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~ ABSTRACT

Adult male volunteers were exposed to purified air or to ozone,
alone or in combination with nitrogen dioxide and carbon monoxide,
in an investigation of physioTogica] effects of photochemical air
pollution. Exposure conditions simulated those of a smoggy Southern
California summer, including the secondary stresses of heat, exercise
and repeated exposure. Pu]mohary function, blood biochemistry,
psychomotor performance capability, and symptoms experienced by the
subjects were evaluated. Ozone exposures similar to those expected
during pollution episodes produced significant decrement in pulmonary
function, symptoms sufficient to restrict normal activity, and oxidative
changes in erythrocytes. Psychomotor tracking ability and measures of
attention were adversely affected by heat, but not by ozone exposure.
Subjects with a history of cough, chest discomfort, or wheezing associ-
ated with allergy or exposure to air pollution, were more reactive than
subjects without such a history. Addition of nitrogen dioxide and
carbon monoxide to ozone in exposures did not produce additional
detectable effects except fok_s]ight increases in carboxyhemoglobin
levels and small variable decrements in‘psychomotor performance with
carbon monoxide exposure.' It is concluded that in sensitive subjects,
exposures to photochemical oxidants at concentrations sometimes achieved
in California urban areas may produce physiological dysfunction and
inability to carry on normal activities.

This report was submitted in fulfillment of Contract No. ARB 2-372
by the Environmental Health Service/SCOR in Environmental Lung Disease,
Rancho Los Amigos Hospital, under the sponsorship of the California Air
Resources Board. Work was completed 30 June 1974.
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CONCLUSIONS

The results show that exposures to ozone at 0.37 or 0.50 ppm for
two hours or more with intermittent light exercise can have significant
deleterious effects on health. Some subjects thus exposed not only
developed measurable physiological and biochemical changes, but felt
physically 111 and were unable to perform their normal jobs during
exposure and for several hours afterward. The most sensitive subjects
tested experienced respiratory symptoms after a single two-hour exposure
to 0.37 ppm ozone and developed measurable physiological changes after
a second similar exposure the following day. The least sensitive sub-
Jects tested developed no respiratory symptoms or physiological changes
even after five-hour exposures to 0.5 ppm ozone on two successive days;
however, biochemical changes were observed even in these subjects.

The more reactive subjects were generally those with history of asthma,
allergy, or previous subjective adverse reactions to smog exposure.

No additional effects of exposure were detected when 0.30 ppm nitrogen
dioxide was added to ozone. Addition of 30 ppm carbon monoxide to the
ozone-nitrogen dioxide mixtures produced no additional effects other
than sTight increases in blood carboxyhemoglobin levels and small decre-
ments in psychomotor performance, which were not consistent in different
subject groups.

Tentative inferences concerning threshold levels for ozone exposure
may be drawn from the finding that the most sensitive of these subjects
did not show significant changes when exposed to 0.25 ppm ozone for two
hours. First approximation mean dose-response cdrves, generated by

analysis of observed changes in stable physiological parameters plotted




as a function of ozone concentration, suggest a "zero-effect" level of
0.25 to 0.3 ppm. It must be emphasized, however, that these findings
relate to relatively healthy, young to middle-aged adult men performing
lTight exercise. Other groups such as children, older adults, pulmonary
disease patients, or workers performing heavy exercise may be at risk
at even lower ozone levels. In addition, the findings relate to ozone
exposure against a background of highly purified air. Actual ambient
exposures involve additional photochemical oxidants and other gaseous
and particulate pollutants which may have additive or synergistic

effects. g




RECOMMENDATIONS

Public Health

The findings affirm the desirability of continued vigorous effort
toward oxidant pollution abatement. They indicate that the present
state episode criteria levels (stage 2, warning at 0.4 ppm oxidant
and stage 3,emergency at 0.6 ppm) are not unreasonably stringent and

should be maintained if public health is to be protected.

Future Research

The possible interaction of ozone with other pollutants such as
sulfur dioxide, peroxyacyl nitrates, and particulates, in a health
effects sense, requires further investigation preferably in controlled-
exposure studies on healthy volunteers. The question whether pulmonary
disease patients, the young, and the elderly are at increased risk
from oxidant exposure must be answered. Accordingly, controlled-
exposure studies on otherwise healthy volunteers with mild-to-moderate
chronic pulmonary disease (asthma) should be undertaken. Such studies
on children or patients with severe chronic pulmonary disease are
needed; however, ethical considerations will impose definite limitations
on deliberate exposure studies and the epidemiologic approach should

also be used.
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GLOSSARY (continued)

nicotinamide adenine dinucleotide phosphate (reduced)

no significant difference at .05 probability level
nitrogen dioxide
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(exposure) - 0.50 ppm 03 + 0.30 ppm NO,
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CHAPTER I

EXPERIMENTAL STUDIES ON HUMAN HEALTH EFFECT S OF AIR POLLUTANTS:

I -- DESIGN CONSIDERATIONS

Jack D. Hackney
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EXPERIMENTAL STUDIES ON HUMAN HEALTH EFFECTS OF AIR POLLUTANTS:
I. DESIGN CONSIDERATIONS

SUMMARY

Because of the possible threat to public health posed by photo-
chemical air pollution, a need exists for experimental studies of short-
term respiratory effects of air pollutant exposure in humans. Such
studies require rigorous control of the experimental air environment
and exposure conditions to ensure that results are both reliable and
relevant to pub]ic_hgalth questions. In addition to biochemical and
behavioral measures, a comprehensive battery of pulmonary tests is
required to assure that effects at different levels of the respiratory
tract are detected. We have developed a core protocol based on the
foregoing principles. Findings from a series of studies using this
protocol indicate that a wide range of sensitivity to photochemical
pollutants exists and that more sensitive individuals develop signifi-
cant symptoms, biochemical changes and respiratory funétion decrement
under exposure conditions similar to those experienced during ambient

pollution episodes.
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EXPERIMENTAL STUDIES ON HUMAN HEALTH EFFECTS OF AIR POLLUTANTS:
I. DESIGN CONSIDERATIONS

Photochemical smog is a complex mixture of substances, including

powerful oxidizing agents such as ozone (03), nitrogen dioxide (NOZ),

and organic peroxides. It is formed by the action of atmospheric
oxygen and sunlight on effluent gases, particularly hydrocarbons and

nitric oxide (NO), emitted as a result of automotive and industrial

(1)

fuel combustion. The respiratory and other health effects of
photochemical smog exposure on humans have not been well documented.

The Los Angeles area is most often associated with such exposures,

but they are by no means limited to this region. Significant photo-

(2)

chemical oxidant concentrations have been reported in Canada and

(3)
in Europe, and can probably occur in most areas with concentrations

of automobile traffic or fuel-burning industry when sunlight is present

and winds are too light to disperse effluent gases. Thus, photochemical

smog and other air pollutants present a widespread potential public
health problem. The appropriate government agencies have responded

by setting air quality standards intended to protect the population

e m Ty
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from dangerous levels of exposurc. Most existing standards, however,

are based on limiled scientific information on the health effects of
(4)

pollutants. The standards are also frequently challenged legally

because the economic and social costs of conforming may be high. It

is thus apparent that there is a need for comprehensive experimental

studies on the health effects of oxidant and other air pollutant

exposure. Such studies must be controlled and documented as rigorously

as possible to ensure reproducfbi]ity and to withstand legal challenges.

Although numerous animal studies exist and others are in progress,
they presently cannot be quantitatively related to human health.
Epidemiologic studies can be useful but are limited by cost, dose-
range available, presence of interfering pollutant substances and
problems caused by many uncontroiled variables.

Human experimental studies of the health effects of oxidant air
pollutants can be accomplished at fixed concentrations in the absence
of interfering pollutants, under well-controlled environmgnta]
conditions and with a well characterized subject group of Timited

size. Studies of the health effects of well-specified ambient air
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are also possible. A survey of the environmental control and
(4,5,6,7,8)

monitoring technology used in previous experimental studies

indicates that significant limitations existed. Further studies are

thus indicated, under highly contrclled conditions, to repeat and

extend previous work.

Bates and his co-workers, in a series of publications, have
discussed some of the problems encountered in the design and execution
of experimental studies on humans exposed to air pollutants, and have

_ (5,6,7,8)

described an appropriate experimental protocol. Despite

some limitations in environmental assessment and control, they have
documented impairment in pulmonary function in subjects expoéed to
ozone concentrations equal to or less than those enéountered in severe
photochemical smog episodes. This paper is intended to document the
operational approach for a new series of studies, drawing heavily

upon the experience of Bates and others, and using current technology
to provide more rigorous experimental control and more comprehensive

information than were previously obtainable on the effects of human

exposure to pollutants, singly and in combination. A unique

10
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Page 4.

environmental control facility combined with an interdisciplinary
research team provide the capability to conduct this research.

The basic‘design of pollutant exposure studies should seek to
maximize information relevant to pubiic health. The tests for effects
of smog must be reliable and sensitive, the experimental air environ-
ment must be rigorously controlled and; equally important; the manner
in which subjects are exposed to the experimental environment must
realistically simulate actual air pollution exposures if results are
to be relevant. These constraints impose experimental design com-
plications and necessitate focusing attention on several distinct
problems: environmental control, pollutant generation, environmental
monitoring, physiological testing, and evaluation of symptoms and
clinical observations. The following sections describe approaches
to each of these probléms.

FACILITIES

Environmental Chamber

Studies are performed in the Rancho Los Amigos Clinical

Environmental Stress Testing Laboratory. This facility consists of a

1
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Page 5.

stainless steel-sheathed controlled environment chamber, approximately
28 square meters in area, accessible through a five square meter
double-door lock compartment which contains lavatory facilities and
through which air is exhausted. The main chamber contains physiological
test equipment and can hold four or five subjects at the same time.
Data recording and monitoring equipment are located outside the chamber
in an adjacent laboratory arégqui$}])10ws in an approximately laminar
manner through the main chamber from ceiling to floor at a rate that
provides a complete change of air every five minutes, and is then
exhausted without recirculation. The air is highly purified and can

be adjusted to simulate a wide range of meteorological conditions
(Table 1). The air purification unit (Mine Safety Appliances, Inc.,
Evans City, Pennsylvania) contains high-efficiency particulate filters,
a catalytic oxidation unit for conversion of carbon monoxide and hydro-
carbons to carbon dioxide, and chemical filters containing activated
charcoal (Barnebey-Cheney, Inc., Columbus, Chio) and aluminum oxide
pellets impregnated with potassium permanganate (Purafil, Inc.,

Chamblee, Georgia). The air conditioning unit consists of refrigerant

12




Page 6.

coils for cooling and dehumidification, followed by intermittently
operating heaters and steam injectors controlled automatically to
maintain desired levels of temperature and humidity.

Pollutant Generation

Each pollutant gas in introduced through its own stainless steel
inlet line into the purified gir in the chamber inlet duct. Complete
mixing occurs before the air reaches the main chamber producing uniform
concentrations throughout the chamber (within five percent of the mean
value). Carbon monoxide, nitric oxide, nitrogen dioxide and ozone have
been studied. CO may be introduced directly from a cylinder of pure
gas through a flowmeter system with a solenoid-actuated shutoff valve,
which operates automatically in case of power failure. NO is similarly
introduced from a cylinder containing 10 percent of the gas in nitrogen.
The diluted mixture minimizes air oxidation of NO entering the chamber
duct. NO, is introduced by bubbling nitrogen gas through a cylinder
of liquid N204 and metering the resulting N»-NO, mixture througﬁ a
specially designed flow control apparatus. Ozone is generated using

an ozonator (Welsbach T-408) which ionizes oxygen in purified air flowing

13




Page 7.

between two charged plates. No contaminating nitrogen oxides are
produced using this technique. All poilutants can be generated in
concentration ranges realistically simulating ambient conditions and
concentrations can be controlled to within 10 percent of the
expected value.

Environmental Monitoring

The chamber air environment is monitored continuously uti]iéing
instruments and techniques equivalent to those used in ambient air
monitoring networks. Instruments are calibrated as recommended by
the California Department of Public Health and the California Air
Resources Board? and cross comparisons are made with analytical
laboratories of the latter agency. Two monitoring instruments, each
operating on a different principle, are used for each gaseous pollutant
under study. Ozone and nitrogen oxides are monitored using chemi-
Tuminescent analyzers (Models 612 and 642, REM Scientific, Santa
Monica, California), which provide fast response and freedom from

interference by other pollutants. Total oxidants (i.e., ozone) and

' Recommended Methods, Air and Industrial Hygiene Laboratory,
California Department of Public Health, Berkeley, 1968.

14
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nitrogen oxides are also monitored by the neutral potassium iodide
solution and Saltzman recagent methods, respectively, using continuous-
flow colorimetric analyzers (Model K-76, Beckman Instruments, Fullerton,

| California). Carbon monoxide is monitored by a nondispersive infrared
analyzer (Mine Safety Appliances) and by an oxidative electrochemical
analyzer (Model 2100, Energetics Science, inc., Elmsford, New York).
A Tight-scattering, single particle counter (Royco Instruments,
Model 225, Menlo Park, California) monitors particulates in five
subranges between 0.5 and 10 microns in diameter.

METHODS

Physiological Testing

An initial target of any air pollutant challenge is the respiratory
tract, which is thus the center of attention in tests of effects of
exposure. Other areas of interest include hematology, blood enzyme
biochemistry and psychomotor performance. Insult by pollutants can
be manifested at various sites in the respiratory system. Broncho-
constriction in‘fhe large airways, maldistribution of ventilation due

to hypersecretion in small airways, constriction of alveolar units,

15
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Page 9.

and diffusion impairment due to edema are possible effects. A variety
of pulmonary tests is required to examine the various possibilities.
The tests employed in this study are described below.

Flow-volume curves are recorded using a low-resistance spirometer

(Electro—Med 780). Parttal and maximum forced expiratory maneuvers are
performed. Partial forced expirations are initiated at 65 percent of
vital capacity. These tests may be affected more by mild broncho-
constriction than are full-vital capacity forced expirations.(g) The
parameters measured are forced vital capacity (FVC),‘one-second forced
expiratory volume (FEV]), peak expiratory flow rate (Vmax), and flow
rates at 50 percent and 25 percent FVC (950. V25) for partial and
maximum flow-volume curves. These measurements give an easily obtained,
relatively reproducib]g evaluation of overall pulmonary mechanical

performance, but provide 1ittle information on the mechanisms

responsible for any observed changes.

Airway resistance (Raw) and thoracic gas volume (TGV) are determined

- (10,11)
in a whole-body plethysmograph using the method of DuBois et al.

The measurement of Raw is more sensitive to bronchoconstriction than

16
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max imum-flow measurements, but it is also more difficult to perform
and less stable. These problems similarly affect the measurement of
GV which, however, may be useful for detecting gas trapped as a
consequence of airways dysfunction (in combination with a gas-dilution
lung-volume determination).

Total respiratory resistance (Rt) is determined by the forced

(12) (13)
oscillation technique. The method of Goldman is used to

eliminate the need to achieve or simulate resonance. To eliminate
the phase shift introduced by the Fleisch pneumotachograph at higher
(14)
frequencies, a new phase-compensation technique is used to ensure
correct relationships of the flow and pressure signals. Res{stance
is measured at pressure perturbation frequencies of 3, 6, 9 and 12
hertz. This measurement is affected by changes in upper-airway
configuration, which may complicate detecting changes in pulmonary
airways per se. The method is believed to be capable of detecting
asynchronous mechanical behavior (unequal regional ventilatory time
(15)
constants) as predicted by Otis which otherwise can be documented

only by the considerab]y more difficult measurement of dynamic lung

compliance.

17
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Closing volume (CV) is determined by the single-breath nitrogen
(16)

washout. meLhod using a linear nitroyen analyzer (Med-Science 505).

This Lest is believed to be sensitive to changes in small airways in

dependent Tung regions. It detevmines the lung volume at which closure

of a significant number of small airways presumably occurs and also

provides an estimate of residual volume (RV) and total lung capacity
(17)

(TLC) through the expired nitrogen concentration and an estimate

of the uniformity of ventilation distribution through the slope of

(18)
the alveolar plateau.

Static and Dynamic Lung Compliance (Cst' Cdyn) are measured
from recordings of transpulmonary pressure and respiratory flow and
volume. Transpulmonary pressure is measured by the esophageal balloon
(19)

method of Milic-Emili, et al. Flow at the mouth is measured by a
pneumotachograph (Fleisch) and volume by a spirometer (Electro-Med 780).
Adequate dynamic response of the system has been verified at frequencies
up to 100 breaths/minute. Dynamic compliance in the tidal range is

measured in a series of at least 10 breaths each at normal frequency

and at 20, 40, 60, 80, and 100 breaths/minute with tidal volume

18
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monitored and kept constant at 0.75 liter. Static compliance is
measured by closing a mouth shutter intermittently during an inspira-
tion from functional residual capacity (FRC) to TLC, followed by an
expiration to RV. Static compliance determinations are made in
triplicate and each is preceded by an inspiration to TLC to give a
consistent volume history.

Compliance measurements are indispensable for documentation of
changes in the mechanical characteristics of the lung, particularly
the development of unequal time constants. Unfortunately, the
measurements are somewhat unstable and require considerable effort on
the part of subjects and investigators. In this study these tests are
performed only on a subgroup of subjects selected for motivation and

performance.

Pulmonary Diffusing Capacity (DLC ) is determined by the single-
)
(20)
breath carbon monoxide method. A test gas containing 0.15 percent

CO and 10 percent helium in air is used. In the calculation of DLC
o

correction was made for back pressure of CO due to significant levels

of blood carbon monoxide hemoglobin. Helium is analyzed using a

19
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thermal conductivity meter (W. E. Collins, Inc., Braintree, Massachusetts)

and €O using an electrochemical analyzer (Energetics Science, Inc.,
Model 2700). Reproducibility of this test is poor under conditions
of this study (heat and intermittent exercise), but the test offers
the potential to detect changes in the blood-air interface (such as
alveolar edema) which might otherwise go undetected.

Oxygen consumption is measured at rest and during exercise on a

constant-load bicycle ergometer (Model 844, Quinton Instruments,
Seattle, Washington) at a level yielding 65 percent of predicted
(21)
maximum oxygen consumption. Expired air is collected in meteoro-
logical balloons and emptied into a spirometer (Collins 120-liter) to
determine total expired volume. Gas samples are analyzed for oxygen
using a paramagnetic analyzer (Beckman E-2) and for carbon dioxide
using a gas chromatogfaph (Beckman GC-M). Oxygen consumptions are
(22)
calculated after the method of Consolazio, et al. A telemetry

system (Spacelabs, Inc., Chatsworth, California) records an exercise

electrocardiogram during this test.

20
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Carboxyhemoylobin _concentration (COHb) is estimated using the

(23)
method of Gaensler and co-workers. The subject holds a breath

for 20 seconds to allow equilibration of CO between alveolar air and

blood, then expires a sample of alveolar air into a container. CO is

measured with an electrochemical analyzer (Model 2100, Energetics Science).

The air CO concentration may be directly related to carboxyhemoglobin
concentration. The test is berformed prior to exposure in the cHamber
to verify that the subject has not received an inordinate ambient
pollutant exposure and performed again at the conclusion of the chamber
exposure period.

Symptomatology. Each subject is interviewed by the project

physician immediately after exposure concerning symptoms, through the
use of a standard questionnaire. Subjects also keep a standard record
of symptoms dhring and after exposur;. Caution is exercised in inter-
preting symptoms since these are not blind studies (see Experimental
Protocol).

Clinical. An attending physician is present in the chamber area

during the study and is able to view its progress by means of closed-

21
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circuit television. In addition, heart rate and EKG are monitored
via telemetry. Within the imnediate chamber area are located a DC
defibrillato;, endotracheal tubes, bag resuscitator, oxygen, and drugs
which would be necessary for treatment of an acute cardiovascular or
respiratory emergency.

Development of significant chest pain during exercise, significant
cardiac irritability, intractible wheezing, or questfonable EKG changes
in any subject, constitutes an indication for termination of the study
for that subject and a thorough physical examination, with whatever
subsequent treatment is deemed appropriate by the attending physician.
Such an examination and treatment may be carried out either in the
examihing room immediately adjacent to the chamber or on the pulmonary

\
unit of the hospital located 200 feet from the chamber.
In the event that untoward symptoms or intercurrent illness occurs,

the ultimate decision as to whether or not a subject is to continue on

in a study is made by the attending physician.

22
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LXPERIMENTAL PROTOCOL

Ihe exposure protocol has been designed Lo simulate as realistically
as possible the ambient exposure of a person working outdoors on a smoggy
summer day. A two-hour exposure period is realistic in that high ambient
pollutant concentrations usually persist about that length of time.
Intermittent light exercise (sufficient to approximately double minute
volume) during exposure gives a realistic level of ventilation (to which
pollutant dose is proportional) during work. Elevated temperature is an
additional Stress factor frequently present during air pollution episodes,
and consequent]y introduced ihto the experimental situation. The design
provides for successive days' exposures, as deleterious effects of
exposure may be cumulative. These requirements are incorporated into

\

the protocol in a cost-effective manner that tests several subjects

on a given day and requires staggered exposure and testing periods,

prec]uding blind studies or control measurements on the same day. Thus, j
two or three days of sham control runs (exposures to purified air)
precede the pollutant exposure so reliable baseline values of the

measured parameters can be obtained.

23
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A test series may be reasonably designed to support or reject.
the null hypothesis that no effects of pollutant exposure at realistic
levels will be detected in volunteer subjects. Besu]ts suéporting the
null hypothesis are useful to regulatory agencies in setting air
pollution standards. This approach provides a simple method to test
for combined effects of two or more pollutants: a single pollutant
is tested initially, a second pollutant is added to the first in the
next test cycle, etc. Exposure times may also be increased to simulate —
two days of pollutant exposure in one day's testing. If no effects

i

are found, even under the "worst” exposure conditions, valuable infor-
mation relegant to standard-setting may be obtained. If effects are
found at some point, additional studies will be required to determine
if they are attributable to a single pollutant, to a combined effect,
or to cumulative effects ofArepeated exposures. If minimal effects
are found in group of "normal" subjects, the experimental plan provides

for testing a group of well-specified "hyper-reactive" subjects as the

next step. These subjects are characterized by a pre-study history of

24
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cough, chest discomfort or wheezing, associated with allergy or
exposure to air poliution.

Table 2 describes the detailed experimental protocol incorporating
the features described. A shorter protocol, eliminating certain tests
(marked with an asterisk) ishalso used. This protocol retains tests
considered relatively simple to perform and likely to detect éffects
of exposure. The shorter test series requires a briefer training period
for subjects and thus results in subject groups more representative of
larger popu]a;ions. Some tests from the comprehensive protocol may be
added to the short protocol when subjects have sufficient performance
ability.

Statistical Analysis

Experimental data are subjected to repeated one-way variance
- (24)
analyses. Post hoc comparisons using the Newman-Kuels test are
made when significant F values are found. For each parameter comparisons
are made among controls, first day of exposure, and second day of

exposure; for each subject as well as each subject group. A few

significant differences due to random variation may be found because

25
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of the number of statistical comparisons being made; therefore, all
observed statistically significant changes must be examined critically
for physiological significance.
Subjects
Ethical and legal considerations require that the utmost care be
exercised in human experimentation. Risk is inherent in this work as
(25)
well as other research, but can be minimized by taking all reason-
able precautions consistent with satisfactory performance of the study.
The invgstigators serve as the first subjects for each exposure
study. Pollutant exposure levels selected never exceed the highest
documented ambient levels. The exposure environment is constantly
monitored by the technician operating the pollutant generating equip-
ment. A physician is continuously in’attendance to observe subjects
and their electrocardiograms are monitored via telemetry outside the
chamber, A view port and a closed-circuit television system are
available for directly observing the subjects. The attending physician

and the chamber engineer check for hazardous conditions and, if they

are encountered, take corrective measures or stop the study.

26
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Prospective subjects are screened by a physician who is not
associated with the study. A standardized psychological evaluation
(26)
(Minnesota Multiphasic Personality Inventory) is administered.
After a full explanation of the procedure, including known risks and
discomfort, informed consent is obtained. The consent form fully
describes the procedures and risks, and specifies that the subject

may withdraw from the study at any time. A1l subjects receive a small

gratuity for their services.

RESULTS AND DISCUSSION

(4,5,6,7,8)
In comparison to previous experimental studies more

rigorous control of experimental variables was possible in tﬁé present
study by using a unique environmental control chamber and current
monitoring technology. During the experimental period, the environ-
mental control system af]owed good control of the temperature and
humidity. The system removed interfering pollutant gases and particles
from the incoming air (see Table 1). Added pollutant gases were
typically controiled within + 10 percent over the'experimental period.

Previous work has usually not had the capability to control the

environment within these limits.
27
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In comparison to previous work, wore comprchensive biological
information was sought using the present experimental design. Additional
biological measures included detailed tests of lung mechanics as well
as biochemical and behavioral parameters. During and after exposure
clinical features were specified according to a standard format by
both the subject and project physician. Details of the following
subject variables are reported: age, sex, number of non-smokers,
number and type of smokers, health status, socio-economic level, any
known unusual ambient pollution exposure history during the experiment--
this included éstimation of blood carbon monoxide hemoglobin before
each run to help screen for unknown excessive exposure.

A combination of air pollutants of known or suspected health
significance was selected. Concentrétions were chosen on the basis of
recorded ambient levels for the California South Coast Air Basin
(metropolitan Los Angeles and adjacent areas). Duration of pollution
exposure and associated environmental temperature and humidity were

also surveyed and considered in the design. The resulting protocol
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as described in this paper rcpresents an attempt to mimic "worst case"
condilions of summer cxposure in the Basin. Four-hour exposure periodgwﬁ
were chosen to compress two successive daily episodes of two-hours each;j
Thus, four hours exposure on two successive exposure days were used to
mimic actual pollution episodes of up to four days' duration. Although
the goal was to use a combination of pollutant gases, considerations of
medical safety directed that effects of the potentially mdﬁt—toxic
gas be established before adding others. Because, in the concentrations
chosen, 05 was considered potentially the most toxic, it was tested
the first week; NO, was added the second week and CO the third.

We have cbnducted a series of experimental studies using this core
protocol. Detai]ed findings on our first eight subjects exposed to
ozone at realistic levels, alone and in combination with other pollutants,

(27)

are described in a second article in this issue. The definite
symptoms and significant functional decrement found in some of these
subjects indicated that the exposure time should be shortened. Therefore

the core protocol was modified to provide a two-hour instead of a four-

hour exposure period. Results of studies on additional subjects using
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the shortened exposurce Lime will be presented in Part III.5 Scveral
general observations which are documented in Part II arc of interest
and will be described here:

1.  We have found that at least some 1lightly exercising individuals
develop discomfort and measurable effects when exposed to realistic
concentrations of ozone.

2. It is apparent from studies made to date that some individuals
are not noticéably affected by ozone doses two or three times greater
than those at which other individuals experience symptoms and measurable
respiratory dysfunction. Thus, if only group compafisons are made,
risks to more sensitive individuals may go undetected -- a méfter-of
concern in experimental and in epidemiologic studies.

3. One striking result in exposure studies conducted to date is
that, generally, pulmonéry tests that are simplest to perform are most
reliable in demonstrating changes. "Reliability" in this sense means
that changes obsekved after exposure are significant compared to the
normal test-to-test variability under control conditions. These tests

include FVC, FEV],-V5O, total respiratory resistance by the oscillatory

s Hackney, et al.: Experimental Studies on Human Health Effects of

Air Pollutants: III -- Two-Hour Exposure to Ozone Alone and in
Combination with Other Pollutant Gases. (Manuscript in preparation)
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melhod and the slope ob Lhe alveolar platcau of the closing-volume
tracing. This finding implies that more complex tests are not essential
to studies concerned primarily with documenting exposure effects.
Although these tests are simple to perform, unfortunately interpretation
of underlying physiological mechanisms is complicated; therefore, when
the goal of testing is analysis of such mechanisms, more complex test
procedures such as Cot and cdyn are required.

Experimental studies on human health effects of air pollutants
are by nature controversial. Results will be closely examined by
many, including broponents of both lower and higher pollution standards,
as well as by representatives of various non-medical discipli;es.
Hopefully, detailed documentation can help to dispe] doubts and promote
progress. For example, the accuracy of reported pollutant exposures
is frequently questioned. 'In this regard we report not only means, but
also variance of pollutant gas concentfations, reference methods for
calibration of pollutant monitoring devices and details | of calibration
of these devices. In a further effort to provide detailed documentation,

we have filed tables of key data with the sponsoring agencies in the
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form of an "Operational Summary." Finally, to foster standardization
and promote communication, we have visited and maintained contact
with all the laboratories known to us in North America, doing this
kind of human experimental work.

In summary, the purpose of this article will be restated: To
document an experimental approach to a comprehensive study of air
pollution human health effects, and the scientific and practical

rationale for the approach.
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TABLE 2
EXPERIMENTAL PROTOCOL
OVERALL EXPUSURE SCHEDULE
Week 1 - 03; Week 2 - 03 + NOp; Week 3 - 0; + NO, + CO
WEEKLY SCHEDULE

Page 37,

Monday, Tuesday (Wednesday)* Control (clean air) - 4 subjects

Thursday, Friday Pollutant exposure -
DAILY SCHEDULE

Subject No. Begin Exposure Begin Test Cycle
i 0700 Hr. 0845 Hr.
2 0800 0945
3 0900 1045
4 1000 1145

INQIVIDUAL SUBJECT.SCHEDULE

TIME (Hr., min.) Procedure
-0:01 COHb
0:00 Enter chamber, exercise first 15 min. oé.each half hour
1:45 Last rest period; psychomotor performance test*
2:00 | Respiratory resistance (forced oscillation)
2:05 Flow volume maneuvers
2:10 C1qsing volume
2:15 Body plethysmography*
2:22 Lung compliance*
2:40 . Exercise testing*
2:58 _ COHb
3:00 DLCO*
3:15 ‘ Exit chamber, venous blood sample
3:20 Physician interview and examination

* Deleted in abbreviated test protocol
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CHAPTER 11

EXPERIVENTAL STUDIES ON HUMAN HEALTH EFFECTS OF AIR POLLUTANTS:
IT -~ FOUR-HOUR EXPOSURE TO OZOiE ALGHE AID TH
COMBINATION WITH OTHER POLLUTANT GASES
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William S. Linn
John G. Mohler

E. Eugene Pedersen
Peter Breisacher

Anthony Russo

41




EXPERIMENTAL STUDIES ON HUMAN HEALTH EFFECTS OF AIR POLLUTANTS:
II. FOUR~HOUR EXPOSURE TO OZONE ALONE AND

IN COMBINATION WITH OTHER POLLUTANT GASES

SUMMARY
Eight adult male volunteers were exposed to ozone singly and
in combination with nitrogen dioxide and carbon monoxide under
conditions simulating ambient air pollution exposures. Four "normal"
men showed few or no effects in repeated exposures. Four male
volunteers with a history of "hyper-reactive" airways, but with
normal baseline pulmonary function spirometric studies, developed

definite symptoms and pulmonary function decrement after ozone

exposure.
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EXPERIMENTAL STUDIES ON HUMAN HEALTH EFFECTS OF AIR POLLUTANTS:
II. FOUR-HOUR EXPOSURE TO OZONE ALONE AND
IN COMBINATION WITH OTHER POLLUTANT GASES

INTRODUCTION

Ozone (03) is a major component of‘photochemical smog. High smog
levels occur frequently in the Los Angeles region and are reported in
'many other urban areas. Other pollutant gases include nitrogen dioxide

. ) :
(N02) and organic peroxides. Ozone is one of the most powerful
oxidizing agents in smog and the fact that it is well-known for toxicity

(2)

in industrial exposures makes it a pollutant of great concern in

. : . . _(3.4)
air quality protection. Bates and his co-workers have reported
that normal adults performing intermittent Tight exercise developed
marked pulmonary function decrement in two hours' exposure to ozone at
concentration levels of 0.75 parts per million (ppm), and measurable
decrement in similar exposures at 0.37 ppm. For comparison, the highest
one-hour average oxidant concentration reported in the Los Angeles area

(5)

between 1963 and 1973 was 0.71 ppm. On the other hand, subjective

experience in the Los Angeles area suggests that the majority of

43




Page 2.

citizens are not markedly affected by ambient oxidant concentrations
(6,7)

near 0.5 ppm. Furthermore, other experimental exposure studies '
have not found marked effects or changes in spirometric measures at
concentrations of 0.5 ppm and below. Possible explanations for these
apparent discrepancies include difference in'exposurg time, subject
activity and subject sensitivity, as well as the possible presence
of interfering substances in the environment. The present study was
| undertaken to repeat the previous work under more highly controlled
conditions and to expand the scope of investigation to include blood
biochemistry and_psychomotor performance testing,as well as pulmonary
studies. The experimeﬁtal plan called for testing "norma]f ;ﬁbjects
first, and then testing suspected fhyper—reactive” subjects if only
minimal effects occurred in normals.
METHODS

The detailed experimental protocol and rationale are given in
the preceding artic]e.(g) Four fnorma]" male volunteer subjects

(with no pre-study history of cough, chest discomfort or wheezing

associated with allergy or exposure to air pollution), were recruited
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from the project investigators or technical staff (designated Gfoup 1)
and were tested five days per week for three successive weeks. The
first three days of each week were devoted to control rdns (exposure to
purified air); pollutant exposures took place on the fourth and fifth
days. Conditions were designed to simulate a composite of extreme
ambient conditions experienced during a Los Ange]e; summer. Exposures
were: first week, 0.50 ppm 03; second week 0.50 ppm 03 plus 0.30 ppm
NO,; third.ﬁeek, 0.50 ppm O3 plus 0.30 ppm NOZ plus 30 ppm carbon
monoxide (CO). The variability of the mean concentration of each
pollutant over different exposure days was *5 percent of the nominal
value. During all exposure periods, maximum variability of p;11utant
concentrations was +0.06 ppm for 03 and NO, and £3 ppm for C0. Tem-
perature was 31°C and relative humidity 35 percent. Each exposure
lasted four hours before testing was started and continued during the
following hour, or for the period required to complete testing.
Although similar ambient conditions occur in the Los Angeles region,

the exposure time was approximately twice as long as commonly experi- —

enced during severe ambient pollution episodes. This exposure was
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designed to suppot or reject the null hypothesis that no effects
would be found under the "worst? applied stress. Parameters evaluated
were forced vital capacity (FVC), one-second forced expiratory volume
(FEV]), partial and maximum forced expiratory flow-volume curves,
total respiratory resistance (Ry) by the forced oscillation method,
c]oging volume (CV), alveolar plateau slope from single-breath
nitrogen Fest (delta nitrogen or ANZ)’ plethysmographic thoracic

gas volume (TGV) and airway resistance (R, ), 3-breath rebreathing
residual volume (RV),(Q) blood carboxyhemoglobin (COHb) concentration
estimate, resting and exercise oxygen consumption (002), static and
dynamic lung compliance (Cgy, Cdyn)a and pulmonary diffusing capacity
(DLCo)' Data were analyzed by repeated-measures one-way analysis of
variance, compariné the individual's and the group’s performance on
control days, first exposure days, and second (sﬁccessive) exposure
days. Al1 lung volumes are expressed as BTPS. Smokers were not

asked to alter their smoking habits, but no smoking was permitted in

the main chamber or during testing.
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Because only minimal effects occurred in the "normal" group,
four additional male subjects (designated Group 2) were recruited
from the project investigators or technical staff and were tested
as described above, except pollutant exposures were modified. These
subjects had normal FVC, FEV], and CV, but had pre-study histories
of cough, chest discomfort or wheezing, associated with allergy or |
exposure to air'pollution. Marked effects developed among some of
these subjects during the first exposure to 0.50 ppm 0. Accordingly,
the second 0.50 ppm exposure period (week 1, day 5) was shortened to
two hours for three of the four subjects. In light of the results
in week one, the protocol was further modified to look at dose-response
relations rather than possible effects of the additional pollutants
NO, and CO.
RESULTS

4,5
Biochemical and behavioral findings are reported elsewhere.

“ Buckley, R.D., Clark, K., Posin, C., and Hackney, J.D.: Some effects
of ozone inhalation on human erythrocyte metabolism.  Accepted for
publication. Areh Env Health

> Pedersen, E. E., Breisacher, P., Patterson, J., and Hackney, J.D.:
Psychophysiological and psychomotor assessment of environmental stress
effects due to pollution. In preparation.
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Few significant pulmonary function changes or respiratory symptoms
were detected in Group 1. The physiological significance of the changes

in pulmonary function data is in doubt, since the changes occurred

in the less stable parameters, (Rt, Cdyn’ DLC ), were small in magnitude
0

and did not occur consistently throughout all exposures. Statistical
analyses for this group are given in Table 1. In Group 2, numerous
changes were observed. Significant changes in group data are displayed
in Figures 1 - 4 and in Table 2. Because of the marked differences
between "normal" and "reactive" subjects, individual responses are
discussed below. Height, weight, age, and other characteristics are
given in Table 3.

Subject #01, Group 1

Symptoms: mild, transient pharyngitis during some exposures.
No significant pulmonary function changes.

Subject #03, Group 1

Symptoms: slight chest tightness during exposure on some

occasions, post-exposure fatigue and drowsiness. No significant

pulmonary changes.
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Subject #04, Group 1

Symptoms: slight substernal soreness during some exposures,

slight fatigue and drowsiness during exposure. No significant pulmonary

function changes.

Subject #06, Group 1

Symptoms: slight substernal soreness during some exposures,
nasal discharge and productive cough during others, post-exposure
headache and fatigue, chest pain during exercise testing with exposure
to 03 + NO, + CO. The chest pain was accompanied by minimal electro-
cardiogram S-T segment depression, causing exercise testing to be
terminated on this occasion. This subject also showed a small but
significant increase in total respiratory resistance when all exposure
values were comparedkwith all control values.

Subject #07, Group 2

This subject had a history of mild bronchospasm subjectively

associated with exposure to certain plant species and/or air pollution.

On exposure to 0.5 ppm 03, he developed substernal pain, coughing,

sputum, wheezing and malaise. The symptoms developed after about one
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hour of exposure and persisted throughout the day. Observed pulmonary
changes included reduction in FVC, FEVy, Vgg, and Vos; reduction in

TLC; increase in RV; increase in airway resistance and total pulmonary
resistance, decrease in static lung compliance, and increased delta
nitrogen (indicating less uniform ventilation distribution). Exposure
time for this subject was decreased to two hours on the second day of
0.5 ppm 03 exposure. Symptoms and function changes observed were similar
to those of the first day, but Tess severe. However, sputum with dark
blood streaking was observed on one occasion. No significant adverse
effects of exposure to 0.25 ppm 03 were detected, but changes similar to
those described above occurred with exposure to 0.37 ppm 03. With the
latter exposure, RV and static compliance did not change significantly
and other changes were smaller than those observed in the 0.5 ppm
exposure.

Subject #08, Group 2

This subject had a history of mild wheezing and dyspnea associated
with outdoor exercise in polluted air. His symptomatology under 03

exposure was essentially similar to that described for subject #07;
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however, symptoms were relatively mild on the first day of exposure to

0.5 ppm and became markedly worse on the second day, even though

exposure time was shortened to two hours. Severity of physiological
changes generally paralleled that of the symptoms, suggesting a cumulative
effect of two successive days' exposure in this subject. Physiological
changes observed were similar to those in subject #07 except that in
subject #08 RV did not change.

Subject #09, Group 2

This subject had a history of mild asthma. Upon exposure to 0.5
ppm O3 he developed cough, wheezing, substernal pain, headache, muscular
aches, and malaise, which persisted several hours after exposure.
Observed physiological changes included loss in FVC and maximum flow
rates, loss in TLC without significant change in RV, increase in airway
and total pulmonary resistances, and marginal increase in delta nitrogen.
Similar symptoms and smaller physiological changes were observed on
exposure to 0.37 ppm 03. The subject also developed a viral syndrome

immediately following this exposure which lasted three days. Serum titers*

* Acute and convalescent viral titers were measured by compliment fixation
using a micro titre method and read as tube dilutions. A1l titers were
performed by the Communicable Diseases Laboratory of the Los Angeles County
Health Department.
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during the acute illness were positive for influenza A and B at 1:8
dilution and for adenovirus at 1:15. After 12 days influenza A was
unchanged, influenza B became negative at less than 1:8 and adenovirus
had decreased to 1:8. Only mild symptoms and no physiological changes
were found on exposure to 0.25 ppm 03.

Subject #10, Group 2

This subject had mild clinical asthma, subjectively exacerbated by
air pollution, for which he inhaled epinephrine aerosols occasionally.
His baseline pu]honary function te;t including FVC, FEVy, 050, V25,
delta nitrogen, CV, CC, RV, and TLC were normal, however. On exposure
to 0.5 ppm 05 he developed marked wheezing, cough and substernal pain.
His forced vital capacity, expiratory flow rates and total lung capacity
were slightly reduced. His airway resistance, which was abnormally high
before exposure, was elevated further. Total respiratory resistance
became frequency dependent, and the frequency dependence persisted
throughout the remainder of the study. Dynamic compliance also became
frequency dependent after the first exposure (Figure 5). Further evidence

of maldistribution of ventilation caused by the first 0.5 ppm exposure
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was a marked increase in delta nitrogen. The second 0.5 ppm exposure

was shortened to two hours for this subject, and observed symptoms

and function decrement were milder. Slight function decrement was

observed with 0.37 ppm exposure but not with 0.25 ppm exposure.

Although individual responses of the asthmatic subjects to the

exposures were variable, several consistent patterns emerged; these

are discussed below.

Forced vital capacity, forced expired volume at one-second, and

maximum expiratory flow rates. These parameters were consistently

reduced in sensitive subjects. Contributing factors appeared to be
increased airway resistance, reduced inspiratory capacity due to sub-
sternal pain, and tendency to cough during forced expirations. As these
measurements were highly reproducible under control conditions, observed
changes with exposure attained highef levels of statistical significance
than with most other tests.

Lung volumes. Total Tung capacity was consistently reduced in

sensitive subjects. Residual volume, as determined by three-breath
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(9) (10)

nitrogen dilution, single-breath nitrogen dilution, or plethys-
(11)

mography, increased significantly in one subject and was unchanged

in the others. These changes appear to be due to pain produced by

attempting to reach extremes of Tung volume.

Single-breath nitrogen test. This test determines phase-4 volume

(closing volume), presumably affected by changes in dependent peripheral
airways; and phase-3 or alveolar platueau slope (delta nitrogen), pre-
sumably affected by significant changes in ventilation distribution
anywhere in the lung. No significant changes in closing volume or
closing capacity (CV plus RV) were found in any subject in this study,
whereas delta nitrogen values increased with exposure in all sensitive
subjects - slightly in some and markedly in others.

Total pulmonary resistance. Further investigation is required

before results of this test can be evaluated in depth, since normal
Timits and test-to-test variability have not been fully worked out.
Significant changes definitely occurred with ozone exposure, however.

Resistance determined by forced oscillation increased at all oscillation
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frequencies in three of four sensitive subjects and in one "normal"
(Group 1) subject in whom no other significant physiological changes
were found. The increases in oscillatory resistance in the sensitive
subjects generally correlated with increases in airway resistance
measured plethysmographically. In the fourth sensitive subject, total
resistance, which was already elevated in comparison to other subjects,
did not increase overall but became markedly frequency-dependent, as
did dynamic lung compliance, ;trongly suggesting significant small-
airways dysfunction resulting in nonuniform regional ventilatory time

constants under exposure conditions.

Lung comp]iancei One sensitive subject showed a reduction in
static compliance with exposure, and a corresponding drop in dynamic
compliance at all frequencies without significant frequency-dependence.
Another subject developed frequency dependence as previously indicated.
No other statistically significant changes in compliance were found.

Exercise testing. No consistent changes in resting or exercise

oxygen consumption were found with exposure. One "normal" subject
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developed possible angina and minimal EKG changes during exercise when
exposed to CO plus oxidants, as previously described.

Pulmonary diffusing capacity. Reproducibility of this test was

poor in this study as compared to normal conditions (resting subjects,
normal room temperature). In both Groups 1 and 2, slight decreases in
diffusing capacity occurred on the second day of exposure as compared
to the first day of exposure, when results were essentially unchanged
from control values.

Symptomatology. Symptoms were absent in Group 1 during control

runs, buf some were reported during exposures. A low frequency of
occurrence of symptoms in Group 2 during control runs increased dramat-
ically with ozone exposure at 0.5 and 0.37 ppm. Symptom scores for
each subject on each day‘were assigned by the project physician based
on an interview using a standard questionnaire. Symptoms of cough,
wheezing, sputum production, substernal pain, dyspnea, fatigué, head-

ache, Taryngitis, and nasal discharge were scored. Each was given from

56




Page 15.

0 to 4 points, based on severity, during each of the three time
periods -- during exposure, remainder of the exposure day, and the
following morning. Less specific symptoms such as malaise and
muscular aches were not scored. 1In Group 2, symptom scores were
strongly correlated with observed physiological changes except in
the 0.37 ppm 03 exposure, in which symptoms were more severe than
would be expected, and out of proportion on the basis of physiological
findings. The 0.37 ppm exposure was during the third week and the
severity of these symptoms was greater than for the 0.5 ppm exposure
of the first week.
DISCUSSION

A relatively broad range of sensitivity to ozone has been
demonstrated, with observed exposure effects correlating well with
subjects' own opinions concerning their sensitivity. Although the
number of subjects tested is small, the results support the hypothesis
that individuals with pre-existing pulmonary hyper-reactivity are

more severely affected by exposure and thus more at risk in polluted
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environments. A1l four subjects with any history of pulmonary hyper-
reactivity were significantly affected by 0.37 ppm 03, while all four
subjects without such a history were affected minimally or not at all
by 0.50 ppm 03. In the latter subjects, addition of a second oxidant
pollutant, NO, at 0.3 ppm, did not produce additional detectable
effects. This does not, however, preclude the possibility that additive
or synergistic effects of exposure to 03 and NO2 in combination may
occur at higher NO, concentrations, at higher relative humidity, or
in more sensitive subjects. Addition of CO to the pollutant mixture
also failed to produce detectable effects other than increases in
blood carboxjhemog]obin levels.

A comparison of the present results with the findings of Bates,

(3,4) |

et al., is in order. As illustrated in Table 4, the symptoms
experienced and most of the pulmonary function changes observed were
similar in the two studies. Discrepancies appear primarily in areas

where methodology differed between the two studies, thus they may

not be actual differences in physiological response to exposure.
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One might infer that Bates' Canadian subjects, although they had no
history of respiratory disease, were more sensitive on the average,
since they experienced functfon decrement similar to the present

(Los Angeles) Group 2 subjects. The present Group 1 subjects, also

with no history of respiratory disease, experienced virtually no

s

function decrement. Several possible explanations for this apparent

" discrepancy may be suggested. Random variation in sensitivity among
individua}s might be a factor, given the small numbers gf subjects
tested. Nominally similar ozone concentrations might actually have
been significantly different in the two studies since monitoring
instruments based on different analytical principles were u;éd.
Additional unknown pollutants modifying the effect of ozone might
have been present in one study but not the other. This possibility
seems more likely in the case of the Canadian study, in which air
purification and monitoring apparatus was less extensive than in

the present study. Finally, the relative lack of response in the

present subjects could have been due to tolerance developed through

59




Page 18.

long residence in an oxidant-polluted area. This possibility is
(12)
supported by the observation of tolerance development in animals.
Further study of health effects of air pollutants is required.
More detailed information on dose-response characteristics of ozone
exposure over a wide range of concentration is needed for larger
numbers of normals, hyper-reactors, and individuals with chronic
respiratory disease. Possible synergistic effects of ozone with other

(13) .
and require investigation. Infor-

po]]utanég have been reported
mation is also lacking on effects of oxides of nitrogen and numerous
~ other pollutants. More rigorous epidemiologic investigation‘of air
pollution episodes is also called for since experimental evidence
now exists that many individuals are likely to be significantly
affected by po]]utantvdoses received during such episodes.

The authors thank Mr. C. E. Spier, Mr. L. Wightman, Mr. H.

Greenberg, Ms. J. Patterson and Dr. D. C. Law for technical assistance

and consultation.
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TABLE 1

RESULTS OF ANALYSIS OF VARIANCE FOR PHYSIOLOGICAL PARAMETERS, GROUP 1
Exposures: 0=0.5 ppm 03; N=0.3 ppm NOp; C=30 ppm CO

F=statistic for analysis of variance .
dF=degrees of freedom for analysis of variance _
P=probability of control-exposure difference being due to chance

PARAMETER EXPOSURE F dF P PARAMETER | EXPOSURE F dF p
Ve 0 2.08| 2.6 | ns oo 0 1.0 | 222 | s
ON 417 | 2.6 | s ON 3.12| 2,227  ns
ONC <1.0 2,6 NS \ ONC 1.0 | 2,221 ns
050 | o 1.25 | 2,6 NS Cdyn 0 <1.0 | 2,78 NS
ON <1.0 | 2.6 | Ns (norm. freq) ON | <1.0 | 2,72 NS
o |<1.0 | 2,6 | s ONC 1.79| 2,72 NS
025 | 0 <1.0 2,6 NS Cdyn 0 5.62| 2,78 | <.01(c
ON <1.0 2,6 NS (60/min) | ON <1.0 | 2,72 NS
ONC n/a n/a n/a ONC 2.421 2,72 NS
RV 0 1.18 | 2,6 NS Cdyn 0 1.45| 2,78 NS
(single br) ON <1.0 2,6 NS (100/min) ON <1.0 2,78 NS
ONC 7.73 | 2,6 |<.05(a) . ONC <1.0 | 2,78 NS
TLC 0 6.79 | 2,6 |<.05(b)f | Cstat 0 <1.0 | 2,22 NS
(single br) ON <1.0 2,6 NS o ON 1.06 | 2,22 NS
ONC <1.0 2,6 | Ns | ONC <1.0 | 2,22 NS
DLeg 0 111 | 2,22 <.01(c)] | Tav 0 5.67| 2,16 | <.050
ON <1.0 2,22 NS (RV) ON 4.07.1 2,16 <.05(g
ONC 15.9 | 2,22{<.01(b) | one | <1.0 | 2,16 NS
Rt 0 <1.0 2,6 NS TGV 0 5.47 2,16 | <.05(b
(12 Hz) ON <1.0 2,6 NS (TLC) ON 5.11{ 2,16 <.05(§
\ ONC 7.95 | 2,6 <.05(24 ONC 2.06| 2,16 NS
(a) Decreased first day of exposure ' ‘(b) Increased second day of exposure
(c) Decreased second day of exposure (d) Increased first day oFexposure'
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TABLE 2

MEAN VALUES AND RESULTS OF VARIANCE ANALYSIS FOR PHYSIOLOGICAL PARAMETERS

LN

GROUP 2

F=statistic for analysis of variance
- dF=degrees of freedom for analysis of variance
P=probability of control-exposure difference being due to chance

PARAMETER '03 Exposure | Control | Exposure 1 Exposure 2 F dF P
FVC .50 5.03 4.55% 4.69* 5.17 | 2,22 | <.05
.25 5.08 4.94 5.13 <1.0 2,22 NS
.37 5.07 5.04 none <1.0 1,11 NS
FEV .50 3.96 3,544 3.68 (a)
.25 4.07 4.03 4.11 <1.0 2,22 NS
.37 4.07 3.95 none 2.15 | 1,10 NS
Vo .50 4.32 3.42* 3.27+ 4.06 | 2,14 | <.05
.25 4.09 4,24 4.33 2.00 | 2,14 NS
.37 4.15 4.10 none <1.0 1,8 NS
Vos .50 1.99 | 1.50 1.20 6.06 | 2,6 |<.05
.25 1.72 1.87 2.42 2.26 | 2,10 NS
.37 1.80 1.78 none <1.0 1,7 NS
050 .50 4.55 3.14% 3.05% 5.3 | 2,16 |<.05
(partial) .25 4.66 4.56 4.60 <1.0 2,18 NS
.37 4.42 3.52% none 8.49° | 1,9 |<.01
Vos .50 1.83 1.15%* 1.19% | 7.67 | 2,22 |<.01
(partial) .25 2.00 1.71 1.72 1.39 | 2,20 NS
.37 1.62 1.39%% none 2.22 | 1,11 |<.00
cc .50 2.35 2.27 2.47 3.08 | 2,20 NS
.25 2.33 2.36 2.20 1.05 | 2,22 NS
.37 2.21 2.28 none 2.07 1,11 NS

(a) Insufficient data, some subjects unable to complete specified number of tests
satisfactorily

*=significant change from control, p <.05
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TABLE 2

(continued)
PARAMETER O3 Exposure | Control | Exposure 1 Exposure 2 F dF P
ﬁNZ .50 0.73 1.60% 1.03 4.21 2,20 <.05
.25 0.67 0.71 0.63 2.07 2,22 NS
.37 0.69 0.84 none 2.13 1,11 NS
TLC .50 6.84 6.42 6.18* 3.96 2,20 <.05
(single br) .25 6.91 6.85 6.77 <1.0 2,22 NS
.37 6.85 6.83 none <1.0 1,11 NS
RV .50 1.69 1.88 1.76 1.23 2,20 NS
(single br) .25 1.66 1.64 1,58 1.51 2,22 NS
.37 1.60 1.74* ndne 8.17 1,11 <.05
Raw .50 1.26 1.70 1,65‘ 2.50 2,22 NS
(FRC) ;25 1.09 1.24 1.11 <1.0 2,22 NS
.37 1.35 1.49 none 2.75 1.11 NS
Cdyn .50 .196 .187 none <1.0 1,32 NS
(norm. freq) .25 .241 .227 .266 <1.0 2,68 NS
.37 .224 .222 none <1.0 1,36 NS
Cdyn .50 .179 .153 none 1;68 1,30 NS
(100/min) .25 .184 " .189 172 <1.0 2,60 NS
.37 .173 .127 none 3.07 1,39 NS
DL¢g .50 41.8 42.4 38.8 2.18 2,20 NS
.25 41.4 40.4 49, 8** 57.8 2,16 <.01
.37 40.1 45, frx none 19.4 1,11 |<.01
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FIGURE 1

Daily group means (+ one standard error) for FVC
and FEVj1, Group 2. Open circle - control; black
circle = ozone exposure. * = significant change

from control, p <.05; % = significant change from
control, p <.01.

+ Exposure time decreased from 4 to 2 hours in 3 of
the 4 subjects. '
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TABLE 4

Parameter ' Bates‘ét'a] " Present study
FVC | - -
l:EVl' - -
Y50 Ny -
CY or CC + 0
TLC 0 -
RV + 0
Cough + +
Substernal pain + +
Wheezing + +
Laryngitis + +

Comparison of typical effects of 03 exposure found in the present

study and in previous work of Bates et al (3’4).

+ = increased (or symptoms observed)
- = decreased
0 = unchanged in most or all cases.
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ccC
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5533,

FIGURE 2

Daily group means (+ one standard error) for.closing

capacity and delta nitrogen, Group 2. Open circle =

control; black circle = ozone exposure. . * = significant

change from control, p <.05. ;

+ Exposure time decreased from 4 to 2 hours in 3 of the
4 subjects.
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TLC | |

|
|
-

,..J

| |
RV
M:MIH—E
M |

FIGURE 3 .

Daily group means (+ one standard error) for lung

volumes calculated from single-breath nitrogen

tracings. Open circle = control; black circle =

O0zone exposure. * = significant change from control,

p <.05. '

+ Exposure time decreased from 4 to 2 hours in 3 of
the 4 subjects.
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FIGURE 4

Daily mean symptom scores related to 0zone exposure
for Group 1 (dotted Tine, week 1 only) and Group 2
(solid Tines). Open circle = control; black circle
ozone exposure.

v Exposure time decreased from 4 to 2 hours in 3 of

- 4 subjects of Group 2.
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¥ ] ]
20 40 60 80 100
breaths/min.
FIGURE 5

Dynamic compliance vs. breathing frequency, Subject 10.
Open circle = mean of control runs for week 1; black
circle = first day of 0.50 ppm ozone exposure. Subject
could not perform maneuver at 100 breaths/min. under
exposure.
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CHAPTER 111

EXPERIMENTAL STUDIES ON HUMAN HEALTH EFFECTS OF AIR POLLUTANTS:
I1T -~ TWO-HOUR EXPOSURE TO OZOME ALONE ATD IN COMBINATION
WITH OTHER POLLUTANT GASES

gack D. Hackney
William S. Linn
David C. Law
Sarunas Karuza
Howard Greenberg
Ramon D. Buckley

E. Eugene. Pedersen
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ABSTRACT

Adult male volunteers were exposed to ozone (03) at 0.25, 0.37,
or 0.50 parts per million (ppm), and to ozone in combination with
nitrogen dioxide (NO5) and ca;bon monoxide (CO), with secondary stresses
of heat, intermittent light exercise and repeated exposure. Few
significant physiological changes, and only mild symptoms, were found
with 0.25 ppm 03,  with 0.25 ppm 03 plus 0.30 ppm NO, or when 30 ppm
CO was added to the latter mixture. With 0.37 ppm O3, more symptoms
were present and some subjects developed significaht pu1mon$ryfunction
decrement. With 0.50 ppm 03, most subjects had symptoms and about half
showed significant pulmonary function decrement. In reactive subjects
exposed on two successive days, changes were usually significanf]y
greater the second day,lindicating that effects of successive exposures

were cumulative.
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Introduction

0zone (05) is one of the most powerful oxidizing agents among common
photochemical oxidant air pollutants and is known to be highly toxic
in industrial exposures; thus it may present a significant health hazard
in relation to air po]]ution.' Bates and coworkers found that volunteers
having no history of respiratory disease and 1iving in an area with
little oxidant pollution developed significant respiraﬁory symptoms and
function decrement when exposed for two hours to ozone at concentrations
as low as 0.37 pérts per mitlion (ppm), with intermittent

(1,2) In previous work in this labOratory,(3’4) similar

light exercise.
studies were conducted on volunteers living in the Los Angeles area,

where ambient ozone concentrations of 0.5 ppm or higher are possible.

In these studies, four "normal" subjects (without a pre-study history of

cough, chest discomfort or wheezing associated with allergy or air pollution

exposure) failed to react significantly to 03 exposure at 0.50 ppm, even
when exposed for four-hour periods on two successive days, with nitrogen
dioxide (NO,) (0.3 ppm) and carbon monoxide (CO) (30 ppm) added, at

elevated temperature (31°C), and with intermittent 1ight exercise.




Four "reactive" subjects {(with a pre-study histohy of cough, chest
discomfort, or wheezing associated with allergy or air pollution
exposure, but with normal baseline pulmonary function studies) after

a similar exposure exposure to 0.50 ppm 03 alone for four hours,
developed significant pulmonary function decrement and symptoms severe
enough to restrict normal activity. The same subjects did not react
appreciably to 0.25 ppm O3 but did react somewhat to 0.37 ppm 03; The
ﬁdegree of pulmonary function decrement found in some reactive subjects
led us to decrease the exposure time from four hours to two,hours.

The present studies use a two-hour exposure time and were undertaken

to better define the range of sensitivity and dose—respdnse characteristics

in "normal" and “"reactive" populations. Such information is required as
. .
a basis for setting realistic air-quality standards fqr the protection
of public health.
Methods
The controlled-environment exposure facility and detailed experi-

mental protocol used for these studies have been described previous]y.(3)

Thirteen volunteer subjects, recruited from the project professional
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and technical staff, participated in one or more exposure group§
(Table 1). Group 3,consisting of seven "normal® subjects (without a
‘ pre-study history of cough, chest discomfort or wheezing associated
with allergy or air pollution exposure), was exposed to 0.50 pbm 03
in a one-week study. (Groups 1 and 2 are described in a previous
report(4)). Groups 4 and 5 included both "normal" and “"reactive" sub-
jects. In a three-week study, Group 4 was exposed to 0.25 ppm 03 the
first week, to Q.25ppm 03 plus 0.30 ppm NO, the second week, and to
0.25 ppm 03 plus 0.30 ppm NO2 plus 30 ppm CO the third week. Group 5
was exposed to 0.37 ppm 03 in a one-week study. Duringeéch.week of
studies, the first two or three days were devoted to sham exposures
(exposures to purified airf to establish baseline values of the measured
parameters, and the final two days were devotgd to pollutant éxpoSures
(the given concentration of pollutant added to purified air).

Each subject was exposed in the controlled-environment chamber
for two hours, then performed the battery of physiological tests while
still under éxposure. Dufing the two-hour period, the first 15 minutes

of every 30 was spent exercising at a level sufficient to approximately
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5.

double the volume of ventilation per minute, as compared to the resting

level. Exercise consisted of walking briskly or riding a bicycle ergometer

having a work load of 150 to 200 kilogram-meters ber minute. Each subject
also recorded symptoms and subjective impressions on a standard form.
After completing the physiological tests, the ;ubject left the exposure
chamber and was immediately examined by the project physician. A venous
blood sample was taken for biochemica]vanalysis and the subject was
interviewed regarding symptoms according to a standard questionnaire.
Symptoms experiencéd during the remainder of the day were also recorded

on a standard form.

Physiological parameters eya]uated were forced vital capacity (FVC);
‘one-sécond forced expiratory volume (FEV]); partial and maximum forced
expiratory‘flow~volume'curves; total respiratoﬁy resistance by forced
‘osci11ation af 3, 6, 9, and 12 Hz (Rt); closing volume (CV);_]ung volume
estimates, and slope of the alveolar p1ateau.(AN2 per lifer) from the
single-breath nitrogen test; carboxyhemoglobin (COHb) concentrgtion

estimate by breath analysis; and single-breath carbon monoxide diffusing
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capacity (D]co). Supplementary physiological tests included
plethysmographic thoracic gas volume (TGV) and airway resistance (Raw)
(Groups 4 and 5), static (Cst) and dynamic (Cdyn) lung compliance
(Group 5), and residual volume (RV) by rebreathing (Group 3). Psycho-
motor performance was eva]uatéd in Group 4 through measurement of
reaction time, heart rate variability, and tracking performance, in a
combined.central and peripheral tracking fask.“ Data for each exposure
group were analyzed using a repeated-measures, one-way analysis of
variance. The analysis was designed to detect any statistically
significant differences in group performance among three conditions --

sham exposure (control), initial ozone exposure, and second (successive)

ozone exposure. Where significant F values were found, the Neuman—Kue]s(s)

test was uséd to determine which pair-wise differences contributed to

the effect.

% Pedersen, E. E;, Patterson, J., and Hackney, J. D., results in
preparation. ‘
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Results
Group 3. This "normal" group showed decreases, after 03 exposure,
in forced expiratory parameters including FVC, FEV,, flow rate at
50 percent FVC on maximum and partial forced expiratory flow-volume
curves (050 and 950 P, respectively), and flow rates on flow-volume
curves at 25 percent FVC (925 and 925 P}). Closing volume and closing
capacity as measured by the single-breath nitrogen test did not chanée,
but the alveolar nitrogen plateau slope (aNy) increased, indicating
Tess uniform distribution of ventilation with exposure. Reéidua1
volume measurement by rebreathing nitrogen di]ution(G) gave larger
va]ues than were obtained from the single-breath nitrogen RV estimate,
but neither measurement indicated significant changés in RV with exposure.
Total lung gapacity (TLC) decreased due to the Qecrease in vital capacfty.
Total pulmonary resistance increased at all oscillation frequencies with
exposure.,
The group changes in physiological measurements did not achieve

statistical significance until the second exposure day in many cases,
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and in most cases the decrements in function were markedly worse.on
the second day. The group changes were primarily due to subjects 11,
13, and 16. The remaining four subjects (including one who had been
previously exposed and found nonreactive) showed no changes or very u
slight changes, and experienced few or no symptoms. Predominant
symptoms in the reactive subjects were cough, substernal discomfort,
and malaise. Biochemical ana]&sis showed evidence of oxidation changes
in erythrocyte and plasma enzymes and increased erythrocyte fragility.(7)‘
Physiological results for Group 3 are summarized in Table 2 and
Figure I.
Group 4. This was a mixed group including one subject unreactive
by history and previous testing (No. 15), one subject unreactive by
history but nof previously tested (No. 17), twq subjects unreactive by
history but reactive by'previous testing (Nos. 11 and 16), and three
subjects reactive by history and previous testing (Nos. 07, 09, and 10).
Ozone exposure concentraiion was 0.25 ppm, or half that used previously.

No consistent physid]ogica] changes attributable to exposure effects and
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TABLE 2

MEAN VALULS AND RISULTS OF VARIANCIE ANALYSIS FOR
PHYSTOLOGICAL PARAMLIERS, GROUP 3 (0.50 ppm 03 LXPOSURE)

dF = degrees of freedom; NS = change not significant at
.05 level; * = significant change from control, p <.05;
** = gignificant change from control, p <.01

PARAMETER ~ CONTROL ~ EXPOSURE 1  EXPOSURE 2 F _dF
FVC 5.15 5.03 4.75%*  6.46 2,38
FEV; 4.46 4.25 3.86**  7.58 2,38
Vmax 12,0 11.7 10.9 * 3.52 2,38
Uso 5.95 5.73 4.84%  7.33 2,34
Vps 2.69 2.39* 2.20*  6.86 2,34
V50P 6.42 6.06 5.12%* 13,5  .2,34
Vos5P 2.68 2.54 2.21%  6.68 2,38
cc ~ 1.85 1.81 1.86 <1.0 2,38
AN 0.68 0.75 1.0 4.64 2,38

TLC (single-br.) 6.64 6.44 5.97%+ 5,29 2,38

RV (single-br.) 1.41 1.32 1.38 2.42 2,38

RV(rebreathing) 1.66 1.66  1.70 <1.0 2,40

Rt (6 Hz.) = 3.39 3.52 4.77%x 5.39 2,98
D1co 39.2 ~ 38.8 not available
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TABLE 3

MEAN VALUES AND RESULTS OF VARIANCE

ANALYSIS FOR PHYSIOLOGICAL PARAMETERS, GROUP 4

bxposure Conditions: 0 = 0.25 ppm O35 N = 0.3 ppm NOp; C = 30 ppm CO

PARAMETER ~ EXP. CONDITION ~ CONTROL  EXPOSURE 1  EXPOSURE 2
Fve 0 4.82 4.80 4.79
ON 4.88 4.88 5.01%
ONC 4.66 4.64 4.68
FEV, 0 3.94 3.95 3.96
ON 3.94 3.96 4.03*
ONC 3.77 3.74 3.79
Vs 0 4.66 4.69 4.84
ON 4.63 4.47 4.48
ONC 4.58 4.58 4.63
Vo 0 2.01 2.07 2.10
ON 1.91 1.85 1.87
ONC 1.86 1.77 1.92
VegP 0 5.12 4.91 5.10
ON 4.67 4.62 4.92
ONC 4.91 4.93 ~ 4.83
VP 0 2.11 2.07 2.10
ON 1.91 1.85 1.93
ONC 1.87 1.78 1.92
- cC 0 1.88 1.85 1.77%
ON 1.98 1.93 1.93
ONC 1.63 1.64 1.65

dF = degrees of freedom; NS = cha

.05 level; * =
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nge not significant at
significant change from control,
** = significant change from control, p <.01
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PARAMETER EXP. CONDITION
/\N2 0
ON
ONC
RV 0
(single-br.)
ON
ONC
TLC 0
(single-br.)
‘ ON
ONC
Rt 0
(6 Hz.)
ON
ONC
D 0
]co
ON
ONC

TABLE 3

(continued)

CONIROL ~ EXPOSURE 1  EXPOSURE 2
0.70 0.68 0.66
0.75 0.74 0.72
0.72 0.75 0.72
1.30 1.37 1.32
1.40 1.38 1.36
1.15 1.11 1.11
6.27 6.25 6.33
6.50 6.53 | 6.66**
6.16 6.14 6.12
3.25 3.83** 3.07
3.33 3.50 3.28
3.35 3.65 3.54

40.4 42.0 34.2*
45.0 36.6%* 39.5%*
36.2 38.4 38.0
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<1.0

<1.0
<1.0

<1.0

dF
2,40
2,34
2,32
2,40
2,34
2,34
2,40
2,34
2,34
2,94
2,82
2,80
2,40
2,34
2,32

<,01

<.01

N.S.




10.

did not change significantly with exposure, but Rt was increased on

both exposure days, relative to control values. Symptoms reported by

Subject No. 08 were similar to those in the reactive subjects of Group 3.

The remaining subjects most frequently reported upper-airway irritation

and coughing. Oxidative blood biochemical changes were detected in this

group, but were not as severe as in groups exposed to 0.5 ppm 03.
Physiological results for Group 5 are summarized in Table 4 and

Figure V.
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TABLE 4

MEAN VALUES AND RESULTS OF VARIANCE ANALYSIS FOR
PHYSIOLOGICAL PARAMETERS, GROUP 5 {0.37 ppm 03 EXPOSURE)

dF = degrees of freedom: NS = change not significant at
.05 Tevei; * = significant change from control, p <.05;
** = significant change from control, p <.01

PARAMETER  CONTROL  EXPOSURE 1  EXPOSURE 2 F dF
FUC 5.37 5.29 5,35 <1.0 2,8 N.S.
FEV, 4.29 4.19 4.24 111 2,8 WS,
Vsg 4.94 4.74 4.68 <1.0 2,8 .S,
Vog 2.15 1.9 1.9 (not available)
VP 5.49 4.66 4.50 3.03 2,8 NS,
V5P 2.18 1.86 1.86 10.3 2,8 N.S.
cc 1.97 2.04 2.02 <1.0 2,8 M.
AN, 0.80 0.79 0.81 <1.0 2,28 .
TLC (single~br.) 6.81 6.66 6.75 <1.0 2,26 N.S.
Raw (FRC) 1.40 1.55 1.48 <1.0 2,28 N.S.
Rt (6 Hz,) 3.24 4.01%+ 3.88%* 7.25 2,26 <.
Cdyn (20/min) 0.282 0.288 0.290  <1.0 2,80 N.S
Cdyn (100/min) 0.136 ~ 0.130 0.129  <1.0 2,98 N.S.
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FIGURE 1

Daily variation of pulmonary parameters in Group 3, m2an * one

standard error. S = sham exposure, EX = 0.5 ppm Oz exposure.
TLC, RV, CC, and delta nitrogen calculated from single-breath
nitrogen tracings.

88




LITERS
6=

Su

FVC 3—3—3—3

L
T
I
k-

|
I
|
l
|
|
9 FEVE=—%—%—3 | 3533
|
|
l
|
|

L N T T S S
S § i | S § 2 2 S § 3 3

FIGURE II

Daily variation of forced cxpiratory parameters in Group 4, mcan % one
standerd error. Exposure conditions: S = sham; 1 = 0.25 ppim 033 2 =
0.25 ppm 03 + 0.30 ppm N0p: 3 = 0.25 ppm O3 + 0.30 ppm NOp + 30 ppm CO.
Successive weeks of study are separated by broken lines. Subject 09
absent week 3; subject 11 absent week 2.
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EXPOGURE

FIGURE III

Daily variation of lung volumes, calculated {rom single-~breath
nitrogen tracings, in Group 4, mean + one standai-d error (See
Figure IT for explanation).
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FIGURE TV

Daily variation of closing Capacity and delta nitrogen in Group 4,

mean *

one standard error (See Figure 11 for explanation).
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FIGURE V

Daily variation of pulmonary parameters in Group 5, mean * one
standard error. S = sham exposure; EX = Q.37 ppm O3 exposure.
TLC, RV, CC, and delta nitrogen calculated from single-breath
nitrogen tracings. :
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Dose-response behavior of FEV3
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IGURE VI

in subjects exposed to 03. Mean
ol values observed in all subjects
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FIGURE VII

Dose-response behavior of delta nitrogen in subjects exposed to 03.
~ Mean and maximum changes from control values observed in all subjects
tested at given concentrations.
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FIGURE VIII

Dose-response behavior of selected erythrocyte parameters in
subjects exposed to 03. Mean and maximum changes from control
values observed in a1l subjects testved at given concentrations.
Black circles = osmotic fragiiity of ceils; open circles =

cell membrane acetylcholinesterase level.
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DISCUSSION
The foregoing results together with those reported previously

(4)

from this laboratory allow formulation of dose-response curves

for effects of ozone exposure (Figures VI - VIII). Responses are
expressed in terms of changes in the more stable physiological and
biochemical parameters. Equating these observed responses with
"significant deleterious effects on health" is not completely straight-
forward, since the underlying mechanisms are not fully understood.
However, from a practical standpoint the observed physiological changes
may reasonably be considered to represent significant health éffects,
since (a) the changes are qualitatively similar to those observed in
certain pulmonary disease states, and (b) in studies to date, significant
physiological changes have always been accompanied by significant
clinical illness (respiratory symptoms severe enough to fnhibit normal-:

activity). While biochemical chahges have been observed in asymptomatic

as well as symptomatic subjects, the dose-response curves for those

96




12.

biochemical p;rameters expected to show an immediate response to oxidant
exposure are remarkably similar to the curves for the physiological
parameters,

The given dose-response curves are to be considered first approx-
imations only since they are based on smail samples, neglect differences
in exposure time, and do not distinguish between initial and cumulative
exposures. Two methods have been used for deriving curves from individual
dose-response data. In the first, a best-fit straight line is derived
from all individual data points using the method of least squares. In
the second, the mean observed response is plotted for each concentration
studied and a smooth curve drawn through the resulting three points
(Figures VI - VIII). A "maximum response" curve is obtained similarly
by plotting fof each concentration thé response of the most reactive
individual studied at that concentration. For the'physiologica1 para-
meters, the maximum indi?idual response is taken as the difference
between the mean of all measurements made_during the exposure in which

the subject showed the most severe reaction, and the mean of all control
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measurements for the same week. For the biochemical parameters, only
one measurement can be made per exposure, so the maximum response is
taken as the largest individual percentage difference between an
exposure value and the 1mmedjate1y preceeding control value. The

mean dose-response curves generated by either of the above methods
suggest a "zero-effect threshold" concentration of 0.25 to 0.30 ppm.
‘This level is exceeded for one hour or more at least 20 days per year
in parts of the Los Angeles area(a) and is not uncommon in other metro-

9)

politan areas, such as Toronto.( Since the exposure conditions which
were studied simulate 1ight, outdoor, physical work, a significant and
widespread pub]jc-health risk related to ozone or other photochemica1
oxidant pollution is implied. Furthermore, many individuals are
considerably more sensitive than the‘average,,and thus may be at risk
at significantly lower levels. The degree of risk to populations not

studied, such as children, the elderly, or chronic pulmonary disease

patients remains to be determined.
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