
associated with short-term 502 exposures.
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5.2.2.1 Mortality - Effects of Short-Term Exposures

As noted earlier, the most clearly defined effects on mortality
arising from exposure to sulfur oxides and particulate matter have been
the sudden increases in the number of deaths occurring, on a day-to-day
basis, during episodes of high pollution, such as occurred in London in
1952.  The people primarily affected were those with pre-existing heart
or lung disease or both, and the elderly. During and immediately after
the London episode, it was estimated that the number of deaths was about
4000 more than expected under normal conditions., Concentrations of sulfur
dioxide as high as 3.7 mg/m3 (1.3 ppm) were recorded in the centre of the
urban area (48-h average), along with extremely high concentrations of
particulate matter as noted earlier,

Following this major London episode, attention was turned to studies
on more moderate day-to-day variations in mortality within large cities,
in relation to pollution; and, as noted earlier, such studies carried out
in the United Kingdom, elsewhere in Europe, the United States and Japan
have been critically reviewad by WHO (1979), Holland et al. (1979), and
.S, EPA (1982a, b). Also as noted earlier, various methodological
problems with most of the studies preclude drawing of quantitative
conclusions regarding exposure-effect or dose-response relationships of

importance in deriving air quality guidelines or standards. Nevertheless,
despite such problems, all three critical reviews (WHO, 1979; Holland et
al., 1879, U.S. EPA 1982a, b) agree that available studies collectively
indicate that mortality was clearly and substantially increased when
airborne particles exceeded 1000 pg/m3 (as measured by the British smoke
method) in conjunction with elevations of sulfur dioxide levels in excess
of 1000 pg/m3. As for risks of mortality at lower exposure levels, all
three reviews also agree that certain studies conducted in London by
Martin and Bradley (1960) and Martin (1964) yield useful and credible
bases by which to derive conclusions concerning quantitative exposure -
effect relationships (see Section 5.1.2.1, Table 5).

The relationship between daily mortality in Greater London and
day-to-day variations in pollution (smoke and sulfur dioxide) in the
winter of 1958-59 was examined by Martin & Bradley (1960), as discusssed
earlier in Section 5.1.2.1 above. When results were considered on an
absolute basis (Lawther, 1963), it was concluded that increases in mortal-
ity became evident when the 24-h mean concentrations of smoke and sulfur
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dioxide exceeded 750 pg/m3 and 710 pg/m3 (0.25 ppm), respectively. More
recently, Y.5. EPA (1982a, b) concluded that some small increases in
mortality may have occurred at levels as low as 500 ;.ug/m3 for both smoke
and 50, based on a reanalyses carried out by Ware et al., (1981).

Studies on day-to-day variations in mortality in London continued for
successive winters and were coupled with examination of records of emer-
gency hospital admissions, Martin (1964) showed correlations between both
the daily mortality and hospital admission data and concentrations of
smoke or 503. There was no clearly defined level above which effects were
seen, but there were fairly consistent increases in both mortality and
hospital admissions when the concentrations of smoke and sulfur dioxide
each exceeded a 24-hr. mean of about 500 pg/mB.

Analyses of daily mortality in London in relation to variations in
smoke and 50, levels during winters from 1958-59 to 1971-72 have been
reported by Mazumdar et al. (1981, 1982). These analyses are especiaily
useful in attempting to define lowest Jevels of exposure to particulate
matter and/or sulfur dioxide associated with increase mortality, because
they include winters when levels of those pollutants never exceeded 500
pg/m The results obtained for sulfur d10x1de are shown in Figure 4. At
smoke 1eve15 of approx1mately 700-800 pg/m -1 502 increases from 500 to
600 pg/m (i.e. 0.19 ppm to 0.26 ppm) and above, mortality rates gradually
increase. The steady shift of the domain of the data to the right suggest
a possible Sozfsmoke synergism , even though their cross-product was not
significant in the initial regression (Mazumdar et al., 1982).

5.2.2.2 Morbidity - Effects of Short-Term Exposures
As noted earlier, epidemiological studies can be useful in assessing

morbidity effects associated with air pollution. However, few of the
available epidemiological studies on morbidity effects associated with
short-term exposure to sulfur oxides, as reviewed by WHO (1979), Holland
et al (1979), or U.S. EPA (1982a, b), allow for quantitative exposure-effect
or dose-response conclusions to be drawn.

Lawther's studies of London populations (see Table 5) appear to
provide the most credible bases for drawing quantitative conclusions
regarding morbidity effects associated with 502 and airborne particiles
(measured as smoke). As described earlier (Section 5.1.2.2), Lawther et
al. (1970) reported a series of studies extending from 1954 to 1968 on
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self-assessment of day-to-day changes in conditions among brenchitic
patients in London. In the earlier years of the series, when the general
level of pollution was high, well defined peaks in illness scores for
these patients were seen when concentrations of either smoke or sulfur
dioxide exceeded 1008 pg/m>. With the reductions in pollution these
changes in condition became Tess frequent and of smalier magnitude, and
Lawther concluded that, up to 1968, the minimum pollution associated with
significant changes in the condition of the patients was a 24-h mean smoke
level of about 250 yg/m3 together with a 24-h 502 concentration of about
500 pg/m° (0.18 ppm).

Also, as noted earlier, since preparation of the U.5. EPA (1982a, b)
evaluations summarized in Table 5, some additional studies have appeared
concerning morbidity effects associated with short-term exposure to
airborne particulate matter and/or sulfur oxides. None of those new
studies, however, allow for clear conclusions to be drawn regarding
specific levels of exposure to either pollutant associated with merbidity
effects.

5.2.2.3 Effects of Long-term 502 Exposures to Mortality and Morbidity

In general, the available epidemiclogic studies of mortality associ-
ated with long-term exposures to airborpe particles or sulfur oxides do
not appear to allow for clear conclusions to be drawn regarding
exposure-effect or dose-response relationships, as noted earlier. A
number of the available studies, however, tend to suggest possible rela~
tionships between increased mortality and long-term exposures to sulfates,
also as alluded to earlier.

A few other studies provide some useful information concerning such
relationships for morbidity effects associated with long-term sulfur
oxides exposures (as summarized earlier in Table 6). The series of
studies reported by lLunn et al. (1967, 1970) probably provide the best
bases for drawing such conclusions. An apparent quantitative re1ationship
between air pollution and lower respiratory tract illness in children was
demonstrated by these studies, as discussed earlier. On the basis of the
results reported, it appears that increased frequency of lower respiratory
symptoms and decreased lung function in children may occur with long-term
exposures to annual BS levels in the range of 230-301 pg/m3 and 30, levels
of 181-275 pg/m°.
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6.0 Derivation of Guidelines for Particulate Matter and Sulfur Oxides

NOTE: Last section on derivation of proposed guidelines for airborne
particles for Euroregion to be prepared after above draft materials
are discussed and revised.
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