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PREFACE

The Occupational Safety and Health Act of 1970 emphasizes the need
for standards to protect the health and safety of workers exposed to an
ever-increasing number of potential hazards at their workplace. To
provide relevant.data from which valid criteria and effective standards
can be deduced, the National Institute for Occupational Safety and Health
has projected a formal system of research, with prioritiés determined on
the basis of specified-indices.

AIt is intended to present successive reports as research and
epidemiologic studies are completed and sampling and analytical methods
are developed. Criteria and standards will be reviewed periodically to
ensure continuing protection of the worker.

I am pleased to acknowledge the contributions to this report on
sulfur dioxide by members of my staff, the valuable and coﬁstructive
comments presented by the Review Consultants on Sulfur Dioxide, the ad
hoc committees of the American Academy of Occupational Medicine and the
American Conference of Governmental Industrial Hygienists, by Robert B.
0'Connor, M.D., NIOSH consultant in occupational medicine, and by William
A. Burgess, NIOSH consultant on respiratory protection. The NIOSH
recommendations for standards are not necessarily a consensus of all the
consultants and professional societies that reviewed this criteria
document on sulfur dioxide. Lists of the NIOSH Review Committee members

and of the Review Consultants appear on the following pages.

%QMZ/UZ/,«
Marcus M. Key, M.D.

Director, National Institute
for Occupational Safety and Health



The Office of Research and Standards Development,
National Institute for Occupational Safety and

Health, had primary responsibility for development
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and consultants under contract No, HSM-99-72-116.
Douglas L. Smith, Ph.D., served as criteria manager
and had NIOSH program responsibility for development

of the document.
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I. RECOMMENDATIONS FOR A SULFUR DIOXIDE STANDARD

The National Institute for Occupational Safety and Healthb(NIOSH)
recommends that worker exposure to sulfur dioxide (SO2) in the workplace be
controlled by adherence to the following sections. The standard is
designed to protect the health and safety of workers for an 8-hour day, 40-
hour work week over a working lifetime; compliance with the standard should
therefore prevent adverse effects of sulfur dioxide on the health and
safety of workers. The standard is measurable by techniques that are
valid, reproducible, and available to industry and government agencies;
Sufficient technology exists to permit compliance with the recommended
standard. The standard will be subject to review and will be revised as
necessary.

"Exposure to sulfur dioxide" means exposure to a concentration of
sulfur dioxide equal to or above one-half the recommended workroom
environmental standard. Exposures at lower environmental concentrations
will not require adherence to the following. sections. Procedures for
identification of exposure areas can be accomplished by time-weighted
average (TWA) determinations by methods described in Appendices I and II or
by any method shown to be equivalent in accuracy, precision, and
sensitivity to the methods specified.

If "exposure". to other chemicals also occurs, for example from
arsenic, then provisions of any applicable standard for the other chemicals

shall also be followed.



Section 1 ~ Environmental (Workplace Air)

(a) Concentration

Occupationél exposure to sulfur dioxide shall be controlled so that
workers shall not be exposed to sulfur dioxide ‘at a concentration greater
than 2 parts per million parts of air (5 milligrams per cubic meter of air)
determined as a time-weighted average exposure for an 8-hour work day.

) Sampling, Calibration, and Analysis

Procedures for sampling, calibration of equipment, and analysis of
environmental samples shall be as provided in Appendix I or by any method
shown to be equivalent in accuracy, precision, and sensitivity to the

method specified.

Section 2 - Medical

(a) Comprehensive preplacement and annual medical examinations
shall be provided for all workers subject to "exposure to sulfur dioxide."
The examination shall be directed toward but not limited to the eyes and
the cardiopulmonary system; particular attention shall be focused on
complaints of mucous membrane irritation and cough. An evaluation of the
advisability of a worker's using negative- or positive-pressure respirators
shall also be made.

(b) Initial examinations for presently employed workers shall be
offered within 6 months of the promulgation of a standard incorporating

these recommendations and annually thereafter.



(c) The medical representatives of the Secretary of Health,
Education, and Welfare, of the Secretary of Labor, and of - the employer
shall have .access to all medical records. Physicians designated and
authorized by any employee or former employee shall have access to his
medical records.

(d) Medical records shall be maintained for persons employed one
or more years in work involving exposure to sulfur dioxide. X-rays fér the
5 years preceding termination of employment and all medical records with
pertinent Supporting documents shall be maintained at least 20 years after

the individual's employment is terminated.

Section 3 ~ Labeling (Posting)

(a) = Labeling
Cylinders and other containers of sulfur dioxide shall bear the
following label in additiom to or in combination with labels required by

other statutes, regulations, or ordinances:

SULFUR DIOXIDE

Warning! Extremely irritating gas
and liquid under pressure.
Liquid causes burns.

Avoid breathing gas.



(b) Posting
The following warning sign shall be affixed in a readily visible
location at or near entrances to areas 1in which there 1s occupational

exposure to sulfur dioxide:
SULFUR DIOXIDE
Warning! Potential exposure to irritating gas.
Avoid unnecessary exposure to concentrations

producing irritation or coughing.

This warning sign shall be printed both in English and in the

predominant primary language of non-English-speaking workers, if amy.

Section 4 - Personal Protective Equipment and Work Clothing

Subsection (a) shall apply whenever a variance from the standard
recommended in Section 1 is granted under provisions of the Occupational
Safety and Health Act, or in the interim period during the application for
a variance. When the limits of exposure to sulfur dioxide prescribed in
subsection (a) of Section 1 cannot be met by controlliﬁg the concentration
of sulfur dioxide in the work environment, an employer must utilize, as
provided in subsection (a) of this Section, a program of respiratory

protection to effect the required protection of every worker exposed.



(a) Respiratory Protection

Engineering éontrols shall be used wherever feasible to maintain
sulfur dioxide concentratiohs below the prescribed 1l1limit. Appropriate
respirators shall be provided and used when a variance has been granted to
allow respirators as a means of control of exposure to routine operations
and while the application is pending. Administrative controls should also
be used to reduce exposure. Respirators shall also be provided and used
for nonroutine operations (occasional brief exposures above the TWA of 2
ppn and for emergencies); however, for these instances a variance i1is not
required but the requirements. set forth below continue to apply.
Appropriate respirators as described in Table I-1 shall only be used
pursuant to the following requirements:

(1) For the purpose of determining the type of respirator
to be used, the employer shall measure the atmospheric concentration of
sulfur dioxide in the workplace when the initial application for variance
is made and thereafter whenever process, worksite, climate, or control
changes occur thch are likely to increase the sulfur dioxide
concentration. This reduirement shall not apply when only atmosphere-
supplying positive pressure Irespirators are used. The employer shall
ensure that no worker is being exposed to sulfur dioxide in excess of the
standard either because of improper respirator selection, fit, use, or

maintenance.



(2) The respirator and cartridge or canister used shall be
of the appropriate class, as determined on the basis of exposure to sulfqr
dioxide gas.

(3) A respiratory protective program meeting the general
requirements outlined in Section 3.5 of American Natioﬁal Standard
Practices for Respiratory Protection 288.2-1969 shall be established and
enforced by the employer. In addition, Sections 3.6 (Program
Administration), 3.7 (Medical Limitations), and 3.8 (Approval) shall be
adopted and enforced.

(4) The employer shall provide respirators in accordance
with Table I-1 below and shall ensure that the employee uses the respirator
provided.

(5) Respiratory protective devices described in Table I-1
shall be those approved under provisions of 30 CFR 11 published in the

Federal Register, volume 37, page 6244, dated March 25, 1972,

(6) Respirators specified for use in higher concentrations
of sulfur dioxide are permitted in atmospheres of lower concentrationms.

@)) Employees shall be given instruction on the use of
respirators assigned to them, cleaning of the respirators, and how to test
for ieakage.

(8) Wherever bulk sulfur dioxide is handled, emergency and

escape-type respirators shall be made readily available for each worker.



TABLE I-1
REQUIREMENTS FOR RESPIRATOR USAGE

Multiples of

TWA Limit Respirator Type
Less than or (1) Chemical cartridge respirator for
equal to 10x sulfur dioxide with quarter, half, or

full facepiece.

(2) Type C supplied air respirator, demand
type (negative pressure), with quarter
or half mask facepiece.

Less than or (1) Gas mask with chin style canister
equal to 100x for acid gases.

(2) Gas mask with front or back mounted
chest type canister for acid gases.

(3) Type C supplied air respirator, demand
(negative pressure); pressure-demand; or
continuous flow type with full facepiece.

(4) Self-contained breathing apparatus in
demand mode (negative pressure) with full

facepiece.
Greater than (1) Self-contained breathing apparatus in
100x pressure-demand mode (positive pressure).

(2) Combination supplied air respirator,
pressure-demand type, with auxiliary
self-contained air supply.

Emergency (1) Self-contained breathing apparatus
(No concentration in pressure-demand mode (positive pressure).
limit)

(2) Combination supplied air respirator,
pressure-demand type, with auxiliary
self-contained air supply.

Evacuation or escape (1) Self-contezined breathing apparatus
(No concentration in demand or p. :ssure-demand mode
limit) (negative or positive pressure).

(2) Gas mask with acid gas chest
canister, and mouthpiece respirator.

7



(b) Eye Protection

(1 The American National Standard Practice for
Occupational and Educational Eye and Face Protection, ANSI Z87.1-1968,
shall be employed.

(2) Chemiéal safety goggles~- cup-type or rubber-framed
goggles, equipped with approved impact-résistant glass or plastic 1lenses,
shall be worn whenever there is danger of eye contact, such as working with
pipelines, valves, etc, which might leak and spurt liquid sulfur dioxide.

(3) Spectacle-type safety goggles—~ metal or plastic rim
safety spectacles with unperforated side shields, or suitable all-plastic
safety goggles may be used where continuous eye protection is desirable.
If use of this type of eye protection is mandatory, prescription lenses
shall be provided for those employees who need them.

(&) Face shield-- plastic shields with forehead protection
may be worn in place of or in addition to goggles.

() Work Clothing

(D Work clothing should be changed at least twice a week
or more frequently if required.

(2) Sulfur dioxide-wetted clothing, unless impervious,

shall be removed promptly.

Section 5 - Apprisal of Employees of Hazards from Sulfur Dioxide

At the beginning of employment in a sulfur dioxide area, employees
exposed to sulfur dioxide shall be informed of all hazards, relevant

8



symptoms of overexposure, appropriate. emergency procedures, and proper
conditions and precautions for safe use or exposure. Instruction shall
include, as a minimum, all information in Appendix III which is applicable
to sulfur dioxide. The information shall be posted in the work area and
kept on file and readily accessible to the worker at all places of
employment where sulfur dioxide is dinvolved in wunit processes and
operations or is released as a product, byproduct, or contaminant.

A continuing educational program shall be instituted to ensure that
all workers have current knowledge of job hazards, proper maintenance
procedures and cleanup methods, and that they know how to correctly use
respiratory protective equipment and protective clothing.

Information as required shall be recorded on US Department of Labor
Form OSHA-20 "Material Safety Data Sheet" or a similar form approved by the

Occupational Safety and Health Administration, US Department of Labor.

Section 6 - Work Practices

(a) Storage and Handling
(1) Because  sulfur ‘ dioxide vaporizes at atmospheric
pressure and temperature, it must be stored in gaé tight containers under
pressure and at temperatures which should not reach 54 C (130 F). Sulfur
dioxide is not flammable and, when dry, is not corrosive to ordinary

metals.



(2) Each container of sulfur dioxide shall be examined for
leaks upon its arrival or upon filling and shall be reexamined periodically
at least every 3 months.

(3) Prior to transferring .sulfur dioxide from a storage
container, an inspection shall be conducted to detect any gas leaks in the
transport system (eg, cylinder seal with gas regulator, regulator
apparatﬁs, regulator seal with transport conduits, conduit system, etc).

(4) Cylinders of sulfur dioxide shall be secured so they
cannot be damaged during transport or use.

(b) Emergency Procedures

(n Procedures for emergencies shall _be established to
meet foreseeable events. The irritant and choking properties of sulfur
dioxide provide warning of overexposure and evacuation from the area should
begin as soon as possible.

(2) Appropriate respirators shall be available for wear
during evacuation.

(3) Where there 1is the possibility of sulfur dioxide
contact on the eyes or skin, drench-type showers, eye-wash fountains, and
cleansing facilities should be installed and maintained to provide prompt,
immediate access by the workers.

(c) Exhaust Systems and Enclosure

Exhaust ventilation and enclosure processes shall be used wherever
practicable to control workplace concentrations. Systems shall be designed
and maintained to prevent the accumulation or recirculation of sulfur

10



dioxide into the workroom. In addition, necessary measures shall be taken
to ensure that discharge outdoors will not produce a health hazard to
humans, animals, or plants.

(d) General Housekeeping

Emphasis shall be placed upon cleanup, inspection and repair of

equipment and leaks, and proper storage of materials.

Section 7 - Monitoring and Reporting Requirements

Workroom areas where it has been determined, on the bésis of an
industrial hygiene survey or the judgment of a compliance officer, that
environmental levels do not exceed one-half the environmental standard
shall not be considered to have sulfur dioxide exposure. Records of these
surveys, including the basis for concluding that air levels are below one-
- half the environmental standard, shall be maintained until a new survey 1is
conducted. Surveys shall be repeated when any process change indicates a
need for reevaluation or at the discretion of the compliance officer.
Requirements set forth below apply to areas in which there is sulfur
dioxide exposure.

Employers shall maintain records of environmental exposures to
sulfur dioxide based upon the following sampling and recording schedules:

(a) In all monitoring, samples representative of the exposure in
the breathing zone of employees shall be collected. An adequate number of
samples shall be collected to permit construction of a time-weighted
average (TWA) exposure for every operation or process. The minimum number

11



of representative TWA determinations for an operation or process shall be
based on the number of workers exposed as provided in Table I-2.

€)) The first environmental sampling shall be completed within 6
months of the promulgation of a standard incorporating these
recommendations.

(c) Environmental samples shall be taken within 30 days after
installation of a new process or process changes.

(d) Samples shall be collected at least quarterly in accordance
with Appendix I for the evaluation of the work environment with respect to

. the recommended standard.

(e) Environmental monitoring of an operation or process shall be
repeated at 15-day intervals when sulfur dioxide concentration has been
found to exceed the recommended environmental standard. In such cases
suitable controls shall be initiated and monitoring shall continue at 15~
day intervals until two consecutive surveys indicate the adequacy of these
controls.

(£) Records of all sampling and of medical examinations shall be
maintained for at least 20 years after the individual's employment is
terminated. Records shall indicate the type of personal protection
devices, if any, in use at the time of sampling. Records shall be
maintained so that they can 5e classified by employee. Each employee shall

be able to obtain information on his own environmental exposure.

12



TABLE I-2

SAMPLING SCHEDULE

Number of Employees Exposed Number of TWA Determinations

1-20 507 of the total

number of workers

21-100 10 plus 25% of the

excess over 20 workers

over 100 30 plus 5% of the

excess over 100 workers

13



ITI. INTRODUCTION

This report presents the criteria and the recommended standard based
thereon which were prepared to meet the need for preventing occupational
diseases arising from exposure to sulfur dioxide. The criteria document
fulfills the responsibility of th Secretary of Health, Education, and
Welfare, under Section 20(a) (3) of the Occupational Safety and Health Act
of 1970 to "...develop criteria dealing wifh toxic materials and harmful
physical agents and substances which will describe... exposure levels at
which no employee will suffer impaired health or functional capacities or
diminished life expectancy 7s a result of his work experience."

The National Institute for Occupational Safety and Health (NIOSH),
after a review of data and consultatio.s with others, formalized a system
for the development of criteria upon which standards can be established to
protect the health of workers from exposure to hazardous chemical and
physical agents. It should be pointed out that any recommended criteria
for a standard should enable management and labor to develop better en-
gineering controls resulting in more healthful work practices and should
not be used as a final goal. |

These criteria for a standard for sulfur dioxide are part of a
continuing series of criteria developed by N.OSH. The proposed standard
applies only to the processing, manufacture, and use of suliur dioxide, ox
its release as an intermediate, byprodu-t, or Impurity therefrom as ap-

plicable under the Occupational Safety and Healt.. Act of 1970.
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These criteria were developed to ensure that the standard based
thereon would (1) protect against development of acute and chronic sulfur
dioxide poisoning, (2) be measurable by techniques that are valid,
reproducible, and available to industry and governmental agencies, and (3)
be attainable with existing technology.

Sulfur dioxide is a rather common hazard of the workplace and an
important component of the community air pollution problem. It is a
primary constituent of certain processes and may enter the working
environment either as a byproduct or as an impurity in a fuel or some raw
material being processed.

These criteria were not designed for the population-at-large and any

extrapolation beyond general occupational exposures is not warranted.
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III. BIOLOGIC EFFECTS OF EXPOSURE

Extent of Exposure

Sulfur dioxide is a colorless, irritant gas having a characteristic
odor and taste. Its more important physical and chemical properties are
presented in Table XI-1. [1,2] Potential occupational exposures are listed
in Table XI-2. [3]

Sulfur dioxide has a number of important industrial uses. [4] It is
used in many chemical processes including the manufacture of sodium
sulfite, and as an intermediate in the manufacture of sulfuric acid. It is
also used in refrigeration, bleaching, fumigating, and preserving
operations, and as an antioxidant in the melting, pouring, and heat
treatment of magnesium. Breathing-zone concentrations of sulfur dioxide in
some magnesium foundries have reached concentrations in excess of 50 ppm.
[4]

Exposures to sulfur dioxide are not limited to operations where it
is used. It is generated as a byproduct from many industrial processes,
including the smelting of sulfide ores, the combustion of coal or fuel oils
containing sulfur as an impurity, paper manufacturing, and petroleum
refining. [4]

NIOSH estimates that 500,000 persons in the work force could have

potential exposure to sulfur dioxide.
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Historical Reports

Comparatively few early historical reports are available of
poisoning by sulfur dioxide. The first report of lasting harmful effects
due to sulfur dioxide alone came from France in 1821, [5] There were many
complaints of the irritant effect of the gas upon workers employing sulfur
dioxide in the bleaching of textiles. There was a report from Germany in
1853 on the exposure of workers to sulfur dioxide during the process of
drying sugar beets. [6] The gas was reported to cause pneumonia,
gastritis, enteritis, and even vaginitis.

In 1893, the first measurements of occupational environmental
concentrations of sulfur dioxide and its effects were reported by Lehmann
from Germany. [7] Certain operations in the bisulfite papermaking indusgry
contained from 6-30 ppm sulfur dioxide and the workers, alieged to have the
appearance of good health, ignored its effects. However, the author [7]
and his two assistants, unaccustomed to sulfur dioxide, reportedly
experienced nasai irritation after 10 minutes exposure to 6.5 and 11.5 ppm
and found 30-57 ppm decidedly disagreeable. It has since been shown that
acclimatization to the subjective effects of sulfur dioxide does occur.
[8,9]

In 1930, Rostoski and Crecelius [10] reported on the acute effects
of overexposure to sulfur dioxide and probably other products of wood pulp
bisulfite digestion following the explosion of a digester vessel. Of the

18 workers involved in the accident, one died 10 months and another 15
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months later from intercurrent pulmonary infection. Three years later, 8
others were still incapacitated by radiologically confirmed chronic
bronchitis and emphysema. Those who returned to work complained of dyspnea
and bronchial catarrh. Greenwald [11] in 1954 believed that the serious
results of this accident were not due to sulfur dioxide but to the wood and
its products. Greenwald's 1954 report [11] represents an excellent review

of the effects of sulfur dioxide inhalation up to that time.

Effects on Humans

The rapidity with which sulfur dioxide forms sulfurous acid on
contact with moist mucous membranes explains its prominent biologic effect
iJL man and animals, ie, severe irritation. The sulfur dioxide molecule
itself is chemically reactive, but as all biologic systems function in an
aqueous milieu, it is doubtful whether sulfur dioxide as such can exist in
significant concentrations within living organisms. Sulfur dioxide is most
likely absorbed as sulfurous acid or one of its ionization products and may
undergo further biotransformation reactions in the body. The ultimate fate
of practically all absorbed sulfur dioxide is apparently oxidation to
sulfate ion, to be excreted princi, ally as inorganic sulfate in the wurine.
[12]

(a) Occupational Exposures

(L Acute Effects
Sulfur dioxide concentrations above 20 ppm have a marked

irritant, choking and sneezing effect. [7,11] Acute  exposure to
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concentrations of about 50 ppm will promptly cause irritation of the nose
and throat, rhinorrhea, and cough. These symptoms are sufficiently
disagreeable thatl most persons would not tolerate them for more than 15
minutes. [11] Such exposure will cause reflex bronchoconstriction and
possibly some increase in bronchial mucous secretion with increased
pulmonary resistance to air flow. [13] These changes may be clinically
‘manifested by high-pitched rales, and by a tendency to prolongation of the
expiratory phase of respiration. [13]

If workers are exposed to catastrophic amounts of sulfur dioxide in
a confined space, asphyxia will most probably result. If exposure is
insufficient to cause death by asphyxia, a chemical bronchopneumonia with
bronchiolitis obliterans may develop, which may be fatal after an interval
of some days. Such a case was reported by Galea in 1964 [14] from an
incident in a paper-pulp plant in Canada where a worker was exposed to a
high, but unmeasured, concentration of sulfur dioxide for from 15-20
minutes and died 17 days later.

Romanoff [15] in 1939 reported the development of typical signs of
bronchial asthma following acute exposures to unknown concentrations of
sulfur dioxide. One man had frequently been exposed over a 10-year period
to low concentrations of the gas in the course of his work. Following an
unusually large exposure to leaking sulfur dioxide, the man developed
asthma-like attacks which required hospitalization. It was suggested that

he had become sensitized to the bacteria which had established a

19



suppurative bronchitis secondary to the inflammatory effects of the sulfur
dioxide.

Sulfur dioxide gas 1s irritating to the eyes, producing burning
discomfort and lacrimation, but actual injury from industrial exposure is
rare. However, 1liquid sulfur dioxide from pressurized containers can
produce severe burns to the cornea of the eye which may be deéeptively
painless for the first few hours or even days. The increased severity is
due to the high concentration and is aggravated by the freezing effect of
the rapidly evaporating 1liquid. Over the course of weeks or months, the
cornea may become infiltrated and densely vascularized resulting in
opacification and severe loss of vision. Only in the mildest cases would
the initial corneal cloudiness be expected to clear completely. [16]

(2) Chronic Effects

Chronic exposure to sulfur dioxide is extremely widespread in
industry, [4] with problems occurring in smelting operations, [17] paper
manufacture, [18,19] and formerly in refrigerator production. [8] The most
meaningful exposure~effect information is found in  occupational
epidemiologic reports and nonoccupational experimental studies; therefore,
the presentation of epidemiologic findings at this point is considered
desirable to best develop the subject.

(A) Epidemiologic Studies

In most industrial situations, exposures have occurred to a mixture

of sulfur dioxide with some sulfuric acid aerosol, metallic oxides, or

other gases or particulate matter. [18,19] In contrast, exposures to
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relatively pure sulfur dioxide gas arising from the evaporation of liquid
sulfur dioxide used as a refrigerant were reported in an epidemiologic
study in 1932 by Kehoe et al. [8] The study included 100 men having a mean
duration of employment exposure of 3.8 years (47 employees had from 4-12
years employment exposure) to atmospheric concentrations averaging 20-30
ppm (range 5-70 ppm) at the time of the study. Prior to 1927, the sulfur
dioxide levels had been much higher, averaging 80-100 ppm. A control group
of 100 men, age-matched with the exposed group, was seleéted from parts of
the same plant where there was no known exposure to sulfur dioxide or to
other known noxious gases, fumes, or dust. Each of the 200 subjects was
questioned in detail as to the length and nature of his exposure to sulfur
dioxide. In addition, urinalyses and chest roentgenograms were obtained.
The symptoms associated with exposure to sulfur dioxide were
classified as: 1. initial symptoms, that is, those which developed during
the period before acclimatization (discussed bélow)§ 2, syﬁptoms arising
from customary exposure with or without acclimatization; and 3. symptoms
produced by heavy exposure. Initial symptoms were confined to the
respiratory tract and consisted, in descending order of frequency of
occurrence, of drritation to the upper respiratory tract, coughing,
epistaxis, constriction in the chest, and hemoptysis. Symptoms associated
with customary exposures were, in descending order of frequency, hacking
cough, morning cough, mnasal irritation and discharge, prolongation of
common colds, and expectoration{ The severity of these symptoms seemed to
be related to individual variation; however, all subjects showed some
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symptomatic evidence of dirritation of the wupper respiratory tract.
Symptoms associated with severe exposure were chiefly an intensified form
of those occasioned by the original customary exposure.

A statistically significant higher incidence of nasopharyngitis,
alteration in the senses of smell and taste, and increased sensitivity to
other irritants was elicited from the exposed group as compared with the
controls. A significantly higher incidence of tendency to increased
fatigue, of dyspnea on exertion, and longer duration of colds (although
their frequency was no greater) was also noted. The acidity of the wurine
to methyl red was prominent in the exposed group. There was no significant
difference in the incidence of chest roentgenographic abnormalities between
the two groups. Slightly more than 47 of each group had '"definite chest
pathology." Acclimatization occurred in 80% of the exposed group. The
mean length of time necessary for acclimatization was calculated to be 2.84
months (S.D. = 2 months). The high standard deviation emphasized the great
variability in the time required for acclimatization to take place.
Acclimatization was considered to be the acquired ability to withstand the
customary basic exposure without experiencing a mnotable intensity of
initial symptoms. Acclimatization is further discussed under Experimental
Studies. It is of interest that 207 of the exposed group failed to become
acclimatized to e#posure, but, according to the report, nevertheless
continued to work and to be exposed to sulfur dioxide. The authors
believed that the human organism has a high degree of adaptability to a

regular moderate exposure (presumably 20-30 ppm) of sulfur dioxide and that
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it suffers no apparent injury from such an exposure. In the case of
intense exposures, even though they occurred frequently, there was believed
to be no evidence of damage of a serious or a permanent type.

Anderson [9] in 1950 reported on the effects of sulfur dioxide
exposure in approximately 135 Iranian oil refinery workers. Usual
exposures in the refining and special products areas were estimated at
between 0-25 ppm. However, even though the buildings were open on all
sides affording gdod ventilation in the wyarm climate, exposures varying
between 60 and 100 ppm had been recorded during times when plant
maintenance was relatively low. No significant differences were reported
between exposed workers and reportedly nonexposed controls in weight,
systolic  blood pressure, or chest roentgenographic findings. An
unexplained difference was reported in the mean vital capacity of exposed
workers vs controls in the refining area; however, no differences were
noted between exposed workers and controls in the special products area.
The author claimed no evidence of adverse effects could be found as a
result of the study although no mention was made of any incidence of
pulmonary irritation, coughing, nasal irritation, etc, which are associated
with sulfur dioxide concentrations at the exposure levels encountered.

Skalpe [18] in 1964 reported a study of sulfur dioxide exposure in
54 workers in 4 different paper-pulp mills in Norway. In addition, 56
nonexposed controls were studied from the same industry and districts. The
study was stimulated by the fact that pulp mill workers very often

complained of chronic cough; therefore, an attempt was made to determine
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whether there was a higher incidence of respiratory disease in the pulp
mill workers than in a comparable unexposed control group. Environmental
measurements were taken with detector tubes at different time; and sites at
the 4 different pulp mills on a single day. Sulfur dioxide concentrations
ranged from 2-36 ppm and were considered to'représent general working
conditions in the acid tower and digester plant of the 4 pulp mills.
Special yorking procedures occurred, such as "blowing the digesters," for
which concentrations up to 100 ppm resulted, lasting only a few minutes but
during which, pulmonary irritation was so intense that gas masks héd to be
used. It was emphasized that workers had much heavier exposure than was
indicated by the analyses. The mean durations of employment exposure were
6.8 years for the subjects under 50 yeérs of age, and 20.3 years for those
over 50 years. All subjects were questioned to determine the incidence of
cough, sputum, dyspnea, and cigarette smoking habits.

A significantly higher frequency of cough, expectoration, and
dyspnea on exertion was found in the exposed group, the difference from
controls being 4 to 5 times the standard error in the age groups under 50
years and 2 times the standard error in the over-50-year groups. The
average maximal expiratory flow rate was significantly lower in the exposed
groups than in the control groups for men under 50 years of age. Beyond 50
years of age, there was no significant difference between the exposed and
control groups. Vital capacity values showed no differences between
exposed and control groups regardless of age. Cigarette smoking did not
appear to have any significant influence.
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It was surprising that the high frequency of symptoms of respiratory
disease was the greatest in the age groups under 50 where employment
exposure time had been shortest. According to the author, [18] the most
likely explanation was that because respiratory disease was rare in the
younger age groups, the effect of small external insults was easier to
detect than in the older age groups where respiratory disease from other
causes was more common and small additions would be less noticeable.

In 1967, Ferris et al [19] presented results on the incidence of
chronic respiratory disease in 147 pulp mill workers together with 124
workers from a neighboring paper mill who served as controls., The exposed
group from the pulp ‘mill complex included workers from 3 separate
subplants-—- a Kraft mill, a sulfite mill, and a chlorine plant; therefore,
exposures resulted from sulfur’ dioxide, chlorine, chlorine dioxide,
hydrogen sulfide, and some organic sulfides including mercaptans. At the
time of this study, only traces of chlorine and hydrogen sulfide were found
although chlorine 1levels had been high in prior years (mean = 7.4 ppm,
range 0 - 64 ppm). Mean concentrations of sulfur dioxide taken on 3
separate days on each of 3 prior years were 13.2, 4.05, and 2.06 ppm.
Although not specified by the authors, it seems apparent from the type of
operations 1involved, that, similar to Skalpe's report, [18] these
concentrations represented general working conditions. Special procedures
most likely occurred which resulted in exposure concentrations in excess of
those reported. Ferris et al [19] found no statistical differences in the

rates of chronic bronchitis and other respiratory diseases between the pulp
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mill exposed workers and the paper mill controls, the prevalence of chronic
nonspecific respiratory diseases being 32.5% and 27.47% for the pulp mill
and paper mill groups, respectively. Interestingly, the incidence of
respiratory disease found in both groups (approximately 30%) indicates that
chronic respiratory disease was a problem and that the paper mill workers
did not represent a satisfactory control group. This was substantiated by
the authors, [19] since, during the course of the study, it became apparent
that many of the men currently working in the paper mill had, in fact, been
previously employed in the pulp mill, In many cases they had transferred
from the pulp to the paper operation because they found the odors in the
pulp plant to be so disagreeable. Also, wage scales were slightly higher
on the paper machines so that a considerable amount of self-selection had
taken place. A rather complicated comparison was also presented between
pulp and paper mill workers and a local general male town population based
on the incidence and type of smoking habits.

(B) Carcinogenic Studies

Lee and Fraumeni, [17] reporting in 1969 on an excess
in total mortality among arsenic exposed smelper workers, found as much as
an 8-fold excess in instances of respiratory cancer as compared with that
of the white male population of the same states. Their findings supported
the hypothesis that inhaled arsenic is a respiratory carcinogen in man. At
the same time, they showed a gradient in proportion to the degree of
exposure to sulfur dioxide as well as the arsenic. Therefore, the

influence of sulfur dioxide or unidentified chemicals, varying
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concomitantly with arsenic exposure, could not be discounted. The study
reported the mortality experience due mainly to malignant neoplasms of the
respiratory system and diseases of the heart of 8,047 white male smelter
workers during 1938 to 1963. Work areas were rated on a scale with respect
to the level of sulfur dioxide exposure and members were classified in one
of three exposure groups, that is, heavy, medium, or 1light work exposure
areas. In general, the heavy sulfur dioxide exposure areas coincided with
the medium arsenic exposure areas and the medium sulfur dioxide areas
coincided with the heavy arsenic areas. Sulfur dioxide exposure and
respiratory cancer mortality were positively correlated, with observed
deaths ranging from 2 1/2 to 6 times expected in the light, medium, and
heavy exposure groups (Table XI-3). Investigations revealed that persons
with heavy exposure to arsenic and moderate or heavy exposure to sulfur
dioxide were most likely to die of respiratory cancer. The overall excess
of respiratory cancer could not be explained on the basis of other factors
such as socioeconomic status, genetic susceptibility, availability of
medical care, accuracy of death certificates, and urbanization.
Furthermore, although smoking histories were not available for persons in
the study, it was deemed highly unlikely that smoking alone would account
for the excess respiratory cancer mortality observed. There was no reason
to believe there was a positive relationship between amounts smoked and
degree of arsenic and sulfur dioxide exposure in the smelters. Although no
studies implicate sulfur dioxide as a carcinogen in man, it was postulated
that perhaps sulfur dioxide or other chemicals in the work environment
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possibly enhanced the suspected carcinogenic effect of arsenic or other
unknown substances.

Two animal studies [20,21] have associated sulfur dioxide exposure
with the incidence of bronchogenic carcinoma in conjunction with known
carcinogens or animal strains having a high spontaneous incidence of lung
carcinoma. The studies are discussed in the section under Animal Toxicity.

) Skin Hypersusceptibility

The incidence of skin reactions resulting from
prolonged exposures to sulfur dioxide have been reported by Pirila in 1954
[22] and 1963. [23] The first report [22] involved a case of urticaria in
a man working outdoors in a sulfate spirit mill where hot waste liquor was
emptied into a reservoilr several times daily. At such a time, the patient
was exposed to the gases and, when using a gas mask, no skin reaction
resulted; however, without the gas mask the skin eruptions occurred. When
the patient was placed in a chamber and exposed to 40 ppm sulfur dioxide
for 1 hour, the urticaria reappeared. 1In the second report, [23] a skin
eruption resembling that resulting from a drug hypersensitivity occurred in
a man working in an o0ld building demolishing refrigerator machinery.
Sulfur dioxide occasionally burst out in sufficient concentrations to cause
him to evacuate the area. Three days after such an incident, the patient
observed an eruption on his forearms which, during the following 5 days,
spread to all the extremities and trunk. In addition, swelling of the
eyelids resulted. No drugs had been used for 1 week prior to the onset of

the eruptionm. Following topical treatment and oral antihigtamines,
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regression began and had entirely disappeared after 4 weeks. Later, the
patient was exposed in a chamber to 10 ppm sulfur dioxide for 30 minutes.
On the following day, lesions again appeared but were weaker than had been
previously experienced. The eruption disappeared the following night.
Another chamber exposure to 40 ppm sulfur dioxide for 10 minutes was given,
after which the patient was permitted to breathe fresh air for an
unspecified period and then returned to the chamber for another 10 minutes.
On the following day, an eruption again developed which was more severe
than to the 10 ppm exposure. Regression of the lesions followed in
approximately 2 days. It thus seems that these 2 reported cases were due
to a systemic allergic reaction. In the case of allergic individuals, it
is extremely difficult to calculate a critical exposure concentration. The
subject of sulfur dioxide-related hypersusceptibility is further discussed
under Experimental Studies below.

Bronchial asthma has been reported by Romanoff [15] associated with
chronic intermittent exposure to sulfur dioxide in the refrigeration
industry. The affected individuals also had a predisposition to allergy.

(b) Experimental Studies

Many human experimental studies have been conducted in the past 2
decades concerning the effects of exposure to sulfur dioxide alone or in
combination with aerosols of both soluble and insoluble particulates.
Although the interest of most researchers has been with sulfur dioxide in
the context of community air pollution, the experimental exposure levels

have usually been in the range of industrial exposure levels. Most of the
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effects studied have involved various aspects of respiratory mechanics, all
rélated to pulmonary flow resistance. Unless otherwise stated, all the
following experiments were performed on subjects not occupationally exposed
to sulfur dioxide.
(1D Studies on Respiratory Mechanics
Sim and Pattle [13] in 1957 exposed healthy male volunteers

to a wide range of sulfur dioxide concentrations either by facemask or by
placing the subjects 1in an exposure chamber. The exposure levels were
expressed as mg-minutes/cu m; however, by converting these to ppm for a 10-
minute exposure (conducted with the facemask) and a 60-minute exposure
(conducted in the chamber), results were as follows: at exposures above 50
ppm for 10 minutes or 9 ppm for 60 minutes (1330 mg-min/cu m), 50% of the
subjects experienced an increase in aiiw.v resistance of more than 20%
above normal accompanied with rhinorrhea and lacrimation. High pitched
rales were noted over the larger bronchi for the 10-minute exposures and
moist rales occurred over the lung periphery at the 60-minute exposures.
At exposures to 30 ppm for 10 minutes or 5 ppw: for 60 minutes (800 mg-
min/cu m), little change was noted clinically or in lung resistance to air
flow.

Several dinvesti, *ors have exposed subjects to sulfur dioxide
concentrations at 5 ppm.

Frank et al [24] in 1964 reported an average 39% increase in
pulmonary flow resistance above control 1levels within 10 minutes of

exposure to 5 ppm sulfur dioxide in 11 men. Rates of recovery to baseline
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varied after cessation of exposure but the group still showed residual
effects after 15 minutes.

Nadel et al [25] in 1965 found that inhalation of 4-6 ppm sulfur
dioxide for 10 minutes in 7 healthy subjects caused an increaée in airway
resistance. This effect was completely prevented by prior subcutaneous
injection of atropine, suggesting a reflex bronchoconstrictive effect.

Snell and Luchsinger [26] in 1969 found a statistically significant
decrease in maximum expiratory flow from the 1level of one-half wvital
capacity in 9 men exposed to 5 ppm.

Melville [27] in 1970 reported on changes 1in specific airway
conductance of 49 healthy volunteers exposed to 5 ppm sulfur dioxide (also
to 2.5 and 10 ppm) for 1 hour. An observed decrease in specific airway
conductance was more pronounced with mouth breathing than with nose
breathing at the 2.5 and 5 ppm exposure levels. At 10 ppm, there was no
significant difference between the decrease in specific airway conductance
for nose and mouth breathing. At 5 ppm, there was no further decrease in
specific airway conductance after the first 5 minutes of exposure.
According to the author, these experiments suggested that at sulfur dioxide
levels up to 5 ppm, the nasal passages effectively absorb some of the
inhaled sulfur dioxide and thereby diminish the stimulation of sensitive
receptors in the larynx, trachea, and bronchi. Since continued exposure to
sulfur dioxide‘ resulted in no significant change in specific airway
conductance after 5 minutes, a response was suggested 2irad at maintaining

an optimal compromise between airway diameter and work of breathing.
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The following studies have measured exposure responses to sulfur
dioxide concentrations at 1 ppm.

Amdur et .al [28] in 1953 showed an increase in respiratory rate of
3-4 breaths/minute, an increase in pulse rate of 8-9 beats/minute, and a
decrease in tidal volume of about 25% below control levels during the first
2 minutes of an ll-minute exposure to 1 ppm sulfur dioxide in 4 healthy
adult men. During the remainder of the exposure period, the tidal volume
increased again but stabilized at about 15% below control values.
Subsequent studies by others [13,29] have failed to confirm these findings
at the l-ppm level.

Frank et al [29] in 1962 reported no detectable change in pulmonary
flow resistancebor peak flow rate in 10 out of 11 healthy male adults. The
one subject who did show a response consistently had the highest
preexposure control values of the group for pulmonary flow resistance. He
had no history of respiratory illness and was a moderate smoker.

Snell and Luchsinger [26] in 1969 reported a small but statistically
significant decrease in maximum expiratory flow from the level of one-half
vital capacity for a group of 9 physicians and technicians.

Burton et al [30] in 1969 failed to find any immediate physiologic
effect on pulmonary flow resistance to sulfur dioxide levels averaging 2.1
ppm  +0.19 (range 1.2-3.2 ppm) in 10 healthy male volunteers, half of them
smokers.

Weir et al [31,32] exposed 4 groups of 3 healthy young adult males

continuously for 120 hours to low levels of sulfur dioxide. At 1levels of
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0.3 ppm and 1 ppm sulfur dioxide, no.dose~re1ated changes were observed in
subjective complaints, clinical evaluation, or pulmonary function
measurements. At 3.0 ppm, there was evidence of significant but minimal
reversible decreases in small airway conductance and compliance.

(2) Hypersusceptibility

Studies have detected the presence of susceptible individuals
who appear to overreact to concentrations of sulfur dioxide which, in most
persons, elicit much milder responses. [13,29,30,33,34] Burton et al [30]
in 1969 estimated that such "hyperreactors' may occur in 10-20% of the
healthy young adult population. The hyperreactive responses occur with
single exposures to sulfur dioxide. Apparently many such persons
voluntarily transfer or remove themselves from surroundings involving
sulfur dioxide exposure as was indicated in the study by Ferris et al.[lé]
This may be extremely difficult or virtually impossible for some
individuals for various socioeconomic reasons. The mechanism of this
hyperreactivity is unknown.

3) Acclimatization |

Acclimatization refers to the physiological adjustment
exhibited by an individual to environmental changes, in this case to
changes produced by sulfur dioxide. Such - an adjustment to the
environmental stimulus does not necessarily imply a beneficial effect even
though the stimulus may become less objectionable to the individual upon

continuous or repeated exposure.
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Several studies have shown evidence of rather rapid physiological
compensation to the effects of sulfur dioxide, especially on respiratory
mechanics. [8,28,29,33] Kehoe et al [8] reported that acclimatization
occurred in 80% of the sulfur dioxide-exposed group studied. The specifics
of the study have been discussed under Epidemiologic Studies.

Amdur et al [28] in 1953 reported that 2 men who customarily worked
in atmospheres containing 10 ppm sulfur dioxide or more showed no changes
in respiration rate, tidal volume, or pulse rate to 5 ppm exposures.

Frank et al [29] showed that an initial coughing and sense of
irritation in the throat and chest to 5 ppm and 13 ppm of sulfur dioxide
tended to subside after 5 minutes, at a time when an increase in pulmonary
flow resistance was maximal. The coughing and irritation presumably
remained diminished for up to 30 minutes, the longest duration of exposure.

Acclimatization is considered to be mediated through depression of
tracheobronchial nerve reflexes [27,29] along with a direct action of
sulfur dioxide on bronchial smooth muscle as demonstrated in animals. [35-
37] Whether mucosal secretion is an additional factor is not certain. It
is questionable whether acclimatization to sulfur dioxide is desirable from
a health standpoint in the occupational environment. Melville [27]
emphasized the fact that although workers exposed to high sulfur dioxide
concentrations showed no physical disability, it should not be accepted as
proof that sulfur dioxide has no harmful effects, since a prolonged
decrease in specific airway conductance might eventually compromise

pulmonary function. Also, Haggard [38] in 1923 stated that the apparent
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tolerance in workers exposed to sulfur dioxide was due to mucus in the
upper air passages which acted as a protective coating. In his opinion,
depression of the reflex merely removed one measure cf protection.

(4) Interaction with Aerosols

The possible presence of sulfur dioxide—aerosol interaction
in man and animals (see Animal Toxicity) has been investigated with
conflicting results.

Frank et al [24] in 1964 reported changes in pulmonary flow
resistance in 12 healthy male adults during exposure to 3 levels of sulfur
dioxide: 1-2 ppm, 4-6 ppm, and 14-17 ppm alone, and then combined with 12-
24 mg/cu m of sodium chloride aerosol having a geometric mean diameter of
0.15 micron. No evidence of augmentation was detected at any of the
concentrations studied. Moreover, no statistically significant changes in
pulmonary flow resistance occurred during exposure to 1-2 ppm sulfur
dioxide, with or without added aerosol.

Snell and Luchsinger [26] in 1969 were unable to detect significant
differences between 0.5, 1.0, and 5 ppm sulfur dioxide and either distilled
water aerosol or normal saline aerosol, on expiratory flow rates and total
respiratory resistance in 9 healthy young adults. The aerosol
concentrations were not stated directly. Only particle (droplet) sizes in
the range between 0.3 micron and 10.0 microns could be counted with the
aerosol photometer being used.

Burton et al [30] in 1969 exposed 10 young healthy male adult
subjects, half of them cigarette smokers, to sulfur dioxide concentrations
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alone from 1.2-3.0 ppm and then combined with sodium chloride aerosol (0.25-
micron mean diameter) at concentrations ranging from 2.0-2.7 mg/cu m.
Pulmonary flow resistance and airway resistance were measured. No
significant effects were noted on pulmonary flow resistance with sulfur
dioxide alone or mixed with the sodium chloride aerosol.

In contrast, Toyama [39] in 1962 reported evidence of synergism
between sulfur dioxide in a wide range of concentrations (1.6-56.0 ppm) and
7.4 mg/cu m sodium chloride aerosol (0.22 miéron mean diameter) in 13
healthy male adults as measured by pulmonary flow resistance. Inhalation
for 5 minutes to sodium chloride aerosol alone produced no differences from
prior control values in any of the subjects. TFive-minute inhalation of
sulfur dioxide, 30 minutes éfter the aerosol exposures, produced changes in
pulmonary flow resistance which varied according to the concentration of
sulfur dioxide employed. Concentrations from 1.6-5 ppm consistently showed
about 5% increase iIn pulmonary flow resistance; thereafter, values
increased regularly for increased sulfur dioxide concentrations. For
example, an approximate 10-ppm sulfur dioxide concentration resulted in a
10%Z increase in pulmonary flow resistance, 30 ppm sulfur dioxide in a 30%
increase, and 56 ppm sulfur dioxide in a 50% increase. After recovery to
control values (generally 30 minutes) the sulfur dioxide-aerosol
combination, inhaled for 5 minutes, produced an average 20% increase in
pulmonary flow resistance above that observed for sulfur dioxide inhalation

alone.
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In a later study in 1964, [40] Toyama claimed evidence of synergism
between sulfur dioxide in concentrations from 3-40 ppm and dust obtained
from the Kawasaki, Japan, area and dispersed at 10-50 mg/cu m. Ten young
adult males were tested for increases in pulmonary flow resistance by
procedures described above. Wide individual differences in response were

noted including a detectable response to the inhalation of the dust alone.

Animal Toxicity

Although a considerable amount of experimental work has been
reported on exposure of animals to sulfur dioxide, much of the information
has been duplicated by human experiments, especially at exposure levels
which are pertinent to the development of an occupational exposure
standard. Therefore, rather than include all animal studies in this
discussion, only those experiments are presented which have not been
studied in humans but which may be applicable to the occupational exposure
situation.

In general, man 1is considered to be more sensitive than other
mammals to the effects of sulfur dioxide in ranges commonly employed
experimentally [11] with the possible exception of the domestic cat. [41]
The effect of sulfur dioxide on all mammals is qualitatively the same--that
of respiratory and mucous membrane irritation and reflex

bronchoconstriction with increased airway resistance.
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(a) Inhalation

Dalhamn and Sjoholm [42] in 1963 found that 5-minute exposures to
1,150-7,700 ppm sulfur dioxide (20-30 mg/liter) produced arrested ciliary
activity in rabbit trachea in vitro. Ciliary movements in the rabbit
trachea in vivo were frequently arrested after 15 minutes exposure to 200
ppm sulfur dioxide., [43] The same series of experiments failed to
demonstrate synergism between sulfur dioxide and carbon black particles
mostly below 5 microns in size. |

Dalhamn [44] din 1956 reported morphologic changes 1in rats as
determined by electron microscopy. Rats exposed to 10 ppm sulfur dioxide
for 3-10 weeks showed severe morphologic changes in the epithelium and
lamina propria of the upper respiratory tract with evidence of abnormal
cell proliferation. These changes were unaffected by differences in the
duration of exposure nor did the changes appear to have regressed in rats
examined about 4 weeks after exposure to sulfur dioxide had ceased.

Fraser et al [45] in 1968 reported no alteration in ciliary activity
in rats exposed to 1 and 3 ppm sulfur dioxide, either with or without
concomitant exposure to graphite dust (1.5 micron median diameter, 1 mg/cu
m concentration). Also, on microscopic examination of lung sections, they
found no alteration in the ratio of dust-laden cells to the total number of
alveolar cells.,

Reid [46] 1in 1963 exposed young rats to 300-400 ppm sulfur dioxide
for 5 hours/day, 5 days/week for 6 weeks. An increase in mucin-containing
cells was found in the large bronchi and the cells were observed in
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periphéral bronchioles where they are not normally found. There was
evidence of increased mucous secretion but no sigws of increased invasions
by dinfective microorganisms. The excess of mucin-containing cells
persisted for at least 3 months after the termination of exposure.

Spiegelman et al [47] in 1968 exposed 3 miniature donkeys to sulfur
dioxide concentrations ranging from 26-713 ppm fér periods of 30 minutes
and studied bronchial clearance of radioactive monodisperse ferric oxide
particles. They found no alteration in the rate of bronchial clearance at
sulfur dioxide levels below 300 ppn. At higher levels, impairment of
bronchial clearance was attributed in part to the 1increase in mucous
secretion.

Rylander [48] in 1969, using aerosols of killed radiocactive and
viable Escherichia coli, demonstrated no impairment of the bacterial
. elimination mechanisms (mechanical clearance, phagocytosis, etc) in guinea
pigs exposed to 10 ppm sulfur dioxide, 6 hours/day for 20 exposures.

Alarie et al {49] in 1970 reported on essentially continuous
exposure of guinea pigs, 22 hours/day, 7 days/week for 1 year to about 0.1,
I, and 5 ppm sulfur dioxide. Pulmonary function measurements includiﬁg
tidal volume, respiratory rate, minute volume, dynamic compliance,
pulmohary flow resistance, and carbon monoxide uptake indicated that no
detrimental changes could be attributed to sulfur dioxide. In addition,
hematological and microscopic tissue studies failed to show any adverse
effects on body weight, growth, and survival. In a subsequent study,
Alarie et al [50] in 1972 reported on the effects in young cynomalgus
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monkeys of long term (78 weeks) 24-hour/day exposure to concentrations of
sulfur dioxide of about 0.1, 0.6, 1, and 5 ppm. Control groups exposed to
fresh air were also included.  Evaluations were made on mechanical
properties of the 1lung, distribution of pulmonary ventilation, diffusing
capacity of the lung, arterial blood tension, lung histology, hematological
and blood biochemical indices, and organ histology. No deleterious ef<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>