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ABSTRACT
The report reviews acute toxicity effects of sulphur dioxide and, in
particular, attempts the derivation of a dose-lethality curve (presented
as LCc 0 vs. time) for human exposure to sulphur dioxide for periods
ranging from ten seconds to two hours. The curve is based upon a
comparison of experimentally measured toxicity responses in human
volunteers with those of laboratory animals: specifically, human and
guinea pig responses (as measured by changes in pulmonary flow resistance)
to lov, non-lethal concentrations and reported median-lethality-concentrations
(LC5Q) for the guinea pig.
Because this report was written as an aid to the assessment of the hazards
involved in operating heavy water manufacturing facilities, the fact that
sulphur dioxide would be produced by the combustion of hydrogen sulphide
was briefly considered in an appendix. It is suggested that sulphuric
acid, a much more toxic substance than sulphur dioxide, may also be
formed in such an event. It is concluded, therefore, that an overall
hazard evaluation may have to address the contributory effects of
sulphuric acid.

RESUME
Le present rapport est une etude des graves effects de toxicite du
bioxyde de soufre. En particulier, on tente d'y etablir la derivation d'une
courbe dose-letalite (presentee sous forme de CL_ Q par rapport au temps) pour
1'exposition des humains au bioxyde de soufre pendant des periodes allant
de dix secondes a deux heures. La courbe est fondee sur la comparaison
de reactions a la toxicite de volontaires humains et d'animaux de laboratoire,
mesurees experimentalement. Plus precisement, il s'agit des reactions des
humains et des cobayes (telles que mesurees par les changements de
resistance de la circulation pulmonaire) a des concentrations faibles et
non mortelles, ainsi que des concentrations medianes de letalite (CL 5Q )
disponibles pour les cobayes.
Ce rapport ayant ete redige comme outil d1evaluation des dangers que presente
1'exploitation d'une installation de fabrication d'eau lourde, on y a aussi
brievement etudie le fait que la combustion de sulfure d'hydrogene produit
du bioxyde de soufre. On souligne que cette combustion peut aussi produire
de l'acide sulphurique, substance beaucoup plus toxique que le bioxyde de soufre.
Par consequent, une evaluation globale des dangers devrait peut-etre inclure
les effects contributoires de l'acide sulphurique.

DISCLAIMER
The Atomic Energy Control Board is not responsible for the accuracy of
the statements made or opinions expressed in this publication and neither
the Board nor the author(s) assume(s) liability with respect to any damage
or loss incurred as a result of the use made of the information contained
in this publication.
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1.

INTRODUCTION

Sulphur dioxide is a highly irritant, moderately poisonous gas,
which affects the respiratory tract.

Short exposures to high concen-

trations of the order of thousands or, possibly, hundreds of ppm cause
death due to respiratory failure.
have been known for centuries —

These potentially lethal properties
indeed, it is reported that sulphur

dioxide, presumably generated by the burning of raw sulphur, was used
as a poison gas in the Peloponnesian Wars some 2,500 years ago^ —

and

a number of deaths, due to accidental exposure in the workplace, have
been reported over the last hundred years.

In addition, significantly

increased mortality has been reported in populations exposed to severe
pollution episodes in which sulphur dioxide, at ppnt levels, was
identified as one of ths major atmospheric pollutants.

On the other

hand, eighteenth and nineteenth century physicians used

localized

exposures to sulphur dioxide for treatment of patients with scabies and
a variety

of other

diseases

of the skin, with the

cutaneous

rianifestations of systemic disorders, such as syphilis, as well as
those with sciatica, arthritis,

^

The Atomic Energy Control Board (AECB) requested an assessment
of the acute toxicity of sulphur dioxide to aid in their evaluation of
the risk potential of heavy water manufacture.

Specifically we were

asked to attempt the development of a dose-lethality curve for human
exposure to sulphur dioxide for periods ranging from one breath
(approximately six seconds) to two hours.

It is the emergency provisions designed to deal with a possible
catastrophic release of hydrogen sulphide in a heavy water manufacturing operation that produce the potential for the generation of large
amounts of 3ulphur dioxide.

If a hydrogen sulphide high-pressure line

ruptures, the flammable hydrogen sulphide is vented to a flare stack
where the gas is burnt.
be sulphur dioxide.

The major product from this combustion would

(A discussion of hydrogen sulphide combustion is

presented in Appendix I.

The nature of the reaction products, and in

particular the potential for sulphuric acid formation, is pertinent to
an assessment of the overall toxicity of the gases released in such an
accident.)

The focus of this report, however, is a discussion of the
toxicity of pure sulphur dioxide.

1.1

INFORMATION OH SULPHUR DIOXIDE TOXICITY

There have been few experimental investigations into doselethality relationships of sulphur dioxide exposure.

There have been,

however, a number of laboratory studies into non-lethal toxic effects
of sulphur dioxide in a variety of animal species and in human volunteers.

These non-lethal studies were aimed at defining the adverse

health effects of atmospheric pollutants.

Epidemiological studies of

populations exposed to sulphur dioxide smogs have also been carried
out.

1.2

PROBLEMS IN DERIVING A DOSE-LETHALITY CURVE

The reported cases of deaths resulting from accidental human
exposure to sulphur dioxide are characterized by a total lack of
information on the levels to which the victims w«=re exposed.

This

factor makes extrapolation of animal lethality data to the human
condition much more difficult.

The uncertainties in m&Jcing such an

extrapolation are large, a common problem with this type of exercise.
Size differences between animal species and man cannot be easily
quantified with respect to uptake and clearance of the intoxicant.
Different animal species show different degrees of response to sulphur
dioxide.

If these

factors were not complications

enough, lung

physiology of the animal species used differ markedly from that of
humans*

Some relationships comparing animal and human response to

sulphur

dioxide may be

inferred

from

information obtained

from

experimental non-lethal exposure studies, and these relationships may,
with judicious caution, be used as one basis for the derivation of a
human dose-lethality curve.

Epidemiological

studies of communities

exposed

to

sulphur

dioxide containing smogs have demonstrated that human exposure to
sulphur dioxide in the low or sub-ppm range, exacerbated by the
presence of respirable particulates, results in increased mortality.
While the number of deaths were a very small percentage of the affected
population, they nonetheless

indicate that the most

susceptible

segments of the population (i.e., the old, the infirm, the young) must
be accounted for when using the dose-lethality curve to predict the
number of deaths which may result from accidental exposure to high
levels of sulphur dioxide.

2.

EFFECTS OF ACUTE EXPOSURE

2.1

INDUSTRIAL A C i-i

2.1.1

General Considerations

Sulphur dioxide has a number of important industrial uses.

It

is used in many chemical processes including the manufacture of sodium
sulphite and as an intermediate in the manufacture of sulphuric acid.
It is also used in bleaching, fumigating, and preserving operations,
and as an antioxidant in the melting, pouring, and heat treatment of
magnesium.

Exposures to sulphur dioxide, however, are not limited to

operations where it is used.

It is generated as a by-product from many

industrial processes, including the smelting of sulphide ores, the
combustion of coal or fuel oils containing sulphur as an impuritV;
paper manufacturing, and petroleum refining.

The National Institute

for Occupational Safety and Health estimates that 500,000 persons in
the U.S. work force could be potentially exposed to sulphur dioxide and
lists some of the occupations in which such exposure could occur (see
Table 2-1). 3

It is perhaps surprising that, in view of this widespread use of
sulpur dioxide in industrial processes, there are not a greater number
of documented cases of acute accidental exposures.

However, the small

number cf documented cases which detail the mortality and morbidity
characteristics of massive short-term exposure are pertinp.nt to this
assessment of sulphur dioxide toxicity.

In no case was it possible to

conclusively identify the actual exposure level.

It can be estimated,

however, from data presented in subsequent sections of this report,
that serious debilitation or death was associated with sulphur dioxide
exposure levels of several hundreds and more of ppm.
exposure was of the order of minutes.

Length of

TABLE 2-1

Occupations Considered to Frequently Include Exposures to
Sulphur Dioxide^

beet sugar bleachers
blast furnace workers
brewery workers
diesel engine operators
diesel engine repairmen
disinfectant makers
disinfectors
firemen
flour bleachers
food bleachers
foundry workers
fruit bleachers
fumigant makers
fumigators
furnace operators
galatin bleachers
glass makers
glue bleachers
grain bleachers
ice makers
meat perservers
oil processors

ore smelter workers
organic sulphonate makers
paper makers
petroleum refinery workers
preservative makers
protein makers, food
protein makers, industrial
refrigeration workers
straw bleachers
sugar refiners
sulphite makers
sulphur dioxide workers
sulphuric acid makers
sulphuryl chloride makers
tannery workers
textile bleachers
thermometer makers
thionyl chloride makers
wicker ware bleachers
wine makers
wood bleachers
wood pulp bleachers

Generally< cie of the immediate symptoms reported is a marked
eye irritation occurring above about 20 ppnw
exposure would lead to corneal damage.
is affected.

The entire respiratory system

Deep inhalation results in violent coughing, caused by

pronounced mucosal irritation.
increases

Higher and continued

Mucous flow from the nasopharynx

and ciliary activity decreases at leveis greater than

approximately 20 to 30 ppm.

High concentrations of sulphur dioxide,

inhaled through the nose, or lower concentrations through the mouth,
promote

the rapid onset of bronchoconstriction and a resultant

restriction of air flow into the respiratory surfaces.
striction likely initiates the cough reflex.

This bronchocon-

High pitched rales and

prolongation of the expiratory phase may also result.

A shift in

bronchial circulation occurs as bronchial veins become constricted.
This leads to pulmonary edema and hemorrhage, induced by an elevation
in capillary pressure and protein leakage into the alveolar wall.

These general responses will cause a dyspnea in the afflicted,
if the exposure time is long enough and sulphur dioxide concentrations
are of the order of up to several hundred ppm.
sulphur

dioxide

atmosphere

Removal from the

generally results in recovery.

This

recovery may be followed by a more or less severe relapse, leading at
times to a bronchiolitis obliterans.

Such debilitation of pulmonary

function may be permanent.

Short-term mortalities are less associated with the above
sequence of effects but tend to be limited to apparently exceptionally
high-level exposures which lead to an obstructive tracheolaryngeal
spasm and asphyxiation within a few minutes.

A cautionary note here,

expanded in Chapter 5, is that a small but significant section of the
human population is at greater risk in event of sulphur dioxide
exposure, in that they may show such a tracheolaryngeal spasm at
relatively low concentrations.

2.1.2

Case Histories

Galea reports two cases resulting

from accidental sulphur

dioxide inhalation in a pulp and paper plant. 4
conditions are reported.
the accident.

No levels or exposure

The first case was examin-d four months after

The patient, a 45-year-old male, showed a more than 60

percent reduction in maximum breathing capacity, in part atttributable
to

chronic bronchospasm.

The second

case, a 35-year-old male,

complained of slight ocular irritation and pain in deep breathing
immediately after exposure, but apparently recovered in a few days.

He

was readmitted to hospital 10 days after the accident, with cough,
dyspnea, and copious mucous production.
lung bases.

Rales were present at both

The condition deteriorated progressively in spite of

treatment and he died on the seventeenth day after the accident.
Autopsy

revealed

extensive

respiratory

organ

involvement.

The

respiratory surfaces and underlying tissues were variously damaged, and
Showed alveolar lesions and evidence of extensive mucous-secreting
activity.

The diagnosis was of extensive peribronchiolar fibrosis and

bronchiolitis

obliterans,

presumably

responsible

for

the

acute

emphyseiaatous changes consistent with the immediate cause of death.

Mallner describes two accidents resulting from pipe rupture in
cellulose digesters which released sulphur dioxide.5

one 35-year-old

male waa exposed for 20 minutes to the gas, presumably at high
concentration.

He was admitted to hospital in a drowsy state and

diagnosed as suffering from pulmonary edema.
hoarse voice and heavy conjunctivitis.
after treatment, six days later.

Additionally, he had a

He was released from hospital,

Within two and a half months,

however, he developed symptoms indicative of a spastic bronchitis.
These increased in severity and led to an inability to work and
constant medical care.

Diagnosis five years after the accident

indicated considerable damage had occurred to the bronchial membranes,
resulting in ciliary movement insufficiency and inadequate bronchial
clearing.

A destructive bronchiolitis obliterans resulted, with

associated emphysema and impaired respiratory function.
at the time of the most recent examination was very poor.

The prognosis
Mallner also

describes a second case, of similar accidental origin but of lesser
exposure.

The sulphur dioxide penetrated a working area in the floor

abova the ruptured digester pipe.

Immediate responses were shortness

of breath and coughing, followed by collapse.

Respirator treatment

resulted in apparent recovery, but this was followed by a progressive
dyt.pnea and massive mucous production.
to ivork after four weeks•

The patient was able to return

Diagnosis two years later showed a chronic

respiratory debilitation, marked by a tendency to bronchitis.

A

particular chronic hyperactivity to inhaled irritants was indicated.

Prflgger describes the case of a 32-year-old male, also exposed
in a digester accident.**

Twenty minutes of exposure to sulphur dioxide

in the accident area resulted in shortness of breath, extensive
coughing, a subjective pressure-feeling in the head and chest, heavy
mucous secretion, and vision irregularities.
lung edema, mucous membrane

irritation, keratoconjunctivitis, and

peribronchial infiltration, along with other
respiratory distress.

Clinical findings were

associated signs of

Intensive hospital therapy led to release in six

days and apparent near recovery.

Progressive worsening of pulmonary

function followed, however, leading to a high-level chronic obstructive
bronchitis and an inability to work a year and a half later.

Diagnosis

at that time revealed a resistant infectious process in the respiratory
passages.

Therapy and subsequent examinations for several years showed

a marked improvement of pulmonary functions.

Nonetheless, permanent

damage to the ciliary epithelium and its clearing functions, as well as
signs of chronic emphysema, remained attributable to the original
sulphur dioxide poisoning.

The overall prognosis was fairly good.

Woodford et al. describe the response of a 25-year-old male
carpenter exposed to sulphur dioxide in a paper mill. 7

He was trapped

in a high concentration for 15 to 20 minutes and suffered immediate eye
irritation, rhinorrhea, cough, and near unconsciousness.

Hospital

10

examination revealed conjunctivitis, pulmonary
rales.

Near recovery resulted by six days.

edema, and basilar

But 14 days later he was

again hospitalized with signs of constant cough and purulent sputum,
coarse basilar rales, expiratory wheezing, and hyperinflation.
weeks

after

the exposure he developed

clinical pulmonary

requiring drug therapy and assisted ventilation.

Four

edema

Slow improvement led

to a stable but impaired pulmonary function which persisted for 10
years.

This was marked by a persistent productive cough, a prolonged

expiration phase, wheezing or forced expiration, and pulmonary hyperinflation.

Physiological studies showed a persistent and moderately

severe obstructive impairment, without bronchospasm and without loss of
parenchryma.

Bronchiolitis obliterans is suggested as the causative

lesion.

The most recent case report describes an induatrial accident in
which five persons were acutely exposed to sulphur dioxide.8
the victims, with the highest exposure, died immediately.

Two of

These two,

56- and 59-year-old males, were inside a cellulose digester when the
digester was accidently filled with sulphur dioxide and steam under
pressure.

Both managed to climb out of the digester, but died of

respiratory arrest within five minutes.

Autopsies revealed marked

damage and ablation of the pharyngeal and laryngeal mucosa, as well as
that of the large and small airways.

Alveolar spaces were extensively

filled with protein-rich edema fluid.
noted in some alveolar areas.

Hemorrhage extravasation was

The three survivors were less heavily

exposed, being stationed outside the digester; although one survivor,
who was stationed at the exit to the digester and helped the two
victims to climb out, was exposed to sulphur dioxide for a considerable
time period.

All three had similar acute symptoms:

irritation and

soreness of the eyes, nose, and throat; tightness of the chest and
intensive dyspnea.
noted.

Conjunctivitis and superficial corneal burns were

The pharyngeal r ,=osa was hyperemic, and chest examination

revealed decreased breath sounds, diffuse rales, and rhonchi.
was no evidence of acute pulmonary edema.

There

Hypotoxemia was revealed by

11

blood-gas analysis; this was particularly evident in the most exposed
survivor.

Serial pulmonary function tests were carried out for 116

days after the exposure incident.

On the first day, the survivor with

the highest exposure showed mild airway obstruction which aubsequently
developed into severe and irreversible airway obstruction with air
trapping and hyperinflation.
mild exertion.

This subject continues to show dyspnea on

The fourth subject, who had worn a cartridge air mask

for most of the incident and was therefore less exposed, showed no lung
impairment soon after exposure but developed a progressive mild airway
obstruction by day 116.

The fifth subject, a fireman who went to the

aid of the other four, was presumably the least exposed and did not
exhibit pulmonary

function abnormalities

at any time after the

exposure.

It is evident from even these few cases that the pulmonary
system is most seriously affected by sulphur dioxide intoxication.
Extremely high exposure levels lead to rapid death by asphyxia, and
severity of the symptoms in survivors is generally related, by
inference, to the length and intensity of sulphur dioxide exposure.
Immediate effects ameliorate rapidly, but a week or more later latent
damage becomes evident and serious.

This pulmonary function impairment

then tends to become somewhat less severe, stabilizing at some
permanent level of dysfunction.

2.2

COMMUNITY EXPOSURES

In contrast to the high (but unmeasured) sulphur dioxide levels
encountered in industrial accidents are episodes of particularly high
air pollution in which sulphur dioxide levels of one ppm or less were
associated

with

increased mortality

In the exposed populations.

Because of the large numbers of exposed individuals, these events may
provide information that would help in the assessment of the impact of
much higher levels over a populated area.

Direct extrapolation to

12

acute high-level-exposure sulphur dioxide toxicity cannot, however, be
made as the sulphur dioxide pollution was always associated with such
pollutants as carbonaceous particles., sulphuric acid, water droplets,
and other directly toxic contaminants.

The contributory role played by

such factors is discussed in Chapter 5.

Table 2-2 summarizes increases in daily population mortality
associated with particularly high pollution episodes.

Among these, the

London fog episodes are extensively documented, having resulted in a
large number of deaths.

Ihe 1952 incident is described by Logan,9 who

reported that increased mortality affected persons of all ages, but in
particular those over 45 years old or those suffering from pre-existing
heart and/or lung disease; children, however, were not particularly
sensitive.

Cause of death was mainly identified as bronchitis and

pneumonia and increases in deaths of eight and three times, respectively in one week were observed..

Morbidity effects were much more common in the episodes listed
in Table 2-2.

Firket states that several hundred people were severely

attacked with respiratory symptoms in the 1930 Meuse Valley incident.12
People with a previous history of such respiratory troubles as asthma
and bronchitis, were most seriously affected.

Respiratory distress

occasionally progressed to cardio-vascular collapse.

The accidental

pollution event at Engis in the Meuse Valley in 1972 was also associated with respiratory problems, with 6,000 people stated as becoming
afflicted.14

Generally, the

increased

incidence of respiratory distress

required about three days to develop maximally in the urban population
episodes.

Further, the smog episodes all lasted for several days and,

taking into account the size of population affected in each episode,
the increases in mortality indices were of the same order of magnitude.^

In the case of the 1952 London episode, the excess deaths

attributable to the smog formed approximately 0.05 percent of the

13

TABLE 2-2

Site

Mortality Indices in Populations Exposed to Episodes of High
Air-Pollution

No . o f Excess

Ratio of

Exposure

Deaths8

Excess Deaths0

Duration

Date

so 2
Level

Ref.

(ppm)c
London,

Dec. 1873

900*

1.4

3 d.

1880

3300*

1.5

4 d.

Dec. 1892

2100*

1.4

3 d.

Nov. 1948

TOO*

1.3

6 d.

Dec. 1952

4000

2.6

5 d.

Jan.

1000

9, 10

England
Jan.

Meuse
Valley,
Belgian

1956

D e c . 1957

7C0-800

D e c . 1962

700

Dec. 1930

63(64) d

Sept . 1972

Donora,
Oct. 1948
Pennsylvania

*

1.3

11

5 d.

9-35

12, 13

60

2 d.

0.1->0.3

14

18(20) d

5 d.

13

estimated

a)

attributable to air pollution incident:
available data.

estimate calculated from

b)

from standardized period before and after the onset of the episode:
emphasizing the period of maximum mortality.

c)

maxima estimated from available data.

d)

according to Logan 9

population in the Greater London area, ft rough estimate of morbidity
frequency would be from one-half to one percent of the population.

2.3

CONTROLLED STUDIES

2.3.1

Human

Controlled studies of human response to sulphur dioxide
naturally are limited to short-term low-level exposures.

The aim in

assessing the resultant physiological effects is to formulate some
predictive assessment of the effects at higher doses.

Further, it may

be possible to extrapolate from studies of impaired physiological
functions and the onset of mortality in Laboratory test animals to
measured physiological function impairment in human volunteers and a
related, but postulated, mortality Index (i.e., LD50 values related to
time and concentration of exposure).

The earliest human exposure studies were carried out late in
the last century and were initiated by occupational health concerns.
Ogata'^ addressed himself to the problem in order to resolve seriously
conflicting opinions on sulphur dioxide toxicity to humans existing at
the time, ranging from statements of severe toxicity to apparent low
toxicity.

In the latter instance, H i r t ^ (as cited by Ogata) claimed

that workers exposed to one to three percent of atmospheric sulphur
dioxide remained healthy, -for the most part, for extended periods of
time.

Strangely enough, Hirt stated that it was not the respiratory

organs which were affected by higher concentrations up to four to six
percent, but the digestive organs.
findings is worthy of note:

(Greenwald's comment on Hirt's

"His (Hirt's) statement that from 1 to 3%

was without ill effect, except in some sensitive individuals, is
absurd.

He did not mention the method of analysis, but either this or

his arithmetic (or both) was obviously faulty."2)

Ogata carried out

controlled animal studies, in which he occasionally also exposed
himself to the sulphur dioxide treatment.15

He found that even

15

momentary exposure to sulphur dioxide concentrations of 0.05 percent
(500 ppm) made it impossible for him to draw a complete breath and
caused convulsive coughing.

Continued concern with occupational health led Lehmann to
correlate measured sulphur dioxide levels in the workplace wi-h acute
health responses in himself and his two assistants (not previously
exposed to sulphur dioxide), and in regularly exposed paper mill
workers.^

The findings were as follows:

6.5 to 11.5 ppm for 10 to 15 minutes - slight tracheal and nasal
irritation?
14 to 15 ppra for 1/2 hour

- more uncomfortable irritation;

22 ppm

- further irritant discomfort;

30 to 37 ppm for a few minutes

- a strong nasal irritation,
sneezing, and coughing; slight
amelioration with continuous
exposure for 10 to 15 minutes.

The discomfort noted by Lehmann and his assistants at 10 to 20 ppm was
not felt by plant workers at even 40 ppm, and this reduced sensitivity
was attributed to their previous exposures.

An examination of low-level exposures was carried out by Amdur
et a l . ^

They found that 10-minute exposure, by face mask, to sulphur

dioxide at one to eight ppm resulted in a dose-dependent change in
physiological lung functions.

Shallower and more rapid respiration,

and an increased pulse rate were observed.

Those subjects who had been

previously exposed to sulphur dioxide showed no changes at the five ppm
exposure level.

These changes in respiratory pattern from low-level

exposure have not been confirmed by other, later investigators.

16

In an experimental survey of smog irritants, Sim and Prattle
assessed sulphur dioxide given to adult male volunteers, using a 10minute face mask exposure or a 60-minute chamber exposure; levels
studied were 1.34 to 80 ppm and 1.0 to 23 ppm, respectively.3^
dosages below 800 mg-min/m

3

At

(29 or 51 ppm depending on whether mask or

chamber was used, surprisingly a detail not specified) only minor
clinical effects were noted.

Occasionally, however, there would be a

20 percent change in pulmonary flow resistance (PFR) from pre-exposure
levels; these changes were associated with chest sounds.
above 1,330 mg-min/m

3

At dosages

(49 or 8.5 ppm for mask or chamber exposures,

respectively) PFR was significantly increased in 50 percent of the
subjects.

This response was noted in both mask and chamber exposures.

It occurred within 10 minutes of exposure and changed little by 60
minutes chamber exposure.
at the higher dosages.

Hhinorrhea and lacrimation were also common

High pitched rales were common and moist rales

were noted at long exposures.

In only one percent of all exposures

were there significant changes in pulse rate, respiratory rate, lung
volumes, or blood pressure.

A further, and rigorous, test of low-dose expoeure responses by
Frank et al. assessed 10- to 30-minute exposures to sulphur dioxide at
1, 5, and 13 ppm. 18

Eleven male subjects irhaled the sulphur dioxide

by mouth, on separate occasions at least one month apart to avoid
desensitization effects, at all three concentrations.

Only one subject

exhibited an increase in PFR at the one ppm exposure level, but all
subjects showed PFR increases at the 5 and 13 ppm exposure levels.
Changes in PFR occurred within one minute, increased for five minutes
and then generally remained constant after 10 minutes of exposure.
Recovery was complete (i.e., PFR had decreased to its pre-exposure
value) within 15 minutes after exposure was stopped.

Such physio-

logical functions as pulmonary compliance, tidal volume, breathing
frequency, and pulse rate did not change as a result of sulphur dioxide
exposure, but functional residual capacity increased slightly at 13
ppm.

Bie consistent change, then, observed in this study was that PFR
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increased with increasing levels of sulphur dioxide.

The increase was

probably due to a bronchorestriction, possibly mediated by both
extrinsic nerve reflexes and direct action of the gas on bronchial
smooth-muscle.19'

20

A later study by Frank and coworkers,21 comparing exposure to
sulphur dioxide/sodium chloride aerosol, verifies the sulphur dioxide
responses noted above.
by mouth.

As in their earlier experiments, breathing was

A 10- to 30-minute exposure to one ppm sulphur dioxide had

no observable effect, but increases in PFR were observed at 4 and 16
ppm.

Pulmonary flow resistance increased for 10 minutes and then

decreased slightly during continued exposure up to 30 minutes.

A further demonstration of increased pulmonary flow resistance
was carried out by Snell and Luchsinger,22 using allied measures of
lung function; those of maximum expiratory flow from one-half vital
capacity (MEF5o%vc)
residual

capacity

and

°f total pulmonary resistance at functional

(expressed as conductance, Gj-g, which

reciprocal of resistance).

Nine subjects, four women and five men,

were exposed by mouth and nose breathing.
MEF

50%VC

were

is the

Significant decreases in

obtained for 15-minute inhalation of 1.0 and 5.0 ppm, but

not at 0.5 ppm ia the mouth breathing experiments.

Conductance

decreased by an average of 25 percent when 5.0 ppm sulphur dioxide was
inhaled by mouth or by nose, signifying a resistance increase.

The results of these three sets of experiments in respect to
change of PFR with sulphur dioxide levels are summarized graphically in
Figure 2-1.

An additional and conclusive study showing little pulmonary
psychological response is that of Burton et al. 2 3

Submission of 10

male volunteers to sulphur dioxide levels of less than three ppm for 30
minutes revealed no significant changes in pulmonary function on a
group basis.

There were, however, fairly wide individual differences

20

/
0

Frank et al. (1964 )

21

18

P ] Frank et al. (1962 )
A

Snell4Lucksinger (1969)

15

•

.2

o

I
o
o

10

si
IB

O
3

V)

-10

50
Percentage

FIGURE 2-I

100
change in PFR

Changes in Pulmonary Flow Resistance in Man, After 10-Minute Exposures
to Sulphur Dioxide

150

and one or two possible "hyper-reactors" showed increases in PFR and
related functions.

When sulphur dioxide inhalation occured by nose instead of by
mouth, as was the case in most of the experiments described above,
somewhat different responses were observed.^4

Nose inhalation produced

appreciably less of an increase in PFR on exposure to 15 or 28 ppm
3ulphur dioxide (see Table 2-3). There was, however, an increase in
nasal flow resistance (NFR) in several subjects which, on the average,
exceeded the change in PFR.

2.3.2

2.3.2.1

General considerations:

Most retrievable information

on toxicity effects of pollutants always originates in animal studies.
The reasons for this are related to the easy availability of large
numbers of test animals and to the obvious hazard to humans of many
toxicants.

Implicit in an extension of animal studies to an assessment

of the human risk is always the assumption that the test species will
respond similarly.

Such an assumption is often made gratuitously and

response differences which have their origin in unequal physiologies
are ignored or inadequately explained.

In the use of respiratory poisons in particular, responses and
sensitivities, as related to time, dose, and mode of administration of
the toxicant, may be expected to differ among test animals and humans.
A primary cause of such differences would seem to be the different
respiratory morphology (summarized for a number of species in Table
2-4)

and physiological

indices such

as

basal metabolism,

lung

ventilation rates, area of respiratory surfaces, and so on (quantified
for a number of species in Table 2-5).
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TABLE 2-3

Change in Flow Resistance, Comparing Inhalation of
Sulphur Dioxide by Mouth or

% Change in Flow Resistance

Itode of

Lunqs (PFR)

Administration

15 ppm -- by mouth
by nose
28 ppm -- by mouth
by nose

5 min

10 min

22

20

4

2

30

65

17

8

Nose (NFR)
5 min

10 min

23

21

TABLE 2-4
Spades

Lung
typa

Comparative Lung Morphology of Selected Species

No. oflobet
.
— — —
latt
tight
3

Cow

Lobulation

5I4)

Raapiratory
broncMolai

Tarminal
bronchiolaa

waH davalopad

Shaep

3

4

wall davalopad

P'B

3

4

wall davalopad

Monkay

3

4

notpraaant

Dog

II

3

4

notpraaam

Cat

II

3

4

not praaant

Quinaapig

III

3

4

notpraaant

Rat

III

1

4

not prasant

Rabbit

Ma

3

4

notpraaant

Horea

III

13)

(4)

Irnparfactly
davalopad

Man

Ml

2

3

Pulmonary/army
Sronchial/artary
shunts

Tarmination
of bronchial
anariaa

Plaura

diatal airway

thick

praaant

diatai airway

thick

not praaant

diatal airway

thick

not praaant

diatal airway

thin

abaant

not praaant

distal airway

thin

abaant

not praaant

distal airway

thin

praaent
davalopmant
aztramaiy poor
davaloprnant
axtramaly poor
davalopmant
vary wall
davalooad
vary wail
davalopad
vary wall
davataoad
fairly wall
davafopad
fairtywall
davalopad
(•irtvwall
davalopad
poorly

nt

abaant

praaant

distal tirway

thin

•baant

faw praaant

distal airway

thin

tartiary bronchuii thin
distal airway
and alvaoli
(tiatal airway
and alvaoli

poorly
davatopad

thick
thick

' From: McUugnlin at ai. 11961 a A 19861.

TABLE 2-5 Some Physiological Indices of Man and Animals

Man
Body surfaca (rrr*)
natation body surfaca to body waight

Oog

1.S
0J3257

Cat

0.528
0.044

Rabbit
0.2
0.066

Guinaapig

Rat

Mouse

0.1B
0.072

0.040
0.12

0.030
0.15

0.006
0.3

188
50-100

360
80-135

5.21
2.5

1.47
3.2

815
110-135
50
0.56
3.3

711
140-210
30
0.12
5.4

1000
0.30

600
0.29

1.75
155
0.33

0.865
73
0.05

0.154
25
1.24

9420

522."'

{rrrVkgl

Basal metabolism IkJ/kgJ
FroQuoncy of r>spirtitioo (rnin)
Soa of alvaoli <u*nl
Surfaca of lungs (rrr1)
Ralarion of lung surfaca to body waight
InrVkgl
InhalarJ air Imll
Lung vamilation (ml/mini
Halation of king vantilaoon to body
waiuhl Iml/min/g)
Consumption of oivgan I
Elimination of CO, (ml/kg/hl
CiwUKJaiil of rasoiration
rust fraQuancy for 1 rrrin

105
14-18
150
50
0.7

222
10-30
100
100
8.3

816
8732
0.13

40-60

203.1
16B.3
0.B2
70-72

3600

90-130

20-30
100
7.2
2.B

120-180

' 0.83 "
150-240

2180

206-280

2199
2650
0.82
300-500

39'0
4240
0.85-1.33
520-780

' From: SanockJi 11970a).

Source of these two Tables:

Principles and Methods for Evaluating the
Toxictty of Chemicals, World Health
Organization.25

22

These differences and problems will be borne in mind when an
attempt is made in Chapter 6 to correlate the animal data presented in
the following sections with observed and potential effects in humans.

2.3.2.2

Mortality:

One of the early animal mortality studies

was conducted by Ogata and illustrates such toxicity variables as
species specificity, and the influence of sulphur dioxide concentration
and exposure duration (see Table 2-6). 1 5

Although the progression of

concentration is useful, each exposure used only one or two animals per
species and thus is only suggestive of an exposure limit.

The symptoms

noted at all concentrations were respiratory distress, gasping and
irregular breathing, dyspnea, lethargy, heavy mucous production, lacrimation, and corneal opacity.
directly related to dose.

The severity and rapidity of distress was

Tracheotomy appeared to enhance the toxic

action of sulphur dioxide, presumably by eliminating the absorbing
action of the nasopharynx.

Mice appear to be the most sensitive of the

three mammalian species examined.

More standardized assessments were carried out by Weedon et
a_l.,"'" and included regular LD50 determinations for guinea pigs,
•white mice and, at one sulphur dioxiue exposure level, rats (see Figure
2-2).

Concentrations ranging from 10 to 1,000 ppm were tested by

chamber exposure.

No significant signs of distress nor mortalities

occurred at less than 33 ppm.

Age and sulphur dioxide pretreatment had

no apparent bearing on effects or susceptibility, although intermittent
dosing required longer exposure to sulphur dioxide for death to result.
Exercise enhanced mortality at 1,000 ppm doses.

At concentrations of

150 ppm and less mice appeared to be more resistant than guinea pigs,
but were more susceptible at the 300 and 1,000 ppm levels tested.

At

the one concentration (1,000 ppm) reported for the rat, this species
appeared somewhat less susceptible than the mouse, but more susceptible
than the guinea pig.
Ogata.

These findings are in agreement with those of

Observed effects at higher concentrations included lethargy,

rhinitis, lacrimation, coughing, conjunctivitis, dyspnea, abdominal
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TABLE 2-6

Mortality Responses of Various Species (expressed as time to
death in minutes) '

Sulphur dioxide dose
(ppm - min)
399

544

620

-300 -120 -360

Specias

637

807

980

1040

1420

2020

2380

2440

2960

-30 -120

-60

-120

-50

-15

-420

-240

-240

270

240

240

rabbit

100<
mouse
guinea pig

240
*

*

*

40

*

*

*

120

frog

•
14

*
(a)

tested, but no death occurred
tracheotomized prior to exposure

20
420
12

a)

24

distension, weakness, and

paralysis

accompanying

these 3igns were visceral congestion,

pathology

to

of

the

hindquarters.

The

pulmonary edema and hemorrhage, acute coronary dilation at the higher
concentrations which

is in accordance with pulmonary congestion,

hemorrhage and ulcers in the stomach, and gall bladder distension.
There is some parallel, here, in the intestinal abnormalities and the
gastrointestinal

distress alluded to in the older human-effects'

literature (see Lehmann 28 ) but it is difficult to investigate further
because more controlled human studies or reports of acute accidents do
not mention such distress.

The studies by Cohen et al. 2 9 enable an LD50 relationship for
rats to be drawn.

At higher doses, rats appear less susceptible to

sulphur dioxide than mice and are comparable with guinea pigs in
susceptibility (see Figure 2-2). At 590- to 925-ppm doses, death was
preceded by symptoms of severe respiratory distress, but at 2050 ppm
death, which occurred within three hours, was preceded by different
symptoms, those of seizures and prostration which indicate involvement
of the central nervous system.

The same was true for doses of five

percent and 50 percent sulphur dioxide, at which doses rats died within
10 minutes and two minutes, respectively.

Cohen et al. identify that

their high-dose deaths differ causally from those at lower doses and
attribute the higher-dose

deaths to the toxic action of excess

bisulphite formed from sulphur dioxide when the detoxifying action of
pulmonary sulphite oxidase is surpassed.

The bisulphite acts at some

as yet unidentified target tissue to cause the central nervous system
depression.

Finally, one datum exists on acute sulphur dioxide mortality—
or rather the lack of i t — in another primate, the cynomolgus monkey.
During a long-term chronic study on sulphur dioxide toxicity carried
out to mimic urban pollution effects, Alarie et al. describe an acute
over-exposure accident in which a group of nine monkeys of mixed sex
were suddenly exposed to 200 to 1,000 ppm sulphur dioxide for one

Sulphur dioxide concentration ,

ppm

K)

"|2

12

26

hour.30

The animals had been previously and continuously exposed to

4.69 ppm for 30 weeks.

2.3.2.3

Ho deaths resulted.

Morbidity:

For practical purposes we have adopted the

convention of a 96-hour cut-off point to differentiate acute exposure
(discussed in this section) from chronic studies (briefly summarized in
Chapter 4 to give a more complete picture of sulphur dioxide toxicity).
Five mammalian species, guinea pigs, rabbits, dogs, cats, and donkeys
are discussed in this section.

All guinea pigs exposed to sulphur dioxide by Ogata 15 were found
to show respiratory distress, including

dyspnea and lethargy, and

corn'sal opacity when exposed to sulphur dioxide levels from 399 to
1,420 ppm for five hours to 50 minutes, respectively.

Recovery was

complete in all cases, but required several days at the higher doses.

More specific function tests on guinea pigs were carried out by
Amdur.

She used a standard exposure regime of one-hour treatment, and

a correlation range from 0.1 to 800 ppm.-*1

Respiratory function in the

guinea pigs was assessed by changes in pulmonary flow resistance (PFR).
Responses of normally breathing animals were compared to thosa of
animals breathing through a tracheal cannula.

Pulmonary flow resis-

tance was increased in both normal and cannulated guinea pigs at
3ulphur dioxide levels above 0.5 ppm.

The greatest increase in PFR was

observed in the cannulated animals at 2 to 100 ppm doses, and indicated
a "buffering effect" of the nasopharynx.

Above 100 ppm this effect

appeared to be lost, presumably because the capacity of the nasal
membranes to absorb sulphur dioxide was exceeded, and the dose-response
curve for the normal animals showed two distinct phases.

(These data

are summarized in Figure 2-3, discussed in the next section.)

Calcula-

tion of a "hypothetical lung dose" (i.e., the actual concentration of
sulphur dioxide reaching the lungs in normal animals), based on nasal
absorption data, mitigated the apparent response difference between
normal and cannulated animals.

Plots of the change in PFR versus the
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"hypothetical

lung dose" for normal animals and the dose given

cannulated animals were found to overlap, thus confirming the buffering
action of the nasopharynx.

Rabbits were shown by Ogata^ to be fairly resistant to sulphur
dioxide/ requiring exposure to over 2,000 ppm sulphur dioxide for
lethal effects.

At lower doses, 399 ppm for five hours and 807 ppm for

two hours, the usual respiratory and eye symptoms were followed by
irregular recovery.

Of the four animals tested, two remained ill and

one of these died two weeks later.

Dalhamn and Strandberg used changes in ciliary movement in the
trachea to assess the respiratory
3

rabbits. ^

effect of sulphur dioxide in

At nasally inhaled concentrations above 200 ppm, there was

an inhibition of ciliary movement.

Sulphur dioxide applied directly in

vitro at 10 ppm to rabbit tracheal segments also produced a reduction
in ciliary movement.
threshold

for changes

This observation, when compared to the 200-ppm
in tracheal ciliary movement

in jji vivo

experiments, again points out the effective absorption of sulphur
dioxide in the nasopharynx.

Dalhamn and Strandberg also showed in in

vitro experiments that rat tracheal cilia were inhibited at 10 ppm.
This finding, when coupled with the observation that rabbits appear to
be more resistant to sulphur dioxide than rats in _in vivo exposure,
indicates that the rabbit nasopharynx is more effective at removing
3ulphur dioxide than the rat's.

Because the nasal pathway of a rabbit

would be longer than that of the rat, such a finding might not be
unexpected, always assuming, of course, that the nasal passages of the
two species are of similar complexity.

Dogs have been examined for pulmonary changes occurring with
sulphur dioxide inhalation by several researchers.

Balchum et al., in

a study of uptake dynamics, also assessed physiological functions.19
Dogs exposed to 15 and 33 ppm sulphur dioxide for one hour showed
changes in PPR of 23 and 101 percent, respectively; recovery to
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pre-exposure PFR values occurred by one hour after exposure.

When

sulphur dioxide was administered directly to a tracheal segment in
situ, at 45 and 91 ppm, PFR increased by 17 and 4.5 percent at the end
of the one-hour exposure, with only partial recovery one hour later.

Salem and Aviado also examined respiratory responses in dogs
effects.33

emphasizing, in particular, circulation

Inhalation by

tracheal cannulation of 200 to 350 ppm sulphur dioxide resulted in
pulmonary vasoconstr iction, bronchoconstriction (preceded and followed
by bronchodilation), increased pulmonary arterial pressure, depression
of heart function, and systemic shock.

The constriction of pulmonary

veins presumably enhanced bronchiolar and respiratory reflexes by
limiting

removal

of

sulphur

dioxide

from

the lungs

by

blood

circulation.

A detailed study carried out on dogs by Frank and Spiezer
examined sulphur dioxide effects on resistance functions at several
levels of the respiratory system.34
flow resistance, and pulmonary

Nasal flow resistance, laryngeal

flow resistance showed a general

increase with sulphur dioxide concentrations, but very wide differences
in response were found between different animals and different doses.
Sulphur dioxide concentrations ranged from 7 to 230 ppm and exposure
lasted from 15 to 20 minutes.

Routes of exposure were by nose, trachea

segment only, and tracheal cannulation.

In nasal breathing, PFR

underwent fewer and smaller changes than those observed for nasal flow
resistance (an effect also noted in other species).

Pulmonary flow

resistance

tended

to rise during recovery from sulphur

exposure.

The responses for both nasal and pulmonary flow resistance

were generally dose-strength related.

dioxide

Exposure by tracheal cannulation

caused a large magnitude increase in PFR, peaking after a few minutes
and followed by a decline as exposure continued.

29

Corn at ^1.^5 postulated that while the guinea pig may perhaps
represent "the accidental analogy of the sensitive segment of the
(human) population", as suggested by Amdur,3*' the cat would represent
the more resistant portion.

These researchers found that whereas

20 ppm sulphur dioxide caused a significant PFR response in a small
portion of the 29-cat test group, the majority of cats did not show a
response.

Further, no pathology was detected.

experiment by tiadel et ,al.
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A high

exposure

on cats is cited by Corn ^et al., where

pure sulphur dioxide delivered to the lower airways and lungs during a
single respiratory cycle increased PFR by 246 percent, but recovery
occurred within one minute.

Spiegelman et al. exposed donkeys to sulphur dioxide by nasal
catheter for 30 minutes at 26 to 713 ppm. 38
clearance

of foreign particles

observed below J00 ppm.

(aerosols

No impairment of bronchial
labeled with ^ T c )

wag

Higher concentrations of sulphur dioxide

produced a severe cough and an impairment of bronchial clearance by a
slowdown of mucous transport in the respiratory tree.

The sulphur

dioxide concentrations required to produce acute ^n vivo impairment of
bronchial clearance in donkeys were in the same range as those found by
Dalhamn and Standberg32 to inhibit ciliary motility in rabbits.

2.3.3

Points of Comparison

Between Controlled Human

and Animal

Experiments

In general terms, similar physiological changes were noted in
both human and animal species exposed to acute non-lethal levels of
sulphur dioxide.

Respiratory distress, as noted by various respiratory

functions, was the major result.

The nasopharynx has been demonstrated

as having a buffer action on the dose of sulphur dioxide reaching the
lungs.

30

The only data for which even very approximate quantitative
comparisons may be made are those dealing with changes in PFR.

Figure

2-3 summarizes these data for the guinea pig, dog, and cat.

But

cautionary comment is necessary concerning the applicability of these
curves.

The dog data (from Balchum et al^ 1 9 ) are based on only two

animals, one exposed at the lower concentration and the other at the
higher.

Data obtained by Frank and Speizer, 34 who experimented with a

number of dogs and exposure levels, are so widely scattered that a doseresponse relationship

(apart from the general statement that PFR

appears to increase with sulphur dioxide concentration) cannot be
drawn.

This data scatter casts doubt on the dose-response line derived

from Balchum et al.'s data, in that the upward trend in PFR with
sulphur dioxide concentration may be purely fortuitous.

In spite of

Corn ^t al.'s^ experimentation on 29 individual cats, quantitative
information on the PFR response of only one animal is presented in
their paper.

The dose-response line from this animal can, therefore,

only be taken as a very approximate representation of this species'
response.

Only the guinea pig data contain sufficient experiment;51

points to provide a reasonably certain representation of the PFR
behaviour for an animal species.

And, as much as by default due to

lack of available data rather than by choice, the guinea pig must serve
as the main comparative model to human response.

Comparison of the guinea pig PFR data in Figure 2-3 with those
of man presented in Figure 2-1, shows that the lung response in mouthbreathing humans is more sensitive to sulphur dioxide than that of
normally breathing guinea pigs, but less sensitive than guinea pigs
breathing by tracheal cannula.

Similarly, although with much less

certainty, it may be concluded that man is also more sensitive to
sulphur dioxide than either the cat or the dog.
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3.

ABSORPTION AND RETENTION DYNAMICS

The various absorption studies carried out have been mainlyoriented to delineating the role of the upper respiratory tract in
uptake of sulphur dioxide from the atmosphere.

It is evident that the

nasopharynx, in particular, is capable of removing large quantities of
sulphur dioxide before it reaches the trachea and lungs.

The relative

amount removed by the nasopharynx appears to depend on the sulphur
dioxide level in the air, with proportionately less removed at very low
levels and more at higher levels.

At the higher levels a saturation

point appears to be reached with time.

The primary reason for this

efficient removal is that sulphur dioxide is highly soluble in aqueous
media:

22.8 percent solubility at 0°C in distilled water.4t)

Absorption has been found to be extensive in the upper respiratory tract in all species examined.

In the dog, sulphur dioxide was

shown to be extensively absorbed by the trachea.^°

This absorption was

calculated at about 30 pjarcent of an inhaled dose of 45 to 91 ppm per
inch of trachea and was sufficient to impair pulmonary function.
Inhalation by tracheal cannula showed that over 90 percent of the
sulphur dioxide (at levels ranging from 15 to 33 ppm) was retained by
the lung tissue.

The pulmonary vascoconstriction described in the

previous chapter (Salem and Aviado33) must contribute greatly to the
absorption of high levels of sulphur dioxide into probably edematous
alveoli.

Under normal nose breathing, however, the situation is more

like that illustrated in the rabbit, where 90 to 95 percent of the
inhaled sulphur dioxide, at 100 to 300 ppm, is absorbed in the nasophari.igeal regions and very little of this dose actually penetrates to
the

trachea

and lungs. 32

Nonetheless, this low level

irritant

stimulation in the medial and lower respiratory surfaces can 3till be
instrumental in causing bronchoconstriction, an effect that is mediated
by the vagus.

34

In human studies in particular, Speizer and Frank indicated that
the nasal mucosa can absorb 99 percent of a 12.4 ppm sulphur dioxide
dose. 41

Subsequent desorption of the absorbed sulphur dioxide during

the expiration phase and during the recovery phase after exposure
resulted in a proportion of the absorbed dose being released to the
outside air.

Eighty-four percent of the original dose, however, was

retained in the nasal area.

Less than one percent of the inspired

sulphur dioxide reaches the larynx and nore distal airways.

A total

net absorption from higher sulphur dioxide doses was tested by Yamada
(as cited by Lehmann 4 '), who found an average retention of 72 percent
for sulphur dioxide, at levels of 140 to 240 ppm, breathed for a half
hour.

While large quantities of sulphur dioxide are retained in the
nasal mucosa and on respiratory surfaces (a retention enhanced by
mucous production) , this is not to say that sulphur dioxide does not
become distributed to other body sites.

As early as 1884, Ogata

indicated absorption of sulphur dioxide into the blood; 15 presumably as
bisulphite which may then be converted to sulphate and, in doing so,
would rob oxyhamoglobin of oscyge: •.

Ogata ascribed some anoxic effects

of sulphur dioxide to this process.

Ogata further indicated a narcotic

action of sulphur dioxide on somatic nerves.

Frogs, which had their

circulation to one leg shut off by a tight ligature while succumbing to
sulphur dioxide, displayed normal nerve function in the bound leg while
the non-bound leg lost nerve function within 15 minutes.

A more detailed tissue distribution study by Balchum at ^ 1 . in
dogs showed visceral distribution and retention, whether the sulphur
dioxide was experimentally administered through the tracheal surface
only or through the lower respiratory tract. 19

Once the greater than

>0 percent of mouth-inhaled sulphur dioxide is retained, it becomes
localized mainly in the pharynx, trachea, lungs and hilar lymph nodes.
It is gradually taken up from the sites of deposit and distributed to
the liver, spleen, brain, and kidney3.

The sulphur dioxide in the
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trachea and lungs can remain there for at least a week. 19

Logically,

sulphur dioxide must also be transported in the blood, where it is
presumably associated with plascia proteins.

After being metabolized, sulphur dioxide is excreted predominately in the urine.*3

Balchum et al., however, found no traces of

sulphur dioxide in the feces.1^

To date, the primary respiratory dysfunctions have dominated
toxic effects' assessments.

And there is no information which may be

used to define the degree at which systemic sulphur dioxide exerts a
toxic effect.
level.

Presumably the toxic effect would be mainly at a neural
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4.

EFFECTS OF CHRONIC EXPOSURE

Although the thrust of this report is acute exposure to sulphur
dioxide, a brief account of chronic effects, for which there is an
extensive literature, is presented for the sake of completeness.

The

majority of this information is obtained from epidemiological studies.

Lehmann, concerned with occupational exposure in paper manufacturing, surveyed a large number of employees in that industry and tried
to correlate ambient sulphur dioxide levels with complaints related to
sulphur dioxide toxicity.28

He was unable to determine any correla-

tion, even in the face of air concentrations up to 200 or 300 ppm.

He

attributed this resistance to a habituation on the part of the
Contrary to Lehmann1s findings, Kehoe et al. found

regularly exposed.

that workers associated with sulphur dioxide, at less than 100 ppm,
during manufacture of refrigerant equipment had a significantly higher
incidence

of

sensations.
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nasopharyngitis,

and

changes

in taste

and

smell

Sulphur dioxide exposed workers also showed higher

incidence of urinary acidity, a tendency to increased fatigue and a
shortness of breath on exertion, and abnormal reflexes.

A positive

correlation between the severity of some symptoms and episodes of
greater sulphur dioxide contamination existed.

Copper smelter workers

were found to exhibit an association between chronic sulphur dioxide
exposure, at 1.0 to 2.5 ppm, and an excessive loss of one-second forced
expiratory volume.4^

The urban air pollution problem has, of course, drawn a large
amount of attention.

One of the problems in assessing effects of

sulphur dioxide as an air pollutant in the urban setting is that, even
though present in readily detectable amounts, it rarely acts as the
only contaminant, nor does it act independently of other air components
(see Chapter 5).
London,
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Genoa,
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Increased atmospheric pollution in such cities as
and New York,48 has been associated with increased

mortality, mainly from respiratory diseases and especially bronchitis.
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Petrelli et al. specifically implicate increases in urban atmospheric
sulphur dioxide (to levels less than one ppm) with bronchitis mortality.*^

Other symptoms such as cough and eye irritation, occurring when

sulphur dioxide levels exceed 0.11 ppm for some time, are generally
associated with increased air pollution.4^

The population age-group

most frequently affected in air pollution episodes is that over 45
years of age.

Fewer controlled studies exist for long-term sulphur dioxide
exposures.

Guinea pigs exposed to sulphur dioxide levels from 0.13 to

5.72 ppm for 12 months showed no respiratory or other detrimental
abnormalities.50

They did, however, show a lower incidence and

severity of spontaneous disease than would normally be present after 12
months of laboratory handling, when they were exposed continuously to
the highest dose of 5.72 ppm.

Cynomolgus monkeys exposed for 78 weeks

to sulphur dioxide levels up to 1.28 ppm also showed no alterations in
pulmonary function or morphology.3^

These and other studies strongly

suggest that, in the urban environment, the respiratory morbidity
cannot solely be accounted for by sulphur dioxide levels, but that some
synergistic or potentiating effect has come into play.
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5.

5.1

FACTORS CONTRIBUTING TO SULPHUR DIOXIDE TOXICITY

EXOGENOUS

It is abundantly clear that the toxicity effects of sulphur
dioxide can be enhanced in the presence of other air constituents*
Foremost among these constituents appear to be sulphuric acid aerosols•
Such aerosols, markedly toxic to guinea pigs-^""53
potentiate the effects of sulphur dioxide.^5

an<i

humans,4 act to

This potentiation was

evident at high concentrations, of the order of 15 mg/m3

(13 ppm)

sulphuric acid and 80 ppm sulphur dioxide, if the acid was present at a
particle size of less than one micron.

The same response does not

appear to hold at low concentrations of the two compounds, nor at
larger particle size.

The presence of salt particles, particularly sodium chloride,
also enhances sulphur dioxide toxicity.

The specific mechanism of this

action awaits definition, but several possibilities seem likely.

For

one, sodium chloride is hygroscopic and thus may form a dissolution
vehicle for sulphur dioxide subsequently to be inhaled.

Salt particles

present in the lung might also cause an osmotic response, increasing
the degree of moisture on the respiratory surfaces and enhancing dissolution of sulphur dioxide.

In guinea pigs, Amdur and Underhill have

shown that sodium chloride aerosols greatly potentiate sulphur dioxide
toxicity, both in an absolute increase in PFR and by prolonging the
effect. °

An approximate doubling of the effect of 20 ppm sulphur

dioxide occurred when the dose was combined with 10 mg/m3 (8 ppm) sodium
chloride aerosol.

In human studies, however, the sodium chloride

response was not duplicated and no potentiation was observed.21'^3

A

wide range of other inorganic salts were shown to have similar, but
lesser effects than sodium chloride aerosols in guinea pigs. 5 6

Soluble

salts of manganese, ferrous iron, and vanadium (all known to catalyze
the oxidation of sulphur dioxide to sulphur trioxide) also potentiated
the response of guinea pigs to sulphur dioxide.
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Associated with the solubility of sulphur dioxide, and that of
carrier salts, is the air humidity.

In the presence of relative

humidity greater than 80 percent, potentiation of sulphur dioxide
toxicities

in the presence of sodium chloride aerosols is much

5

enhanced. ^

Additionally, the urban smog data suggest that humidity

itself accentuates the effect of sulphur dioxide by allowing it to
enter

the

respiratory

tract dissolved

in sub-micron

size water

droplets.

Another pollutant, ozone, which may potentiate the effect of
sulphur dioxide has recently drawn attention.

Bates and Hazucha5^'5^

suggest that ozone and sulphur dioxide were synergistic

in man,

increasing the decline in pulmonary function common to both when the
two substances were present together.

Bedi et al., however, state that

the possibility of such a synergistic enhancement of toxicity remains
equivocal.5^

These researchers evaluated the effects of 0.4 ppm

sulphur dioxide, 0.4 ppm ozone, and the combination of the two
substances on human subjects.

They found no significant differences in

decreases in respiratory functions between ozone alone and ozone plus
sulphur dioxide, and concluded that in their subjects no synargistic
effects v/ere discernible.

5.2

ENDOGENOUS

As mentioned in Chapter 2, there appears to be a section in
nearly every experimental group or population at large which shows
itself to be particulary sensitive to the effects of sulphur dioxide,
even though the subjects were judged healthy.

As discussed by Amdur,

the proportion tends to be about 10 percent irrespective of species.55
On the other hand, it also appears that a decreased sensitivity can be
created by continuous, or at least previous, exposure to sulphur
dioxide.

This has been well illustrated

for the work-associated

sulphur dioxide studies discussed previously.
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Exercise increases the susceptibility for detrimental effects
from sulphur dioxide.

Moderate exercise in humans was found to enhance

the effect of sulphur dioxide on respiratory functions, including
greatly increasing pulmonary flow resistance.^

The effects of sulphur

dioxide and exercise we.-e found to be synergistic.

The consideration

of exercise is particularly relevant in responses to acute sulphur
dioxide release episodes.

Increased physical activity to escape from a

heavily contaminated site may be expected to increase the immediate
toxicity response to sulphur dioxide.

Finally, there are populations

in a community or working

environment which may be considered to be at high risk in the event of
sulphur dioxide contamination.
relevant

to

both

Table 5-1).61
insufficiency.

sulphur

Carnow has identified such groups,

dioxide and particulate

hazard

(see

outstanding among these are sufferers of respiratory
But, if for no other reason than the feedback relation-

ship between the circulatory and respiratory systems, the overall list
of other potentially sensitive groups is long and makes difficult an
absolute assessment of risk to a normal population distribution.
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TABLE 5-1:

Populations Identified or Presumed to be at High Risk from
Sulphur Dioxide and Partieulate Air Contamination^1

Because of PULMONARY deficiencies

Because of CARDIAC deficiencies

GENETICALLY DEFICIENT
Asthma
Cystic fibrosis
(£,1 - anti trypsin deficiency
Cystic disease of lung

GENETICALLY DEFICIENT
+
Hypercholesterolemia
+
Diabetes with atherosclerosis

CHRONIC DISEASE
Chronic bronchitis
Emphysema
*Kyphoscoliosis
*Advanced (active or inactive)
tuberculosis, histoplasmosis
*Bronchiectasis
OTHER ENVIROMENTAL FACTORS
Cigarette smoking
Workers exposed to dusts, fumes
smokes, aerosols, gases

CONGENITAL DISEASE
+
Tetrology of Fallot
+
Atrial or ventricular wall defects
"•"Valvular defects
CHRONIC DISEASE
Cor Puimonale (secondary to chronic
obstructive pulmonary disease)
Hypertension with left ventricular
disease
Coronary insufficiency
(*with or without angina)
Rht natic heart disease
+
Congestive heart failure (secondary
to atherosclerotic heart disease)

OTHERS
OTHER ENVIRONMENTAL FACTORS
•prematures
Cigarette smoking
*Newborns
Heavy work exposure
Preschool children
The poor, and those exposed to
other environmental stresses such
as overcrowding, malnutrition,
poor heating
*The obese

No data, but might be expected to be at high risk.
No data on S0 2 effects on these populations, tut might
be expected to be at high risk.
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6.

6.1

DOSE-LETHALITY RELATIONSHIP

INTRODUCTION

The validity of a dose-lethality curve for human exposure to
sulphur dioxide, in the absence of data points from cases of accidental
death, depends on satisfactory correlations between non-lethal animal
and human exposure experiments and reported LDjg animal data.

Ideally,

correlations would be made to a number of animal species and a variety
of experimentally measured physiological functions.

In addition, the

observed response behaviour of animal species should be related to some
common physiological characteristic (e.g., lung surface area, volume of
air inhaled per unit time, basal metabolic rate, and so on) or combination of characteristics.

If such comparisons can be satisfactorily

demonstrated, a human dose-lethality curve may be derived with some
degree of confidence.

Unfortunately, sufficient data do not appear to be available to
make auch an ideal derivation.

As was pointed out in Section 2.3.3,

the only species for which comparison of human experimental data can be
made is the guinea pig, and the only physiological function available
for such a comparison is pulmonary flow resistance (PFR).

The human

dose-lethality curve presented in this chapter is perforce derived from
the median-lethality-concentration (LC5Q) curve of the guinea pig using
comparative PFR data.

He were unable to demonstrate correlation of response with
physiological characteristics —
data —

a result of the paucity of suitable

which heightens the uncertainty of the derived LC50 curve.

This curve, therefore, should be used with a considerable degree of
circumspection.
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6.2

EXPERIMENTAL HUMAN/GUINEA PIG RELATIONSHIPS

The best, and virtually only, PFR data for humans are those
obtained by Frank and co-workers.1*3'21

These data, already summarized

in Figure 2-1, are for individuals inhaling sulphur dioxide by mouth
breathing.

In an attempt to gain insight into the reproducibility of

PFR as an indicator of sulphur dioxide exposure, the data presented in
the two papers were closely inspected.

It was found that each paper

contained some common experimental points; although separate, and
slightly different, average values for change in PFR with exposure
level were presented in each publication.

There was, however, suffi-

cient information to identify the common data and we were able to
compile

some 50 different

individual results, (see Appendix II)

involving 20 subjects, for a range of sulphur dioxide exposures.
data are presented in Figure 6-1 as a ratio:
control (E/C).

These

PFR on exposure/PFR for

An extreme variability in human response is obvious

from this figure.

The guinea pig data, also presented in Figure 6-1 as PFR ratios
(the same data were presented in Figure 2-3 as percentage changes in
PFR), are for guinea pigs breathing by tracheal cannula (from Amdur 3 1 ).
We consider that this method of dose administration is more directly
comparable in the experimental human data than the non-cannulated
guinea pig experiments presented in the same paper.

It may be seen that man is apparently less sensitive than the
guinea pig to low levels of sulphur dioxide, but there is indication
from these curves that at higher levels (above 440 ppm) the guinea pig
becomes the less sensitive species.

The linearity of these curves when

presented as log-log plots, albeit experimentally demonstrated over a
limited range of sulphur dioxide exposure levels, gives a means of
comparison, by extrapolation, between the response of guinea pigs and
humans at higher exposure levels.
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6.3

DERIVATION OF A DOSE-LETHALITY CURVE FOR MAN

The PFR response curves for man and the guinea pig are of the
form:
man:ln(ppm S0 2 ) = 4.32 lrv(E/C) + 0.05

(6-1)

guinea pig:ln(ppm SO2) =

6.5 ln(E/C) - 3.0

(6-2)

It may be argued, perhaps with trepidation, that for the same E/C value
the sulphur dioxide levels given by Equations 6-1 and 6-2, will elicit
the same physiological response in man and guinea pig, respectively.
This being the case it may be further argued that the time taken for
50-percent mortality in guinea pigs (obtained from the LC50 curve presented in Figure 2-2) at a given sulphur dioxide level will be the sane
exposure time that will produce 50 percent

mortality in man at the

sulphur dioxide level corresponding to the same E/C ratio.
of such a calculation are shown in Table 6-1.

The results

Using these derived LC50

values for a given exposure time, a dose-lethality curve for man may be
constructed.

The human dose-lethality curve is of the form:

ln(LC 50 ) = -0.J6 ln(time in hours) + 8.50

(6-3)

and may be compared with the dose-lethality curve for guinea pigs;
ln(LC 50 ) = -0.84 ln(time in hours) + 9.03
These curves are presented in Figure 6-2.

(6-4)

It may be seen that the two

curves reflect the increased sensitivity of man over guinea pigs at
high sulphur dioxide levels.

Included in Figure 6-2

is a curve for increased mortality

incidence in human populations exposed in sulphur dioxide atmospheric
pollution events.

These values, which might be conservatively con-

sidered as the minimum lethal concentrations ( L C ^ J J ) , were interpolated
from a figure predicting increased incidence of mortality, cited by
Talisayon,62 derived by the U.S. Department of Health, Education and
Welfare in 1967. However, thi3 curve was mainly derived from community
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TABLE 6-1

E/C

Derivation of Human DoBe-Lethality Curve from PFR Data

Equivalent SO?
Level in Man< a '
(ppm)

Equivalent SO T
Level in guinea pig(b)
(ppm)

Time to 50%
mortality* 0 '
(hrs)

5.68

1908

4000

2.4

5.11

1208

2000

5.5

4.59

760

1000

12.5

4.13

482

500

28.6

3.71

303

250

65.2

3.22

164

100

194

(a)

from Equation 6-1

(b)

from Equation 6-2

(c)

the time required to produce 50-percent mortality in guinea pigs
at the 3ulphur dioxide levels shown in column 3, calculated from
Equation 6-4.

It is assumed that these times are those required

to produce 50-percent mortality in man at the sulphur dioxide
levels shown in column 2; this derived LCsg/time relationship
produces the human dose-lethality curve described by Equation 6-3.
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exposure episodes to severe air pollution occurrences lasting several
days.

Under these conditions it is likely that much of the sulphur-

containing component was present as sulphuric acid dissolved in water
droplets/ rather than as sulphur dioxide.

These data would also be

complicated by the presence of such other pollutants as soot particles.

Talisayon's caveat is pertinent in this respect:^2

"It is

difficult to reconcile, on the one hand, the increments in mortality
observed during air pollution episodes and the various health effects
statistically attributed in many epidemiological studies to sulphur
dioxide pollution in urban air at levels rarely above one ppm, and, on
the other hand, the experimental results in animals which do not show
clear-cit clinical effects at levels below one ppm.

The statistically

significant differences reported in the human breath effects' studies
can not be simply dismissed.

However, the high correlation between

sulphur dioxide and smoke shade, particulates, soiling index, nitrogen
dioxide and carbon monoxide in an urban mix, and the sulphur dioxide/
particulate synergism suggested in some studies makes it difficult and
even questionable to attribute the statistical differences to sulphur
dioxide alone."

6.4

EXTRAPOLATION TO SHORT EXPOSURE TIMES

The human dose-lethality curve derived in the preceding section
and presented in Figure 6-2, is obtained from guinea pig data at
exposure times ranging from 18 hours to 15 days.

There are, however,

no experimental lethality data at the shorter times requested in this
study.

It is, therefore, impossible to verify if such curves may be

linearly extrapolated to short exposure times.

Nevertheless, because of lack of confirmatory data, the human
dose-lethality curve presented in Figure 6-3 had to be constructed by
assuming that a linear relationship (described by Equation 6-3) does in
fact hold.

(The only experimental data, those for the rat, are also

Sulphur dioxide concentration
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shown for comparison in the figure»)

This is an LC50 curve (i.e., it

shows concentrations at which 50 percent of an exposed population would
die) and, bearing in mind the 10 percent of any exposed group (either
animal or human) that apparently show significantly increased sensitivity, the exposure levels at which some deaths may occur will be
lower than the LC50 values.

A 10-fold reduction of the LC50 values

probably would not be too conservative a "safety factor".

Furthermore, the human dose-lethality curve was derived from
data pertaining to healthy adults.
will be

In environmental exposures there

segments of the population at much greater risk.

extrapolated excess-mortality-incidence

curve

The

(LC^n), which has a

similar slope to the LC50 curve, may perhaps represent a lower limit,
although this L C ^ n curve would be more applicable to exposure to smogtype sulphur pollutants
lates) .

(sulphur dioxide, sulphuric acid, particu-

This curve is some 2,000 to 5,000 times lower than the LC5Q

curve, but the 15 ppm sulphur dioxide level for a 10-second (one
breath) exposure may be sufficient to cause death of a very debilitated
and sensitive individual.

After all, a healthy adult volunteer, taking

part in the pulmonary tests described in Chapter 2, found it impossible
to take a breath when subjected to 25 ppm sulphur dioxide because of
bronchial spasm.

The levels of sulphur dioxide which may cause death in man are
summarized, for convenience, in Table 6-2 and may be compared with the
non-lethal responses described in Chapter 2 and summarized in Appendix
III.
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TABLE 6-2

Sulphur Dioxide Levels Which May Cause Death in Humans

Time
(ppm)

(ppm)

2 hrs

2100

1.4

1 hr

3100

1.8

30 mins

4600

2.4

10 mins

8500

3.5

5 mins

13,000

4.5

2 mins

21,000

6.3

1 min

31,000

8.0

30 sees

46,000

10 sees

85,000

•

Rat lethality data
for comparison'c'
(ppm)
2350 (at 2.9 hrs)

50,000

500,000

10.3
15.3

(a)

From equation 6-3

(b)

Extrapolated from data cited by Talisayon 52 ; the form of this
curve is:

(c)

lnfLC^jj) = -0.36 In (time in hours) + 0.61

Data presented by Cohen et al.^9
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7.

CONCLUDING SUMMARY

In general terms, similar acute physiological changes occur in
both human and animal species exposed to sulphur dioxide.

Respiratory

distress, leading to death by asphyxia at high exposure levels, is the
major result.

Death in humans may, however, not be an immediate result

of exposure to high concentrations.

Prompt removal of the victim from

the sulphur dioxide atmosphere can result in an apparent recovery.
This recovery may be followed by a more or less severe relapse, days or
even weeks later.

Such a relapse may result in death or permanent

pulmonary impairment.

The only species for which there is even a minimal amount of
data sufficient to allow extrapolation to the human condition is the
guinea pig.

The dose-lethality curve for human exposure to sulphur

dioxide derived in this report is based upon responses (as measured by
pulmonary flow resistance) of human volunteers and guinea pigs to low,
non-lethal concentrations of sulphur dioxide and median-lethalityconcentrations

(LC50) for the guinea pig*

However, records of

accidental death in humans exposed to high concentrations of sulphur
dioxide are characterized by a total lack of information on the
exposure levels.

Because of this, and the insufficient availability of

appropriate animal species' data, the derived dose-lethality curve
should be used predictively only with considerable circumspection.

An approximately 10 percent segment of an exposed population, be
it human or animal, appears to be considerably more sensitive to
sulphur dioxide.

In addition, certain individuals, particularly those

with some form of cardio-vascular insufficiency, will succumb more
readily to the lethal effects of sulphur dioxide.
curve

The minimum lethality

(LCpHn), derived from increased mortality data in populations

exposed to sulphur dioxide containing smogs, could perhaps be used as a
lower limit for sulphur-dioxide-lethality.

Such a lower limit may,

however, be overly conservative, since the populations on which it is
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based were probably also exposed to such other pollutants as soot
particles, nitrogen oxides, and sulphuric acid.

Sulphur

dioxide

produced

from the

combustion of hydrogen

sulphide will, most likely, also be accompanied by sulphuric acid, a
much more toxic substance than sulphur dioxide (3ee Appendix I) .

An

overall hazard evaluation of the effects of a release of sulphur
dioxide from a heavy water manufacturing facility may also have to
address, therefore, the contributory effects of sulphuric acid.
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APPENDIX I.
1.1

PRODUCTS OF HYDROGEN SULPHIDE COMBUSTION

INTRODUCTION
The primary protection for a population surrounding a heavy

water manufacturing facility from an accidental massive release of
hydrogen sulphide is the venting of the released gas to a flare stack
where it is burnt in a propane fueled flame.

It is this protection

provision, which would predominately produce sulphur dioxide, that
caused the AECB to consider the toxic effects of this combustion
product.

Sulphur dioxide, however, may be considered as representing

only partial oxidation of hydrogen sulphide.

Sulphur dioxide may

itself be oxidized to sulphur trioxide which could combine with water
in the flame to form sulphuric acid.

As discussed in Section 5.1 of

the report, sulphuric acid is considerably more toxic than sulphur
dioxide.

1.2

COMBUSTION OF HYDROGKH SULPHIDE
Hydrogen sulphide is a flamable gas which, in the presence of

excess oxygen, burns with a clear blue flame.

The first stage of

oxidation may be stoichiometrically represented:
2H 2 S + 3O 2

- > 2H 2 O + 2SO2

(1)

Sulphur dioxide may then be oxidized to sulphur trioxide:
2SO2 + 0 2 —> 2SO 3

(2)

which readily combines with water
S0 3 + H 2 0 - > H 2 3 O 4

(3)

The gas phase oxidation of hydrogen sulphide has been investigated, using low pressure (of the order of 150 Pa) flash photolysis of
hydrogen 3ulphide/oxygen mixtures, by Norrish and Zeelenberg.63
researchers postulated the following reaction mechanism:

These

64

H2S + hv —j> SH
H
+ H 2 S —;• SH

initiation

+ H
+

H

2
+ OH

SH + o2 -? SO

_
"

OH + H2S —P H 2 O + SH

chain propagation

SO + o 2

and branching

-* so2 + 0

+ H2S —* OH

0

+ 0

SO

—>

so2
SO

+ SH

S0 2 *
S0 2 + hv

+ so -=*

SH + SH ->

s2o2
S

2

+H

r

4S2 —> ss
SH + OH —» H 2 0 + S

possible chain
termination reactions

S + 0 —*• SO*

S + S -9 S 2 *
where * represents electronically excited molecules and hv represents
light quanta.

The reaction products represented by this mechanism are water
and sulphur dioxide, and smaller quantities of sulphur and hydrogen.
Norrish and Zeelenberg were unable to detect sulphur trioxide in their
experiments and, as a result, this mechanism may be broadly considered
as

representing

the first stage of hydrogen sulphide

oxidation

(Equation 1).

The lack of sulphur trioxide may not be unexpected, given the
experimental conditions (low pressures and a short-duration initiating
flash).

In another experiment, also at low pressures (c.a. 100 Pa), in

which oxygen atoms were generated by a glow-discharge, Harteck and
Kopsch reported that hydrogen sulphide oxidation yielded water, sulphur
dioxide, sulphur trioxide, sulphuric acid and sulphur.64

65

Certainly, under conditions where hydrogen sulphide is burnt in
a flame at atmospheric pressures (101 kPa), the abundance of oxidative
radicals (0, OH), high temperatures, and high concentrations of sulphur
dioxide would cause the formation of sulphur trioxide and hence yield
3ulphuxic acid.

A German patent describes the separation of sulphuric

acid vapours from gases produced by the combustion of hydrogen sulphide
using 62.5 percent to 78 percent sulphuric acid at 85°C. 65

The gas

resulting from the burning of hydrogen sulphide in excess air was
reported as typically containing 0.67 percent sulphuric acid by volume,
together with sulphur dioxide (6.06 percent v/v) and water (7.37
percent v / v ) .

1.3

TOXICITY OF SOLPHORIC ACID

Sulphuric acid is considerably more toxic than an equivalent
concentration of sulphur dioxide.

Amdur and co-workers investigated

mortality in guinea pigs exposed to sulphuric acid mists with a mean
particle size of one micron. 51

From these studies, it was possible to

obtain approximate LC50 values, and these show that sulphuric acid is
apparently some 100 to 200 times more toxic than sulphur dioxide at the
same equivalent concentrations (see Figure 1-1).

Amdur reports an

increased irritant potency of sulphuric acid mists compared to sulphur
dioxide from her measurements of PFR changes in guinea pigs exposed to
non-lethal concentrations of these two substances.66

Again, sulphuric

acid appears from these studies to be about 200 times more toxic than
sulphur dioxide, although Amdur warns that the toxic response is very
dependent on particle size.
The sulphur dioxide release considered by the AECB may, on
arguments outlined in the previous section, contain a significant
proportion of sulphuric acid.

If this were the case, it would be

necessairy to include sulphuric acid toxieity in the assessment of
mortality arising from such an atmospheric release.
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APPENDIX II. HUMAN PFR DATA

Tabulated below are the changes, measured by Frank et al., 1 8 '
in PFR for 20 individuals at a number of sulphur dioxide exposure
levels:

so
3 pm2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
4
4
4
4
4
5
5
5
4
5
4
5
5
13
13
13
13
13
13
13
13
13
15
16
15
15
16
16
17

Average
S0 2 level

PFR on exposure
PJ-K control

Average
PFR ratio
(± a.d.)

Reference

1.0

0.94
0.77
0.93
0.88
1.00
0.76

0.88*0.09

21

1.0

0.84
1.16
1.42
0.97
1.01
0.73
1.25
1.06

1.,06±0.18

18

4.2

1.21
1.36
2.32
1.23
1.15
1.45

1..45*0.41

21

4.7

1.35
0.94
1.41
1.12
1.22
1.68
1.57

1..33*0.22

18

13.2

1.41
1.63
3.32
1.92
1.78
1.18
1.10
1.39
2.14
1.74

1.76*0.61

IS

2.38*1.32

21

15.8

5.11
1.42
2.57
2.25
1.88
1.02

21
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There were also some additional data in the 1964 Frank et al. paper 21
from a separate experiment, but the sulphur dioxide levels were too
variable to permit a reliable average PFR change:

so

PPm2

PFR on exposure
PFR control

10
19
12
17
10
13
15

0.76
1.06
1.31
1.86
1.28
2.30
2.30

All the PFR ratios refer to 10-minute exposure to sulphur
dioxide.

The average values for the ratios, presented in the first

table, are illustrated in Figure 6-1.

A striking feature of these data is the extreme variability in
PFR response, both between individuals and between sulphur dioxide
exposure

levels.

This variability underscores the difficulty of

obtaining reliable correlations between human subjects and animals
laboratory animals are, after all, bred to achieve a uniformity in
performance.

—
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APPENDIX III.

SUMMARY OF NON-LETHAL EFFECTS OF SULPHUR DIOXIDE EXPOSURE
IN HUMANS

Concentration of SO2
(ppm)

Exposure
(minutes)

0.17 - 4.6

1-10

6.5 - 11.5
14 - 15

10 - 15
30

>20

30 - 37

>50

few minutes

Effects

odour threshold,
average value
0.8 to 1.0 ppm
organoleptic effects
at levels 2 ppm and
above
slight tracheal and
nasal irritation
more uncomfortable
irritation
marked eye irritation;
higher and continued
exposure leads to
corneal damage
a strong nasal irritation
sneezing and coughing
increasingly severe
irritant effects and
reduction in pulmonary
functions, leading to
death at high exposure
levels

deduced from the discussions presented in this report.

Reference

3
2
28
28
•

28
*

