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FOREWORD

Man’s environment is a subject that has attracted the attention of men from
earliest times and interest in it has increased with the growth of society. In its
widest sense it is a subject for philosophers and political economists and today
it forms the core of all public health study. Its ramifications are wide and a
common interest in it brings together, as illustrated in these lectures, such
diverse fields as sociology and toxicology.

In an effort to correlate a few of the many aspects of this wide subject, the
Harvard School of Public Health invited several experts in various fields to join
the members of the Faculty in presenting a symposium on “The Environment
and its Effect upon Man” as the School’s part in the Harvard Tercentenary
celebration.

We wish to express our deep gratitude to our colleagues who prepared these
lectures. We are indebted to the Journal of Industrial Hygiene and Toxicology
for permission to reprint here all the papers except that of Mr. and Mrs. Wells
which the Journal of the American Medical Association has kindly allowed us
to include in this volume.

Cecil Kent Drinker,
Dean of the School of

Public Health.
Boston, January, 1937.
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THE EFFECTS OF SOCIAL ENVIRONMENT*

L. J. Henderson and Elton Mayo

THE human aspect of modern
industrial organization attracted
no great attention from indus­

trialists until the advent of the Euro­
pean War of 1914; after the outbreak
of hostilities the need to accelerate
and to maintain production of various
necessities quickly provoked a formu­
lation of the problem. Apparently
no one had ever sufficiently considered
the enormous demand upon industry
that would be made by a war-machine
organized upon so heroic a scale, for
armies counted in millions were a gi­
gantic innovation. Nor had anyone
considered the effect of the strenuous
and sustained exertion imposed upon
those who worked to provide supplies.
The authorities in England speedily
became aware of a “national lack of
knowledge of the primary laws govern­
ing human efficiency”. In particular,
there was “need for scientific study
of the hours of work and other condi­
tions of labor likely to produce the
maximum output at which the effort
of the whole people was aimed”.
The actual conditions of work set in
the munition factories were, in the
early days of the struggle, admitted to
be progressively detrimental to the
worker and consequently unfavorable
to that maintenance of output for long
periods upon which success in large

* From the Fatigue Laboratory and
Industrial Research Department, Harvard
Business School, Boston.

part depended. Inquiries undertaken
by Dr. H. M. Vernon and others
appointed by the British Health of
Munition Workers Committee were
effective; the introduction of shorter
hours of work, of rest pauses and of
other humane innovations resulted in
the restoration of morale and the
maintenance of production.

The stimulus to inquiry provided by
this situation has continued to operate
in the years that have elapsed since
1918, and much has been learned of
the human factors that are involved in
industrial organization for work.
Another paper given at this sym­
posium, by Dr. D. B. Dill, will present
some of the most recent and interesting
findings by physiology in the problem
of fatigue. In addition to physiology,
psychology has been summoned by
industry to aid its determination of
appropriate working conditions for the
human being in action. In many of
these inquiries, and rightly, the worker
is considered and studied as an individ­
ual. Up to the present there have
been few attempts to study the social
conditions of work—that is to say,
the effect upon morale and production
of the situation created by the interre­
lation of several human beings in an
industrial department. This paper is
designed to give a brief account of two
experiments at the Hawthorne Plant
of the Western Electric Company
which in a sense stumbled upon this
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2 ENVIRONMENT AND ITS EFFECT UPON MAN

problem as an exceedingly important
aspect of industrial administration.

Officers of the Western Electric
Company were probably moved to
begin the researches of 1927 at Haw­
thorne by two chief influences. The
one may be described as a general
interest in the problems of the inci­
dence of “fatigue” and “monotony”
in factory work. This took its rise,
remotely, in the publication by the
English Industrial Health Board of its
studies of the conditions of work in
munitions factories and other indus­
trial plants during and after the War.
The other influence may be attributed
to the fact that, as good engineers,
these same officers were aware that
Company policies with respect to
human beings were not so securely
based as policies with respect to
materials and machines. Mechanical
processes, the type and quality of
materials used, were based upon care­
fully contrived experiment and knowl­
edge; the human policies of the Com­
pany, upon executive conceptions and
traditional practices. In determining
the human policies, the Company had
no satisfactory criterion of the actual
value of its methods of dealing with
people. A mechanical process as stud­
ied in a modern factory will in some
way reveal an inefficiency; atraditional
method of handling human situations
will rarely reveal that it is rooted in
mere use and custom rather than
knowledge. The hope that an experi­
mental method of assessing the human
effect of different working conditions
might be discovered must be regarded
as counting for something in the devel­
opment of the experiment. The
object was not to increase production 

but to discover facts. Where produc­
tion could be accurately observed,
records were kept; but this was
arranged merely as an essential part of
the experimental procedure.

The original “test room” was in­
stalled in April, 1927, and continued
to operate until 1932, when, for reasons
not connected with the experiment, it
was abandoned. The principal re­
sults here presented have been de­
scribed by T. N. 'Whitehead.*  The
operation selected for study was that
of the assembly of telephone relays.
Five girl workers were transferred
from their usual work surroundings
into an experimental room, within
which their work was supervised by
specially appointed observers. Ar­
rangements were made for the con­
tinuous and accurate record of individ­
ual output and for other observations
that were considered appropriate. It
will suffice for our present purpose if we
say that the output of the test room
workers continued to rise slowly for a
period of years. In its upward pas­
sage this major gain ignored almost
completely experimental changes arbi­
trarily introduced from time to time
by the officers in charge of the experi­
ment, including modification of the
hours of work, the introduction of rest
periods, etc., except those that modi­
fied the social organization of the
group.

Thus it became evident that the
group was performing two distinguish­
able, but mutually dependent, func-

’Social Relationships in the Factory:
A btudy of an Industrial Group. T. North

?'ile Human Factor, 9, 381
(iJdo). We have here summarized and
paraphrased a large part of this paper. 

EFFECTS OF SOCIAL ENVIRONMENT 3

tions. On the one hand, the group
was performing its technological, or
economic, function; on the other hand,
the activities of the group were being
so modified and controlled as to
heighten the social solidarity of the
group within itself, and also to stabil­
ize its relations with other groups.

formed as to the nature of the experi­
ment, and their cooperation was in­
vited. The girls were paid, as before,
on the same system of group piece
work; but their previous group had
contained over a hundred individuals,
while in the test room the group, for
purposes of payment, consisted of only 

Fig. 1.—Girls at bench assembling relays.
due the editors of Human Factor.)

(Thanks for reproducing these illustrations is

As time went on, the interplay be­
tween the economic anti the social
functions of industrial groups became
the central subject of the Western
Electric researches. Although the
girls’ work itself was not altered, the
general conditions in the test room
differed in a number of respects from
those to which the girls had previously
been accustomed. They were in­

five members. They were told to
work at a comfortable pace, and no em­
phasis was laid on achieving any given
level of output; in fact, they were
warned against ‘racing’ or forced out­
put in any form. Conversation was
permitted; on occasion it was general,
while at other times it was confined to
pairs of neighbors. In addition to
these innovations, certain other ex­
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4 ENVIRONMENT AND ITS EFFECT UPON MAN

perimental changes were introduced
from time to time. The length of the
working day was varied, as were also
the number of working days in the
week, rest pauses were introduced,
and so forth.

Figure 1 is a photograph of the girls
at work. They are sitting in a row
along their work bench, and opposite
them are trays containing the neces­
sary parts for assembly. Immedi­
ately in front of each girl is a small jig
to assist her in building the relays.

Numerous records were kept by the
supervisor in charge. Since an auto­
matic instrument recorded, to a frac­
tion of a second, the instant at which
each girl completed every assembled
relay, we have the minute-to-minute
output of each individual over a period
of 5 years. Other records relate to
quality of output; reasons for tempo­
rary stops; the length of time spent in
bed every night; periodical medical
reports, and so on. Room tempera­
tures and relative humidities were
taken hourly and the Chicago Weather
Bureau has supplied similar records for
outside conditions. In addition to
these, a number of other records were
kept.

The supervisor and his assistants
made extensive daily notes of conver­
sation, and of the relations developing
between the workers. The workers
were also separately interviewed by
an experienced person on a number of
occasions in another room. In all,
we have volumes of contemporary
observations bearing on the char­
acters and dispositions of these girls,
their mutual relations, their conversa­
tions and attitudes, their home
situations, and their leisure hour 

acquaintances and activities. All this
information was collected with the
knowledge and consent of the girls
themselves; and, as evidence that this
consent was real, we may add that
two suggested records were vetoed by
the girls and so were never kept.

Figure 2 shows the weekly output
rates for each of the girls in the test
room. Each point, or short hori­
zontal bar, indicates the average num­
ber of relays assembled per hour by
the worker for the given week.

It will be noticed that girls Nos. 1
and 2 did not enter the test room until
the beginning of 1928, when they
replaced the original girls 1A and 2A.
Similarly, No. 5 left the Company in
the middle of 1929, and returned
about 10 months later. During this
interval her place was taken by No.
5A. In this short account no further
mention will be made of Nos. 1A and
2A, but No. 5A entered into the life
of the group too vitally to be ignored,
and she will be referred to in due
course.

All these girls were experts at relay
assembly, having already had several
years’ experience, but it is noticeable
from the figure that in every case their
output rate increased substantially,
the average increase being somewhere
in the neighborhood of 30 per cent.

Of great interest are the wave-like
irregularities exhibited by each graph.
Some of these ‘waves’ last for months,
and others only for a week or two.
Moreover, the available output figures
show that similar irregularities oc­
curred with durations of as little as a
minute or two upwards. At first it
was supposed that these variations in
working speed might be related to the
experimental changes deliberately in­

EFFECTS OF SOCIAL ENVIRONMENT 5

troduced, or possibly to other changes
in physical circumstance, such, for 

surprising conclusion that irregularity
in speed of work substantially failed 

Fig. 2.—Weekly output rates for girls in test room. Each point or short horizontal bar
indicates the average number of relays assembled per hour by the worker for the
given week.

instance, as temperature, or the work­
er’s own physical state. But a careful
analysis of the data forced us to the 

to correlate with any changes of
physical circumstance. This applied
equally whether experimental changes, 
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6 ENVIRONMENT AND ITS EFFECT UPON MAN

irregular changes of natural circum­
stances, or those cyclical changes in­
volved in the passage of time were
considered.

Since working speed was in fact very
variable, and yet so insensitive to
changes in physical circumstance,
changes in the girls’ social relations
were next examined as being possibly
connected with variations in working
speed. And this time positive results
were obtained. Speed of work varied
markedly with changes in the senti­
ments entertained by the workers
towards each other, towards their
supervisors, and towards the group as
such. To give a social history of the
test room from 1927 to 1932 would be
to give an explanation of the major
trends shown in these graphs.

We have already remarked that
these graphs show an average increase
of speed of about 30 per cent. In any
ordinary sense they are not learning
curves, for the workers all had several
years’ experience in this particular
work, and they had reached a more or
less steady state as regards speed and
skill.

Nevertheless the plateaux and
spurts are decidedly suggestive. It
was the organization of human rela­
tions, rather than the organization of
technics, which accompanied spurts in
these cases. This illustrates the fu­
tility of attending exclusively to the
economic motivation of workers, or to
their physical conditions of work.
These things are of high importance;
but no group of workers can be ex­
pected to remain satisfied, or to co­
operate effectively unless their social
organization and sentiments are also
protected.

In looking at figure 2 once more, 

each graph can be imagined as the
resultant of a number of wave-like
disturbances of differing wave-lengths
each superimposed upon the other.
An ocean, such as the North Atlantic,
only too frequently provides us with
an analogy. So often it is simul­
taneously disturbed from shore to
shore by ripples, waves, oceanic rollers,
and by tides—four different types of
wave-like disturbances, differently pro­
duced, and each with its characteristic
range of wave-lengths. In similar
fashion a work speed graph can be
thought of as simultaneously dis­
turbed by superimposed fluctuations
of very different wave-lengths, or
better, time-spans, for in this case the
length of the wave is measured in
units of time.

By means of a statistical device it is
not difficult to break down a work
speed graph into a family of curves,
each curve containing only those
fluctuations lying between certain
limits of wave-length, or time-span,
and such that, if the ordinates of all
these curves be added together, the
original graph results. This has noth­
ing to do with harmonic analysis; it is
just a device for examining all disturb­
ances of approximately similar time­
spans in isolation from the others.

This analysis has been performed by
Whitehead for each of the work speed
graphs in figure 2. For instance,
among others, one curve has been
prepared for each girl, showing all
those fluctuations of speed whose time­
spans lie between 1 and 4 weeks—all
other fluctuations have been elimi­
nated from these particular curves.
And these 1—4 week time-span curves
have been compared with one another
to see in what degree the speed fluctua­

EFFECTS OF SOCIAL ENVIRONMENT 7

tions of one girl correspond with those
of another.

The accompanying figures give this
information for typical dates through­
out the experiment. Figure 3 refers
to April, 1928. The five circles repre­
sent the five relay assemblers in the
order in which they sat, the distin­
guishing number of each girl being
placed within her circle. When the
speed fluctuations of two girls show a
significant correspondence in the 1-4
weeks time-span, then the pair in

Figs. 3-6.—Correspondence in output
fluctuations.

question are joined by a line; for ex­
ample, the pairs 1-2 and 3-4. The
figures against the lines indicate the
strength of the correspondence stated
in percentages, and when this corre­
spondence amounts to 50 per cent or
more this is indicated by a thick line.
These figures do not refer to correla­
tions (r), but to the squares of correla­
tions (r2), and are called ‘determina­
tions.’

Determinations have certain theo­
retical and practical advantages as 

compared with correlations; but the
point to remember is that a determina­
tion is always numerically smaller
than its corresponding correlation.
Thus a correlation of 0.8, or 80 per
cent, corresponds to a determination
of 0.82, or 64 per cent. All the deter­
minations shown in the following
figures are positive unless otherwise
indicated.

With this preliminary explanation
let us examine figure 3. The relay
test room had been running for about
a year, but Nos. 1 and 2 had been
members of the group only for the last
3 months of that time. As the figure
shows, these two girls ‘determinated’
quite strongly. No. 2, of Italian
origin, was undoubtedly the leading
member of the group. She was the
fastest worker, showed the highest
score in an intelligence test, and
possessed the most forceful character
in the room. This girl was ambitious
and at times hoped to obtain a secre­
tarial post, but circumstances had
prevented this. At the date in ques­
tion, April, 1928, her mother and sister
had recently died, and No. 2 ran her
father’s house, looked after her
younger brothers, and was the princi­
pal wage-earner of the family. In the
main shop, No. 2 had found little
scope for satisfaction, but the test
room seemed to offer a greater outlet
for her ambitions and energies, and
she threw herself into the new situation
with vigor. Her friend, No. 1, of
Polish origin, possessed a more placid
disposition and contentedly followed
her strong-minded neighbor. This
friendship lasted throughout the 5
years of the experiment.

Workers 3 and 4, both of Polish
origin, had been friendly since the 
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8 ENVIRONMENT AND ITS EFFECT UPON MAN

beginning of the experiment, although
they had little in common except their
chance propinquity. Neither pos­
sessed conspicuous qualities of leader­
ship, though it appears that, in the
absence of No. 2, No. 4 might possibly
have assumed a dominant position in
the group.

Characteristically, No. 5 shows no
correspondence in her speed fluctua­
tions with any of the others. A Nor­
wegian by birth, she had lived in the
States only a few years and spoke
English with difficulty; and this,
combined with the fact that she was
married, older than the others, and of
a phlegmatic disposition, prevented
her from ever entering fully into the
life of the group.

So figure 3 shows determinations
between two pairs of friends, but noth­
ing that could be described as a general
state of mutual influence as between
the five girls.

Figure 4 illustrates the state of
affairs 15 months later, in July, 1929.
Here every girl ‘determinates’ signifi­
cantly with every other girl, and in
many cases the degree of determina­
tion is decidedly great. It will be
noticed that every determination ex­
ceeds 50 per cent, except those involv­
ing No. 5 which never exceed 30 per
cent.

During the 15 months separating
figures 3 and 4 the group had been
acquiring common activities, interests
and loyalties. To a large extent the
group had taken their discipline out of
the hands of the supervisor and were
performing this function for them­
selves. To give only one instance:
when a girl wished for a half day’s
leave of absence she had to obtain
permission from the supervisor. But 

a custom had become established by
which no girl could ask for such per­
mission unless the group sanctioned it.
This leave was seriously debated by
the group and not always granted,
and we do not think the supervisor
ever reversed the decision of the group
in this matter. Group solidarity had
developed with No. 2 as the unofficial
but acknowledged leader; and figure 4
shows the extent to which the girls
were influencing each other in respect
to speed fluctuations in a particular
time-span.

Figure 5 shows an almost complete
collapse of group solidarity only 3
months later, in October, 1929. In
the interval between figures 4 and 5,
No. 5 had left the Company’s employ­
ment of her own free will, and had
been replaced by another relay assem­
bler, No. 5A. This last girl was
selected at the request of No. 2, the
two having been close friends for some
years.

No. 5A was in all respects more
congenial to the group than her pred­
ecessor; she was of the same age as
the others, unmarried, good tempered
and cooperative. Nevertheless, No.
5A was unaccustomed to working with
her new associates and quite unused
to the type of integrated group activity
of which she had no previous experi­
ence. The result was that, in the
1-4 weeks time-span, she ‘determi­
nated’ with no one. But, even more
significant, others pairs not involving
No. 5A also failed to show much
mutual influence. Solidarity had
fallen all round in consequence of an
unassimilated social element, and this
in spite of the fact that No. 5A was
more popular than her predecessor.

However, this state of affairs did

EFFECTS OF SOCIAL ENVIRONMENT 9

not last long, and 3 months later
(figure 6) we find the highest state of
integration ever observed in the group
in this particular respect. No. 5A had
established herself as a participating
member of the group and being better
adjusted in her surroundings than No.
5, determinations are higher. Every
individual determinates with every
other; the mean value of all the deter­
minations is 64; and the least is 37,
corresponding to a correlation co­
efficient of 0.6.

an entirely different perspective of the
whole group and consequently the
need for a new orientation.

Shortly after this change No. 5 re­
quested the Company to take her
back and to place her again in the test
room. The circumstances surround­
ing this request were pathetic and the
request was granted. But the re­
sponsible official had not realized the
extent to which this action would be
resented by the remainder of the
group. The fact was that No. 5A was

Taking figures 4 and 6, the only
cases here presented of complete de­
terminations, the mean values of the
determinations for neighbors are 66; for
two individuals separated by one
other, 57; for those separated by two
others, 47; for those separated by three
others, 43.

Figure 7 shows another change by
June, 1930, 5 months later. Two
events occurred to account for this.
In the first place the girls had changed
seats, as can be seen from the figure.

This rearrangement was introduced
for experimental reasons in April of
1930, and was maintained for 10
months. A change in seating may
not seem important to those whose
occupation permits them some liberty
of bodily action during working hours,
but it made a great difference to the
relay group. Their work necessitated
some degree of visual attention, as
well as continuous finger and arm
action; it thus determined the position
of the body with respect to the work­
bench. So, of necessity, intimate
conversation could only be carried on
between neighbors, although general
conversation in a raised tone of voice
was not uncommon. Thus a change of
seating order involved new associates, 

Figs. 7-10.—Correspondence in output
fluctuations.

decidedly popular and was supporting
an invalid father. Her removal from
the test room resulted in a small drop
in her wages (she was given a some­
what different occupation), and it was
supposed to increase her chance of
being laid off as a result of the indus­
trial depression, which was then in its
early stages. For both these reasons
the reinstatement of No. 5 was disliked
by the group, and this dislike was
transferred to No. 5 herself. In
figure 7 No. 5 has no relations with
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10 ENVIRONMENT AND ITS EFFECT UPON MAN

anyone, and other determinations are
few and relatively weak. However,
by September of 1930, three months
later, the group began to show signs
of reintegration (figure 8). How far
this might have gone it is impossible
to say, for shortly afterwards the girls
were put back into their original order
of seating. The result is shown in
figure 9. Not only has integration in
this respect collapsed, but Nos. 2 and
5 show a marked negative determina­
tion (the corresponding correlation
equals — 0.72). It will be remembered
that No. 5A was a close friend of No.
2, and at this time the latter rarely
spoke to No. 5 except to snub her.
The result is seen in the variations of
their working speeds; when one worked
faster the other worked slower. Their
speeds varied in antiphase. This is
the only instance of a negative corre­
lation in the 1-4 weeks’ time-span,
though more frequent instances are
found in some of the other spans.

The occurrence of this one negative
determination involving No. 2 should
perhaps be considered in connection
with the fact that the total of her
determinations contributed about 40
per cent more than their proportional
share to the total of all the determina­
tions of figures 3-10. In other words,
determinations in which No. 2 is in­
volved are approximately twice as
great as those in which she is not in­
volved. This presumably is the mark
of her leadership, and it is possible
that the one negative determination
may be partly due to the same in­
fluence.

Finally, figure 10 shows the situa­
tion about 10 months later, in January,
1932. By this time the depression
was at its height, many employees had 

been laid off and quite evidently the
process was bound to continue. For
this reason, as well as others, the tone
of the relay group had been gradually
changing from optimism to resigna­
tion. The future was a matter for
dread rather than hope and No. 2 in
particular was again restless in the
feeling that her ambitions were not
being realized. The self-discipline of
the group showed signs of deteriorat­
ing, and the 10 months separating
figures 9 and 10 resulted in little growth
of solidarity. The group had lost its
spring. No. 5 was no longer the
object of active resentment, but she
was effectively outside the common
life and practically never spoke to any
of the other girls.

We have briefly compared syn­
chronization of fluctuations, in the
1-4 weeks time-span, with the social
sentiments of the workers themselves;
and it appears that these two factors
tend to vary in close accord with one
another. This accord was consider­
ably more detailed than has been
explained. Moreover, the story is
much the same whatever time-span be
considered. For fluctuations have
been examined with individual endur­
ances of a minute or two, at one end of
the scale, up to those having endur­
ances of nearly 3 months at the other
extreme.

In every case, the degree in which
the speed fluctuations of two workers
correspond relates itself in some fash­
ion to their mutual sentiments; though
the type of social sentiment involved
does depend somewhat on the length
of the time-span chosen.

The second experiment we report
has been fully described in a mono­
graph entitled “Management and the

EFFECTS OF SOCIAL ENVIRONMENT 11

Worker” by F. J. Roethlisberger and
W. J. Dickson. A study of a bank­
wiring room, it constituted the final
experimental phase at the end of 5
years’ inquiry at the Hawthorne
plant. “The method of study was
novel in that it utilized two types of
investigation simultaneously. One
type consisted of an indirect conversa­
tional interview, the other of direct
observation. The interviewer re­
mained as much as possible an out­
sider to the group, and the interviews
were held by appointment in a private
office. The observer was stationed
with the group in the role of a dis­
interested spectator. His function
was to keep records of performance,
and of events and conversations which
he considered significant. . . . The at­
tention of both investigators was fixed
upon the same group, and the one
simply attempted to get information
which the other could not get as well,
or could not get at all.”*

The situation that was revealed in
this method of study was very different
from that which obtained in the relay
assembly test room. Whereas in the
test room the collaboration of workers
with management was at a high level
and the aims of the two groups appar­
ently in perfect accord, the situation
in the bank-wiring observation room
was quite otherwise. The spontane­
ous social organization of the latter
group seemed to order itself about a
certain sentiment of fear or doubt with
respect to managerial intention. The
group had arrived at a conception of a
day’s work which was less than the
‘bogey’ set for the department. This

• Actual Behavior in a Shop. W. J.
Dickson. Paper read to Personnel Research
Foundation, January 25, 1935.

decision was not the result of careful
consideration or logical process; it had
‘just happened’. And the output
records showed a ‘straight-line’ pro­
duction which was closely in accord
with the group conception of a day’s
work. There were a variety of meth­
ods by which group discipline was
enforced; no individual escaped the
group decree. As a result of these
practices the departmental efficiency
records did not reflect the actual
situation. The official incentive plan
was not functioning as it was intended.
The group had so organized itself—in
a purely spontaneous fashion—that
the intentions of the engineer organ­
izers were defeated.

To show how completely the infor­
mal organization of the group had
defeated the official plan, we quote
certain findings made by W. J. Dickson,
the officer in charge of the investiga­
tion. In the original test room experi­
ment, study of the performances of the
girl workers after a period of years
showed that the comparative achieve­
ments of the individuals in respect of
output gave a ranking order that coin­
cided very closely with the order
assigned by intelligence and vocational
tests. Quite a contrary situation
revealed itself in the bank-wiring
room. The relative rank in output of
the various workers was compared
with their relative rank in capacity as
measured by tests of intelligence and
dexterity. “This comparison showed
that there was no relation between
their ability as measured by these
tests and their actual performance.
The lowest producer ranked first in
intelligence and third in the dexterity
tests. The man who scored highest
in the dexterity test ranked seventh in
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intelligence and seventh in output.
The man who scored lowest in the
dexterity test shared first place in in­
telligence and ranked fifth in output.
This then was a situation in which the
native capacities of the men were not
finding expression in their work. In
order to see whether differences in
earnings accounted for difference in
output, these two factors were then
compared. Here again no relation
was found. The man who ranked
first in earnings ranked fourth in out­
put, and the man ■who ranked lowest
in earnings ranked fifth in output.
Two of the men received the same
wages, yet one produced an average
of 16 per cent more work.”* Dickson
goes on to point out that careful
analysis of all the available data
showed that these differences in out­
put related themselves approximately
“to the individual’s position in the
group.” That is to say, differences in
output related themselves to the
social controls established by the
informal grouping and not to individ­
ual capacity or to economic or logi­
cal considerations. Dickson’s conclu­
sions, briefly summarized, follow. He
expresses a caution that these conclu­
sions apply specifically to the group
under observation and are not to be
interpreted as generalizations.

1. Output for these operators was a
form of social behavior. Their own
peculiar concept of or feeling about a
day’s work was the idea about which
the informal grouping was organized.
Individual differences of performance
were related rather to the individual’s
position in the group than to his
actual capacity.

2. In this situation the supervisory
* Op. cit., W. J. Dickson.

controls established by management
had failed. The whole logic of the
technical organization was implicated 
in this failure.

3. The problems encountered were
not due to a logical insufficiency in
the wage plan. Such plans assume
that a worker is primarily moved by
economic interest and that he ■will act
logically. The study shows that so­
cial considerations outweigh the eco­
nomic and logical; the workers’ actions
were based upon non-logic and senti­
ment—in other words, upon social
routine procedures.

4. The study has some interest for
vocational work in selection. In the
conditions described, scientific selec­
tion and placement do not ensure a
corresponding efficiency.

5. The conflict of loyalties involved
in the dissonance between the official
and the actual organization leads to
worry and strain, not only for the
supervisor but also for the workers.
There is reason to believe that the
girl workers in the test room, whose
work closely reflected their capacities,
experienced a feeling of release from
this type of strain.

Roethlisberger and Dickson have
elsewhere pointed out*  that situations
such as that described are commonly
misinterpreted. It is supposed, for
example, that there is a necessary
hostility somewhere implicit in the re­
lations between management and the
worker, and that restriction of output
is consciously contrived. But this
type of explanation misses “the essen­
tially non-logical character” of the
situation. It is only those who assume 

Management and the worker, techni-
8nlal or?anization in an industrial

t> '• Harvard Business School. Bureau
of Business Research, Boston, 1934.
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that economic interests dominate the
individual and that clear logical think­
ing serves these interests who can
argue thus. And it is the assumption,
and not the fact, that drives them in
this direction. “Logically it could be
argued, for example, that it was to-the
economic interest of each worker to
produce as much as he could and to
see that every member of his group
did the same. But, in actuality, the
workers saw to it that no one’s output
ever exceeded a certain limit. Had
they been asked why they limited their
output in this way, they would prob­
ably have expressed fears of a possible
‘rate reduction’. Yet none of the men
in the bank-wiring observation room had
ever experienced a reduction of rates.
But they acted as though they had.
This behavior was not directly in line
with their economic interests, nor was
it based on the facts of their own
experience with the company.”

There are other observations which
make the hypothesis of a necessary
hostility between management and
workers untenable. The Western
Electric Company has a long and con­
sistent record of fair dealing with its
employees. Both overtly in a very
low labor turnover and verbally in the
interviewing program, employees have
shown a manifest appreciation of the
company’s attitude. “In the inter­
views of 1929, when over 40,000 com­
plaints were voiced, there was not a
single unfavorable comment expressed
about the company in general.” It
seems to be clear that the hostility
hypothesis is an inference from the in­
sufficient assumption of economic in­
terest and logical thinking as funda­
mentals of human association; it is not
an inference from the facts.

“Upon examining more closely the
behavior of employees,” it became
evident that “many of their actions
were of the nature of mechanisms to
resist too rapid changes in their en­
vironment.” The opposition to
change was not only reflected in all
their tactics to keep output constant,
but was also implied in all the reasons
they gave in justification of their
actions. Roethlisberger and Dickson,
therefore, conclude that the chief
function of the informal groupings
which organize themselves on the
working line is “resistance to change
or any threat of change in their estab­
lished routines of work or of personal
interrelation.” This is a very ancient
and well-known character of human
association.

Scientific management has preferred
to work with explanations or hy­
potheses that are simple and logical.
This would be admirable, if one were
not guilty of what A. N. Whitehead
terms “the fallacy of misplaced con­
creteness.”* But no study of human
situations which fails to take account
of the non-logical social routines can
hope for practical success. Roethlis­
berger and Dickson give two reasons
for the failure of the technical plan in
the bank-wiring department. They
begin by distinguishing between the
technical organization and the informal
social organization of the employees.
The technical organization is chiefly
remarkable “for its logically contrived
character” which makes for rapid
change. And, just as capacity for
change characterizes the technical
organization, so resistance to change

* Science and the modern world. A. N.
Whitehead. The Macmillan Company,
New York, 1926.
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14 ENVIRONMENT AND ITS EFFECT UPON MAN

characterizes the informal employee
groups. As a result the employee
groups feel that they are constantly
under fire—in the sense that it is as if
the technical experts were constantly
battering to pieces any routines of
collaboration that the workers de­
velop. This rouses resistance, first,
because “the worker is at the bottom
level of a highly stratified hierarchy.
He is always in the position of having to
accommodate himself to changes which
he does not initiate." Second, “many
of the changes to which he is asked to
adjust rob him of the very things that
give meaning and significance to his
work. His established routines of
work, his personal relations with fel­
low-workers, even the remnants of a
cultural tradition of craftsmanship-
all these are at the mercy of the tech­
nical specialist. He is not allowed
either to retain his former traditions
and routines or to evolve new ones of
any probable duration. Now, the
social codes which define a worker’s
relation to his work and to his fellows
are not capable of rapid change.
They are developed slowly and over
long periods of time. They are not
the product of logic, but of actual
human association; they are based on
deep-rooted human sentiments. Con­
stant interference with such codes is
bound to lead to feelings of frustration,
to irrational exasperation with techni­
cal change in any form.” Ultimately,
therefore, the disrupted codes revenge
themselves by giving rise to informal
employee organizations which are
opposed to the technical authority.

Scientific management has de­
veloped a logical flexibility which in
itself is admirable. As applied to in­
dustrial organization, however, this 

flexibility perhaps creates more prob­
lems than it solves; it is at least true
that social sentiments and routines of
association find difficulty in adjusting
themselves to the rapid ‘shift’. But sci­
entific management has never studied
the facts of human social organiza­
tion; it has accepted the nineteenth­
century economic dictum that eco­
nomic interest and logical capacity are
the basis of the social order. It would
seem possible, therefore, that scien­
tific management has itself done much
to provoke that hostility between
management and workers which now
so inconveniently hampers every de­
velopment towards ‘rationalization’.

There remains comfort, however,
to be drawn from the series of experi­
ments at Hawthorne. These experi­
ments—

1. Have called attention to an
important group of facts—the facts of
spontaneous social organization at
the working bench. These facts are
of such a nature that they escape the
notice of physiological and psycho­
logical inquiry.

2. The experiments strongly sug­
gest that the excellent results obtained
in the original test room were largely
due to the achievement of a comfort­
able equilibrium between the technical
organization, or plant authority, and
the spontaneous social organization
of the workers themselves. This
equilibrium is not generally found in
working departments or in other
factories.

The facts that we have been con­
sidering have revealed and have led
us to describe certain characteristics
of two social systems, one experi­
mentally (though accidentally) pro­
duced, the other a spontaneous 
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formation whose existence had been
ignored. Now there can be little
doubt that any group of people who
work together sooner or later take on
some of the characteristics of such a
system, and thereafter so act that
their behavior can only be conceived
as the resultant of social forces as well
as of economic forces and of those
psychological forces that are private
to the individuals. Social organiza­
tion is, in fact, a human need; it is, in
some measure, necessary and inevi­
table. Its mere existence disciplines
the members and gives rise to senti­
ments, often very strong sentiments,
of loyalty, of personal and group
integrity, and not infrequently of
pride. No. 2 of the test room, com­
menting after the event on the decline
of output toward the end of the long
experiment, at a time when the effects
of the depression were at their worst,
remarked, “We lost our pride.”

Not infrequently the proprieties of
the spontaneous social system call for
more consideration than the strictly
economic interests of the group or the
psychological properties of the individ­
ual members of the system. This is
because the social forces are nearly
always strong, and sometimes domi­
nant. Like that of the family, the
social organization of any group is
felt as a real thing, indeed as something
far more real than the technical
organization of a factory; and spon­
taneously formed human relations are
felt to have a meaning and a value
that are lacking in purely hierarchical
relations or in those relations that are
involved in merely working together
in time and place, according to an
arbitrarily determined plan.

These statements, assuredly, arc 

platitudes; but they are platitudes that
are nearly always forgotten by most
men of action in action. Yet, it is ur­
gently necessary that they should
be always remembered,—remembered
and acted upon. Whenever men work
together search should be made to dis­
cover and to characterize the social
systems that have spontaneously,
arisen for these are the worlds in which
the individual members feel themselves
to be living, just as a mother feels her­
self to be living not so much in a par­
ticular house, in a particular street, in a
particular town, as in her family.

If you are talking -with, giving
orders to, planning for, making use of
a man who is living in a world—or
feels that he is living in a world—of
which you are ignorant, whose exist­
ence you do not suspect, is it possible
that what you say to him, what you
command him to do, what you plan
for him, what you use him for, will
have for him the same meaning that
it has for you? Is it not more prob­
able that what seems to you good for
him will to him sometimes seem bad,
both for himself and for his fragile
and insecure social system, which he
values and which gives meaning and
color to his life? And is there any
ground for thinking that what is
logical and reasonable to you will be
so to him? If you do not know his
axioms, it is probable that your axioms
will not be his, and, besides, he cannot,
in general, be persuaded by reason
but only by an appeal to his senti­
ments. How shall you appeal to
sentiments that you do not know?

The stability of the world in which
he feels—however non-logically, how­
ever irrationally—that he^s living—
however vague, however unanalyzed
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16 ENVIRONMENT AND ITS EFFECT UPON MAN

his feeling—is of first importance to
every man. That world is largely
made up of his human social relations
and of the sentiments that habitually
arise in the course of his habitual per­
formance of the routines and rituals
of daily life. Change too rapidly
imposed from without, for him is
evil, because his social system cannot
change very rapidly without breaking;
it is bound together by sentiments,
which change slowly and resist change,
because rapid change is destruction
of routines and rituals, of habits and
of conditioned behavior. Such change
is painful even to a dog.

The social environment is what
sentiments, routines and rituals make
it. From the most perfect family in
the world take away the sentiments,
the routines and the rituals, and the
residue will be unrelated individuals.

No doubt the social environment (the
various social systems) of a factory is
in many ways less important and far
less perfect than the social system of a
good family. But in several respects
it is the same kind of thing and, as
experiment shows, it is in several
respects so important that it cannot
be neglected by anyone who wishes
to plan wisely, or even merely to
know what he is doing.

The environment is at once physical,
chemical, biological, psychological,
economic and sociological. As a rule,
we all have the strongest feelings
about its sociological properties and
the least intellectual awareness of
them. Often these are the most im­
portant properties of the environment.
Let us study, weigh, modify and use
them.

INDUSTRIAL FATIGUE*

D. B. Dill, A. V. Bock, H. T. Edwards and P. H. Kennedy

I. Introduction

CURRENT concept regarding
the nature of fatigue has been
stated by Viteles (1) as follows:

“The word fatigue, as used both
popularly and scientifically, refers to
three related phenomena:

“1. An overt manifestation in the
form of reduced output on the task,
known as work decrement. 2. A
physiological state involving changes
in organic functions and the produc­
tion of chemical products of fatigue.
3. A feeling of fatigue or tiredness.”

The simplicity and coherence of the
concept as stated by Viteles give it
great pedagogical value but at the
expense of truth: the several phe­
nomena involved are not closely re­
lated; some of them have little in
common. Fatigue, for example, is of
great concern to neurologists. Many
of their cases are normal in so far as
the usual laboratory and clinical
manifestations are concerned. Cer­
tainly, there is no proof of the produc­
tion of chemical products of fatigue.
These patients, though they may live
in idleness, complain of constant
fatigue. Gillespie in a study of such
cases (2) found no common measure
of fatigue which was applicable.

* From the Fatigue Laboratory and the
Department of Hygiene, Harvard Univer­
sity, the Massachusetts General Hospital,
Boston, and the Youngstown Sheet and
Tube Company, Youngstown, Ohio.

In this paper attention will be
directed to various physiological states
observed in fatigue. It will be shown
that there is no characteristic pattern;
the simplest statement that can be
made is that the physiologist regards
fatigue as a failure to maintain equi­
librium or, to use Cannon’s termi­
nology, a breakdown of homeostatic
forces.

The physiologist does not deny the
applicability of the word fatigue to
monotonous industrial work although
modem usage seems to favor the word
boredom. This question has been
discussed by Mayo (3) who points out
that the words are used interchange­
ably. At any rate some investigators
see in a decreasing output an indication
of fatigue (4) while others use the same
yardstick for measuring boredom (5).
It is safe to deny, however, that bore­
dom describes the breakdown of a
finger as it is exercised with an ergo­
graph. The one phenomenon is a
problem for the psychologist, the
psychiatrist and the sociologist, while
the other is one that concerns the
physiologist, since it involves well-
known physical and chemical changes
in muscle. The two phenomena are
similar only in superficial respects;
fundamentally they are very different.”

The fatigue measured by the ergo­
graph has much in common with
certain types of breakdown observed 
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18 ENVIRONMENT AND ITS EFFECT UPON MAN

in industrial work. In order to make
this clear it is useful to apply the
engineer’s concept of “factor of safety”
to the worker. In a machine or
structure the factor of safety is defined
as the ratio of the capacity to the
greatest expected load. If the ratio
is unity, danger of a breakdown is
faced since there is no margin for
emergencies. Usually a large margin
is provided; according to current
practice, for example, the factor of
safety in bridge design is three or
more.

The factor of safety for man may be
defined as the ratio of the maximal
increment in metabolic rate to the
observed increment (6). For most
types of routine work in factories, the
ratio is three or greater. When such a
margin of reserve energy is available
tasks are carried out easily and with
little awareness of exertion. Fatigue,
if it is experienced, cannot be charged
to an upset in physiological equilib­
rium. For the worker in heavy in­
dustries and on the farm, for the
woodsman, the soldier and the sports­
man, the factor of safety may be
reduced to a low level and fatigue of
the sort produced by work on an ergo­
graph may be experienced.

The term factor of safety is applicable
both to the body as a whole, and to its
component parts. In manual labor
which brings into action a large propor­
tion of the skeletal muscles the total
metabolism of the body is increased
several-fold. This places upon the
respiratory and circulatory systems
heavy demands for maintaining the
supply of oxygen and of fuel and for
removing end-products of metabolism
and dissipating heat. Consequently, 

many varieties of fatigue and break­
down can be observed in such activity.
Skeletal muscles themselves may be
incompetent, the heart may fail, or
there may be a breakdown of equilib­
rium in the system as a whole. Specific
illustrations will be given later of these
situations.

Many industrial jobs place a heavy
strain on small units of skeletal
muscles, but do not necessarily raise
the total metabolism enough to reduce
the factor of safety for the heart and
lungs to an uncomfortably low level.
Fatigue in such a task may be muscu­
lar, neuromuscular or of central origin.
The cases which are of central origin
have been given particular attention
by Mayo (3); the others may have a
physiological as well as a psychological
background.

Since the subject of fatigue has been
reviewed during the past year by
Simonson (7) few references need be
made to the voluminous literature on
the subject. Instead, several illustra­
tions will be given from the laboratory
and from the field which will picture
concretely diverse manifestations of
fatigue. Following a classification
similar to that of Simonson’s these illus­
trations may be considered in the light
of four proposed mechanisms: (a) Ac­
cumulation of fatigue substances, (b)
Exhaustion of energy reserves, (c)
Inadequacy of oxygen supply, and
(d) Alteration of physico-chemical
state.

II. Accumulation of Fatigue
Substances

When the lactic acid theory of
muscular contraction was proposed a 
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substance was at hand which seemed
to be the long-sought toxin responsible
for fatigue. Its relation to fatigue,
however, is more restricted than at
first appeared. Fatigue in the intact
organism may be experienced without
accumulation of lactic acid. Never­
theless, its concentration in the blood
remains a useful index to the degree 

runner, De Mar, there was no accumu­
lation of lactic acid. The magnitude
of increase in lactic acid was closely
related to the degree of fatigue as
indicated by other objective measures,
such as the R.Q., and by subjective
evidence.

Even though in very strenuous
activity lactic acid may be useful in 

Fig. 1.—The increase in blood lactate in 19 men of varying physical ability. Each man
worked at the same rate for 20 minutes. In this work, about 10 times the resting metabolic
rate, the quantity of lactic acid produced is closely related to the degree of fatigue.

of fatigue in one sort of activity, viz.,
that in which either the oxygen supply
is deficient or the oxidative mechanism
of the muscles is not competent to
meet the demands placed upon it.

The response of several individuals
to a fixed task (8) is shown in fig. 1.
Those who were well-trained were
able to carry out the task with ease;
in the case of the veteran marathon 

judging fatigue it is not a primary
cause of fatigue. If one follows the
recovery curves of lactic acid removal
and of oxygen uptake, it develops that
the oxygen debt*  is half paid in the
first 6 or 8 minutes of recovery, while

* The reader unfamiliar with the concept
"oxygen debt” is referred to the papers of
A. V. Hill. His book, “Living Machinery”
(9) contains a clear statement of the ele­
mentary facts.
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20 ENVIRONMENT AND ITS EFFECT UPON MAN

the lactic acid concentration in whole
blood may have just attained its
maximal value by this stage of recov­
ery (10) and the capacity for anaerobic
work may be almost completely re­
stored. Interesting proof of this fact
was obtained at an indoor trackmeet
in Boston this past winter. Eulace
Peacock won two successive heats and
the final of the 50-meter dash with 

The level of activity in the experi­
ments referred to, in fig. 1 was about
10 times the resting rate. If the level
is less than six times the resting rate,
as in most industrial jobs, there will be
little or no increase in lactic acid con­
centration in the blood. Our evidence
on this subject was accumulated on
workmen at Boulder Dam and on steel
men at Youngstown, Ohio. The latter 

A. Normal Men

TABLE 1
Pulse, Blood Lactate and Blood Sugar in Steel Workers

Several pulse counts were made during the day’s work; the value given is the highest
observed count in each of the men studied. Blood samples were drawn from the normal
men immediately after work. Blood was also obtained from patients with heat cramps but
not until they had reached the hospital.

PULSE IN 12 MEN BLOOD LACTATE IN 10 MEN BLOOD SUGAR IN 6G MEN

Maximum, 160
Minimum, 132
Average, 143

mg. per cent

Maximum, 13.1
Minimum, 8.4
Average, 10.3

mg. per cent

Maximum, 142*
Minimum, 81
Average, 103

One observation is omitted. A value of 303 was found in a man who proved to be a
diabetic.

B. Men with Heat Cramps

BLOOD LACTATB IN 6 MEN BLOOD BVOAB IN 32 MEN

mg. per cent

Maximum, 24.3
Minimum, 9.0
Average, 13.4

mg. per cent

Maximum, 165
Minimum, 91
Average, 116

intervening rest periods of only 6 or 8
minutes. His time in the semi-final
tied the meet record although he must
have had a high lactic acid value when
he began the second and the third
races. Six minutes after the last race
a blood sample was obtained and his
lactic acid was found to be 88 mg. per
cent or 1,000 per cent of the normal
rest value. Yet he did not appear
tired at this time and so far as could
be judged he could have run again.

group was doing particularly heavy
work; some of them worked at tasks
too heavy to carry on continuously and
as shown in table 1, had high pulse
rates and yet had normal blood lactic
acid.

Lactic acid is not the only substance
proposed as the toxin of fatigue. Re­
cent studies suggesting that ammonia
may be concerned have been reviewed
by Simonson (7). Ammonia is liber­
ated in muscular contraction and is 
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known to be toxic in low concentration.
Further evidence is required to estab­
lish its role, if it has one, in fatigue.
Toxins derived from traumatized mus­
cles have been held to be the cause
of shock (11), but the existence of such
toxins has not been proved-. Such
substances as histamine have not been
shown to have direct relation to
fatigue.

III. Exhaustion of Energy
Reserves

This subject does not require ex­
tended discussion because there is no
evidence that the well-nourished work­
man seriously depletes his energy re­
serves in the course of the day’s work.
On the contrary, our evidence on this
subject, obtained in the Youngstown
steel mills, indicated that steel workers
maintain an adequate reserve of carbo­
hydrate. The proportion of carbo­
hydrate utilized is usually estimated
by collecting expired air and deter­
mining the ratio of carbon dioxide
production to oxygen consumption,
i.e., the R.Q. One cannot collect
expired air for evaluating the R.Q. of
steel workers without interfering with
the rhythm of their job. It is possible,
however, to obtain two other useful
indices of fuel reserves. We know
that in heavy work the preferred fuel
is carbohydrate (12). If work is
continued for a long time in the lab­
oratory without food, the diminishing
reserve of carbohydrate is associated
with a falling R.Q., a reduction in
efficiency, a decreasing blood sugar
concentration and the appearance of
acetone in the urine (13). In no case
in the steel mills either in normal work­
men or in those suffering from the
effects of heat was a strikingly low 

blood sugar observed (see table I)
nor was acetone found in the urine.
On this evidence we are content to
conclude that even in heavy industrial
work fuel depletion and, in particular,
carbohydrate depletion are not im­
portant causes of fatigue. While the
reserves of energy undergo rhythmic
variations throughout the ordinary
day’s work the amplitude of oscillation
is but a small fraction of the potential
amplitude.

A reservation should be made,
however. Men who come to work
after a period of unemployment may
have a low reserve of energy as well
as a reduced capacity for transforming
energy. They may require some days
or weeks to reach an equilibrium
between income and outgo. For ex­
ample, records of the Civilian Conser­
vation Corps show gains in weight of
from 8 to 10 lbs. in newly enrolled
men in many camps. Anyone who
undertakes a task taxing his capacity
and for which he is unfitted or un­
trained may find that glucose or other
readily available fuel is of real value
when taken between meals.

Our conclusion that the average
workman suffers little handicap from
fuel depletion during his day’s work
leaves unexplained the copyrighted
results of Laird (14). He reports that
fatigue in students doing tapping tests
is favorably modified by the ingestion
of certain sugars, maltose being pecu­
liarly effective.

We do not dispute the claim that
the introduction of rest pauses in
which food is supplied may influence
work output favorably, as has been
shown recently by Haggard and Green­
berg (15). In an excellent discussion
of industrial fatigue they recognize 

I*
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22 ENVIRONMENT AND ITS EFFECT UPON MAN

the dependence of productivity in a
factory on the social situation; they
also believe it depends on frequency of
meals. Although their provision of
two free meals was associated with an
increase in output, the social situation
did not remain constant in the mean­
while. Perhaps the observed increase
in production was a token of the work­
ers’ appreciation of the consideration
shown for their welfare. The pleasure
and interest in two free meals may
have been more important than the
altered energy reserves.

The thesis of Haggard and Green­
berg that mechanical efficiency shows
large variations with meals and that
meals should be frequent is interesting
but requires substantiation. It is
difficult to believe that mechanical
efficiency on a bicycle ergometer can
increase from 20 to 28 per cent after
meals. This is at variance with the
observations/of other students of the
physiology of muscular exercise. It
is only necessary to refer to Lusk (16).
Immediately after a fasting dog in­
gests 70 to 100 gm. of glucose “mechan­
ical work may be accomplished at the
expense of 5 per cent less energy than
when glucose is not taken.” This
corresponds to an increase of 1 per
cent in efficiency rather than of 8 per
cent.

IV. Inadequacy of Oxygen Supply

The capacity for transporting oxy­
gen, as suggested in Section II, is
adequate in the healthy man engaged
in any ordinary activity. In the
individual with cardiac defect or in
high altitudes it may become a limiting
factor in muscular activity and an
important cause of fatigue. In South
America, for example, there are hun­

dreds of thousands of people living
above an altitude of 2 miles in whom
the mechanism for oxygen transport is
constantly under greater stress than
at sea level. Studies made in Chile
during 1935 (17) indicate that the
problems of activity at high altitude
are of particular concern to the new­
comer; after some months or years
acclimatization is so complete that life
in moderate comfort is possible as high
as 3 miles. The period of transition
has long been recognized by these
people as a severe ordeal. Monge
(18) has found that in the Incan
period two armies were maintained
at high altitudes. These were used
alternately in maritime conquests.
Each 2 months they exchanged sta­
tions and in this way may have
developed a capacity for rapid adap­
tation. Monge believes that the
experiences of the Bolivians in the
Chaco, where suffering from heat was
extreme and deaths from pulmonary
disease were numerous, substantiate
the wisdom of the Incas.

Some animals suffer more in high
altitude than man. Cats are espe­
cially sensitive while two members of
the camel family, the llama and the
vicuna are by nature well-endowed for
life in high altitude (19). The former
is used for heavy work up to 17,500
feet.

With the growth of air transport,
fatigue in the aviator is a problem
which is concerning an increasing
number of people. This subject has
been discussed by Bauer (20), Grow
(21) and Bassett (22). Grow ad­
vances the hypothesis that “fatigue is
due to the excessive generation of
nerve impulses and originates in the
nervous tissues of the body.” He has 
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observed that after' a short flight in
bad weather over bad terrain a great
sense of fatigue and exhaustion, out of
all proportion to the duration of the
flight, is felt upon landing. “The
constant bombardment of the brain
by fear stimuli has induced an out­
pouring of nerve energy producing
fatigue and with a resultant muscular
tenseness.”

has under way experiments which, it
is hoped, will provide more valid tests
than those now in use (24).

The question frequently is raised by
engineers as to what altitude should be
considered maximal for safe and
comfortable flight. This cannot be
answered categorically since passen­
gers may have cardiac or pulmonary
defects which render them hyper­

Fig. 2.—The range in saturation of arterial blood in relation to altitude. From 4 to
17 men were studied at each station. The results at 5,750 feet are from Stammers (25).
All the other values are from our own observations either in Leadville or in Chile. These
results correspond to partial or complete acclimatization; the saturation may be lower
in the rapid transition characteristic of airplane flights. In two flights we have found
saturations of 77 per cent at 13,000 feet and 68 per cent at 16,000 feet.

Some of the earliest tests for avia­
tors were developed by Schneider (23).
In spite of the considerable advance
made in testing candidates for the Air
Corps, only one-half of those who pass
the first test are able to qualify as
pilots. The recently established lab­
oratory of the Army Air Corps at
Dayton, under Armstrong’s direction, 

esthetic to low oxygen. If one neglects
factors other than partial pressure of
oxygen, it may be concluded that
10,000 feet is the critical altitude
below which the oxygen saturation of
blood is influenced only moderately by
altitude and above which the effect is
large. This conclusion is based upon
direct examination of arterial blood 

The Environment and its Effect Upon Man (1937)
ACL Doc 25275 · Page 18 of 155

Published by AsbestosClaims.Law

asbestosclaims.law/library/25275/18

https://asbestosclaims.law/library/25275/18


24 ENVIRONMENT AND ITS EFFECT UPON MAN

at various altitudes up to 20,000 feet
and including a few observations made
in a plane. Fig. 2 has been prepared
to illustrate these findings. The many
factors other than low oxygen such as
noise, air pressure changes and emo­
tional stimuli are operative at all
altitudes but cannot be considered
simply as additive. That is, a given
emotional stimulus may produce a
different response when superimposed
on anoxemia than when there are no
complicating factors. Probably no
satisfactory answer can be given to the
question proposed by the engineers
until subjects known to have respira­
tory or circulatory defects and who
may or may not be emotionally un­
stable are studied during actual flight
by clinicians, physiologists and psy­
chologists.

Bauer (20) quotes an interesting
illustration of fatigue in war pilots
which falls in the category of excessive
burdens on small units of the muscula­
ture. “The aviator . . . must turn not
only his head but his eyes to the ex­
treme angle. He must look in all
directions constantly.” To illustrate
how much the aviator twists and
turns, it is reported that a number of
cases were noted during the war of a
considerable hypertrophy of the neck
muscles due to constant use.

Anyone who has attempted a new
task is familiar with the experience
that muscles called into strenuous
activity are sore and stiff for some
days. Eventually this fatigue wears
off and the task which once was
difficult becomes easy. The mecha­
nism of this adaptation is not entirely
clear although hypertrophy of the
muscle such as that referred to by
Bauer may be one characteristic 

feature. It is possible that fatigue in
local units of the musculature, which
may occur with an adequate oxygen
saturation of the blood, is due to an
incapacity of muscle cells to transform
energy at the necessary rate. This
incapacity disappears with training.

V. Alteration of the Physico-
Chemical State

The attempt to relate fatigue to
simple and specific causes such as
accumulation of fatigue substances,
depletion of fuel or inadequacy of
oxygen supply have been only par­
tially successful. Certainly under
special conditions any one of these
factors may be the predominant cause
of fatigue. It is equally certain that
when the average man finishes his
day’s work his fatigue cannot be
ascribed to a specific fatigue substance,
to hypoglycemia or to anoxemia. We
must fall back on some other sort of
explanation than the simple and
therefore the preferred type. A simi­
lar situation has led physiologists to
abandon the elementary and easily
remembered theory that carbon di­
oxide alone controls respiration. This
theory soon developed flaws, so a more
high-sounding theory of pH control
was advanced. We now must accept
the less concrete theory proposed by
Henderson (26) that a large number of
interrelated factors are concerned in
the control of respiration. Under
some conditions one factor may be
predominant, under different condi­
tions others come forward.

The effects of high environmental
temperature may be cited to illustrate
the dependence of well-being on main­
tenance of homeostasis. Breakdown
may occur in the normal workman 
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without signs of fuel depletion, oxygen
deficiency or lactic acid accumulation.
Our studies at Youngstown covered
three groups of workmen: (a) normal
men who were able to carry on their
work in the mills without breakdown;
(b) workmen sent to the hospital with
heat cramps; and (c) workmen sent
to the hospital with heat prostration.
All of these, even the normal men,
experienced a considerable disturbance
in equilibrium during the day’s work.

The strikingly large water exchange
in healthy workmen in hot weather is
illustrated in table 2. The average
man has a water intake of more than
5 liters during 8 hours of work. During
the same period only 7 per cent of this
quantity of water is excreted by the
kidneys. With this large exchange
one can assume that the water of
foods and metabolism is roughly
equal to that excreted by the lungs
plus that of insensible perspiration.
What we have called “extrarenal water
loss” amounts to about 6 liters in the
average man and can be considered
approximately equal to the volume of
sweat. Since sweat contains from
0.05 to 0.5 per cent salt, it follows that
the salt loss in sweat may range from
3 to 30 gm. per day in these men.
The usual intake with food is from
10 to 20 gm. It is easy to see, there­
fore, that in the exceptional case one
may have a man with sweat of high
salinity working at a hot job which
results in the production of 8 or 9 liters
of sweat. Such a combination is apt
to lead to salt depletion and heat
cramps.

While there were not many men in
our groups who put out urine of a low
salt content one must bear in mind
that the one sample covers the entire 

8 hours of work. During the work
period the salt level in the blood may
be at the normal level early in the day,
but unless salt is supplied may drop
to a low level by the end of the day.
For this reason it seems particularly
important to provide salt throughout
the period of work rather than to
depend on getting enough with meals.

Most of these men were receiving
salt during these experiments. Even
so, there was an average weight loss
of 1.2 kg. during work and as great a
loss as 4.1 kg. Many men lost no
weight or even gained weight. A loss
in weight is due almost entirely to an
excess of water excretion over water
intake. Ingested water cannot be
retained unless there are solutes pres­
ent in the body to bring the blood
solution to the normal salinity. In
these workmen the substance almost
wholly responsible for maintaining
water balance is sodium chloride.

The cases with heat cramps were
those who underwent an upset in
equilibrium which differed quanti­
tatively but not qualitatively from
that experienced by their fellows.
Hospital studies of workmen suffering
from cramps revealed a very consid­
erable depletion of salt with the blood
plasma concentration of both sodium
and chloride below the threshold level
of the kidney.

They presented the following pic­
ture: (1) dehydration, (2) lowered
concentration of sodium and chloride
ions in blood plasma, (3) little or no
sodium or chloride in urine, (4) in­
creased serum protein concentration,
(5) increased red cell count, and (6)
normal osmotic pressure. The in­
jection of physiological salt solution
left their osmotic pressure unchanged,
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(The temperatures given are from the U. S. Weather Bureau records in Youngstown)

TABLE 2 g
Body weight and water exchange in normal steel workers

U.D.W.D.
MAXIMUM
TEMPER­

ATURE

NAME AGS JOB

BODY WEIGHT work ferjod: 8 nonna
ESTIMATED

EXTRA-
RENAL
WATER

LOBS

RECOVERT PERIOD*.
16 HOURS

0 hour 8 hours 24 hours Water
intake

Volume
of urine

Specific
gravity

of
urine

Chlo­
ride in
urine

Vol­
ume of
urine

Specific
gravity

of
urine

Chlo­
ride in
urine

*F. years kg. kg. kg. filers liters gm. liters liters gm.

89 Wegeli 48 Sheet Shearman 70.4 69.5 71.0 4.08 0.46 1.032 2.52 4.52 0.94 1.032 4,89
89 Holesky 25 Opener 80.6 79.5 79.7 2.09 0.32 1.033 3.93 2.87 0.64 1.034 5.25
89 Yellock 36 Shearman 69.3 67.8 70.2 4.37 0.48 1.027 6.67 5.39 0.35 1.034 2.94
86 Enbanks 48 Blast Furnace 63.9 63.4 65.1 3.23 0.54 1.019 4.36 3.19 1.15 1.018 4.91
86 Curry 52 Blast Furnace 86.3 84.9 87.6 4.19 0.33 1.024 4.55 5.26 1.47 1.011 7.06
86 Desptovich 40 Crane Operator 61.4 60.6 62.6 2.09 0.58 1.027 8.7 2.31 0.66 1.030 8.18
86 Sbrkoff 48 Blast Furnace 49.4 48.6 50.0 1.57 0.27 1.029 4.26 2.10 0.50 1.030 7.27
79 Gallagher 35 Doubler 63.4 61.5 62.6 7.30 0.20 1.036 1.56 9.00 0.97 1.020 3.42
79 F. Parks 45 Heater 92.8 89.9 91.0 7.40 0.19 1.032 1.87 10.11 0.38 1.032 0.67
79 Van Meter 45 Roller 87.7 84.4 86.6 6.50 0.17 1.034 0.67 9.63 0.44 1.039 1.48
79 H. Parks 22 Heater 59.5 58.2 60.3 4.75 0.23 1.032 2.00 5.82 0.44 1.038 2.92
79 Grura 41 Rougher 81.6 77.5 81.3 5.60 0.14 1.035 1.17 9.56 0.56 1.036 4.38
79 Hefferman 33 Heater 68.6 69.8 69.6 11.40 1.07 1.006 1.47 9.17 1.05 1.010 3.00
79 Stevens 36 Heater 68.0 65.5 67.2 5.90 0.21 1.028 2.06 8.19 0.86 1.030 2.78
73 Whan 44 Heater 81.5 80.2 81.8 3.68 0.48 1.030 2.10 4.50 1.41 1.018 10.10
73 McLaughlin 49 Roller 74.5 71.9 74.0 4.40 0.41 1.026 5.29 6.59 1.12 1.024 10.12
73 Wojnick 38 Matcher 76.8 75.9 77.1 7.20 0.17 1.027 1.85 7.93 2.06 1.008 8.44
73 Kinsey 34 Rougher 64.6 62.8 64.2 7.80 0.42 1.022 4.89 9.18 0.52 1.032 5.80
80 Bond 33 Open Hearth 63.5 62.2 63.5 4.56 0.23 1.034 2.65 5.63 0.47 1.035 3.93
80 Sullivan 34 Open Hearth 77.6 77.1 78.1 2.66 0.37 1.032 5.82 2.79 0.30 1.037 2.93
80 Martinko 29 Open Hearth 69.4 69.0 69.8 4.94 0.54 1.028 6.07 4.80 1.13 1.021 5.97
80 McPhillip 34 Open Hearth 77.6 77.6 77.6 3.61 0.17 1.031 1.57 3.44 0.58 1.028 4.40
80 Hensel 47 Open Hearth 67.6 66.7 67.6 4.94 0.90 1.018 10.64 4.94 1.49 1.027 6.38

86
86

Gessler
Austin

46
52

Roller
Roller

69.4
62.2

67.5
60.3

69.2
61.9

3.90
6.98

0.12
0.27

1.035
1.022

0.74
1.37

5.68
8.61

0.52
1.35

1.036
1.018

1.92
4.97

86 Katz 47 Heater 85.9 83.6 86.2 6.22 0.45 1.028 7.96 8.07 1.34 1.028 1.48
86 Crum 36 Heater 100.0 98.8 99.6 7.79 0.64 1.028 12.50 8.35 1.47 1.032 1.30
86 Maxwell 48 Matcher 64.2 63.3 64.6 6.57 0.21 1.028 2.95 7.26 1.06 1.022 9.83
90 Smith 43 Heater 93.4 92.1 93.7 6.77 0.15 1.035 1.33 7.92 0.75 1.030 2.18
90 Radnly 45 Rougher 76.0 74.4 76.2 5.13 0.15 1.034 1.85 6.58 0.87 1.034 6.62
90 Aned 25 Heater 93.2 92.6 93.7 8.61 0.08 1.030 0.82 9.13 0.68 1.034 3.70
90 Sager 46 Roller 75.5 74.4 76.0 6.15 0.20 1.034 1.40 7.05 0.85 1.032 4.51
90 Holland 38 Roller 65.8 65.8 66.0 8.71 0.47 1.027 4.70 8.24 1.30 1.025 7.18
83 Pantot 57 Rolling Mills 63.5 64.4 63.5 3.57 0.20 1.028 1.64 2.47 0.92 1.012 1.34
83 Eadie 45 Rolling Mills 64.3 63.9 64.3 4.62 0.16 1.034 2.08 4.88 0.49 1.036 8.10
85 Davis 45 Bessemer 77.3 76.6 77.1 2.94 0.27 1.026 2.65 3.37 1.17 1.010 2.33
85 Simone 49 Bessemer 71.7 69.4 71.2 2.52 0.31 1.028 4.49 4.51 0.63 1.036 3.29
85 Englehardt 55 Bessemer 86.6 84.9 87.0 5.04 0.22 1.034 2.60 6.52 0.60 1.030 1.17
85 Del vic 41 Bessemer 83.0 83.4 83.0 5.87 0.27 1.026 1.59 5.20 1.12 1.016 6.80
85 Papowich 58 Bessemer 76.4 76.6 77.1 5.04 0.60 1.036 1.80 4.24 1.04 1.034 5.84
85 Cenci 30 Bessemer 78.9 77.1 79.6 3.36 0.28 1.028 3.73 4.88 0.80 1.012 5.66

Mean............................. 41.5 74.2 73.0 74.4 5.22 0.34 1.029 3.48 6.09 0.878 1.027 4.77
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28 ENVIRONMENT AND ITS EFFECT UPON MAN

altered the other conditions towards
normal, and simultaneously brought
complete relief.

As an outcome of these experiments
one of the authors (P. H. K.) provided
early in 1935 for the addition of 0.1
per cent salt to drinking water used in
the Campbell Sheet Mill, a unit of the
Youngstown Sheet and Tube Com­
pany. A lot of persistent talking was
necessary at the beginning to quiet
the objections of the men to the salt
in the water. During the winter the
concentration was reduced to 0.04 per
cent. In February it was increased
to 0.07 per cent and in the middle of
March, to 0.10 per cent. At the
present time (the middle of June) the
only complaints come from the Brier
Hill Open Hearth men who have urged
the management to introduce salt in
their water such as is done jn the
Campbell plant.

The concentration of salt which is
tolerable depends on the temperature
of the water. The steel world for
many years has believed that water
under 50°F. was harmful. Our experi­
ments at Youngstown revealed no
support for this idea and the present
practice is to cool the salted water to
46°F. Experience proves that this
colder water was very pleasing to the
men and at the same time makes
detection of the salt by taste impos­
sible. The concentration at times
has gone as high as 0.14 per cent with­
out a single complaint. Experiments
indicate, however, that 0.2 per cent is
objectionable.

The results during the summer of
1935 were very favorable. The Camp­
bell Sheet Mill was the only hot mill
that was supplied with salted water all
season. This Department worked 

almost constantly in the worst hot
wave and it was never necessary to
slow the mill down as is often the case
in hot weather. There was not a
single exhaustion or cramp case in the
mill all summer.

This year (1936), with a consider­
able number of new men on the job
there have been among 12,000 work­
men 22 heat cases, 11 with cramps and
11 with exhaustion.*  All but three
of these were diagnosed by first aid
men or nurses. Only one case was
hospitalized over night; he had taken
Epsom salts the previous night and
had had diarrhea through the next
working day. The other 21 cases
were treatecTwith a level teaspoon of
salt every half-hour for three doses
with all the water desired between
doses. These men returned to work
the following day and there was no
recurrence of symptoms. Eighteen of
these men were doing hot work either
after a lay-off or after a transfer from
a cold job. Special attention is now
being paid to provide new men on hot
work with additional salt for a few
days. Salt dispensers are located
near hot jobs and foremen instruct new
workers in their use.

The importance of acclimatization
to high temperature is related to the
fact that the salt concentration in
sweat is high for the first few days.
It may decrease more than 50 per cent
during the period of adaptation (27).
Accordingly the salt requirement for
the new man is twice as great as for
the seasoned worker, other things
being equal. However, even after

4 In the early days of the industry it was
not unusual to have this number of men sent
home in one or two days. As recently as
June, 1933, 12 cases were put to bed in
one day.
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adaptation Dill, Jones, Edwards and
Oberg (28) have shown that the
individual variation in salt concentra­
tion in sweat remains large. This
probably explains why some men are
more susceptible to heat cramps than
others.

The slowness with which sound
practices become established is illus­
trated by the history of the provision
of salt for men doing hard work in a
high temperature. Talbott’s review
of heat cramps (29) shows that the
efficacy of salt has been known in
some circles for a great many years.
Glover, for example, has been using
it in Cleveland steel mills since 1927
(30). Yet when we visited Boulder
City in 1932 the chief advice being
given to workmen was, “The doctor
says ‘Drink plenty of water!’ ” And
2 years later the medical officer for one
large steel company advised treating
cases of heat cramps with glucose
injection only.

Failure to reestablish equilibrium
during rest and sleep means that
fatigue becomes cumulative. It was
possible to ascribe some cases of
cramps or prostration observed during
1934 at Youngstown to overtime work
or to overindulgence in liquor. In the
one condition there is excessive upset
in equilibrium during work and at the
same time a shortened period for
recuperation. In the other case liquor
may reduce the food and salt intake,
thus interfering with recovery proc­
esses. Vomiting is especially serious
since it opens a new channel for loss
of sodium and chloride ions.

Early experiences at Boulder Dam
prove the ability of man to undergo
extremely rigorous conditions during
work, provided rest and sleep are 

adequate. The first summer of con­
struction was unusually hot,—shade
temperatures at the dam site reaching
128°F. on two occasions. Sometimes
the temperature remained above 100°
until after midnight. In the dormi­
tories near the dam site sleep was
difficult and sweating almost con­
tinuous. There were 15 deaths from
heat and an undetermined number of
non-fatal cases of cramps and ex­
haustion.

Our studies were carried out during
the next summer. All workmen were
then housed on the plateau at Boulder
City. Here the temperature was low­
er, dormitories were air-conditioned
and normal sleep was possible even in
the daytime. The few heat cases
brought to the well-equipped hospital
at Boulder City responded readily to
treatment ; there was not a single death
from heat. While many factors were
responsible for the improved record
during the second summer, the differ­
ence in the environmental conditions
during the 16 hour period of recovery
was certainly of major importance.

There is no fully satisfactory expla­
nation for the severe cramps experi­
enced by steelworkers, stokers, railway
firemen, etc. Water intoxication is
not responsible, as Haldane believed
(31), since the osmotic pressure re­
mains normal and the cure consists in
administering isotonic salt solution.
While there is a major change in
concentration of protein and of the
sodium and chloride ions in blood
plasma and probably in tissue fluids,
it is not possible to assign the increased
irritability to any one of these factors
alone. Probably prolonged or severe
muscular activity is an essential fea­
ture, for men doing hard work are the 
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30 ENVIRONMENT AND ITS EFFECT UPON MAN

characteristic victims. It is a reason­
able hypothesis that the severity of
cramps depends both on intensity of
work and degree of salt loss. The
cramps experienced by football players
may well lie in the same category as
heat cramps. Their salt loss is less,
but the intensity of exertion is greater.
Experiments initiated by Dr. T. K.
Richards and continued by Dr. Au­
gustus Thorndyke (of the Harvard
Department of Hygiene) on the effects
of extra salt on the incidence of cramps
in football players has been favorable.
The players are advised to use salt
liberally with meals, and bouillon is
provided during intermission in play.
No case of severe cramps has been
observed in Harvard football players
Eho have followed this regime.

The reduction in incidence and
severity of heat exhaustion cases be­
cause of salt ingestion is more difficult
to understand than the effect of salt
on heat cramps. Cases of exhaustion
are not characterized by excessive salt
depletion. This subject merits further
study since this form of breakdown is
common in many sections of North
America.

Closely linked to the problem of
maintaining equilibrium are the regu­
lating and coordinating mechanisms.
This complicated subject deserves
careful study in relation to fatigue,
but cannot be dealt with in detail here.
Reference may be made to Cannon’s
work on this subject (32, 33) and to
Peters’ studies of the exchange of
fluids in man (34). Mention should

1. Viteles, M. S.: Industrial psychology.
New York, W. W. Norton & Co.,
p. 441 (1932).

2. Gillespie, R. D.: An investigation
into the symptoms and signs of 

also be made of the role of the adrenal
cortex; the facts that muscular weak­
ness is a characteristic feature of
Addison’s disease, in which the adren­
als are diseased, and that the hormone
is intimately concerned with mainte­
nance of sodium and chloride levels
seem quite significant (35). The con­
centration of these two ions must be
accurately regulated for well-being.

Summary

Illustrations are given of fatigue in
which (a) the accumulation of lactic
acid is a notable feature; (b) the ex­
haustion of energy reserves makes the
use of glucose or other readily avail­
able fuel advisable; (c) the inade­
quacy of oxygen supply contributes to
breakdown, and (d) alteration in
physico-chemical state is observed.
These various mechanisms are not
mutually independent and there ap­
pears to be little prospect of developing
a simple and adequate hypothesis
regarding the origin and nature of
fatigue.

The water and salt exchange in a
group of steel workers is presented as
an illustration of fatigue in which
disturbance of physico-chemical equi­
librium is an outstanding feature.
It is shown that work under very
rigorous conditions can be carried on
provided the diet is suitable and the
period of rest and sleep is adequate.
In such activity the danger of break­
down is reduced by supplying cold
drinking water containing 0.1 per cent
salt.

fatigue and exhaustion. Guy’s Hosp.
Repts., 79, 92 (1929).

Mayo, E.: The human problems of an
industrial civilization. New York,
The Macmillan Co., pp. 28-54 (1933).
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AIR BORNE INFECTION*

H. D. Ch ope and W. G. Smillie

THE science of bacteriology rests
upon the initial experiments of
Pasteur relating to air borne

infections. He showed conclusively
by his classical experiments that sterile
flasks of broth were infected by living
micro-organisms when exposed to the
air.

It was soon shown that micro­
organisms produced diseased condi­
tions in man, particularly if the skin
or mucous membrane was broken. It
was quite logical to maintain the
assumption that some micro-organ­
isms, perhaps all of them, were po­
tentially harmful. It was assumed
also that air was the chief source, or
at least one of the important sources
of human infection.

Thus the early work of Pasteur
firmly fixed the idea in the scientific
minds of the day that human disease
was air borne. This conclusion was a
natural and easy transition from Pet-
tenkofer’s theory that disease was due
to certain poisons which were gener­
ated in a polluted soil and that these
deadly emanations were transmitted
through the air to human beings, thus
producing cholera, typhoid fever,
smallpox and other conditions. To
make the transition from Pettenkofer
to Pasteur’s theory, it was only neces-

* From the Department of Public Health
Administration, Harvard School of Public
Health, Boston.

sary to substitute micro-organisms for
the word poisons.

Pettenkofer’s hypothesis was not an
original one. The conception that
disease might be transmitted from
person to person through the medium
of the air dates back to antiquity.

Historical Development

Four hundred years before Christ,
Hippocrates wrote in his book “On
Winds” (1) “According to all appear­
ances the cause of disease should be
found in the air, when it enters the
body in excess or in insufficient quan­
tity or too much at a time or when
tainted by morbid miasmas.”

Up to the time of Hippocrates, evil
spirits, displeased gods, or other super­
natural forces were held responsible
for disease and pain; the priest or witch
doctor was the physician; and the­
ology, philosophy and medicine were
one and the same science.

Since these early times air always
has been assigned an important part
as the cause of disease. Hippocrates
described four elements which con­
trolled disease, fire, air, water and
earth. Galen, 600 years later, taught
the same doctrine.

Air was also thought by civilizations
other than the Greek and Roman to
be a disease bearer. Rhazes, the
famous Arabian physician, in his
classical work (2) in which he clearly

32
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distinguishes measles from smallpox
makes the following statement: “As
for old men, smallpox seldom happens
to them except in pestilential, putrid
and malignant constitutions of air in
which this disease is chiefly prevalent.”
Another Arabian physician, Ibu al
Khatib, advised (3): “A disinfection
of the circumambient air by good
clean smells, and the avoidance of the
places where one may expect corrup­
tion from those sick and dead of the
disease, their clothes, vessels and uten­
sils, avoidance of entry into an in­
fected house or of approach to the
neighborhood of the sick.”

During the middle ages the teach­
ings of Galen prevailed, and the scien­
tific world was principally occupied
with philosophical debases. Not until
the writings of Fracascorius (4) who
described and named the Great Pox
in his poem “Syphilis sive Morbus
Gallicus” do we find further contribu­
tion to ideas of air and disease. He
divided contagious diseases into three
categories: (a) Those that infect only
by contact, (b) those that infect by
contact and by fomites, and (c) those
that infect not only by direct contact
or through the agency of a residuary
center or focus of infection, but also
those that are capable of spreading
their infective elements over wide
areas. He also anticipated the germ
theory by nearly 400 years when he
elucidated his belief that contagious
diseases were caused by “seminaria
contagionum” or seeds of contagion,
which were capable of reproduction
and probably carried hi the air.

It is at about this time that we find
two great influences affecting scientific
thought. First, the fetters of ancient 

tradition were being thrown off and
the experimental method was being
recognized. Harvey discovered the
circulation of the blood. Many other
great names of that period have been
carried down to posterity because of
their careful experimental observations
—Malphigi, Fallopius, Eustachius,
Pacchioni, Wharton and many others.

The second great influence upon
scientific advancement was the de­
velopment of the microscope. The
first microscopist was Athanasius, who
in 1658 published his “Scrutinum
Pestis” which put forth the ideas of
“contagia animata”—or animals of
contagion. This was a step ahead of
Fracastorius’s theory of seeds of
contagion.

Leeuwenhoek (5) (1632-1732) spent
his life developing the microscope and
making microscopic observations. He
constructed some 375 microscopes and
was the first to describe bacteria. He
discovered these micro-organisms when
he looked at material that he had
scraped from his teeth.

The discovery by Leeuwenhoek of
animalculae poured oil on the fire of
controversy over spontaneous genera­
tion. The proponents of the theory,
which had prevailed since the earliest
records of scientific history, were find­
ing trouble in proring that frogs
sprang from mud and that mice were
generated by cheese and rags. But
when Leeuwenhoek showed the pres­
ence of microscopic organisms in water
that had been exposed to the air, the
scientists of the day who believed in
spontaneous generation seized this
new evidence and began a controversy
that lasted nearly a hundred years
as to the origin of these animalculae.
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In 1668 Redi, by using the experi­
mental method, proved that maggots
were not spontaneously generated in
meat. But Leeuwenhoek’s microscope
brought into view a world of life
formed of individuals so small that
“the easy passage from atoms to
organisms” was suggested.

In 1777 Spallanzani published his
experiments in answer to Needham and
Buffon, postulating organic molecules.
The work was so precise and the con­
clusions so clearly drawn that spon­
taneous generation was dealt a serious
blow. He definitely showed that or­
ganic matter in the form of living
germs was present in the air. These
results were substantiated later by the
work of Schwann and Schulze (6).

Just as the theory of spontaneous
generation seemed doomed to die, the
director of the Museum of Natural
History at Rouen, F. A. Pouchet,
opened up the whole question again.
He had a good name as a scientist and
his attack on the opponents of spon­
taneous generation was so vehement
that it stirred up considerable com­
ment. In fact, this controversy was
sufficient to attract the interest of
Pasteur (7) who set out, against the
advice of Dumas, to settle the question
of spontaneous generation once and
for all. Pasteur had already studied
fermentation and was well prepared
to put this new proposition to the
critical analysis of his scientific mind.
In his paper on “The Organized
Corpuscles existing in the Atmos­
phere”, which was published in 1862,
he reported his historical experiments.
He collected floating particles and
studied them under the microscope.
He repeated the experiments of Spal­
lanzani, Schwann, Schultze and others, 

and showed the fallacy of Pouchet’s
arguments. He carried flasks to Mer
de Glace and exposed them to the
glacial air; after this exposure, only
one flask in twenty showed growth.
Flasks treated in the same way in the
lowlands showed growth in twenty of
twenty.

Lister (8), being convinced by Pas­
teur’s experiments and drawing in­
spiration from them, developed anti­
septic surgery. As disease particles
were bom in the air and as the selfsame
particles were found in pus from
wounds, it seemed logical to believe
that the pus or putrefaction was pro­
duced by organisms in the air that
fell into the wound. He devised an
elaborate operating room technic
which provided for saturation of the
air about the zone of the operating
field with a finely divided carbolized
vapor. Lister met with great opposi­
tion from his colleagues, not on the
grounds that infection was or was not
air borne, but rather because his fellow
surgeons did not believe that septic
conditions were due to living, growing
micro-organisms.

Lister also thought that these patho­
genic bacteria came from putrefaction
of the dead, and he was horrified to
find that men who had died with
cholera had been buried in crypts near
the hospital. He believed that the
emanations from these bodies were
responsible for the spread of infection
through the air to the wards that were
adjacent to the burying place.

Lister himself was one of the first to
discover that air infection did not play
an important part in surgical infections
and abandoned the use of the carbo­
lized spray in his operating room.

Following the discoveries of Pasteur 
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that bacteria actually lived in the air
and also that bacteria caused disease,
many scientists jumped to the conclu­
sion that all living bacteria might be
harmful to mankind and that all might
be air borne. What reasoning could
be more logical than the hypothesis
that all or most all diseases were spread
through the medium of the air? The
epidemiological evidence in malaria
and yellow fever, for example, could
admit of no other tenable conclusion.
They must be air borne. It required
nearly 50 years to break down this
theory and prove that these diseases
were not borne through the air directly,
but were transmitted from person to
person through the bite of an infected
mosquito that used the air as its
medium.

Air borne infections were shown to
be quite a common occurrence in other
fields. It was easy to demonstrate
that cheeses, wines, milk, meats, meat
products and the like were infected by
bacteria that travelled through the air.
It had long been suspected that many
plant diseases were transmitted
through air borne channels and in
no other manner.

Was it not more than probable that
animal and human diseases were trans­
mitted through this same vehicle?

Thus an elaborate system was
developed for sterilization of the en­
vironment of an individual who had
suffered from infectious diseases. Va­
rious gaseous disinfectants were em­
ployed. Formaldehyde fumigation
became the standard technic. The
purpose of gaseous fumigation was
not solely to disinfect the linen and
bedding of the patient, but rather to
kill any organisms that might remain
in the atmosphere after the patient 

had died or after he had been dis­
charged from isolation.

Many instances were reported of
infections, particularly smallpox, ma­
laria and yellow fever, that had been
carried long distances through the air.
The conception of the role of the
“carrier” in the spread of infection
had not been developed; “spontaneous
generation” of disease processes was
untenable; therefore the only possible
source of numerous outbreaks of infec­
tions must be a transmission of the
living agent through the medium of
the air.

As our knowledge of modes of infec­
tion increased, however, the former
long list of air borne diseases decreased
correspondingly.

The Gastro-intestinal Infections

Snow’s studies of the “Broad Street
Pump” epidemic of cholera in London
and Budd’s classical studies of the rdle
of water in transmission of typhoid
fever gave strong epidemiological proof
that the most important vehicle of
infection in this group of diseases is
polluted water. This work was done
long before the specific infectious
agents of these conditions were discov­
ered. To this early work was added
the transmission factor of contami­
nated food as a source of gastro-in­
testinal infection. Much later, the
importance of the carrier as a source
of food and water contamination was
determined. All subsequent evidence
has substantiated the early theories
that this great group of contagious
diseases is not transmitted through the
medium of the air. All our accumu­
lated bacteriological and epidemio­
logical evidence proves conclusively
that food and drink are the chief 
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sources of the gastro-intestinal infec­
tions.

Insect Borne Diseases

The conception of Theobald Smith
that insects might serve as intermedi­
ate hosts in transmission of infection
opened an entirely new field in epi­
demiology. Diseases, the transmis­
sion of which could not possibly be
explained on any other basis than
through the medium of the air, now
were clearly explainable on other
grounds. Malaria had been the best
example of a typical air borne infec­
tion, and now it was shown to be
transmitted by anopheles mosquitoes.
The early records of the U. S. Marine
Hospital Service are full of accounts
of heroic efforts by the staff officers
to check yellow fever through meas­
ures intended to sterilize the infected
air. It was a severe blow to the
theory of air borne infection when
scientific workers discovered that yel­
low fever could be transmitted only
through the bite of Aedes Egypt!
mosquitoes. One by one, many of
the diseases of man, of animals, and
of plants as well, that formerly were
considered as typical air borne infec­
tions were discovered to be transmitted
through the medium of insects, or
some other intermediate host.

Diseases Spread through the Dis­
charges from the Respiratory

Tract

A large number of important infec­
tious diseases are included in this
category. All the common commu­
nicable diseases of childhood, such as
measles, scarlet fever, diphtheria, etc.,
as well as influenza, pneumonia, tuber­

culosis, cerebro-spinal meningitis,
poliomyelitis, the most common of
all human infections—the “common
cold”, and a host of other diseases
are spread through the discharges
from the nose and throat of mankind.
It is quite clear that, in a limited
sense at least, these infections are
always air borne. The only question
is the length of the radius that these
infections will spread through the air
from the infected host. For many
years it was believed that the infection
radius was extensive and elaborate
isolation and quarantine regulations
were formulated to prevent the spread
of infection from the patient to others
through the air. Contagious hospitals
were far removed from general hospi­
tals, in fact, from all human habita­
tion, because of the supposed danger
of air borne infection.

Charles V. Chapin, from his long
experience in the care of contagious
disease, became convinced that close
personal contact was the most im­
portant factor in transmission of
respiratory diseases and was able to
show that the infectious agents of
many of the most contagious diseases
do not spread more than a few feet
from the host, if proper aseptic technic
is followed.

In 1912 Chapin made a thorough
review of the literature up to that time
(some 208 articles) (10) and came to
the following conclusions:

1. The theory of the aerial trans­
mission of disease was developed as
the most reasonable way of explaining
the phenomena of infection.

2. Contact infection with carriers
and missed cases affords a better
explanation of the phenomena.

3. The best medical thought has 
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been steadily restricting the supposed
sphere of aerial transmission.

4. Only a few authorities now assert
that disease is carried by the atmos­
phere outside of dwellings, and this
assertion is made only in regard to
smallpox.

5. Bacteriology teaches that former
ideas in regard to the manner in
which diseases may be air borne are
entirely erroneous; that most diseases
are not likely to be dust borne and
they are spray borne only for 2 or 3
feet, a phenomenon which, after all,
resembles contact infection more than
it does aerial infection as ordinarily
understood.

6. Surgeons at first developed asep­
tic surgery on the theory that air
infection was of the highest impor­
tance. They have gradually learned
to pay less attention to it, until at
present some of the best surgeons
consider it a negligible factor.

7. Animal experimentation indicates
that tuberculosis and anthrax may be
air borne and that plague and some
other diseases are not.

8. There is no good clinical evidence
that the common diseases are air
borne. There is considerable clinical
evidence that scarlet fever, diphtheria,
smallpox, measles, whooping cough,
typhoid fever and plague are not
easily transmissable through the air.

In the main, Chapin’s conclusions
have stood the test of time. Subse­
quent epidemiological evidence has
emphasized the fact that personal
contact is an essential factor in the
transmission of most of the infections
that are spread through discharges of
the nose and throat.

How important then is the air as a
vehicle in transmission of these contact 

infections? Since Chapin’s studies,
most authorities have agreed that the
radius of infection from the host is
dependent only upon (a) the distance
that droplets of moisture from cough­
ing and sneezing will spread, and (b)
the length of time that the infectious
agent will live in the droplet after it
has been expelled from the human host.
Since droplets fall amost immediately
to the earth, the air itself would play
little or no part in transmission of
infection.

There can be little question but that
Chapin was correct in his conclusions
that close personal contact is a very
important factor in transmission of
the respiratory group of infections.
Is it the only factor? It is almost
impossible to rule out direct contact
of a susceptible individual with an
infected person, since it is so difficult
to prove that contact has not occurred.

The whole question was reopened
following an epidemic of psittacosis
(11) in the National Institute of
Health in Washington. These epi­
demiological studies indicated strongly
that the infection in this instance was
air borne. Careful studies excluded
other modes of transfer. If tliis dis­
ease, due to a filterable virus, could be
transmitted through the air as a
medium, is it not possible that the
virus of the common cold, the virus of
influenza, of small pox and measles,
of encephalitis and other conditions
could be transmitted also through the
same medium? Laidlaw’s studies with
distemper of dogs (12) indicate at
least the possibility that tliis infection
might be transmitted through the air
for some distance.

Is it not worth while to reopen this
subject, if suitable methods of study 
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can be devised to yield satisfactory
results? A better understanding of
the epidemiology of the common cold
would warrant such an effort. We
have comparatively little exact knowl­
edge of the bacteriology of the air,
even though bacteriology as a science
is based on Pasteur’s original studies
of the presence of micro-organisms in
the air. It is true that epidemiological
evidence has been accumulated which
clearly shows that most of the infec­
tions that were once considered as air
borne are undoubtedly transmitted
through other vehicles. But it would
be a great mistake to conclude without
further evidence that air plays no
part as a vehicle of transmission of
communicable diseases.

Methods for Determination of
Bacteria in the Air

Early Methods of Enumerating
Bacteria with Fluid Media

1. Pasteur (13) in a work already
quoted tried to obtain a quantitative
estimate of bacteria in the air by a
method somewhat similar to the
present day methods used for estimat­
ing B. coli in water or in shellfish. He
exposed a number of flasks to different
atmospheres and then sealed them.
The flasks were incubated and the
contaminated ones were counted.

2. Tyndall (14), before the discov­
ery of solid media by Koch, set up
a method of estimating bacteria in air.
He prepared a table with 100 apertures
in it. Into each of these he placed a
tube of nutrient media. Then he
exposed the board to the air that
was to be studied and counted the
tubes that were contaminated.

3. Miquel (15) was the first to 

apply the filtration principle to air.
He filtered air through glass wool.
This glass wool was then washed with
a definite quantity of sterile water.
Small aliquot parts of this water were
then added to many tubes of broth.
The amount inoculated into the tubes
was supposed to be so small that only
a part of the tubes became infected.
Miquel contended that the organisms
were distributed at such wide intervals
that not every part of the wash water
contained an organism. Therefore,
the tubes that did show growth must
have received only one organism.

Methods of Enumerating Bacteria
through Utilization of Solid

Media
1. In 1881 Koch (16) published his

plate method of obtaining pure cul­
tures. In the experiments of Pasteur
and others, broth had been exposed to
the air as a qualitative test for the
presence of bacteria. With the advent
of the solid culture media, it became
possible to make a quantitative esti­
mate by exposing a plate of solid
media to the air for a definite length
of time and then counting the colonies
that developed on the plate after it
had been inoculated.

2. In an effort to make the method
more quantitative and determine the
number of bacteria per liter of air,
Hesse (17) in 1883 devised the Hesse
tube. This was a glass tube 70 cm.
long and .75 cm. in diameter which had
previously been coated with nutrient
agar on the inside. A known volume
of air was then slowly drawn through
the tube and the colonies counted.

3. Frankland (18) in 1886 worked
with the Hesse method, but decided
that it was not accurate, as the direc­
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tion of the wind played a large r61e in
introducing organisms. He found that
outside determinations were higher
than indoor determinations, irrespec­
tive of aspiration; so he devised a
method based on Miquel’s glass wool
filtration, but using solid media.
Some of the glass wool plugs were
coated with sugar and others were
not. After aspiration of a definite
volume of air the plugs were placed
in sterile water (5, 10 or 20 cc.) and
thoroughly shaken until broken up.
Measured quantities of this water
were then mixed with agar and plated,
and after the plates were incubated,
the colonies were counted.

4. In 1888 Petri (19) described his
method which was also based on the
principle of filtration. He filtered the
air through a tube containing sand
which would pass a 100 mesh sieve.
The tube was 9 cm. long and 1.6 cm.
in diameter. A definite volume of air
was filtered. The sand was then
mixed with normal saline solution and
aliquot parts of the solution were
plated. In 1896 Picker (20) modified
this method by substituting ground
glass for the sand. Sedgwick (21)
suggested in 1888 that sugar be sub­
stituted for the sand and described his
aerobioscope before the National Acad­
emy of Sciences. In 1909 the Ameri­
can Public Health Association adopted
the Petri Sand Filter as the standard
method of bacterial air analysis.
Ruehle (22) suggested a slight modifi­
cation of this method in 1915 which
was adopted in the final report of the
Committee on Standard Methods for
the Examination of Air (23). As this
is the standard recommended technic
it is described in detail. A glass tube
15 mm. in diameter and 70 mm. long 

with a smaller tube 6 mm. in diameter
and 40 mm. long, fused into one end is
used as the filter. On the shoulder
between the two tubes is placed a plug
of cotton supporting a layer of sand 10
mm. deep. The sand is of such fine­
ness that it passes a 100 mesh sieve,
but not a 200 mesh one. The other
end of the tube is plugged with a cork
stopper bearing an outlet tube 6 mm.
in diameter and 40 mm. long, bent at
an angle of 45°. Five cubic feet of air
are drawn through the filter. After
filtration the sand is shaken into 10 cc.
of sterile water and thoroughly agi­
tated. Aliquot parts of this suspen­
sion are plated in nutrient agar.
Brown (24) in 1917 suggested a further
modification of this method in which
the filter tube and a washing tube were
fused to each other at an angle of 90°
so that the whole operation could be
carried on in one piece of apparatus.
This method has not been widely used.

5. In 1908 C.-E. A. Winslow (25)
described a modification of the Hesse
idea. He drew air into two 2J liter
flasks connected in series and contain­
ing a layer of nutrient agar in the
bottom. A known amount of air was
then drawn through the apparatus,
usually about 1 liter. The bottles
were then incubated and the number
of bacteria counted.

6. Rettger (26) in an effort to sim­
plify the technic drew air through
5 cc. of sterile saline solution. The
column of air was broken up into
minute bubbles by a perforated glass
bulb fused to the end of the intake
tube. This suspension was then mixed
with an equal amount of double
strength nutrient agar and plated.
The apparatus was also washed out
with a second 5 cc. portion of sterile 
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saline solution which was plated. This
supplementary procedure was in­
tended to collect any bacteria that
adhered to the sides of the apparatus.
W. J. McConnell (27) modified this
method by inserting one tube inside
another. The inner tube was covered
with fine bolting cloth to break up
the air stream that was aspirated
through the saline solution in the tube.

7. McConnell (27) also devised a
method of collecting bacteria with
the Anderson-Armspach (28) dust
determinator on filter paper. The
filter paper was then cultured in the
usual manner.

8. In 1933 Wells (29) described an
apparatus for enumerating bacteria
in air, which was based on the principle
of direct centrifugal precipitation of
the bacteria on nutrient agar. This
method and the results that have been
secured with it are described by Mr.
Wells elsewhere (30).

As far as can be ascertained, these
eight types of apparatus built around
the three principles—precipitation,
sand filtration and water filtration—
constitute all the methods that have
been developed for the enumeration
of bacteria in air.

Relative Merits of the Different

Methods

Several investigators have studied
and compared the various methods.
Their conclusions as to the relative
merits of the different methods may
be of value in interpreting the results
obtained from the respective methods.

Soper (31) in a study of the air of
the New York Subways in 1906 com­
pared the open plate method of Koch
with the Sedgwick aerobioscope, using
fine sand as a filter. His figures
showed:

Subway Street
Plate.............................. 500 1157*
Filter............................. 3200 6500
* Exposed 15 minutes.

From these figures and other experi­
ments he concluded that the filter gave
the best quantitative estimate, but
that for matters of comparison the
plate method was adequate and much
simpler.

When Winslow (25) presented his
jar aeroscope he compared the fine
sand filter and the coarse sand filter.
The fine sand varied from 0.1 to 0.3
mm., while the coarse varied from 0.5
to 1 mm. He concluded that his cul­
ture-bottle method was the most
accurate. He found that the coarse
sand filter was open to gross errors,
and the fine sand filter was more con­
venient but less accurate than his own
technic.

The American Public Health Asso­
ciation Committee of Standards de­
scribed the sand filter, as modified by
Ruehle, as the standard method in
1917 (23). This method was based
partly on research done by Ruehle
(32) in 1915. He compared the saline
aeroscope of Rettger, the standard
sand filter at that time, and his modi­
fied sand filter described above as the
standard method. By placing two
pieces of apparatus in series he studied
the efficiency of the different methods
with the following results :

Standard Sand Filter p„ cent
Highest average efficiency.... 92
Lowest average efficiency....... 90

Rettger Saline Filter
Highest average efficiency.... 97
Lowest average efficiency....... 93

Modified Sand Filter
Highest average efficiency.... 99
Lowest average efficiency....... 96
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He points out that the chief difficulty
with the Rettger saline filter is in
sterilizing it so that the saline does
not condense on the tube and in keep­
ing the stoppers from leaking. Also
some difficulty is encountered from
foaming. It hardly seems that this
would be an efficient filter as Tyndall
(9) pointed out in 1876 that dust and
bacteria would pass right through
water or sulfuric acid without being
damaged unless the bubbles were very
small. The former standard apparatus
equipped with two rubber stoppers
had to be sterilized by steam. This
tended to cause the sand to cake and
thus spoiled its efficiency as a filtering
agent. Ruehle points out that the
plate method and all methods depend­
ing upon precipitation of particles
have the common fault that they
enumerate not bacteria in the air, but
the number of dust particles that carry
single bacteria or the clumps of
organisms.

McConnell (27) compared the An­
derson-Armspach dust determinator
(28), a water aeroscope of his own
design, the standard sand aeroscope
and the sugar aeroscope used by
Sedgwick. He found that the filter
paper method was efficient, but the
technic was too difficult for routine
use. His results show that the water
aeroscope is ten times as efficient as
the sand aeroscope. These compari­
sons of efficiency were made by blow­
ing a suspension of B. coli and Staphy­
lococcus albus into a hood for 10 seconds
before each experiment. The air in
the hood was kept in motion during
the sampling. It seems that the regu­
lation of the conditions is altogether
too crude to utilize as a method for
comparison of the efficiency of the 

various procedures. The sugar aero­
scope was found very unsatisfactory
because of difficulty in sterilization.
With dry heat the sugar was caramel­
ized and with moist heat it became a
solid mass.

CRITERIA FOR AN AERIAL BACTERIA
ENUMERATOR

In order to evaluate the various
procedures listed above on a theoreti­
cal rather than an experimental basis
the following criteria for an aeroscope
have been set up:

The instrument must have the fol­
lowing characteristics: (1) Easy porta­
bility, (2) Simplicity, (3) Rapid and
easy manipulation, (4) High efficiency,
and (5) Wide range of applicability.

The plate method is portable and
simple, but is of no value quantita­
tively. The number of bacteria falling
on the plate in a given period of time
is governed by chance only and is not
under the control of the operator. Air
motion over the plate is one factor
that would have a great influence in
the count. This method may then
be considered a simple, quick, easy,
inefficient method without quantita­
tive value and may be used to give a
rough comparison between two en­
vironments.

The methods of Hesse and Winslow
have the decided advantage that there
is no intermediate step between the
collection of the sample and cultiva­
tion of it, e.g., the sample is taken
directly on the final culture media.
The apparatus as designed by Winslow
is not portable. The Hesse tube is
not accurate, as pointed out by
Frankland. The range of applica­
bility of these procedures has never
been determined. In the laboratory,
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however, it seems that the Winslow
bottle method would be useful in
checking the efficiency of other pro­
cedures. This could be done by
attaching the two or three bottles in
series with the exhaust of the ap­
paratus under observation.

The sand filters are portable and
constructed on a simple principle,
but they have several decided disad­
vantages. First, the sand must be
graded and carefully sterilized to
avoid caking. The most glaring de­
ficiency in the sand filter method is
that the results obtained do not repre­
sent the number of bacteria in the air,
but only the number that lived after
the process of filtration and until the
culture was made.

The water filter is portable, simple
to set up, and good claims are made
for its efficiency. It has the disad­
vantage that there is an intermediate
step between the collection of the
sample and the plating of the sample
on the nutrient media. This objection
is not as important as in the case of
the sand filter, as more bacteria prob­
ably live in saline solution than on
sand. The efficiency of the saline
filter is open to some doubt, since
Tyndall showed that dust and bacteria
in air bubbles could pass directly
through water without being wetted.
This was particularly true if the
number of bacteria was large.

The Wells apparatus is portable,
but demands an electric current for
its operation. It is simple to operate
and easily and quickly manipulated.
It has the distinct advantage that the
media upon which the bacteria are
counted is the same upon which the
sample is taken. The apparatus has
a wide range of application, since any 

type of media desired—plain agar,
blood agar, Endo’s or any other special
media—may be used.

Summary

In summary, the following conclu­
sions may be drawn in relation to our
present knowledge of bacteriology of
the air and its relationship to air
borne infection.

1. Bacteria are introduced into the
air by extraneous forces. The prin­
cipal source is from dust that contains
dry bacteria and spores. Most of
these bacteria are harmless to man.
Most pathogenic bacteria that occur
in the air come from human mucous
membranes. These bacteria are in­
troduced by the coughing or sneezing
of bacteria-laden droplets of moisture
from the nose and throat of human
beings.

2. The number of bacteria in the
air is dependent upon the activity in
the environment and the amount of
dust stirred up. The following ob­
servations tend to verify the con­
clusion :

(a) There are more bacteria in the
air during the day than during
the night.

(b) The number of bacteria in the
air is increased by sweeping.

(c) The number of bacteria de­
creases as altitude increases
and at sea.

(d) The number of bacteria in air
is higher in dirty and untidy
rooms than in clean rooms.

(e) The number of bacteria in air
is higher in small, poorly
ventilated rooms than in
larger rooms.

(f) The number of bacteria varies
markedly with season. The
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air during the dry summer
months contains many more
bacteria than during the wet
winter months.

(g) The bacteria vary in numbers
from day to day depending
upon weather conditions, the
numbers being highest on dry
windy days.

(h) The number of bacteria in the
air of a room is increased by
activity in the room as shown
in school rooms with the stu­
dents drilling and in the smok­
ing room of the House of
Commons.

(i) The air in cities shows heavier
bacterial pollution than the
air of the country.

3. Well ventilated rooms show fewer
bacteria than poorly ventilated rooms.

4. Pathogenic bacteria are so widely
dispersed in the outside atmosphere

as to be of no practical significance.
They are probably of significance only
in enclosed places of dense human
congregation.

5. Air as a factor in the spread of
disease is not as important as the
early developments of the science of
bacteriology seemed to indicate. One
by one the various contagious diseases
have been shown to be transmitted by
other vehicles. Recent evidence indi­
cates, however, that some diseases
may be transmitted through the air
as a medium.

6. Experiments under controlled
conditions which attempt to study
the length of life and the behavior of
pathogens in the air is the next essen­
tial step in advancement of our knowl­
edge of these matters. This approach
to the subject has been Mr. Well’s
important contribution to this field.
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AIR-BORNE INFECTION AND SANITARY CONTROL*

William Firth Wells and Mildred Weeks Wells

IN THE dissemination of plant life,
the atmosphere is nature’s prime
sower of the seed and thus vitally

affects all living things. Air currents,
by gripping the extended surfaces of
winged larger seeds and the protu­
berances of the smaller pollens, lift,
transport and release them at their
destinations. As the size of particles
decreases, the weight decreases more
rapidly than the surface area and the
tiny spores of molds and fungi require
no special adaptation for air travel.
Bacteria are even smaller, but since
they have no power to invade the at­
mosphere except in association -with
other matter, their flight range is de­
termined not by size but by the char­
acter of the matter with which they
are associated.

“Dust and droplets wafted into the
air include bacteria. The number of
such temporary passengers on the wing
depends upon the kind, the source and
conditions which lift them into the
air, their survival rate, the air cur­
rents which transport, disperse and
dilute them within the atmosphere,
the rate of deposition and the physical
and chemical conditions of their at­
mospheric environment” (1).

The theater of operation of these
* From the Department of Public Health

Administration, Harvard School of Public
Health, Boston, and the Department of Sani-
taryEngineering, Harvard Graduate School
of Engineering, Cambridge, Mass. This
paper appeared originally in the J. A. M. A.,
Nov. 21 and 28, 1936 and is reprinted here
with permission of the editor.

phenomena is vast: micro-organisms
have been found in polar flights and
in the highest penetrations of the
stratosphere. We are not concerned
with this outer atmosphere except as
a source of infinite dilution, and in this
paper only the dense layer close to
the earth’s surface will be considered.
Particularly in those semienclosed at­
mospheres wherein we live, dilution is
restricted and the spread of parasites
is facilitated. On the other hand,
these ventilated spaces are also most
subject to human control.

Perhaps a discussion of bacteria in
air should begin with the pregnant
researches of Louis Pasteur, which
inaugurated the science of bacteriology
and the germ theory of disease. His
classic experiments on spontaneous
generation, published in 1861 (2),
proved that air was populated with
microscopic germs which caused putre­
faction and fermentation. This fact
seemed to substantiate the universal
belief that air was the vehicle of con­
tagion, and for twenty years there­
after this thought motivated the work
of Lister (3) and of Tyndall (4).
Strangely enough, the perfection of
bacteriologic technic during the last
two decades of the nineteenth century,
in which the specific agents of disease
were identified, disclosed in rapid suc­
cession their transmission by other
routes without demonstrating in air
recognized pathogenic organisms.
When Fliigge (5) failed to recover
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nasopharyngeal organisms on plates
exposed farther than a few feet from a
person coughing and sneezing and
concluded that they settled out in
short distances and in brief time inter­
vals, air-borne infection seemed almost
eliminated. Meanwhile, sanitary bac­
teriology during the next twenty years,
by demonstrating general bacterial
contamination, seemed to justify the
belief that such diseases as could not
otherwise be accounted for were spread
by direct or indirect contact. In the
face of the growing momentum of con­
trary opinion based on this negative
evidence, the case against air was dis­
missed with a Scotch verdict, and the
theory of air-borne transmission of
infection was well-nigh abandoned.

During the past five years, certain
developments in the technic of air
bacteriology at Harvard University
have caused a modification of our
views regarding the inability of air to
transmit infection. The invention of
an instrument (6) for the extensive
exploration of and the practical ex­
perimentation on controlled atmos­
pheres initiated these studies. The
development of a technic for producing
bacterial suspensions by atomizing cul­
tures into these controlled atmospheres
became an important factor in the ex­
perimental investigation. The tech­
nic so developed provided a means for
the study of the dispersion of bacteria
in air, and the effect of physical and
chemical agents on their viability.

The Exchange of Nasopharyngeal
Flora by Air

1. Droplets and Droplet Nuclei (7)

Droplets expelled into the air from
the nose and throat in sneezing, cough­
ing, and the like, do not necessarily, as 

was concluded from Fliigge’s experi­
ments, fall immediately to the ground
within a short distance from their
source. This theory is based on an
assumption of constant size, which
ignores the important factor of evapo­
ration. As droplets become smaller,
the surface exposed to air resistance
becomes relatively greater when com­
pared to the weight or gravitational
pull toward the earth, and droplets
therefore, in accordance with Stokes’s
law, fall more and more slowly as the
size becomes smaller and smaller.
The rate of evaporation, which also
depends on the surface area, becomes
relatively more rapid as the droplet
volume becomes smaller, and some size
must exist smaller than which a drop­
let could not fall the height of a man
without complete evaporation. This
droplet size has been estimated as
approximately 0.1 mm. The resi­
dues of droplets of this size, derived
from physiologic solution of sodium
chloride or from body fluids are, after
evaporation, so small that their be­
havior in air is more comparable to a
particle of smoke than to the drop­
lets described by Fliigge. They may
be considered to float or drift with the
slightest air currents and therefore
to be in effect a part of the atmos­
phere itself.

This fact may be simply demon­
strated by atomizing liquids into a
dark enclosed chamber, such as our
experimental tank, through which a
strong beam of light is projected.
Distilled water evaporates almost im­
mediately, leaving no evidence in the
beam. If the liquid contains sub­
stances in solution, the nuclear resi­
dues leave a fog on evaporation, which
is clearly revealed by the tyndall 
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effect. The presence of salts sus­
pended in air can be easily demon­
strated by drawing the air through a
Bunsen flame.

Liquid suspensions of micro-organ­
isms may be atomized into the tank 

the air may therefore take one of two
forms, depending on the size of the
infected droplet. The more obvious
form, recognized by Fliigge, is droplet
infection proper. It applies to drop­
lets larger than 0.1 mm. in diameter, 

OUTSIDE. ATMOSPHERE

TEXTILE MILLS (COTTON)

Fig. 1.—Bacteria in air

and their presence can be easily demon­
strated quantitatively by the air cen­
trifuge. It may readily be shown that
they persist in diminishing numbers
for hours or days.

Transmission of infection through

which are rapidly removed from the
air by gravity before they can dry and
within a short distance from the
source. The second form may be
called air-bone infection and deals
with the dried residues of infected
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droplets, or droplet nuclei, derived
directly from droplets less than 0.1
mm. in diameter, depending primarily
on air for the buoyancy that keeps
them suspended for longer times and
carries them longer distances. Drop­
let infection may change into air­
borne infection when larger drops set­
tle, evaporate and are lifted into the
air as dust.

The epidemiologic characteristics of
droplet infection and droplet nuclei
infection are by nature opposite.
Droplet infection is essentially local­
ized and concentrated, while infection
broadcast by droplet nuclei is more
dispersed and dilute.

The basic fact that micro-organisms
can remain suspended alive in air for
periods which may permit their wide
dissemination has thus been demon­
strated.

2. Viability of Droplet Nuclei
Infection (S)

The interval of time spent in the air
by Fliigge droplets is too brief for
significant change in the viability of
infection, as it is also too brief for
wide dissemination. Since droplet nu­
clei remain in suspension for long times
and may drift considerable distances,
the viability of the bacteria associated
with them becomes an important fac­
tor in the spread of air-borne infection.
The difference between the rate at
which droplet nuclei are removed from
the atmosphere by settling, and the
rate at which infection disappears
from the air into which they are ex­
pelled, depends on the rate of survival
of micro-organisms attached to these
nuclei. The disappearance rates have
been determined for sixteen organisms,
chosen to represent several different 

normal habitats and other characteris­
tics of hygienic significance in the
problem of air-borne infection.

The disappearance of the Pfeiffer
bacillus within an hour was in sharp
contrast with the long period of sev­
eral days that B. subtilis persisted in
the air of the chamber. Staphylo­
coccus aureus disappeared more rap­
idly than B. subtilis, but since it was
recovered after three days it may be
classed among the more resistant or­
ganisms. The water-borne organisms,
on the other hand, B. prodigiosus, B.
pyocyaneus and B. violaceus, did not
survive one day, how much less a time
being undetermined.

Four organisms characteristic of the
respiratory tract, pneumococcus type
I, B. diphtheriae, Streptococcus
haemolyticus and Streptococcus viri-
dans, were recovered after two days,
while none of the four organisms typi­
cal of the intestinal tract, B. coli, B.
dysenteriae Hiss Y, B. typhosus and
B. paratyphosus A, were recovered at
the end of the first day or at the end
of eight hours when samples were
taken after this time interval. If the
Pfeiffer bacillus may be excepted as a
special case, this respiratory group of
organisms may be regarded as decid­
edly more viable in air than the in­
testinal group of bacteria, in spite of
the rapid decrease in both groups.

Bacteriophage active against the
Hiss Y dysentery bacillus was recov­
ered from air at the end of twenty-four
hours and cultivations from the
plaques demonstrated the identity of
the bacteriophage. The rate of disap­
pearance during the first three hours
also resembles the behavior of bacteria
in air. The viability of this bacterio­
phage was therefore greater than for 
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the intestinal group and less than for
the respiratory group of organisms.

The recovery of virus experimentally
suspended in air was made possible
through the collaboration of Dr. H.
W. Brown, who had previously (9) be­
come proficient in the identification of
the virus of influenza. The lungs of a
ferret infected with the Puerto Rico 8
strain (10) of influenza virus being used
as the source of infection, filtered
liquid suspensions of virus were atom­
ized into the tank, recovered in liquids
by the air centrifuge, and inoculated
intranasally into ferrets. All the
ferrets inoculated with the material
collected from the air within an hour
after suspension contracted influenza.
None of the ferrets inoculated with
samples collected from the tank an
hour or more after suspension of the
virus contracted the disease. On the
basis of this exploratory study, in
which the technic was evolved as it
progressed, it is not believed that the
viability end point of influenza virus
has necessarily been reached (11).

The time and distance which in­
fection from droplet nuclei may travel
depends more on the viability of the
organisms in air than on the settling
rate. The differences in viability of
the various microorganisms when sus­
pended in air seem to be significant.

3. Dust and Droplet Nuclei
The slow rate of settling of nuclei

produced by evaporating droplets dis­
tinguishes them from particles of bac-
teria-laden dust. It should be ob­
vious that the number of particles
that settle on a given area in a given
time depends not only on the number
of particles in the air but also on the
rate at which they settle. Since the

coarser particles settle more rapidly,
more larger particles would settle on a
given area in a given time than smaller
particles assuming equal concentra­
tions in the air, as determined by the
centrifuge. The ratio between the
plate count and the number in a given
volume as determined by the centri­
fuge may thus be used to indicate the
rate of settling and the equivalent
size of suspended particles.

It has been found by tests on arti­
ficial humidification with bacteria-
laden water that the nuclei of the
evaporating droplets settle with ex­
treme slowness as compared with the
settling rate of ordinary atmospheric
dust. A hundred times as many dust
particles as nuclei settle on a plate for
the same atmospheric concentration.
Twelve out of sixteen eosin methylene
blue plates remained sterile when ex­
posed for fifteen minutes to air con­
taining 250 B. coli in each standard
sample of 10 cubic feet, as determined
by the centrifuge. This shows the
impracticability of Fltigge’s technic for
determining the presence of micro­
organisms in nuclei resulting from
mouth spray. His tests showed that
they remain suspended in the air
rather than that they settle out in a
short distance. With the centrifuge,
however, they may be readily demon­
strated.

These conclusions were corroborated
under practical working conditions in a
study of the bacterial contamination of
the air of textile mills in Massachu­
setts (12). Much dust is lifted into
the air of the breaking and carding
rooms in cotton mills. Compara­
tively small amounts of dust are found
in weaving rooms, but enormous quan­
tities of water are required to humid-
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ify the air. The ratios of plate to
tube counts in the dusty rooms was
four times greater than the ratio in
weaving rooms, which were heavily
humidified, showing the high pre­
ponderance of dust in the former and
of nuclei in the latter.

Little doubt can remain as to the
adaptability of nuclei to be conveyed
by air when it is found that they drift
with so much greater readiness than
the dust with which all are familiar.

4- Dispersion of Droplet Nuclei
through Buildings

Wide distribution of “nuclei” in a
building was demonstrated by inocu­
lating with a culture of B. coli the
humidifying water of a one-room air
conditioner in the basement of the
Harvard School of Public Health.
This building does not have mechani­
cal ventilation and it conforms in gen­
eral design to the building of the
National Institute of Health described
by McCoy (13) in which psittacosis
virus appeared to have been conveyed
by air from the basement to upper
floors. Numbers of B. coli were re­
covered from the ends of every cor­
ridor up to the top floor of the three-
story building where the concentration
reached approximately 1 per cent of
that in the air-conditioned room.

Infected nuclei can therefore be dis­
persed by ventilating currents through­
out a building, as was shown by the
dispersion of nuclei from humidifica­
tion with contaminated water.

5. Expulsion of Droplet Nuclei by
Sneezing

These air-floating nuclei are pecu­
liarly adapted to bear infected matter,
and the physiologic processes of respi­

ration provide an obvious mechanism
for implantation on the nasopharyn­
geal tissue of a person breathing the
air. There remains in the chain of
evidence of air-borne infection the
demonstration that droplets suffi­
ciently small to evaporate completely
are actually expelled into the air by
expiratory processes and that such
droplets may, during pathologic reac­
tions, be infected.

The experimental demonstration
that large numbers of nuclei, infected
by organisms typical of the nasophar­
ynx, are expelled in sneezing, forged
the last link in this chain of evidence.
By the simple procedure of broad­
casting small amounts of “sneeze
powder” into a room, a practical joke
was turned into a conclusive experi­
ment. Fifty sneezes were induced
from a group of subjects in a standard
air-conditioned room. Bacterial sam­
ples collected in the air centrifuge on
blood agar tubes revealed thousands
of alpha streptococci and M. catarrh-
alis. Even after the subjects had
left the room, the air contained many
hundreds per sample. The applica­
tion of handkerchiefs to smother the
sneeze showed marked results in pre­
venting expulsion of microorganisms
into the atmosphere. These results are
illustrated in figure 1.

A convincing experiment was con­
ducted under natural conditions in a
demonstration of the air centrifuge to
a class of twenty-five graduate stu­
dents in a room of about 10,000 cubic
feet capacity. The air centrifuge wras
placed at the speaker’s table at least
10 feet away from the nearest person
and the exhaust pointed not toward
the class but laterally. The air cen­
trifuge inspires continuously at about
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Alpha (haem.)Total

281
Total samples

14
17
8

21

3090
366
733

0.0
0.0
0.1
0.3

0.0
3.5

0.0
0.0
0.0

NUMBER of
SAMPLES

2
2

23
13
11
25

21
14
4
7

18

13
10
7

4
7
7

14

91
438

99
261

28
728
247
230

0.0
0.0
0.0
0.0

20
3090
1440

66
65

0.0
2200

920
1.0
1.3

267
112
363

46

5.3
10.8
0.6

13.3
2.9
3.0

TABLE 1
Bacteria in Air

(Blood agar, 37°C.)

the same rate as a person during the
maximum 1 ... ,
may therefore be considered a me­
chanical subject. A small amount of

13
14
22
28
13

1

ite as a person during the That the expired air carried the par­
phase of inspiration and tides to the class after a lapse of sev­

eral minutes was indicated by occa­
sional sneezes during the next ten

Outside laboratory:
Summer..............................................................
Autumn
Winter
Spring

Experimental:
Quiet
Sneezing
Empty after sneezing.....................................
With handkerchiefs.........................................

College classrooms and laboratories................
Lecture hall:

Before lecture
After lecture

Public schools:
Modern
Old

Theatre, modern air conditioned  
Clinics, children’s and infants’ sick and well
Miscellaneous hospital wards.........................
Operating room.................................................
Textile mills (summer conditions):

Cotton:
Breaking and carding...............................
Spinning
Weaving

Woolen:
Dusty operations
Intermediate..............................................
Humidified

Outside factories

AVERAGE NCMDER of colonies
PER 10 CU. FT.

“sneeze powder” was dusted into the minutes. Sneezing had ceased before
exhaust stream of the air centrifuge, the second ten-minute tube was taken,
being thereby projected into the room following which the class was dis-
more as in normal expiration than in missed and a third sample taken. The
the more violent act of sneezing, first tube, taken during the interval of
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52 ENVIRONMENT AND ITS EFFECT UPON MAN

sneezing, showed, on incubation, many
alpha streptococci. The second tube,
taken after the sneezing had ceased,
however, showed a very large increase,
thus indicating that the organisms
had become dispersed throughout the
room and were returning to the ma­
chine. The third tube showed a
marked decrease but still gave positive
evidence of contamination. In this
experiment, contamination of the air
by the machine was evidenced by the
sneezing, and contamination of the
room by the sneezers was evidenced
by bacterial colonies in the tubes. A
perfect cycle was thus completed and
little doubt can possibly be entertained
that most of the persons in the room
were infected by the machine and by
one another.

Whenever a person sneezes, many
thousand nasopharyngeal organisms
remain suspended in the air, and in
commonly occupied, enclosed spaces,
the exchange of nasopharyngeal flora
is inevitable.

6. Recovery of Nasopharyngeal Organ-
isms in Normal Occupied Atmospheres

It is not necessary to employ ex­
perimental expedients to demonstrate
the exchange of nasopharyngeal flora
in occupied spaces. A little skill in
the recognition of alpha streptococci
on blood agar tubes makes their nor­
mal recovery during the winter a
simple routine performance (14).
Samples of air taken from well baby
clinics, children’s medical clinics, hos­
pital wards, theaters, factories, school
rooms and outdoor air confirms the
deduction that the numbers of alpha
streptococci correspond to the degree
of contamination by the occupants, as
shown in table 1. It would seem ob­

vious that under conditions of crowd­
ing in enclosed rooms we are breathing
one another’s nasopharyngeal flora as
we once drank each other’s intestinal
flora in our water supplies, and the
consequences of such practices become
a study in sanitary science.

We wish to resuggest (15) the alpha
streptococcus, an organism normally
present in the nasopharynx, for service
in indicating the degree of nasopha­
ryngeal contamination of air similar
to that of B. coli in drinking water as
indicating the degree of intestinal
contamination, since the implied po­
tentialities are analogous. An exten­
sive study of the great diversity of in­
habited atmospheres of New York
City has been conducted during the
past winter, and the results of 2,000
samples bear out this conclusion.

The sanitary analysis of air of nor­
mally occupied rooms establishes the
nasopharyngeal contamination of our
breathing air, as the presence of B.
coli establishes the presence of intes­
tinal contamination in drinking water.

Air-borne Infection and Air-borne

Disease

1. Universality of Nasopharyngeal
Infection

These bacteriologic experiments
would seem to demonstrate a mecha­
nism of air-borne infection that provides
for the exchange of nasopharyngeal
flora. The burden of proof of air­
borne infection, which had hitherto
rested on bacteriology, has been lifted,
and there now rests on epidemiology
the burden of disproof of air-borne
disease. Except in the case of such
manifestly widespread clinical dis­
eases as measles and smallpox (uncom­
plicated by vaccination), in which in-
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tensive outbreaks seemed almost to
require the possibility of air-borne
transmission, such disproof did not
seem difficult a quarter of a century
ago.

It has seemed almost axiomatic that
contamination of the air we breathe
should bring about almost universal
infection, although contamination of a
common water supply does not neces­
sarily do so. The quantitative factor
of dilution could account for the occur­
rence of sporadic cases of air-borne
respiratory infection, just as it ac­
counts for sporadic cases of water­
borne intestinal disease.

Nevertheless the widespread oc­
currence of clinical cases of measles
and smallpox (in which infection is
manifested by disease) almost requires
the hypothesis of air-borne transmis­
sion. At the time when the indict­
ment against air was dismissed, the
extent of spread of infection was de­
fined by the extent of the spread of
clinical disease, in this definition the
two being synonomous. While car­
riers had already been recognized and
been assigned an important role as
infectors in the spread of disease by
contact, their role as infectees in the
epidemiologic determination of the ex­
tent of spread of infection was disre­
garded. Means for tracing subclinical
infection have since revolutionized the
concept of the extent of spread of in­
fection (16) through the nasopharynx,
though much of this evidence has not
yet been assimilated into our epidemio­
logic thought. The mass of evidence
accumulated by tests for immunity
and sensitiveness, for carriers, and by
epidemiologic studies of age incidence,
now indicates that many, if not most,
of these infections spread as readily

and as broadly as the virus of measles.
Translated into infections, these tests
may be interpreted as evidence that
few children escape the nasopharyn­
geal infections, and probably most
adults have been infected and re­
peatedly reinfected.

Where the clinical cases of these dis­
eases represent only a small fraction of
the infections, conclusions based on
cases must be revised before being
offered in evidence. It has been ar­
gued (17) that in the enclosed atmos­
pheres of contagious hospitals, with
known cases of nasopharyngeal dis­
ease, the incidence of secondary cases
was too low to warrant the conclusion
that the air of the building, shared by
all, was infective. The factors of im­
munity, of subclinical infections and of
preclinical infectiousness have been
overlooked in the interpretation of
the much quoted reports on hospital
cross infection. When were the cases
most infective, before or after coming
to the hospital? Of the exposed, how
many were already immune, what was
the nonimmune population actually
at risk per annum? How many were
infected but reacted with an immunity
response rather than the clinical dis­
ease? How much seed fell on stony
ground?

The cases of “diseases of childhood”,
the total number of infections required
to immunize a population to these dis­
eases before maturity, and the re­
peated attacks of those diseases in
which no permanent immunity is con­
ferred reveal a universality of infection
which falsifies the premises on which
was based the conclusion that the air,
breathed by all, cannot be infective.

If the total number of nasopharyn­
geal infections required to immunize
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a population before maturity is com­
pared with the number of intestinal
infections that would condemn a
water supply as being highly danger­
ous, it might be concluded on epidem­
iologic grounds that the atmospheres
of our common habitations are even
more highly infective. It may be
that the air of our schools, institutions
and homes, where children mix freely
in the highly infectious preclinical
stage of disease, where many more
harbor infection subclinically, where
air is less diluted than in separate
wards opening into common corridors,
or even in wards where bed isolation is
practiced, is more heavily infected
than the air of contagious hospitals.

The universality of nasopharyngeal
infection does not prove that it is air
borne, but it meets the objection that,
if air were infective, nasopharyngeal
disease would be universal.

2. Velocity of Spread
The aptness of the theory of air­

borne infection to account for disease
transmission has never been ques­
tioned, and “the theory is reluctantly
given up, since it is the easiest method
of explaining the spread of readily
communicable diseases” (1). Those,
however, who have adopted the alter­
native theory of “contact” infection
will point out the undeniable fact that
the special conditions which have been
set up for the spread of air-borne in­
fection are likewise conducive to inti­
mate contact. Just what is meant by
the word contact as applying to the
spread of infection should be defined
in objective terms before the two
theories can be contrasted.

If the more or less direct spread of
infection from person to person, the 

quick transfer of fresh infective ma­
terial, proximity in time and space
between infected and noninfected, con­
stitutes contact, then the condition
of air-borne infection by breathing
one another’s air in semienclosed
spaces would constitute a rather ex­
tended form of contact infection.
The preceding discussion has not as­
sumed the broadcasting of infection
in the sense that wind-blown pollens
causing hay fever are broadcast.

While these distinctions may recon­
cile those to whom the words “air­
borne infection” might revive the an­
cient and exploded theory of miasms,
failure to extend the concept of “con­
tact” may lead to the breakdown of
measures for the prevention of this
type of infection. It is necessary
therefore to distinguish the different
phases of “contact,” and it would
seem that this might become possible
by a statistical examination of the
velocity of spread by the different
phases.

If contact infection requires that
an uninfected person touch an in­
fected person in some particular man­
ner, or touch something in a particular
manner which the infected person has
touched in a particular manner, or
that the two be within the short
radius of Flugge droplets during the
brief interval of fall, the rate of spread
would be limited by these circum­
stances. If the chance of infecting
each individual is not large, the
chance of simultaneous infection of
many would be exceedingly small, and
disease would limp in its spread.
(Contact outbreaks of typhoid die
out, not from exhaustion of inflam­
mable material, but from difficulty of
transferring the spark.) If, on the 
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contrary, the sneeze-infected air of a
room were breathed by many persons
over a considerable interval of time,
simultaneous infection could be real­
ized, and the velocity of infection
would be ample to explain even the
explosive pandemic of influenza in
1918-1919. If refinements in statis­
tical methods can determine the veloc­
ity of subclinical infection, it may be
possible to distinguish between these
two modes of transmission.

Recognizing, of course, that all
forms of contact work cooperatively
in spreading infection, there is good
reason to believe that only that phase
which is called air-borne infection can
be swift enough to explain the epi­
demic spread of nasopharyngeal dis­
ease in non-immune populations.

3. Diseases as Biological Entities
If infectious disease may be re­

garded as a biological entity requiring
the continuous propagation of para­
sites through a chain of hosts (18), it
would follow that a mode of trans­
mission on which the continuity of
the disease depended must postulate
a means for the parasite to leave its
discarded host, exist, and be trans­
ported to a new host into which it
must gain entrance. The character­
istics of diseases conveyed through
the nasopharynx would seem to satisfy
such postulates, as their pathology pro­
vides a means for infecting air, the
etiology seems to indicate causative
agents capable of existing in air, and
physiology provides for the planting
of the parasite on the respiratory pas­
sages of a new host. Their universal­
ity even at early ages indicates
widespread infection clinically or sub­
clinically, and the velocity of spread 

seems to be characteristically explo­
sive.

If one compares as a group diseases
whose portals of entry and exit is the
nasopharynx with those whose en­
trance is through other portals, one
finds marked group contrasts. The
nasopharyngeal group may in these
respects be contrasted with typical
gastro-intestinal diseases: where fre­
quent uncontrolled liquid discharges
are conducive to the contamination of
food, milk and water; where the organ­
isms can readily survive, if not mul­
tiply, in these media, and appear
unadapted to life in air; where the
epidemiology makes it possible to in­
criminate such sources even though
the organism cannot be found; and
where control measures have dramat­
ically demonstrated the soundness of
the hypothesis.

They may be contrasted with the
insect-borne diseases where discharge
of the organism is not pathologically
provided; where the organism cannot
survive the rigors of environmental
transfer, but the existence of which in
the peripheral circulation adapts them
to withdrawal through the proboscis
of an insect, within whose body they
are adapted to survive or even of neces­
sity bound to sojourn; where the occur­
rence of the disease is perfectly cir­
cumscribed by the prevalence of the
insect, and where control of insects in­
evitably stamps out the disease.

They may be contrasted with typi­
cal contact diseases such as the vene­
real diseases where external lesions
are habitually brought into physical
contact with susceptible tissue; where
life of the pathogen outside the body
is almost impossible; where any other
explanation of transmission is regarded 
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56 ENVIRONMENT AND ITS EFFECT UPON MAN

with scepticism, if not derision, by the
specialist; and where prevention is
limited by the power to control the
contacts.

The argument that once all com­
municable diseases were attributed to
air and that, the more perfect becomes
our knowledge, the less air becomes
implicated cannot in view of these
differences be carried ad absurdum.

The more intimate our knowledge of
the modes of transmission becomes,
the more evident does it become that
diseases are adapted to transmission
by diverse routes and among these air
transmission of nasopharyngeal in­
fection may not be the least important.

4- Nasopharyngeal Infection Still
Uncontrolled

Where the transmission of disease
has been prevented by control meas­
ures, there can be little doubt as to
the correctness of the theory of
transmission. It may, therefore, be
significant that those diseases which
have so far defied control are those in
which the causative agent enters and
leaves through the nasopharynx. In
an evaluation of the importance of
diseases made by the United States
Public Health Service (19), the only
infectious diseases considered as of a
first order of magnitude were influenza
and pneumonia, and tuberculosis.

The Public Health Service figures
show, in particular:

(1) More than 85 per cent of the
deaths from infectious and parasitic
diseases occurring in the United States
in 1933 were from diseases in which the
usual portal of entry of the causative
microorganism is the nasopharynx.

(2) Of the important reportable
diseases in 1933, the incidence of 

measles was highest, that of influenza
second.

(3) Of the incidence of illness, based
on nation-wide periodic surveys in
1928-31, colds and bronchitis, in­
fluenza and pneumonia, and tonsillitis,
occupy the first three places in annual
incidence, causing considerably more
than half of the total cases.

(4) Among industrial workers dur­
ing 1933, the largest single cause of
illness of 8 days’ duration wras influ­
enza and pneumonia.

(5) Nation-wide periodic surveys in
1928-31 show that influenza and
pneumonia caused more days in bed
than any other disease. Colds and
bronchitis rank second, tuberculosis
third. The diseases spread through
the nasopharynx caused a total of 218
days in bed for every 100 persons, as
against 167 days in bed from all other
causes combined.

The predominance among infectious
diseases of those transmitted through
the nasopharynx challenges public
health measures of control. Until the
purity of our common air supplies can
be established through sanitary con­
trol, the transmission of these diseases
by air cannot be disproved.

IV. Sanitary Control

1. Effect of Ventilating Factors upon
Dispersion and Viability

In view of the proved possibility of
infectious matter being carried by air,
reasonable efforts to free air supplies
from living microorganisms are justi­
fied in the light of general sanitary
principles. The great reduction of
intestinal disease through water puri­
fication since the turn of the century
might prompt us to hope that some of
the diseases transmitted through dis­
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charges from the respiratory tract may
be checked by methods of controlling
air supplies. A study of the effect of
ventilating factors on the dispersion
and viability of microorganisms sus­
pended in air*  has already disclosed the
efficacy of certain destructive agencies.

Experiments on the disappearance
of B. coli in the recirculated air of
an air-conditioned room were con­
ducted as a preliminary to the investi­
gation of textile mill humidification
referred to previously (12). B. coli
seemed to disappear much more rapidly
from air when the spray humidifier
was operating than when the air was
circulated without the use of the
spray. Further tests showed that the
reduction in the number of bacteria did
not take place in the spray chamber
but after the air had returned to the
room, indicating that humidity might
increase the death rate of B. coli in
the air. Increasing relative humidity
from 45 to 90 per cent more than
doubled the disappearance rate of B.
coli from air.

By means of the technic developed in
this study, experiments on other physi­
cal and chemical factors were under­
taken with the technical assistance of
R. F. Wagner. Ozone in tolerable
concentrations was found to give ef­
fects of a similar order of magnitude;
i.e., olfactory concentrations four times
the threshold value raised the death
rate threefold. Commercial germicidal
sprays also gave somewhat similar
results. Negative and positive ions
produced no observable differences in
disappearance rate. The bactericidal

* A grant from the Mil ton Fund for
studies on the effects of ventilating factors
on dispersion and viability of microorgan­
isms suspended in air was made by Harvard
University.

action of a quartz mercury vapor
lamp, however, was of a higher order
of magnitude (20).

The bactericidal effects of ultra­
violet radiation on microorganisms
suspended in air proved, therefore, to
be of a higher order of magnitude
than humidity, ozone or commercial
germicides.

2. Effect of Ultra-violet Radiation
(a) Physical Factors (21). These

results precipitated an intensive in­
vestigation of the physical and biologic
factors governing the effect of ultra­
violet radiation on microorganisms sus­
pended in air.

The interrelationship of space and
time involved in the application of
light to the sterilization of large
volumes of air presents mathematical
problems hitherto unfamiliar either to
sanitary science or to the science of
illumination. In chemical disinfec­
tion, a relatively uniform concentra­
tion of active reagent is assumed for
a disinfecting interval. In thermal
sterilization or pasteurization, each
organism is subjected to a fairly uni­
form temperature for a specified in­
terval of time. Where light has been
used in the sterilization of liquids, a
relatively thin film of exposure is neces­
sary for effective action, so that each
organism may be considered to be ex­
posed to a relatively uniform degree of
intensity of light for an adequate time
interval. In attempting to sterilize by
ultra-violet rays the large volumes of
air involved in practical ventilation, it
becomes difficult if not impossible to
maintain uniform light intensity
throughout the ventilated space, or to
maintain a constancy of exposure in
so mobile a medium.
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58 ENVIRONMENT AND ITS EFFECT UPON MAN

The first step in the solution of the
time-space interrelationship was to
develop means for determining the
rate at which some test organism is
killed at known distances from a given 

method for exposing flowing air at
predetermined distances from a given
light for periods determined by the
velocity of flow. The number of or­
ganisms killed in moving from point 

Fig. 2.—Bactericidal action of ultra-violet radiation on B. coll in air at different
distances.

Velocity; 6 ft/min, R.H.: 71/, A.H- 67 gr

light. This cannot be done simply by
exposing a quartz flask of air at some
given distance from the light, because
of the large volumes of air involved
and the high cost of quartz. It was,
however, possible to devise a dynamic 

to point toward a light can be deter­
mined. The integrated products of
the times of exposure multiplied by the
distances from the light then bears a
simple relationship to the distances of
the two sampling points from the 
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light, by means of which the killing
power constant of that light can be
readily computed.

Preparatory to a more thorough
analysis, and also to experimental ap- 

with B. coli could be drawn down t his
tunnel at regulated velocities and the
bacterial concentrations at different
points determined by simultaneous
sampling with three air centrifuges.

Fig. 3.—Bactericidal action of ultra-violet
velocities. Passing light.

radiation on B. coli in air at different

plication of light, studies were under­
taken in the tunnel system of the
Harvard School of Business Adminis­
tration. A quartz mercury vapor
lamp was placed in the center of this
tunnel, which was 100 ft. long, 8 ft.
wide and 7 ft. high. Air inoculated

The bad (‘rial reductions at flows
above 20 ft. per minute were too low
for accurate determinations in ap­
proaching to within 5 ft. from the
light. Measurable reductions in bac­
teria were obtained with low air
flows, but these low flows could not be 
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accurately measured. At 6 ft. per
minute, bactericidal reductions could
be determined and the flow measured
with a reasonable degree of accuracy.
The results of such a test are illus­
trated in figure 2. Marked reductions
are apparent up to within 5 ft. from
the light, and noticeable effects as far
as 55 ft. from the light. Precise re­
sults could not be obtained by this
method in the tunnel arrangement,
though a more precise laboratory ar­
rangement utilizing closer approach
was later developed by Benjamin
Whisler (22) in a study for a doctor’s
thesis.

Obviously the zone of greatest bac­
terial reduction lies within the sections
5 ft. before and beyond the light. By
sampling simultaneously at points up­
stream and downstream from the light,
marked reduction in this tunnel was
observed at velocities up to 222 ft. per
minute. The bactericidal effects in
passing the light at six widely differing
velocities under otherwise comparable
conditions are illustrated in figure 3.
More than half the bacteria were killed
at velocities of 222 ft. per minute, and
yet some survived passage at a velocity
of 30 ft. per minute, which represents
more than seven times the exposure.

Assuming the bacterial death rate
to be proportional to the light intensity
as given by the inverse square law for
each point in space, it is possible to set
up and integrate equations that can
be tested by these experimental con­
ditions.*

*The formulation for simple physical
combinations are summarized: If No = num­
ber of organisms before and N, = number
of organisms after irradiation by light of
lethal intensity I for time t, then log,.
»• = — KU; and at r distance from a source
" 0

The values of KI0 = Ko, as given
by these equations, with B. coli as
the test organism, were found over
the wide range of time-space varia­
tions, indicated by these tunnel experi­
ments, to be constant within the
errors expected from so simple an ar­
rangement. Mr. Whisler’s intensive
studies with more refined apparatus
confirmed the substantial validity of
the assumptions and the practical
applicability of the formulation. The
values thus obtained for the constant
Ko justify the initial assumption
which may now be modified and
stated in the following form:

The total number of given organisms
killed by a given light is proportional
to the total quantity of light energy
intercepted by the living organisms
and approaches a maximum as the
product of time and intensity for each
approaches uniformity (23).

Humidity.—For constant atmos­
pheric conditions the value of Ia in
these equations defines the killing
power of a given source against or­
ganisms having a vulnerability defined
by K. The results illustrated in figure * Io,

r —Kiel , . . , _Io, = —-j—; and m a sphere of R radius

(source at center), maximum = —-—- forrt2
infinite mixing of air, and minimum =
-1.2KZ„( , . . e .---- ------- tor zero mixing of air; and ap­
proaching a source at velocity v from + co
to r distance from source, = —and

. rr
passing the source (from + co to — <») on
a straight line r distance from source. =
-*K1„
———; and for a cylinder of R radius with
source in axis (from 4- co to — co) maxi-

-2 it KI, .mum —----——---- for infinite turbulence,

and minimum = T1-24 2^-^ for stream
v R

line flow.
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3 were thus obtained under relatively
uniform humidity. Comparison with
the results given in figure 4 reveals
amazing differences in bactericidal ef­
fect with different humidities. The
results obtained at flows of 65 ft. per 

A’o ,
The numerical values ot log 770b-Ai

taincd in the tunnel experiments are
plotted on figure 5 against the recipro­
cal of the velocity in conformity with
the equations. It is seen from this 

Fig. 4.—Bactericidal action of ultraviolet radiation on B. coli in air at different
humidities. Passing light.

minute shown in figure 3 are strikingly
similar to the results shown in figure
4 for flows of only 6 ft. per minute.
This ten-fold difference in killing
power is the result of a difference in
relative humidity between 45 and 90
per cent.

chart that the results fall into two
classes, each class represented by a
straight line as would occur if K were
constant for the class. The angle be­
tween the lines indicates a wide dif­
ference between the value for K for
each class and it is seen that this dif-
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ference corresponds to a difference in humidities as well as low humidities,
relative humidity, the killing power at the reduction in killing power appears

low humidities being approximately
ten times those obtained at high
humidities. Since the inverse square
law has been found to hold with high

to be due to interference with the bac­
tericidal reaction on the bacteria.

The results of the more intensive
study by Whisler clearly corroborate
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the relation between the vulnerability
of B. coli and relative humidity. The
values of Ka = KIo drop precipitately
between relative humidities of 55 and
65 per cent, above and below which
the change is gradual, the values ap­
proaching constancy.

Obviously, humidity becomes a
basic factor governing the bactericidal
effect of ultra-violet radiations on
bacteria suspended in air, the killing
power for low humidities being many
fold that observed at higher humidities.

Spectral Range.—Gates (24) has
thoroughly investigated the lethal ac­
tion of different wavelengths of
light on bacteria smeared on agar
plates. His conclusion that waves
longer than 300 millimicrons are rela­
tively ineffective has been confirmed
for air suspensions of bacteria by filter­
ing out these shorter waves. His con­
clusion that the maximum effect lies
in a zone midway between 200 and 300
millimicrons would conform to the
values of KIa obtained by lamps emit­
ting different spectral ranges. The
most efficient source among several
types tested proved to be a 48 inch
quartz Geisler mercury tube*  emitting
90 per cent of its radiation as a wave­
length of 254 millimicrons. Only 12
inches of a double arc gave a value for
KIo of 910, at a relative humidity of 42
per cent, when tested against B. coli.
Since this lamp consumes about 35
watts, the KI0 approximates 50 per
watt. If this value is applied in the
preceding equations, it is seen that less
than one colon bacillus per thousand
suspended in several thousand feet
of air would remain after irradiation
with this light for 1 minute.

Those ultra-violet light sources
which emit the largest proportion of

* Kindly lent by the Hanovia Chemical
Manufacturing Company.

radiant energy midway between 200
and 300 millimicrons are most efficient
in destroying microorganisms sus­
pended in air.

(6) Biologic Factors.—The bac­
tericidal ranges of commercial ultra­
violet lamps seemed to warrant exper­
iments looking toward their practical
application in sanitary air control.
A therapeutic lamp was therefore set
up in a clinic of the Children’s Hospi­
tal, where the atmosphere had been
found to build up a relatively high
bacterial concentration during hours
of active service. Preliminary tests,
however, did not give the expected re­
sults. The lamp was found by test
to be adequate and also proved in the
clinic room to be effective against B.
coli. If the presence of more resistant
organisms was the explanation of these
disappointing results, an important
question was raised, since there is no
hygienic significance in the elimination
of B. coli from air. This study was
therefore temporarily put aside until
further information regarding the rel­
ative vulnerability of significant or­
ganisms to ultra-violet radiation could
be ascertained. The equipment previ­
ously developed for determining the
viability of droplet nuclei infection
was therefore adapted to the study
of the biologic factors bearing on the
germicidal effect of ultra-violet radia­
tion. Samples of air were withdrawn
from the tank through siamized tubes
to two Wells air centrifuges. One
branch led directly to a centrifuge;
the other branch included a small
chamber enclosing a quartz Geisler
mercury tube, by means of which the
air passing to the second centrifuge
could be irradiated with ultra-violet
light.

Organisms in the tubes taken at
the Children’s Hospital both before
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and after irradiation of the air were ob­
served to be predominantly sarcinae and
staphylococci, owing probably to the
nature of the activities of that particu­
lar clinic. These organisms are char­
acteristic of the skin and were raised
into the air by the dressing and un­
dressing of the patients, together with
the treatments given, which consisted
largely of massage, manipulative exer­
cises, etc. These organisms typically
grow in clusters and are thrown into
the air in masses, which may be a
natural provision for the survival of
organisms adapted to grow on sur­
faces, be rubbed off, and spread
through the air to other surfaces. The
relative coarseness of the suspended
particles, as compared to droplet
nuclei, was indicated by the ratio of
bacterial counts on centrifuge tubes
and on Petri plates, which was inter­
mediate between the ratios found in
the humidified weaving rooms and the
dusty carding rooms of cotton mills
(12).

The organisms first subjected to
test in the experimental tank were the
staphylococci and sarcinae isolated
from the tubes taken at the Children’s
Hospital. The staphylococci were
considerably more resistant than B.
coli, sarcinae considerably more resist­
ant than staphylococci. Alpha strep­
tococci, on the other hand, were com­
parable in their vulnerability to B.
coli.

The fact that the less vulnerable
organisms were those which normally
grow in masses and arc separated only
with difficulty suggested that their
apparent resistance to light, as com­
pared with those which separate natu­
rally into individual unit cells, was due
to this grouping. Streptococci, which
divide in parallel planes, forming

chains which are readily broken up,
were comparable in their vulnerability
to B. coli; staphylococci, which divide
irregularly in more than one plane,
resulting in cohesive grape-like clus­
ters, were more resistant; while sar­
cinae, which divide in three planes at
right angles to one another, forming
packets with a minimum of eight
cells, were still more resistant. To
determine whether the manner in
which organisms naturally group
themselves was a prime factor in their
varying resistance, cultures were
grown in a revolving flask with suit­
able culture medium barely covering a
layer of glass beads. Grinding during
growth in this tiny ball mill, followed
by prolonged centrifuging, provided a
technic whereby suspensions consisting
largely, though never entirely, of indi­
vidual unit cells of streptococci and
staphylococci could be tested against
ultra-violet rays. Sarcinae, on the
other hand, could not be broken down
further than to the packet of eight
cells, which seemed to constitute the
basic unit.

In table 2 is given the vulnerability
constant K for four organisms grown
in the revolver, with B. coli for com­
parison. The differences in vulner­
ability between unit cells of strep­
tococci and staphylococci, produced
by this technic, and the naturally
single cells of B. coli are within the
limits of experimental error. The
vulnerability constant for sarcinae,
however, differs markedly from those
for the other organisms. Presumably
each of the eight cells in a packet is
sufficient for reproduction, and it
would be necessary to kill all eight
to prevent a colony developing from
a suspended packet.

The mathematical formulation em­
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ployed in the derivation of the con­
stant K for single cells must obviously
be modified before application to mul­
ticellular groups of organisms. Under
the conditions of the test, thirteen
times as much light was required to
destroy all eight of the cells grouped
in a sarcinae packet as was required to
kill each colon bacillus dispersed indi­
vidually. This would conform to the
assumption that the vulnerability of
individual cells is likewise similar to
that of the other organisms given in
the table. A progressive increase in
the vulnerability constant K during
the course of the tests was observed
for those organisms which tend to
form clusters, but not for B. coli, as
would be expected if the number of
cells in the clusters is being reduced
by natural death rate. The implied
assumption that only one light unit is
required to destroy one life unit, which
underlies the mathematical formula­
tion, thus appears to be satisfied.

Cell units of the organisms so far
tested, therefore, have proved to be
equally vulnerable to ultra-violet radia­
tion.

The study of the biologic factors
underlying the vulnerability constants
is far from complete. Such factors as
capsule formation, spores and pigment
remain to be explored. Ultimately the
vulnerability constants of pathogens
will be independently determined.
The fact, shown in table 2, that
Staph, aureus and Staph, albus do not,
in spite of the difference in pigment,
differ markedly, suggests that the
latter factor is not of the prime im­
portance that might be imagined.
There has not been enough work to
indicate that more resistant organisms
are not common. There is, however,
sufficient evidence to indicate that B.
coli is not peculiar in its susceptibility.

In the practical application of ultra­
violet radiation it becomes evident that
a distinction must be made between

(B. coli = 1.00)____________

TABLE 2
Relative Vulnerability to Ultra-vio­
let Radiation of Individual Cells of

Various Cocci Suspended in Air

ORGANISM
NUM­

BER OF
RUNS

VULNERABILITY

Con­
stant K

7? coli......................... 20 1.00
Strep, viridans............ 5 1.05 ±.07
Staph dibits............... 5 1.18 ±.07
Staph aureus.............. 7 1.21 ±.20
Sarcina lutca*............ 3 0.85 ±.02

* The chance that all eight cells of a
packet will be killed is the eighth power of
the chance that an individual cell in a
packet will be killed. If one-half of the
cells in a packet lie in the shadow of the
other half, and if the packet turns in such a
manner that each cell shares equally the
light and shadow, the chance of a cell in a
packet being killed is one-half the chance
where the cells are so distributed in space
that no cell eclipses another. From the
determination of the vulnerability of pack­
ets of sarcinae (0.083 when 66 per cent sur­
vived), the vulnerability constant of the
individual sarcina cell has been computed
as 0.85, if B. coli is given a value of one.
Since, in the determination, packets flowed
in a smooth stream past the light source in
less than 2 seconds, it is doubtful whether
each cell shared equally in light and shadow.
Since exposure to equal quantities of light
is the condition of maximum killing, the vul­
nerability of sarcina cells would be greater
than is indicated by this computed value.
The fact that doubling the intensity of the
light increased the proportion of packets
killed by only 7 per cent, would indicate
that a constant proportion of cells were thus
protected from the light, owing to a con­
stant condition of flow, which was not af­
fected by changes in light intensity. From
the figures, it would appear that more than
half of the packets survived because of
protected cells, and the vulnerability con­
stant of individual sarcina cells is greater
than one. The importance of illuminating
particles on various sides becomes apparent.

clumps and individual organisms, be­
tween dust and droplet nuclei. Air
purification methods that depend
on filtration or sedimentation may
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be more effective against dust, and
ultra-violet rays may be more effective
against nuclei, the two being com­
plementary and therefore effectively
combined. Likewise, methods that
are effective in testing for one type of
suspended organism may be inap­
propriate for testing the efficiency of
purification devices against the other
type.

Virucidal Action of Light (11).—The
persistent belief that air may transmit
certain virus diseases made it impor­
tant to determine whether bactericidal
light would also destroy air suspensions
of virus. Into the air of the tank
were atomized the filtrates of lung
emulsions of ferrets made ill with the
Puerto Rico 8 strain of influenza virus.
Simultaneous sampling under identical
conditions of air as it came from the
tank and after ultra-violet irradiation
indicated a definite virucidal action of
the rays. In two tests the ferrets
that were inoculated with material
recovered from unirradiated tank air
suffered a typical attack of influ­
enza, which was confirmed by virus
neutralization tests. The ferrets that
received material simultaneously re­
covered from the air of the tank under
identical conditions, except for irra­
diation of the air, failed to show any 

symptoms of influenza, and virus neu­
tralization tests subsequently showed
no development of immunity.

The infectivity for ferrets of air sus­
pensions of Puerto Rico 8 strain of
influenza virus was destroyed by ultra­
violet radiation.

V. Application of Sanitary
Air Control

The question of air-borne infection
will not be definitely answered until
common air supplies are rendered free
from nasopharyngeal contamination,
just as endemic water-borne intestinal
disease became apparent only with
change from polluted to pure water
supplies.

A solid foundation for sanitary air
analysis has been developed, by which
the purity of air can be determined,
air contamination interpreted, and
the efficiency of air purification pro­
cesses tested. The practical effective­
ness of certain devices that can be
applied to the bacterial purification of
air has been demonstrated. Others
(25) have reported beneficial results
following control of the bacterial con­
tent of the air of operating rooms.
The experimental application of sani­
tary air control in hospitals, schools,
and other gathering places is indicated.
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THE EFFECT’S OF HEAT AND HUMIDITY UPON
THE HUMAN BODY*

Cecil K. Drinker

CONSIDERATION of the effects
of heat falls into two natural
divisions:

1. The acute effects of encountering
very high temperatures such as are met
in many industrial processes and under
■natural conditions in such places as
the desert regions of southwestern United
States. The temperatures with which
we are concerned in this division of
our inquiry are necessarily high.
Brief exposures to temperatures of
200°F. are encountered in the steel
industry. One hundred and fifty de­
grees Fahrenheit is frequently found
in the stokeholds of coal-fired steam­
ers. Outdoor temperatures of 100° to
125°F. were met at Boulder City,
Nevada, and under such exposure men
worked through regular shifts during
long periods of time.

2. The effect of residence in tropical
climates. By this is meant the grad­
ual deterioration experienced by most
northern white people who reside in
the tropics. A tropical climate of the
sort that interests us is characterized
by little change. There are no seasons
such as we have in the temperate zone.
Monthly temperatures and tempera­
ture differences between day and night
are slight. In the Marshall Islands
for example, islands lying in the
equatorial belt, the daily maximum

* From the Department of Physiology,
Harvard School of Public Health, Boston. 

temperatures for a year were between
88° and 91.5°F. and the daily minima
between 75° and 77°F. It has been
said of such places that “they possess
more climate and less weather”, but
in spite of such qualification they are
not so suitable for human residence
as are the changeable regions of the
temperate zone.

The Principal Physiological Fac­
tors Involved in the Problem

of Heat Effects

It may be recalled first that the
external environment with whose
effects we are concerned is not in
reality the environment in which the
body cells live. We exist in a room,
for instance, which may be hot or
cold, dry or humid, dusty or gas-filled,
in conditions which vary greatly from
day to day as a result of natural
phenomena or the vagaries or in­
effectualities of human manipulation.
We live in an internal environment
characterized by great constancy in
physical and chemical composition.
This constancy is maintained, first of
all, by certain physical and chemical
factors inherent in the saline fluids
which constitute the internal environ­
ment and, second, by certain bodily
reactions designed to prevent ab­
normality. For example, the prin­
cipal component of the internal en­
vironment is water. L. J. Henderson

68
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(1) has summarized the peculiar fitness
of water for its position in the human
body. It is a singularly inert chem­
ical “which does not easily attack the
substances which in great variety dis­
solve in it. The chemical changes
which do follow upon solution are not
such as to produce substantial chem­
ical transformations, and most sub­
stances can pass through water un­
scathed. The nature of water, then,
is a great factor in the chemical
stability, which, no less than the phys­
ical stability of the environment, is
essential to the living mechanism.”
Further qualities of water, such as the
high specific heat and the high latent
heat of evaporation, are of extreme in­
fluence in keeping body temperature
constant, and so one might go on
enumerating qualities of the environ­
ment which are peculiarly potent in
stabilizing it.

As an example of a physiological
reaction which in its turn tends to
maintain constancy, one may think
of the simple increase in breathing
accompanying exercise. This keeps
the carbon dioxide content of cells and
body fluids at a tolerable level, not
far different from that at rest, and
brings a sufficient increase in oxygen
to prevent oxygen lack. Another ex­
traordinarily constant feature of the
internal environment is the practical
neutrality of the fluids which bathe
the body cells. Under normal condi­
tions the hydrogen ion concentra­
tion is uniformly 7.3, which in the
usual terms of normality means a
solution with a hydrogen ion concen­
tration corresponding to 0.000,000,05 N
and a hydroxyl concentration of
0.000,000,2 N. Such a solution is
faintly alkaline. Under extremely 

serious conditions the hydrogen ion
concentration may rise to 0.000,000,1
N, but this comparatively slight
change brings with it disastrous effects
and can be endured but briefly. This
essential neutrality of the body fluids
is dependent both upon their chemical
composition and upon physiological
reactions which at once resist any
tendency toward dislocation from the
normal. Examples of the constancy
of the actual environment in which the
body lives might be further multiplied.
Some have been enumerated here in
order to emphasize the idea that the
actual changes in the body which
occur as a result of exposure to heat
cannot be great, and that the reactions
of the bodv to heat are in most in­
stances expressions of the effort of the
body to sustain the constancy of the
internal environment.

Man is a warm-blooded animal.
By this is meant that man possesses
the possibility of physiologically regu­
lating his body temperature so as to
maintain it at a constant level.
Warm-bloodedness is entirely essential
for such constant, or rather uniform,
degrees of activity as are required of
man. He cannot suffer the variations
of physical ability observed in crea­
tures like frogs and snakes, which pass
during the different seasons from in­
ertness in the winter to the possibility
of maximum activity in the summer.
Muscular activity in cold-blooded
animals is optimum at certain tem­
peratures just as it is in man, but these
animals are unable to maintain the
internal environment at this tempera­
ture and suffer corresponding de­
pressions in activity.

Warm-bloodedness is not absolutely
perfect in man, and in children, par-
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ticularly in very small infants, it is less
well developed. The premature in­
fants cared for in our large hospitals
require air-conditioned rooms with a
fixed temperature in order to main­
tain body temperature at a constant
level. It is interesting to contrast the
temperature steadiness in infants kept
under such modern conditions with
what happens under ordinary circum­
stances of care (figure 1).

processes heat and carbon dioxide are
both produced, one may measure the
production of either in order to obtain
a picture of the metabolic state of the
subject at the moment.

The final physiological mechanism
concerned with heat effects is that of
sweating (2). Sweating is of two
sorts, mental and thermal. The
former appears under emotional stress
and is ordinarily confined to the palms, 

Fig. 1.—Fluctuation of body temperature in unconditioned and conditioned nurseries.
Conditioned nursery, temperature 80-85°F., humidity 50-59 per cent, air movement 15 ft.
per minute. (Fig. 7 from Blackfan, K. D., and Yaglou, C. P.: The premature infant.
Am. J. Dis. Children, 46, Part II, 1175. (1933))

The maintenance of body tempera­
ture in man depends upon the balance
between heat production and heat loss.
Heat is produced in the body by the
oxidation of carbohydrates and fats,
and the muscles are the most impor­
tant heat producers since they con­
stitute about one-half by weight of the
soft parts of the body. Heat is,
however, produced by all the glandular
organs when active. Muscles prop­
erly innervated produce heat even
while at rest. Since in oxidative 

soles and axillae. Thermal sweating
involves the entire body surface except
the palms and.soles, and is the variety
of sweating which concerns us. It is
generally thought that the cause of
sweating is a rise in body temperature,
but this is not the case. It has been
shown that if a subject sits in a room
where the temperature is 113°F. and
immerses one arm in water at 41°F.,
the cooling effect of the water may
lower body temperature measured rec­
tally almost a degree but sweating 
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occurs normally. One can cause
sweating by direct heating of the brain
and spinal cord, but ordinarily sweat
appears as a result of impulses gen­
erated in nerve endings in the skin.
If a subject enters a room at 1QO°F.,
sweating does not begin for 10 minutes
or more. This slow appearance of
sweating seems to express the fact that
the sweat apparatus is at first rela­
tively insensitive to the stimulation
of heat applied to the skin. It is
found, however, that one of the adap­

not limited to one part of the body.
If one arm is heated sweat will appear
all over the body when secretion
begins in the heated part.

When a gradual rise in temperature
is experienced the volume of sweat
produced from a given area is at first
fluctuant, as is shown in figure 2. If,
however, the exposure is abrupt, fluc­
tuations in sweat volume are not
marked until the individual nears
collapse. Once the sweat glands be­
come active they rapidly reach maxi­

Fig. 2.—Fluctuations in the volume of sweat from a given area on exposure to a gradual
rise in room temperature. S, perspiration on the chest; Te, room temperature. (Fig. 10
from Kuno (2).)

tations man experiences as a result of
prolonged exposure to heat is an in­
creased ability to perspire. If subjects
are suddenly exposed to high tem­
perature in summer, sweating will
begin much more rapidly than from
the same exposure in winter. This
increased “ability to perspire” is one
of the few definite adaptations to high
temperatures known to exist in man.
Its utility for prompt cooling of the
body is sufficiently obvious. When
thermal sweating begins it is general, 

mum production. This is shown in
figure 3, which pictures an extremely
severe experience. After a brief
period at 23°C. (73.4°F.) the tempera­
ture was raised abruptly to 53°C.
(127.4°F.). The rate of sweat pro­
duction measured for an area on the
chest increased rapidly to a high level,
where it was well sustained for about
50 minutes until the collapse of the
subject. One may notice, also, the
rise in rectal and pulse rate. The
fact that the volume of sweat from 
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the palm, increased but slightly is in
accord with the fact that this region
is concerned with emotional and not
with thermal sweating.

Sweat is a dilute fluid containing
0.1 to 0.5 per cent sodium chloride
as the most important constituent.
The amount of sweat produced at
ordinary types of work in such a
climate as Boulder City (95-120°F.)
may be as high as 7.5 liters during the
day. Assuming a sodium chloride
concentration of 0.3 per cent, this
should mean a loss of 22.5 gm. of
salt. Since the average normal excre­
tion of salt in the urine is in the
neighborhood of 12 gm. in 24 hours,
the degree to which work in such a
climate may deplete body chlorides is
clear and this depletion is one of the
most definite and important effects of
very high temperature.

The Effects of Very High
Temperatures

The first and commonest disturb­
ance met with industrially, and in
severe heat exposure however en­
countered, is heat cramps (3). The
most illuminating way to follow the
development and treatment of heat
cramps is through reports of the
history and treatment of actual cases.

Case I. Boulder City, Nevada, Six
Companies Hospital (Talbott and Michel­
son (4)):

Mr. J. F., a married white man of 42,
entered the hospital on June 24, 1932, com­
plaining of vomiting for 3 days and general­
ized muscle cramps for 12 hours.

Past history. Born in Nova Scotia, he
has lived for the past 28 years in south­
western United States. He has never been
in the tropics, has never noted any ill effects
of heat, and prefers summer to winter. He
perspires freely in a warm or hot environ­

ment and his skin tans easily. He came to
Boulder City June 6, 1931, and has worked
since that time in the Machine Shop
situated on the edge of the city. He drank
at least two quarts of milk daily during the
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Fig. 3.—Sweating under sudden exposure
to extreme heat and humidity. Stupor and
collapse. Sc, volume of chest sweat in milli-
grams; Sp, that of the palm; P, pulse rate;
7r, rectal temperature; Td, dry bulb tem­
perature; Tw, wet bulb temperature. At the
arrow 1, strong palpitation was felt. At the
arrow 2, stupor and dyspnea began. (From
Kuo, K. W., Takahara, K., Adachi, J., and
Saito, K.: Medicine, 22, 1152 (1935). Also
Fig. 16 in Kuno (2).)
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first lour months ot his employment in the
summer of 1931. In the fall his family
moved to Las Vegas and he had virtually
no milk after that time. He is a light meat
eater, preferring fruits and vegetables and
not especially addicted to the use of salt.
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Present illness. Three days ago he began
to vomit and, while the vomiting has
diminished in severity, only a small amount
of food and fluid has been tolerated during
this period. Twelve hours ago cramps in
the muscles of his legs first appeared and
since then they have caused pain in his
arms, hands, and abdominal wall. Change
of position will generally bring on cramps in
the parts moved, although deep pressure or
palpation is not painful. He voided small
amounts of urine twice during the twenty-
four hours before admission. He has con­
tinued to perspire freely in spite of the low
fluid intake.

Physical examination. Temperature,
99.6°F.; pulse, 88; respiration, 16; blood
pressure, 130/84. The examination was
essentially negative. The eye grounds
were normal. Chvostek’s and Trousseau’s
signs were negative. No fibrillary twitch-
ings were seen.

Diagnosis. Heat cramps.
Treatment. He was given, during the

first 24 hours, two hypodermoclyses of 1500
cc. of normal saline and was allowed to drink
3000 cc. of milk. He received no other food
or fluids.

Course. The cramps ceased after 6
hours. He was sent home on the 3d day on
a diet containing a minimum of one quart of
milk daily. He resumed work the third
day after discharge. Frequent follow-ups
revealed no muscle soreness or cramps dur­
ing the next two periods of hot weather.

Comment:—This was a relatively
mild case. Notice that the man
vomited for 3 days and continued to
perspire during this time. He lost
both salt and fluid for 2 J days
before cramps began. The treatment
was not especially radical—salt solu­
tion under the skin and milk by
mouth. Milk is one of the best
sources of sodium chloride both for the
treatment and prevention of heat
cramps. It contains 0.3 per cent of
the salt.

Case 2. (Talbott (3)):
Mr. J. D., a divorced, colored man of 38, 

entered the hospital on July 1, 1934, com­
plaining of generalized cramps in his ex­
tremities and in his abdominal wall. On
admission 45 cc. of blood was taken from the
brachial artery.

Past history. Born in Virginia, he had
worked steadily in the sheet mills for 14
years, up to 1929. In 1918 and 1928 he was
treated for gonorrhea. He consumed mod­
erate amounts of hard liquor but did not
classify himself as a steady drinker. He
had never been exhausted by the heat.
Seven years ago he had generalized cramps
in his arms and legs. They were not severe
enough to cause him to seek medical atten­
tion and they subsided -with treatment at
home.

Present illness. The day of admission
was the first sheet mill work the patient had
had for 4 years. During that period he had
only odd jobs of short duration. Two days
before admission he consumed large
amounts of alcohol, but had eaten his meals
regularly. He slept well the night before
admission. He ate a good breakfast and
had a bowel movement before going to work.
The day was hot, he worked very hard,
perspired profusely, and had no appetite for
lunch. At 3 P.M. he felt weak, became
slightly dizzy, had a little nausea but did
not vomit. Shortly after, he was trans­
ferred to an easier job. He began to have
cramps in his arms and legs but was able to
finish the shift. He had a shower bath, felt
better, and went home. On his arrival
home, he was seized with severe cramps in
his extremities, his neck, and along his back.
The muscles knotted up in hard bunches
and became excruciatingly painful. The
muscles in the abdominal wall became in­
volved shortly afterward, and this was
followed by vomiting. It became impossi­
ble for him to talk and he was brought to the
hospital by ambulance at 7 P.M.

Physical examination. Temperature
99.4°F. p.r.; pulse 108; respiratory rate 20;
blood pressure 100/72. His skin was warm
and he perspired moderately. Nothing was
discovered on examination that was unusual
except the cramps. The patient appeared
to be in extreme pain from cramps in his
arms, legs, abdominal wall, and back. The
cramps were intermittent in character and
2 to 3 minutes in duration. . , . On palpation

The Environment and its Effect Upon Man (1937)
ACL Doc 25275 · Page 43 of 155

Published by AsbestosClaims.Law

asbestosclaims.law/library/25275/43

https://asbestosclaims.law/library/25275/43


ENVIRONMENT AND ITS EFFECT UPON MAN
74

the affected muscles felt stony hard. The
cramped muscles were not tender to palpa­
tion nor could the cramps be massaged
away. When the hands and arms were
involved the affected member would be
flexed with such force that it was impossible
for the examiner to extend it, without some
fear of breaking a bone. The deep reflexes
were present.

Diagnosis. Severe heat cramps.
Course. The cramps did not subside

with rest in bed, and 50 minutes after ad­
mission he was given 50 cc. of 50 per cent
dextrose intravenously. The next 25 min­
utes, the cramps returned with greater
severity than before. It was necessary for
the patient to walk the floor to obtain slight
relief. At 8:15 P.M. he was given morphine
sulphate gr. J by hypodermoclysis. There
was little relief from the medication after 35
minutes. Two hundred and fifty cc. of 10
per cent dextrose was then administered
intravenously. Shortly after the injection
of this solution there was a period of free­
dom from cramps only to have them return
in greater severity than before. The pa­
tient felt that he could no longer tolerate
the pain and morphine sulphate gr. I was
repeated, followed at 10:30 P.M. by 800 cc.
of normal saline solution intravenously.
When about 200 cc. of the saline solution
had been given, the patient relaxed, said
that he had no more cramps and was ex­
tremely tired. He slept for 1} hours after
this. At midnight he had a very mild
cramp in a finger and then slept until
morning. There was no subsequent return
of his cramps. He stayed in the hospital
two days. During this time he gained
3.7 kgm. in weight and retained 438 m.Eq.
of chloride.

August 4, 1934. He was interviewed and
had been working two or three days each
week since discharge. Two weeks before,
after a period of unemployment he had mild
cramps in his arms.

Comment:—Thia was a severe case
in a sheet mill worker. Notice that he
was alcoholic and that his difficulties
began with nausea. On admission he
was practically normal except for very
severe cramps. Observe the failure 

of the treatment by intravenous dex­
trose, a measure often advocated and
possibly useful if there has been
prolonged vomiting but of no avail
against the cramps. The immediate
effect of the saline infusion was
striking.

The treatment of cases of heat
cramps depends obviously enough on
replacement of the lost sodium chloride
together with a suitable amount of
water. These measures are specific
and nothing can take theii place.
Alcohol, morphine, calcium salts, so­
dium bicarbonate, nitrites and other
remedies have had their advocates,
but no one of them is of avail.

Prevention of heat cramps is of
greater importance than their treat­
ment. Men at hard work under high
temperatures must be in good physical
condition. Alcohol and excesses of
all sorts must be avoided. A sodium
chloride intake of at least 15 gm. a day
must be maintained. Particular care
is necessary when the individual first
begins to work. If facilities are avail­
able urinary chlorides may be quan­
titated and total excretion should not
fall below 3 gm. a day. Food should
be plentiful with no restriction upon
protein. It is generally held that hot
weather diets should contain little
meat. It is, however, impossible to
expect continued hard work upon a
highly restricted protein intake and
there is no logical reason for the reduc­
tion. Milk is extremely useful and
should be supplied freely. Additional
salt may be added to the drinking
water, taken in tablets or added to the
food. The first method is preferable
and a concentration of 0.1 to 0.3 will
suffice.

There is no doubt that men in good 
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health achieve some sort of acclimati­
zation when placed at work in such a
climate as that of Boulder Dam.
Little is known as to the nature of
this adaptation. Two general facts
comprise our knowledge upon the sub­
ject: first of all men sweat more readily
as they become accustomed to the
exposure to heat and, second, the
sweat has a lower ■ concentration of
sodium chloride. The organism ap­
parently learns to retain chlorides,
since even on a high chloride intake
the concentrations in the sweat remain
low. Other types of adaptation, such
as changes in the ductless glands, are
too speculative for comment.

In addition to cramps there are other
conditions which appear as a result
of exposure to extreme heat, such as
“heat exhaustion” and “heat stroke.”
Heat exhaustion is the milder of the
two conditions. Patients feel weak
and ill for several days. They usually
have slight fever but the temperature
may be subnormal. If put to bed and
kept cool and quiet they usually re­
cover in a short time, but such in­
dividuals should be carefully watched
as they may readily become true
instances of heat stroke. This latter
condition usually comes on rather
abruptly, but may develop over 2 or
3 days. Dizziness, headache, faint­
ness, vomiting, a broad chain of symp­
toms such as might initiate a severe
infection, characterize the onset.
Sudden collapse and coma, with ac­
companying high fever are not uncom­
mon. Temperatures from 106° to
110°F. occur. Delirium, neurological
signs of various sorts, and hallucina­
tions are noted if the fever continues
for long. The pulse is rapid, the blood
pressure low, and the breathing shal­

low and fast. The patient resembles
one in surgical shock, except for the
elevated temperature. Now and then,
for reasons not understood, the tem­
perature may be subnormal. Treat­
ment consists in the use of cold packs
or cold baths, stopping when the
rectal temperature reaches 102°F.
Salt solution should be given under
the skin and water by mouth as soon
as possible. The underlying cause of
the condition seems to be abnormal
stimulation of heat production as a
result of the heating of the body. In
very severe cases a variety of nervous
sequelae may occur, and in all in­
stances which recover there seems to
be an increased susceptibility to the
effects of heat.

Shattuck and Hilferty (5) have re­
cently published an analysis of acute
heat effects in various parts of the
world. Their conclusions are as
follows:

1. The death rates attributed to heat
among European residents of Shanghai and
among the population of the Republic of
Panama are outstandingly high.

2. Heat effects are notably common in
the United States and in Australia.

3. Soldiers from the British Isles sta­
tioned in India frequently suffer from heat
effects.

4. The frequency of heat effects appears
to differ markedly in various parts of tropi­
cal Africa. Cases appear to be decidedly
more numerous in some of the British
Colonies (Nigeria, Anglo-Egyptian Sudan,
Nyasaland) than they are today in French
or in Belgian territory.

5. In the Tropics in general, persons of
European races are attacked far more often
than are persons of the native races, but the
latter are by no means immune. (Anglo-
Egyptian Sudan.)

6. Males are far more liable to heat
effects than are females.

7. Heat effects are comparatively un-
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common in the West Indies, in the British
Isles, in Europe, in the Union of South
Africa and in Japan.

8. Notably low rates are exhibited for
Finland, Sweden, Ceylon, New Zealand and
Lima (Peru). Deaths from heat are re­
corded as nil in Mauritius in the Indian
Ocean.

9. There are outstanding fluctuations in
heat effects in several countries in certain
years. To explain these, it may be neces­
sary to localize the cases sharply, to
determine the climatic conditions from day
to day in the places where the heat effects
are most numerous, and to learn whether
there had been marked coincident changes
in occupation or mode of life among the
victims.

10. It has been said that heat cases were
common in the French Dependencies twenty
years ago but that they have been few in
recent years. Reports for the year 1933
from French Dependencies in Africa and in
the Far East indicate a striking scarcity of
heat cases.

11. The irregular world distribution of
acute effects of heat which the data in­
dicate may be, to some extent, fallacious.
Incomplete reporting, different methods of
recording or of classification, or incorrect
figures for population might cause mislead­
ing irregularities in the figures.

12. Some real irregularities of distribu­
tion can, probably, be explained as due to
climatic factors which are peculiar to re­
stricted localities.

13. It is interesting to note that acute
effects of heat are common in some parts of
the tropics and not in others; and that the
same is true of the temperate zones. These
facts indicate the need of further study to
explain the distribution of heat cases with
reference to probable causes, climatic or
Other. Work on this problem will be under­
taken in the near future.

The Effects of Residence in
Tropical Climates

Of far more importance to man than
the problems of the abrupt effects of
high temperature are the slower and
more subtle effects of prolonged resi­
dence in the tropics. Tropical dis­
eases are no longer the reason why 

northern whites fail in the tropics.
It is the gradual deterioration in health
which whites experience that con­
stitutes the real problem. The English
have had the longest experience with
the problem, yet Meredith Townsend,
in his book “Asia and Europe,” made
the following statement: “Not only
is there no white race in India; not
only is there no white colony, but there
is no white man who proposes to
remain. No ruler stays there to help,
or criticize, or moderate, his suc­
cessor. No successful white soldier
founds a family. No white man who
makes a fortune builds a house or
buys an estate for descendants. The
very planter, the very engine driver,
the very foreman of works, departs
before he is sixty, leaving no child,
or house, or trace of himself. No
white man takes root in India.”

Efforts have been made to contend
that, barring tropical disease, life in
the tropics is as filled with good health
as is life in temperate zones. It is
certain that this is not true. De­
terioration is the rule, and 2 years is
probably the longest safe period for
tropical residence. Furthermore, it
is safe to say that the effects of tropical
residence are worse in the case of
women and children than in men.

From the point of view of effects
upon health, the climates of the tropics
differ. Thus there are vast areas of
swamp and forest, as in the basin of
the Amazon; monsoon districts where
climate is controlled first by the wet
then by the dry monsoon; desert areas
extremely dry; tropical islands where
winds from the sea make life possible;
regions of high altitude where the tem­
perature may be entirely agreeable.
All these situations differ, but all have
one factor in common—lack of change.
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A hill station in India may be cool,
but it is an unbroken, unvarying
coolness. Huntington (6), in a book
“Civilization and Climate,” makes a
tremendous argument for weather
changes as influencing human effi­
ciency. He points out that racial
dominance has always belonged to
dwellers in the temperate zone. It
is extravagant to refer such a fact to
climatic change alone, but there is
much of interest in Huntington’s book.

Let us consider that we are dealing
with residence such as that along the
seacoast in northern Venezuela, a hot,
moist situation and one of the utmost
importance to this country because of
the large oil fields. In such a region
all the months of the year are hot
(over 68°F.). There is a mean tem­
perature of 85°F. and a high humidity.
For such regions data are lacking as
to the cooling power of the air kata­
thermometer readings, in order to
classify the region physiologically, but
as yet such data are available for very
few regions and over short periods of
time.

Let us now list what one may expect
to find in individuals who enter such a
climate from life in a temperate zone.

1. Basal metabolism. The trend of
events is best shown by Martin’s (7)
observations upon himself. During a
voyage from London to Australia he
measured his basal metabolism daily
for the 35 days of the voyage, taking
great pains to keep his food and exer­
cise constant. Within a few days after
encountering hot weather his basal
metabolism began to fall, reaching a
minimum on the fifth day of heat and
remaining low until cooler weather was
brought by the trade winds when it
immediately rose to its previous level.
The maximum difference between the 

hot and cold periods was 12 per cent.
There is no question that in the case
of this individual the tropical climate
had a depressing effect on the basal
metabolism. This result would seem
to me to indicate the fact for healthy
white men. One can, however, find
reports of “increase” and “no change.”
This is due, I believe, to uncontrolled
observation or unfamiliarity on the
part of observers with the determina­
tions being made.

Recently Mason (8) has made a
very careful study of nine European
and American women in Madras. In
this city there is a mean annual tem­
perature of 82.2°F. and a relative
humidity of 72 per cent—a trying
climate for whites. Three individuals
showed a definite decrease in metabo­
lism over control figures obtained in
Boston, and a fourth the same change
though less marked. In the most
complete record—that upon Miss
Mason herself—basal heat production
fell markedly during the first seven
weeks residence in the tropics, re­
mained low during 5 years in Madras
and rose to the original level on the
return to Boston, being at the same
point when measured 4 days after
return. This subject lost weight while
in Madras and during the period of
depreciated metabolism. Her weight
was, however, at its lowest point on
return to Boston when the metabolism
had gone up.

In four other subjects the metabo­
lism changed not at all, and in one
there was variation in either direction.

Three Indian women, teachers, on
the same economic level as the Euro­
peans, showed a decrease of 4.8 per
cent in their metabolism in the tropics
as compared with the same measure­
ment in temperate zones.

The Environment and its Effect Upon Man (1937)
ACL Doc 25275 · Page 45 of 155

Published by AsbestosClaims.Law

asbestosclaims.law/library/25275/45

https://asbestosclaims.law/library/25275/45


ENVIRONMENT AND ITS EFFECT UPON MAN78

A significant feature of Miss
Mason’s observations was the fact
that her subjects who showed a de­
crease in heat production of 7 to 12
per cent, either showed no rise in
temperature or an insignificant rise,
whereas in those whose metabolism
remained normal there was an average
increase in temperature reaching 0.7°F.
One at once feels that individuals
whose basal metabolism falls slightly
are better adapted for tropical resi­
dence than are those who remain level
or who experience a slight sustained
elevation of the basal metabolic rate
following the increase which comes
with the first experience with the
tropical climate. Sundstroem (9)
found, in this relation, that the basal
metabolic rate of rats fell when they
were placed in tropical conditions.
He noted that rats given thyroid did
very badly when placed at high tem­
peratures, and suggests that anything
which consistently increases metabo­
lism operates very unfavorably for the
organism. On the other hand, forced
exercise which induced brief periods of
high metabolism did no harm what­
soever, which is consistent with the
belief and, apparently, the fact that
northern whites must exercise in the
tropics if health is to be sustained.

2. Temperature. A slight increase
is the rule. Temperature measure­
ments are, as we have seen, of little
value unless correlated with observa­
tions on the basal metabolic rate.

3. Growth. A weedy, long-legged
type is the rule in the tropics. Height
is attained more rapidly than in tem­
perate regions and fatness is uncom­
mon. Growth is most rapid in the
hottest periods of the year. A tall,
thin type is, perhaps, the best for
tropical residence, having a maximum 

surface for heat loss in relation to body
weight.

4. Reproduction. Fertility is appar­
ently less in the tropics, both males
and females being affected. Men­
struation in white girls does not take
place abnormally early, but the meno­
pause comes sooner.

5. Blood pressure, pulse rate and
respiration. A slight decrease in pulse
rate and in systolic blood pressure are
the rule, but the changes reported are
very insignificant. Respiration tends
to decrease in rate and the minute
volume is somewhat higher. A
slightly deeper breathing is more effi­
cient for the individual and is thus
an economy of energy. At the same
time the increase in air breathed
results in cooling due to evaporation
of water.

6. Blood volume. It is obvious that
the increase in sweating which is
necessary must require a constant
higher blood supply to the skin. If
the total blood volume failed to in­
crease this would result in a rather
steady impoverishment of internal
organs.

Barcroft (10) and his associates, in
an expedition from England to Peru,
found that blood volume increased as
the tropics were entered. On their
return to London they were able to
make more precise measurements upon
the matter. Subjects were confined in
a psychrometric chamber and meas­
urements were made of total blood
volume, hemoglobin, oxygen capacity,
and reticulated erythrocytes.

An example is given in figure 4.
Blood volume rose abruptly during the
night of the 23rd and 24th on first
entrance into heat. The subject was
quiescent at this time. The rise in
blood volume was accompanied by a 
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fall in hemoglobin, indicating that this
was a simple dilution effect, blood
plasma being drawn into the capillaries
from the tissues. On the 24th there
was heavy exercise on a stationary
bicycle. The hemoglobin and oxygen
capacity rose, indicating entrance into
the circulation of corpuscles heretofore
stored.

Fig. 4.—Blood volume, hemoglobin, total
oxygen capacity, and reticulated red corpus­
cles in an individual subjected to high tem­
perature. On the 23rd, surrounding temper­
ature 14-15°C. (57.2°F.). The night of the
23rd and until the morning of the 25th the
temperature was 32-35°C. (90.5°F.). (Fig.
3 from Barcroft el al. (10).)

Man ordinarily does not have all
his red corpuscles in active circulation;
he draws on a reserve in the spleen
when necessary. Increase in reticulo­
cytes is important in showing quick
entrance of young forms in the circu­
lation. In the individual represented
in figure 4, blood volume increased
from G.4 to 7.1 litres, or 700 cc. in 2
days. At the same time the oxygen
capacity rose from 1020 to 1130 cc.,
indicating a 10 per cent increase in
circulating hemoglobin. These results
have not been verified by others, so
far as I know, and they are very funda­

mental. They mean that the organ­
ism is wetter and so is able to sweat
more easily and plentifully.

In the case of a group working at
Boulder Dam (Talbott et al. (11))
in 1933, with a higher environmental
temperature, subjects reacted as
follows:

1. First lost weight. Increased
fluid intake, keeping urine volume
constant but the specific gravity high.
1030 to 1035.

2. Sodium chloride in sweat greater
in first few days of exposure. At same
time less in urine.

3. Weight regained. Specific grav­
ity of urine fell to 1015 to 1020.
Sodium chloride in sweat fell. Sodium
chloride in urine increased.

These changes, had determinations
been made, would probably have
added to them an increase in blood
volume when the sodium chloride in
the sweat fell and when the individual
became adapted. At that time there
would be retention of water held by
the sodium chloride and weight would
also increase.

Keeping cool in the tropics is pre­
eminently a problem of water move­
ment, and I have no doubt that ex­
ploration in the region indicated by the
material discussed here would surely
result in the accumulation of valuable
knowledge. It is not enough to make
determinations under immediate con­
ditions of experiment in the laboratory.
What is needed are comparative
groups of studies on the same indi­
viduals under the same circumstances
of diet and activity, before, on enter­
ing, and during residence in the
tropics. It is necessary that these
observations permit correlation of a
number of changes. Thus it is not
enough to make red cell counts and
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observations on weight and general
nutrition. That is the sort of thing
with which the past is filled. A
definite schedule is needed, followed
rigorously over 3 years at least and,
if possible, the observations should be
upon men, women, and children.

Let us construct such a schedule so
far as our present indications go:

Weight General appearance
Blond or brunette Blood volume
Oxygen capacity Reticulocytes
Chlorides in blood, urine and sweat
Urinary output
Effect of standard exercise periods and

exercise tests
Psychological tests

These observations should be made
at regular intervals prior to entrance in
the tropics, during 3 years of residence
and, if possible, after return to the
temperate zone. In my opinion they
would hold out opportunity for im­
provement in two directions: (1)

■ Thorough knowledge of the real nature
of the change which takes place in
northern whites in the tropics might
result in making it possible to adjust
diet, salt and water intake so as to
best meet the necessities of the situa­
tion. (£) The possibility of determin­
ing through a brief test period in a
northern laboratory whether or not the
individual would react well to the
conditions of life in the tropics.

There are other observations which
may be added to our analysis.

7. Urine. There should be little
change in total output after the in­
dividual has become adapted. Water
intake should be large enough to pro­
vide this. We have commented on
variations in the chloride output.

There is no large volume of system­
atically controlled data on the subject.

8. Acid-base equilibrium. A slight
alkalosis has been reported, particu­

larly in persons of sedentary life. It
disappears with the assumption of
periods of exercise.

9. Blood sugar is apt to be low.
10. N on-protein nitrogen has been

reported from northern Australia as
increased. Our own investigators at
Boulder Dam found it lower than
normal, which seems more apt to be
correct, since protein intake is likely
to be low in the tropics.

11. Sundstroem reported a reduc­
tion of total phosphorus in the blood
from northern Australia. This is un­
verified.

12. Red cells are slightly increased.
White cells are decreased. Neither
change is great.

Finally, in regard to effects on duct­
less glands and on the nervous system,
little can be said. There seems to be
little doubt that serious effects on the
nervous system occur.

Children do well until about the
third year. From 8 to 10 they begin
to be weak and apathetic. They
should be sent north at this time. We
lack standard comparative intelligence
tests on school children in Panama and
Boston. It is said that memory, ini­
tiative, and application become bad
after the tenth year. Children sent
north should not be allowed to return
until the twentieth year.

In the case of adults, weakening of
the will power with laziness and the
gradual development of vicious habits
are notable. The observations in such
directions are invariably vague and
authorities are most contradictory.
For example, certain missionary
groups in the basin of the Amazon.
leading a rigorously disciplined life.
retain strength and vigor for years.

In order to succeed in the tropics
white men must be willing to undergo
discipline they would not subject 
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themselves to in the north, and the
very nature of the effects of the climate
tends to break this down. We do not
want to exercise and do not want to
omit alcohol when we experience the
enervating effects of high heat and
high humidity.

The principles governing life are
simple. No doubt they could be
added to and made to fit our needs
better had we some of the information
I have pointed out as lacking.

1. Moderate amount of simple food.
2. Plenty of water.
3. Adequate salt intake.
4. Daily exercise.
5. No alcohol.

6. Adequate sleep.
All are provisions of prime sim­

plicity and have been known in the
main for years—a reflection on our
medical handling of the problem.

Finally, a word as to humidity and
sunlight. Neither of these factors
possesses great specific importance;
both act merely as aids in increasing
the effects of heat. High humidity by
diminishing evaporation of sweat and
very hot direct sunshine may have
important parts in intensifying heat
effects but as direct factors they are
being recognized as of little con­
sequence.
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ABNORMAL AIR CONDITIONS IN INDUSTRY: THEIR EFFECTS
ON WORKERS AND METHODS OF CONTROL*

C. P. Yaglou

IN MANY industries, workers are
often exposed to adverse con­
ditions of cold or heat ranging

from well below 0°F. in artificial ice­
making and kindred trades, to 150°F.
or higher before furnaces and red-hot
metals. The effects of these abnor­
mal conditions on health, working
capacity, accidents, sickness and mor­
tality are reviewed in the first part of
this paper. The second part deals
largely with engineering and medical
aspects of control.

Health of Workers in Cold
Trades

General Effects of Cold on the
Organism

Diseases due directly to cold are
very few and rare in occurrence prob­
ably because the effect is largely miti­
gated by artificial control. The range
of adaptability of man is enormous;
with suitable clothing and proper nu­
trition, temperatures as low as — 75°F.
are encountered in polar expeditions
and air flights with no apparent in­
jury to healthy persons.

As a predisposing factor, however,
cold may play an important role by
increasing susceptibility to a number
of diseases. More important than
cold in itself are chilling drafts or

* From the Department of Industrial
Hygiene, Harvard School of Public Health,
Boston.

great temperature changes, like those
experienced in passing from a warm
room to cold outdoor air. While a
moderate variability of temperature
is stimulating and probably beneficial,
there is a happy medium beyond which
extremes are destructive rather than
constructive. In a warm room, ac­
cording to the general belief, the mu­
cous membranes of the turbinates and
nasal septum are flooded with blood
and lymph and covered with a thick
secretion. Upon sudden chilling, as
on going out to cold air, the blood ves­
sels constrict and the mucous mem­
branes become chilled but remain
swollen with tissue lymph. The con­
gested mucous membrane is deprived
of fresh blood and lymph and this
anemic condition is believed to offer a
suitable opportunity for bacterial pro­
liferation (1, 2).

Chilling of the body surfaces for
short periods by drafts or insufficient
clothing in a moderately cool room
produces substantially a similar effect,
in a less marked degree, by reflex vaso­
constriction and diminished blood sup­
ply to the mucous membranes of the
palate and oropharynx, the palatine
tonsils, nasopharynx, and especially
the nasal mucosa (3 to 7 inch). In
some instances of cutaneous chilling
the temperature depression of the nasal
mucosa was found to be more than
12°F. (4).
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The condition of the vasomotor sys­
tem may play an important role in the
whole situation, for as is well known,
a secondary reactive vasodilation oc­
curs in healthy individuals during ex­
posure to cold, with a rise of skin
temperature, as shown by Lewis (8,
9), and Grant and Bland (10). Metab­
olism and heart action are increased,
respiration becomes deeper, and the
organism is better prepared to with­
stand the cold.

Reactive vasodilation does not ap­
pear during severe chilling of the body
or in the ill or exhausted. Lewis's
explanation is that larger arterial
branches may be involved in the pri­
mary reflex vasoconstriction. Failure
also results from degeneration of the
arteriole sensory fibers. Under such
conditions, ischemia persists and re­
sistance of the mucous membranes
may be lowered. Blood is diverted to
the internal organs; and the metabolic
rate does not increase sufficiently to
avoid shivering.

In hypersensitive individuals, nor­
mal degrees of cold stimuli may induce
exaggerated local or systemic reactions
with manifestations of asthma, hives,
vascular spasm, vomiting, headache,
diarrhea, convulsions or syncope (11,
12, 13, 14).

The apparent inability of Kerr and
Lagen (15) to transmit the common
cold from carriers to susceptibles in an
air-conditioned room may be largely
explained by the control of predispos­
ing factors. In these interesting ex­
periments, 24 subjects with histories of
winter colds in preceding years, but
no colds during recent weeks, were
exposed to infection from persons in
the early stages of common cold. In­

fected and normal subjects stayed to­
gether in the conditioned room for 5
to 8 days. Although they ate, played
cards and drank out of a common cup,
sneezed at each other, none of the nor­
mal experimental subjects developed
any sign of a cold.

A great number of investigations (1,
2, 5, 16 to 27 incl.) on animals and
man would seem to indicate that
prolonged exposure to cold and sudden
changes in temperature lowers the re­
sistance to infection apparently by­
depressing the defensive mechanism of
the organism. This appears to offer
a satisfactory explanation for the in­
crease in the incidence of upper re­
spiratory diseases during cold weather.
But there is also a large volume of
negative evidence (28 to 38 inch)
which weighs heavily against the posi­
tive evidence. Of particular interest
is the extensive and thorough work of
Chodousky (28), who experimented
with many kinds of animals and patho­
genic bacteria including pneumococci,
Friedlander’s bacillus, and diphtheria
bacilli alone or with streptococci. He
first chilled his animals in ice water
and with cold drafts until their tem­
perature (rectal) fell 2 to 13°F. He
then infected the chilled and control
groups by inhalation or injections of
the virulent cultures, but found no
difference in reaction, course of dis­
ease, or mortality between the chilled
and control groups.

In another series of experiments
Chodousky exposed himself to chilling
drafts at temperatures between 36 and
54°F. immediately after hot or ice-
cold baths. Despite the fact that he
was 55 years old and subject to ca­
tarrh, bronchitis, and lumbago, he 
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84 ENVIRONMENT AND ITS EFFECT UPON MAN

developed no sign of the so-called cold
diseases.

More recently, Fleisher (29), Smillie
(38), and others repeated Chodousky’s
experiments on themselves, with nega­
tive results. The inference to be
drawn from all this conflicting evi­
dence is that cold and chilling are not
necessarily predisposing or exciting
causes of upper respiratory infections,
and that constitutional factors may
play an important role. The truth
of the matter is that the problem is
very much involved and we know
very little about it at present.

Although colds are never fatal, they
may be followed by secondary, serious
complications. Sinusitis, pneumonia,
rheumatic fever, nephritis, endocar­
ditis and a depressed vitality may
result which predispose to other in­
fections and accelerate the progress of
organic diseases (39, 40).

Prolonged exposure to cold pro­
duces dryness of the nasal mucous
membranes (2, 17, 19, 41) and a dimi­
nution of the sense of smell. The
symptoms are those of simple atrophic
rhinitis characterized by a loss of cilia
and a thinning of the mucous mem­
brane (42). The skin may also be
affected; the more immediate effects
are well recognized, especially by der­
matologists (43, 44, 45).

The effects of prolonged exposure to
cold and temperature changes on the
general health are not well understood.
An extra load is imposed upon the
heat-regulating mechanism, digestion,
metabolism, blood circulation, kid­
neys, and thyroid-adrenal apparatus
(39, 46, 47, 48, 49), and indirectly,
upon the nervous system (14, 49, 50).
Mills (50) lays great stress on the ef­

fects of weather changes on the nerv­
ous system, for the individual must be
constantly shifting from a feeling of
exhiliration and restlessness induced
by sudden drops in temperature and
rising barometric pressure, to one of
irritation and depression which comes
with rising temperature and falling
barometric pressure.

As a class, workers in cold trades
are more than usually susceptible to
respiratory diseases, bronchitis, pneu­
monia, catarrh and also rheumatism.
Heavy muscular work in cold environ­
ments is held to be a predisposing
cause of disease owing to the likelihood
of chilling of the body surfaces (39,
40, 51). According to Kober and
Hayhurst (40), acute nephritis of se­
rious nature occurs among -workmen
habitually exposed to moist cold at­
mospheres, particularly in persons
with a history of tonsilitis, pharyngi­
tis, or scarlatina.

Rheumatic stiffness and pains of
non-specific etiology for centuries have
been ascribed to sudden changes in
temperature, humidity, and baromet­
ric pressure (53, 54, 55, 56) which
lead to local anemia, followed by hy­
peremia and exudation of fluid in the
tissue spaces. In case of lowered vi­
tality, resorption is hindered and fi­
brinous organization of such exudates
may take place. Tissues once de­
vitalized may become breeding places
for organisms displaced from mucous
membranes of the respiratory and ali­
mentary tracts.

Considerable suffering is also caused
by chilblains, and it would seem that
the extra-heavy clothing used by work­
ers for protection against cold aggra­
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vates the condition. Inadequate heat
regulation of the human body is prob­
ably an important factor in the pre­
disposition to rheumatic and other
circulatory affections.

Occupational Morbidity and Mortality
Statistics

Trustworthy morbidity and mor­
tality statistics of workers in cold 

aside from limitations in data the
evaluation of any specific deleterious
influence in industry is extremely dif­
ficult, owing to the simultaneous
operation of many other direct and in­
direct influences, occupational, socio­
economic, hereditary, environmental,
constitutional and others. All these
factors must be carefully scrutinized
before conclusions are drawn, and such 

TABLE 1
Mortality of Outdoor Workers from Principal Causes Compared with That of All

■ Occupied and Retired Males. Ages 20-65 Years. England and Wales,
1921-1923

(Courtesy, Registrar General, England and Wales)
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All occupied and retired males........ 100 100 100 100 100 100 100 100 100 100
(Death rate per 100,000)................... (913) (78) (33) (45) (150) (32) (58) (60) (41) (54)

Costermongers, hawkers, etc........... V 166 198 109 269 229 150 146 166 102 127
Stevedores........................................... IV 162 243 205 223 147 109 77 151
Other dock laborers........................... V 153 201 116 251 190 117 136 132 123 133
General and undefined laborers....... V 144 169 133 195 165 127 150 127 126 117
Drivers horse drawn vehicles........... IV 138 160 127 204 132 131 135 132 132 124
Shipyard laborers, etc....................... V 135 195 181 246 160 106 145 85 108 97
Bargemen and boatmen.................... IV 129 121 168 134 113 118 140 128 137 71
Coal-boat loaders and dischargers.. V 123 196 159 198 102 117 121 131 98

Comparative mortality by social class. All occupations

Upper and middle social class......... I 81 83 83 27 49 97 57 103 88 ——
Skilled labor........................................ in 95 90 93 96 98 97 97 90 100 _
Unskilled labor................................... V 126 150 118 178 140 106 128 115 107 _

trades are very few, limited largely to
a small number of outdoor occupa­
tions. The sources of information are
principally the Registrar General for
England and Wales, the United States
Public Health Service, and a number
of insurance companies and other in­
terested agencies.

We must admit at the outset that 

conclusions must always be held with
reservations.

Huntington (57, 58), Besson (59),
Greenburg (60) and others compiled
a wealth of statistical data showing a
definite inverse relationship between
outdoor temperature and morbidity
and mortality from pneumonia among
the general population. In an analy­
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sis of disabling illness among 100,000
wage earners in different industries,
Brundage (61) showed that respiratory-
diseases cause nearly one-half of all
the disability due to illness, with the
peak of incidence occurring during the
three coldest months of the year. The
second most important group of dis­
eases from the standpoint of sickness
frequency was the digestive group.

Brundage and Bloomfield (62) found
an incidence of pneumonia among
general laborers of a large steel plant
exposed to outdoor weather with no
other occupational exposure nearly 3.5

TABLE 2
Mortality Statistics of Chicago Police

Force, 1901-1910
(After Hoffman, Courtesy Prudential

Insurance Company)

PRINCIPAL CAUSES OF DEATH
DEATH

RATE PER
100,000

Accidents......................................... 17.6
Pneumonia....................................... 15.5
Tuberculosis.................................... 12.9
Urinary Diseases........................... 10.0
Heart Diseases............................... 14.7
Digestive Diseases........................ 6.5

times as great as that in a control
group not exposed to weather. Here
it would seem that exposure to the
elements had a causative relation to
pneumonia, for a careful consideration
of other influences failed to explain the
wide difference in the incidence. An
equally high pneumonia incidence was
found among the chippers who worked
in damp and drafty sheds.

Comprehensive mortality rates in
outdoor occupations and among work­
ers in open sheds are given in the
Registrar General’s report for Eng­
land and Wales (63), from which the 

values in table 1 were taken. Al­
though the British experience is not
generally applicable in this country
for a number of reasons, the data are
especially valuable to us since there
are no comparable mortality statis­
tics in this country.

One particular point of incompar­
ability requires specific mention. The
surprisingly high mortality for bron­
chitis (chronic) in column 6, table 1,
is largely due to international differ­
ences in certifying and classifying
causes of death. In the United States,
the certification of chronic bronchitis
as a cause of death is discouraged, and
deaths are classified according to cer­
tain fixed rules of the Census Bureau.
In England, the opinion of the phys­
ician is usually followed, as Britten
(64) points out.

It can be seen in table 1 that out­
door workers as a class have a high
mortality from all causes, particularly
from respiratory diseases, with rates
significantly above those of all workers
in the same social class. Exposure to
bad weather conditions with wetting
and chilling is probably one of the con­
tributing causes in al! groups. No
doubt the mortality is influenced con­
siderably by the conditions of life im­
plied by these occupations, and is
partly owing to excessive alcoholism
and partly to the physically inferior
types among such occupational groups
as costermongers, hawkers, and drivers
of horsedrawn vehicles.

Of particular interest in this con­
nection is the mortality experience of
the Chicago Police force (65), the data
shown in table 2. Here we are deal­
ing with an excessive respiratory mor­
tality in a group of healthy picked
men of average socio-economic status, 
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whose chief occupational risk, apart
from homicides, is exposure to inclem­
ent weather and irregular hours.

Corroborative evidence is found in
the occupational mortality statistics
of the Metropolitan Life Insurance
Company for 1921-1923 (66). Among
the occupations with high respiratory
mortality, chiefly from pneumonia, are
trades with general exposure to bad
weather conditions (laborers, long­
shoremen and stevedores, hucksters
and peddlers, roofers, policemen and
others) but the data are not sufficient
to stand out by themselves.

Health of Workers in Hot
Trades

Limits of Adaptability to Heat
Healthy persons with inherited or

acquired resistance to heat can with­
stand quite high temperatures in a
day’s work without demonstrable in­
jury to health. The endurable limit
of temperature depends largely on the
physical activity, length of exposure
and mode of living. In men at rest in
hot weather clothing, little or no
change in body temperature and pulse
rate results until the effective tem­
perature*  (67) exceeds 85°F. The

* “Effective temperature” is an empiri­
cally determined index of the degree of
warmth perceived on exposure to different
combinations of temperature, humidity and
air movement. It was determined at the
Research Laboratory of the American So­
ciety of Heating and Ventilating Engineers
(68, 69) using healthy trained subjects who
compared the relative feeling of warmth of
various air conditions in two adjoining
conditioned rooms by passing back and
forth from one room to the other. The
scale of the E.T. index was arbitrarily fixed
by the temperature of still and saturated
air which induces a sensation of warmth or
cold like that of the given condition. Thus,
any air condition has an E.T. of 60 for
instance, when it induces a sensation of
warmth like that experienced in still air at
60° saturated with moisture. The E.T. 

upper limit of air conditions to which
healthy persons residing in temperate
climates can adapt themselves in the
course of a working day without seri­
ous discomfort or injury to health is
approximately as follows:

Rest, or light sedentary work—90° effective
temperature:

90° dry bulb; 100% Rel. humid.
105° dry bulb; 50% Rel. humid.
120° dry bulb; 20% Rel. humid.
Air movement under 25 f.p.m.

Work—80-90° effective temperature, de­
pending upon the rate of work:

80- 90° dry bulb; 100% Rel. humid.
90-105° dry bulb; 50% Rel. humid.

100-120° dry bulb; 20% Rel. humid.
Air movement under 25 f.p.m.

With higher air movement the limits
of temperature and humidity are con­
siderably extended as indicated by the
effective temperature charts. Within
these limits a new thermal equilibrium
is established at a higher body tem­
perature level through a chain of phys­
iological adjustments.

Exposure to more extreme con­
ditions for any considerable length of
time may result in a break-down of
the heat-regulating mechanism. The
body temperature, heart action, and
the metabolic rate are then markedly
increased and a vicious cycle results
which may lead to serious physiologic
damage unless the organism is prompt­
ly removed to a cooler environment.

Acute Effects of Heat
The acute effects of excessive heat

take the form of heat cramps, heat
stroke or heat exhaustion and are

index cannot be measured directly but is
computed from the dry and wet bulb tem­
perature and the velocity of air, using
charts or tables (67).
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88 ENVIRONMENT AND ITS EFFECT UPON MAN

seen especially among boiler stokers,
foundry men, steelworkers, miners and
others. The incidence in hot indus­
tries is still quite high (70, 71, 72, 73),
although in a few instances it has been
practically eliminated by the applica­
tion of medical and engineering meas­
ures, as already explained by Drinker
(74) and Dill (75).

Heat stroke and heat exhaustion
have no occupational limitation, oc­
curring quite frequently among the
general population during heat waves.
Every summer there are usually be­
tween 300 and 1000 deaths from heat
stroke in the death registration area of
the United States. In the recent heat
stroke epidemic in the Middle West
during the first half of July, approxi­
mately 4000 deaths were directly at­
tributed to heat (76).

General Chronic Effects of Heat
More important than the acute ef­

fects are the chronic effects, manifest­
ing themselves in increased morbidity
and mortality and a lowered physical
efficiency. Respiratory diseases and
rheumatism appear to be the chief
affections in all hot trades associated
with exposure to great temperature
changes.

Work in hot air induces active dila­
tation of the vessels of the respiratory
mucous membranes and skin and a
more or less passive congestion in the
intestinal tract and other interior or­
gans. On exposure to cooler air as
during resting periods, the condition
is reversed. The hazard does not dif­
fer from that in cold trades, the sig­
nificant factor in both being not heat
or cold in themselves but rapid cooling
of the body surfaces.

The defense of the organism against 

heat rests again on a good heart and
vasomotor system, capable of main-
taining the venous and arterial pres­
sure. Congestions in the intestinal
tract may prove significant by reduc­
ing gastric secretion and the bacterio­
static action of the intestinal mucosa.
The permeability of the intestinal wall
is increased, allowing the passage of
infectious organisms (77, 78, 79, 80).
These are believed to be important
factors in the increased susceptibility
to intestinal diseases among the gen­
eral population during summer heat
waves.

In addition to these obvious effects,
there is a chain of insidious and less
well defined systemic disorders leading
to degenerative changes and fatigue
(Sundstroem (81), Rogers (82), Bazett
(83), Strong (84), Sayers (85) and
many others) which were dealt with
in two previous papers (74, 75).

Effects of Warm and Humid Trades
Heat combined with high humidity

is trying to workers in laundries, cot­
ton mills, canneries and kindred trades
where experience and observation in­
dicate a special susceptibility to dis­
eases of the upper respiratory tract
and tuberculosis.

Physical examinations of certain
occupational groups by the New York
State Commission of Ventilation (2)
show that workers subjected for long
periods to high temperature and hu­
midity, such as laundry workers,
exhibit an unusually high incidence of
atrophic rhinitis by comparison with a
control group of students, as shown in
table 3. Workers exposed to drier
heat, as in boiler rooms, also show a
high incidence but considerably less
than the laundry workers.
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In addition to the atrophic condi­
tion in the nose and throat, the New
York State Department of Labor (86)
in a study of steam laundries in New
York reports prevalence of conjuncti­
vitis, dizziness and headaches among
the manglers and pressers as a result
of abnormal heat conditions. The
mortality from tuberculosis in the
trade is high (66), owing partly to the
physically inferior type of workers and
also to the fact that a small number of
operatives are exposed to infected ma­
terials.

In cotton spinning and weaving
processes that are carried out in warm
and humid atmospheres, statistics in
this country and Great Britain show
a high incidence of upper respiratory
infections and a comparatively high
mortality from influenza, bronchitis,
and tuberculosis.

Physical examinations of workers in
a representative Southern cotton­
cloth manufacturing plant (87) in
which air conditioning apart from hu­
midification is not used, showed a
striking incidence of nasopharyngeal
catarrh, from 22 to 45 per cent by
room. The rate of illness from all
causes lasting less than 8 days was well
above normal. As a rule the w’orkers
were under the average weight of
American industrial workers, an ob­
servation which is well in accord with
that of Pembrey and Collis (88) for
British weavers.

Of particular interest is a compari­
son of mortality from respiratory dis­
eases among cotton and wool weavers;
the former, working in warm and hu­
mid atmospheres, and the latter under
more or less normal temperatures and
humidities. According to the report
of the Registrar General for England 

and Wales (63) the cotton spinners,
doublers and weavers suffer a mor­
tality from bronchitis between two
and three times as high as the wool
operatives in similar jobs but under
normal temperatures and humidities.
In a similar analysis in cotton weaving
alone, weavers in wet sheds had about
three times the mortality from bron­
chitis and pneumonia of weavers in
dry sheds.

TABLE 3
Incidence of Cases of Atrophic Rhinitis

in Certain Occupations

(Courtesy New York State Commission of
Ventilation, 1923
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Students.......................
Outdoor workers

(truckmen, drivers,

58 2 3.4

etc.)..........................
Workers in dry heat

(firemen, engineers,

27 5 18.8

boiler makers)..........
Workers in moist heat

(mangle workers and

26 9 34.6

feeders)..................... 32 21 63.0

Complaints are frequently heard
from cotton weavers about the un­
healthfulness of high humidities. Ver­
non (89) cites the results of a ballot
showing 68,000 votes against “steam­
ing,” out of a total of 72,000. The
usual contention of the workers is that
their clothes get too damp in the mills
and after going out in cold weather
they contract colds, coughs, rheu­
matic and lung diseases (90). Yet a
study of sickness records of about
20,000 cotton weavers, half working 
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in dry sheds and half in wet sheds,
within the same district disclosed no
definite difference in the incidence or
duration of disease between the two
groups over a period of a single year
(91). This was recently borne out in
the study of Britten, Bloomfield and
Goddard (87) in an American cotton
cloth manufacturing plant. It is pos­
sible that both of these morbidity
studies may not have been extended
over a sufficient number of years to
show chronic inability.

Tuberculosis is abnormally prev­
alent among cotton spinners. Ac­
cording to studies of the United States
Bureau of Labor (92) the male opera­
tives at Fall River have a death rate
29 per cent above the standard and
the females 160 per cent above.

There is no way to tell how much of
the ill health is due to adverse work­
ing conditions in textile mills and how
much to the low economic status and
the poor physique of men and women
who engage in this kind of fight work.

High humidities are also held re­
sponsible as an etiologic factor in skin
infections. Bacteria applied to dry
skin normally diminish in numbers
very rapidly owing to inherent germi­
cidal power of living skin. When the
skin is moist, however, bacteria remain
viable for much longer periods owing
to a depression of self-sterilizing power
(93 to 97 incl.).

From an examination of 200 cases
of boils among coal miners, Fisher (98)
came to the conclusion that the main
causative factor, apart from individual
predisposition, is a high wet bulb tem­
perature which provides favorable con­
ditions of heat and moisture for the
vitality of staphylococcus and opens
the sweat glands and hair follicles, 

thus facilitating the entry of the or­
ganism.

Effects of Hot and Heavy
Occupations

In the very hot and heavy industries
such as iron and steel, sugar refining,
deep mining and others, experience in
this country and Great Britain shows
the worst respiratory incidence and
mortality next to that seen in workers
exposed to silica dust.

An investigation of the frequency of
pneumonia among iron and steel work­
ers by Brundage et al. (99) disclosed
an incidence more than three times as
high among the men exposed to radi­
ant heat and wide temperature
changes, with no other kind of expo­
sure, as among a control group exposed
to none of these conditions. High
pneumonia incidence was also asso­
ciated with abnormally high incidence
of influenza and other respiratory dis­
eases, all apparently related with ex­
posure to heat and wide temperature
changes, after a careful consideration
of other possible socio-economic in­
fluences.

Cheek temperatures taken in this
study on workers exposed to radiant
heat were unusually high (100). In
a particular instance a temperature of
111°F. was recorded on the cheek of a
coke oven worker when exposed to an
air temperature of 94°F., relative
humidity of 24 per cent and an air
movement of 250 F.P.M. When the
man shifted to another part of the
oven section he was exposed to a tem­
perature of only 56°F. and his skin
temperature fell to 75.5°F., a decrease
of 35°F. In a blast furnace cast house
with an air temperature of 33°F., the
cheek temperature of the first helper 
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rose from 68.2°F. before casting to
107.6°F. immediately after casting.

Corroborative evidence on morbid­
ity is found in British studies by Ver­
non and Rusher (101) covering a group
of 22,000 iron and steel workers over a
period of 6 years. As can be seen in
table 4, the steel melters and puddlers
wrho work under trying conditions of
heat head the list with 20 to 23 per
cent more sickness than the average
for all steel workers combined. The
excess of illness experienced by the
puddlers is due almost entirely to 

ascribed to fatigue and a lowered re­
sistance to disease in general (Vernon
and Rusher (101)).

Mortality statistics correspond with
those of morbidity, as shown in tables
5 and 6. Despite the unusually favor­
able selection of workers in this in­
dustry, the mortality from respiratory
diseases is among the highest of all
occupations. In foundry workers es­
pecially the figures of the Metropoli­
tan Life Insurance Company (66) dis­
close more deaths from this cause than
from any other, a condition found in 

TABLE 4
Sickness Among British Iron and Steel Workers Lasting 3 Days or More, All Ages,

16-70 Years (1913-1918)
(After Vernon and Rusher, Courtesy Ind. Fatigue Res. Board)

OCCUPATION RHEUMA­
TISM

RESPIRA­
TORY

DISEASES
INJURIES OTHER

CAUSES
ALL

CAUSES

All steel workers combined..................... 100 100 100 100 100

Steel melters, teamers, and pitmen....... 144 110 171 114 123
Puddlers...................................................... 178 135 — 97 120
Tinplate mill men..................................... — 105 114 121 112
Rolling mill men, soakermen, hot

bankmen.................................................— — 129 110 108
Engine, crane and locomotive men........ 67 no 57 97 92
All other workers...................................... 89 95 71 93 91

rheumatism and respiratory diseases
(table 4) which appear to be associated
with the custom of these workers of
alternating periods of heavy work with
periods of rest or light work. This
exposes the men to sudden tempera­
ture changes and the risk of chills. To
some extent the same applies to the
steel melters and pitmen. Tin plate
millmen, on the other hand, who work
almost continuously throughout their
shift, escape the risk of chills and show
no excess sickness from respiratory
diseases and rheumatism. Their ex­
cess of illness from “other causes” is 

no other industry. The responsible
factors are undoubtedly of occupa­
tional origin. Heavy manual labor
combined with exposure to dusts and
fumes and especially to extreme varia­
tions of temperature are probably the
significant factors. These facts arc
corroborated by all mortality investi­
gations into the hazards of this occu­
pation (102, 103, 104).

It is interesting to note in table 5
that the mortality of all steel workers
from all causes appears to be 5 per
cent lower than the average for all
occupied and retired. This docs not, 
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92 ENVIRONMENT AND ITS EFFECT UPON MAN

of course, imply that iron and steel
manufacture is a comparatively heal­
thy trade; the explanation lies in the
fact that the industry selects and re­
tains only the physically strong and
healthy, whereas the group of all oc­
cupied and retired males includes
many invalids and others who are
physically unfit for heavy occupa­
tions.

The mortality from respiratory dis­
eases, on the other hand, is about
twice as high as that of the general
male population, while that from tu- 

posure to heat and temperature
changes. On the other hand, the
puddlers who customarily alternate
short periods of strenuous work with
"cooling off” periods, have the high­
est respiratory mortality of all steel
workers.

Coal miners also suffer an unusually
high morbidity and mortality from
respiratory diseases. The experience
of the Metropolitan Life Insurance
Company is given in table 6, and is
confirmed by other studies (105, 106)
and by the statistics of the Registrar

TABLE 5
Mortality of Steel Workers in 1913-1918 Compared with That of All Occupied and

Retired Males in 1910-1912 between the Ages of 25 and 65. England and Wales

(After Vernon and Rusher, Courtesy Indust. Fatigue Res. Board)

OCCUPATION
RESPIR­
ATORY

DISEASES

TUBER­
CULOSIS

CIRCU­
LATORY

DISEASES

ACCI­
DENTS

OTHER
CAUSES

ALL
CAUSES

COM­
BINED

All males occupied and retired..................... 100 100 100 100 100 100

Steel melters, teamers and pitmen.............. 219 75 120 48 114 120
Puddlers...................................................... 259 62 63 81 52 90
Tinplate millmen............................................ 149 33 50 159 54 69
Rolling millmen, soakermen, hot bankmen. 216 46 68 167 92 101
Engine, crane, and locomotive men............ 169 58 104 109 64 89
All other workers............................................. 203 24 75 104 85 95

All workers combined...................................... 202 52 78 110 81 95

berculosis is about 50 per cent below
the average. As the Registrar Gen­
eral points out (63) all these figures
need some correction in view of the
fact that the less vigorous men even­
tually drop out to the ranks of un­
employed or change to lighter occupa­
tions thus lowering the morbidity and
death rate of those remaining in the
trade.

The low mortality of the engine,
crane, and locomotive men (table 5)
is attributed to their comparatively
light work, involving no significant ex­

General for England and Wales (63).
The undue prevalence of respiratory
conditions is greatly influenced by
injurious dusts and gases, excessive
heat and humidity with sudden
changes in temperature, drafts, strenu­
ous work and general unsanitary con­
ditions.

Miners working in deep and hot
mines are particularly prone to rheu­
matism and suffer more than most
factory operatives (53, 54, 107). In
the Brandenburg Miners’ Federation,
rheumatism accounted for 90 per cent 
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of the cases which received invalidity
benefits (107). Although rheumatism
is often closely associated with ex­
posure to unfavorable conditions of
temperature and humidity, the use of
penumatic drills in mines is generally
believed to play an important part in
the predisposition to articular de­
generation.

TABLE 6
Mortality in Hot Industries from Re­

spiratory Diseases. Experience of
Metropolitan Life Insurance Com­
pany, on White Male Industrial
Policy Holders, 15-64 Years Old
(1922-1924).

(After Dublin and Vane, Courtesy U. S.
Department of Labor)

OCCUPATION

1

£

B «
w P

•<N
g
M
5
Cm
£

M
OH

w 3
s 5
« M
M 2w Q
O

i 3W M
tt ftl 1111tn tn

l§
J
55
P

All occupations.............. 100 100 100 100

Iron-foundry workers...
Iron and steel mill

220 182 117 105

workers........................ 142 123 122 86
Coal miners underground
Miners underground,

150 188 238 48

except coal.................. 117 — — 182
Boiler makers................. 124 — — 85
Glass workers................. 121 — — 124
Blacksmiths.................... 120 105 34 76

In coal mines Vernon and Bedford
(108, 109) found the time lost from
sickness to vary with temperature.
Records of 23,000 men in 10 collieries
indicate that 63 per cent more time
was lost from sickness by miners work­
ing at temperatures of 80°F. or higher,
than by those working in a tempera­
ture of 70° or less.

There is also evidence that the mor­

tality also varies with the underground
temperature (110) as shown in table 7.

Abnormally high respiratory mor­
tality rates are likewise found among
brass foundry furnace men, glass work­
ers, brick tile and pottery kiln oven
workers; brewers (malting and brew­
ing) workers in canneries and sugar
refineries, gas workers, and others who
are exposed to heat and abrupt tem­
perature changes (40, 63, 66, 111, 112).

Britten and Thompson (113) ob­
served organic heart defects more fre­
quently in foundries; enlarged heart

TABLE 7
Underground Air Temperature (Dry

Bulb) in Relation to Death Rates
in Mines of the Witwatersrand,

1915-16
(Courtesy Miners’ Phthisis Prevention

Committee, Johannesburg)

RANGE OF
TEMPER­
ATURE

NUMBER OF
MINES IN

EACH TEM­
PERATURE

GROUP

TOTAL
DEATH-RATE

IN MINES
OF EACH

GROUP

IIissaQ

66-68 2 13.1 5.1
69-71 14 15.7 6.9
72-74 20 16.4 7.6
75-77 9 17.9 6.5
78-80 8 20.5 8.5

in the steel, glass and gas industries;
arterio-sclerosis in foundries steel and
glass plants; and varicose veins in the
foundry, steel and gas industries.
Heavy physical work is a common
factor in all these conditions, par­
ticularly when accompanied with ex­
posure to intense heat and great
temperature changes.

Of less importance to workers in hot
trades are diseases of the digestive
system (63) in which heavy work, im­
proper food and excessive use of cold
drinks are contributing causes.
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94 ENVIRONMENT AND ITS EFFECT UPON MAN

Excessive heat is also definitely
known to increase the poisonous action
of toxic dusts and gases, presumably
by increasing the volume of respira­
tion and hence the quantity of toxic
matter breathed. Absorption through
the skin may also be increased in a
hot and humid atmosphere.

Effects of Heat and Cold upon
Physical Work and Industrial

Output

The muscular system of man works
best within an optimum range of air 

appear to be appreciably affected by
moderate variations of temperature
(114 to 120 inch); only under unu­
sually extreme conditions is the effi­
ciency affected (120). It can be seen
in fig. 1 that with loads between 10,000
and 20,000 kgm. per hr., variations in
effective temperature between 45 and
95°F. (45-110°F. dry bulb) have but
little effect on the gross mechanical
efficiency. With a load of 30,000 kgm.
per hr., there is a progressive reduc­
tion of efficiency from a maximum of
about 18.5 per cent at 60°E.T. to 

Fig. 1.—Mechanical efficiency of the human body during work under various air con­
ditions. Experiments on an electric bicycle ergometer at constant speed.

conditions depending to some extent
upon the type and rate of work and
degree of acclimatization. Significant
departures from the optimum affect
the inclination for work and reduce the
working capacity with development of
fatigue and other untoward symptoms.
The disinclination for hard work in
hot atmospheres is believed to be a
conservative and protective natural
instinct.

The mechanical efficiency of the
human body during work does not 

about 14 per cent at 95°E.T. The
loss of efficiency at the higher tem­
peratures is associated with an ab­
normal rise of the pulse rate, approach­
ing the limit of heart endurance, and
with considerable discomfort and fa­
tigue (fig. 1).

Working capacity is definitely and
markedly affected even with compara­
tively small increases of temperature
above the normal range. In experi­
ments of the New York State Com­
mission of Ventilation (2), 37 per cent
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more work was done in a temperature
of 68°F. than in one of 86°, with 50
per cent relative humidity in both
cases. In the experiments of the
American Society of Heating and Ven­
tilating Engineers (121, 122, 123) the
greatest amount of work was per­
formed between the limits 40° and
75°E.T. (fig. 2). As the effective tem­
perature rose above 75°, the output
fell progressively; twice as much work
was done at an effective temperature
of 70° as at one of 93°. In all obser- 

o
40 50 60 TO SO 90 IOO IIO ISO

EFFECTIVE TEMPERATURE

Fig. 2.—Average output of five men
under various air conditions. Subjects
raising weights by means of a rope and
pulley. Rate of work 90,000 ft. lbs./hr.
(After McConnell and Yaglou, courtesy
Am. Soc. Heating and Ventilating En­
gineers).

vations shown in fig. 2 the subjects
stopped work when they became tired
but not exhausted.

Direct relationship between output
and actual working conditions was ob­
tained by Bedford and Warner (124)
on 138 British coal miners working at
depths from 540 to 2720 feet below
surface. Their results are shown in
table 8, arranged according to tem­
perature in working places. Under
normal air conditions it took the men
about 8 minutes to fill a ten-hundred-
weight tub with coal, and the rest 

pauses aggregated about 7 minutes
per hour. As the temperature rose
with depth, both tub filling time and
rest periods increased progressively,
and the relative output consequently
fell from 100 per cent under the best
conditions to 59 per cent under the
worst.

A similar experience is reported in
American mines. In the Lake Su­
perior iron mines where temperatures
range between 80 and 90°F., with rela­
tive humidities close to the saturation
point, the average miner works only

TABLE 8
Working Capacity of Miners in Rela­

tion to Effective Temperature and
Wet Kata Cooling Power

(After Vernon and Bedford)
EFFFEC-

TIVE
TEMPER­

ATURE

WET
KATA

COOLING
POWER

REST
PAUSES

TUB
FILLING

TIME

RELATIVE
OUTPUT

•F.

65.8
65.8
75.3
75.8
77.8
81.8

18.6
14.6
12.9
10.8
9.0
6.4

minute*
per hour

7.3
6.7
9.0

10.0
11.1
22.4

mtnu/es
8.0
8.6
8.5
9.2
9.1
9.6

per cent

100
94
91
82
81
59

one-half to one-third of his time (125).
In one mine 4 men produced the same
tonnage of ore as was produced by 9
miners in a similar place in the same
mine 10° hotter (125).

In the hot metal mines of Montana,
Sayers and Harrington (126) recount
that 2 men working in the face of a
drift in still air of 96° and 95 per cent
relative humidity mucked about 12
tons per shift, whereas in a drift of an
adjoining mine less than 1,000 ft. away
where the temperature was 84° and
the relative humidity 92 per cent, 2 
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96 ENVIRONMENT AND ITS EFFECT UPON MAN

men mucked more than 30 tons per
shift.

Definite seasonal variations of out­
put were shown by Huntington (57)
in this country, by Vernon (127) in
England, and by Yagi (128) in Japan.
In Connecticut, the output of textile
mill operatives is maximum during
Spring and Autumn when the mean
outdoor temperature averages about
60°F. (fig. 3). For heavier occupa­
tions involving exposure to high tem­
peratures, as in tin plate manufacture,
maximum output in Great Britain 

three large British munition factories
reaches a minimum at about 67°F.,
increasing above and below that tem­
perature (fig. 4). The rise at the lower
temperatures is attributed to loss of
manual dexterity, as the workers were
handling metal shells and fuses with
wet hands.

Under more adverse conditions in
coal mines, studies by Vernon, Bed­
ford, and Warner (108, 109) indicate
a marked increase in the frequency of
minor accidents with temperature;
those causing less than 10 days’ dis- 

Fig. 3.—Seasonal variation of output according to outdoor temperature.TKCurve A.
Output of textile-mill operatives in Connecticut. (After Huntington, courtesy Yale
University Press). Curve B. Output of steel-sheet millmen in England. (After Vernon,
courtesy Industrial Fatigue Research Board).

occurs in the cold months and mini­
mum during the warm summer months
(fig. 3). The reduction of output is
small (2-6 per cent) where special
means of ventilation are provided, and
great (10 to 30 per cent) where reliance
is placed on window ventilation alone
(127).

Effect of Heat and Cold upon
Industrial Accidents

Osborne and Vernon (129) have
shown that the incidence of minor ac­
cidents among men and women in 

ability were three times more numer­
ous at a temperature of 81° than at
one of 63°. Major accidents, on the
other hand, were not definitely af­
fected by temperature.

In the Morro Velho Mine in Brazil,
Davis (130) reported twenty fatal ac­
cidents in 16 months prior to the
installation of cooling apparatus, and
only six such accidents in the 16
months after the installation. The
cooling apparatus reduced the dry bulb
temperature in the working places
(6,200 ft. below surface) from about
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101° to 97°, and the wet bulb from
87° to 80°. Incidentally, the output
of the workers increased 12 per cent
after the installation of the apparatus.

Control of Abnormal Air
Conditions

The control of industrial hazards
associated with heat and cold is partly
engineering and partly a medical prob­
lem involving four general lines of
procedure, as follows:

(a) Change or mechanization of the
process.

chine methods. The same holds true
in the mechanization of malting and
brewing processes in a few of the mod­
ern plants.

Under the second classification may
be included the use of thermal insula­
tion, screens for radiant heat, exhaust
hoods or canopies, segregation and
isolation of the offending process, or
the enclosure of the entire process
with more or less complete isolation
from the general atmosphere of the
room.

In a number of instances the ab-

Fig. 4.—Frequency of minor accidents in relation to temperature in British munitions
factories. (After Osborne and Vernon, courtesy Industrial Fatigue Research Board).

(b) Local control of the atmosphere
surrounding the process.

(c) Control of the general atmos­
phere in the workrooms by ventilation
or air conditioning.

(d) Preventive medical methods ap­
plied to the worker.

It is sometimes possible and feasible
to change the process in such a way
as to correct or ameliorate unfavorable
working conditions. An example of
this we find in the mechanization of
the bottle-manufacturing industry
which used to be a very unhealthy
trade before the introduction of ma- 

normal conditions are dictated by the
requirements of the process and it is
often difficult to meet the require­
ments without interfering with the
general atmosphere of the rooms. Un­
favorable exposure becomes, then, a
necessary evil, and all we can hope for
is to alleviate the effects by preventive
medical measures, selection and grad­
ual adaptation of the workers, suitable
clothing, short hours of work, suitable
ventilation and air movement in warm
environments, and proper personal
hygienic habits. By means of medi­
cal supervision, predisposition and 
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98 ENVIRONMENT AND ITS EFFECT UPON MAN

injurious physiological effects can be
counteracted to a large extent and
physical fitness maintained in most
instances with little or no impairment.

In still other instances, such as
laundries, steel mills, foundries, deep
mines, etc., the abnormal conditions
are incidental to the process and not
only entirely unnecessary from the
manufacturing standpoint, but in­
jurious to the health and wasteful from
the economic standpoint. It is in this
field that proper insulation supple­
mented with ventilation or air-con­
ditioning measures may prove valu­
able and often indispensable, but the
extent to which such measures are
being used at present is generally
limited to the minimum requirements
of the law.

Industrial ventilation and air con­
ditioning are not always entirely effec­
tive and they often have to be supple­
mented with or superseded by medical
methods.

Industrial air conditioning as it is
practiced today is mainly concerned
with the control of temperature, hu­
midity, and cleanliness of air for the
processing of certain materials or
products that are affected by humidity
or temperature, or both. The field
of application is largely confined to
the manufacture or processing of hy­
groscopic materials, such as textiles,
foodstuffs, tobacco, paper, lumber,
leather, chemicals, etc., in which the
texture, strength, quality, weight, or
moisture content are greatly affected
by humidity and in many instances by
temperature. There are more than
200 different industries in which cer­
tain ranges of temperature and hu­
midity are desirable or essential from
the economic standpoint, and in which 

the benefits of air conditioning can be
evaluated on a monetary basis.

The human benefits are less tangible
and in many instances difficult to prove,
owing to the complexity of the prob­
lem. Industrial air conditioning in
hot and humid trades solely for the
comfort and health of the workers is at
present a rare exception. Generally
speaking, manufacturers until very
recently paid little attention to per­
sonal factors unless forced to do so by
law or by unbearable working con­
ditions. Slowly but surely there has
been during the past few years an in­
creasing realization of the importance
of the problem from the financial as
well as from the health standpoint,
largely owing to the gradual extention
of compensation laws to disabilities
caused by abnormal injurious environ­
ments.

The complexity of industry presents
many difficulties in the solution of the
air-conditioning problem w’hich is dif­
ferent in every industry and every
building. The possibilities and limi­
tations of air conditioning as applied
to three representative hot industries
are discussed below.

Air Conditioning in Textile Mills
The art of air conditioning origin­

ated in the textile industry in which
humidity plays a most important role.
Successful application of controlled
humidification methods has been in­
strumental in the gradual concentra­
tion of cotton mills near the source of
raw material, whereas 20 years ago the
plants were largely restricted to geo­
graphic areas having a high relative
humidity.

The importance of humidity in tex­
tile plants is due to the fact that all 
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textile material, whether of animal,
vegetable, or mineral origin is hygro­
scopic, containing a definite normal
amount of moisture which varies
chiefly with the relative humidity of
the air and to some extent with the
temperature. When the fibers are
deprived of some of the natural mois­
ture content, they invariably become
stiffer and brittle, lose strength and
pliability and cannot be worked read­
ily and efficiently. An excess of mois­
ture is not detrimental, except in the
case of rayon and jute which weaken
materially under excessive humidity,
stretch more and become too plastic.

The effect of humidity on the
strength of textile materials is con­
siderable. The breaking strength of
cotton thread “20 Denier” is according
to Baker (131) 74 lbs. at a relative
humidity of 40 per cent, and 92 lbs.
at a relative humidity of 80 per cent
or more. Thread of “35 Denier” has
a strength of 35 lbs. at 40 per cent
relative humidity, and 49 lbs. at 80
per cent relative humidity. Strength,
resiliency, and stretching do not alter
appreciably by humidities in excess of
80 per cent.

The main purpose of air condition­
ing in textile mills is, therefore, to
maintain the normal hygroscopic mois­
ture in the fibers by controlling the
relative humidity, and in the case of
rayon and jute by control of the tem­
perature, also. Secondary purposes
are to maintain constant machine
speed through constant belt tension
and to avoid accumulation of static
electricity which weakens the threads
by making the fibers fly apart.

Desirable or optimum air conditions
for the processing of textiles depend
upon the product and process. W yatt

(132) has shown that as the tempera­
ture in cotton-weaving rooms increases
from 60° to 70°, and the relative hu­
midity from 50 to 80 per cent, the
number of yarn breakage decreases
and the actual efficiency of production
increases. But beyond a temperature
of 70° to 75°, and a relative humidity
of 80 to 85 per cent the efficiency be­
gins to decrease because of the adverse
physiological effects of atmospheric
conditions on the weavers, as shown
by significant increases in body tem­
perature and pulse rates. While the
number of yarn breakage keeps on de­
creasing practically up to the point of
saturation, the ability of the workers to
fix the breaks is reduced, with a reduc­
tion in the overall efficiency of produc­
tion. Substantially, the same limit­
ing values were obtained by Weston
(133) in linen weaving. In silk weav­
ing, on the other hand, Elton (134)
found no significant variation of out­
put with humidity.

In this country, the humidities rec­
ommended (135) in cotton weaving are
somewhat lower than in England, be­
ing between 70 and 80 per cent. In
the carding, combing, roving, and spin­
ning of cotton, the relative humidity
requirement is between 50 and 70
per cent, and this also holds for all
processes in woolen and silk manu­
facture.

Generally speaking, these process re­
quirements are not prejudicial to the
health of the workers, and little or no
trouble would be experienced if suit­
able equipment were employed to
maintain these conditions. In a num­
ber of instances, application of air con­
ditioning is claimed to have resulted
in substantial savings of production
costs and improvements in the general
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health of the operators (136, 137, 138,
139).

Observations of temperature and
humidity in American cotton mills by
Best (140) and by Britten, Bloomfield,
and Goddard (87) disclosed tempera­
tures between 75° and 100°, averaging
rarely below 80° in the South even in
winter time, with considerably higher
figures in the summer time. The
relative humidity in the weaving rooms
■was between 70 and 85 per cent and
in the other departments between 50
and 65 per cent.

High temperatures in textile mills
result from the following main causes:

1. Heat from power-driven machin­
ery, practically all of which is liberated
in the room.

2. Solar heat on exposed wall, roof
and glass surfaces.

3. Body heat of operatives.
4. Heat from live steam used for

humidification.
In some mills the waste heat liber­

ated in the room is more than sufficient
to offset the heat loss through the
structure even in severe winter
weather. In warm summer weather
the temperature may rise to 95° or
more.

Few of the mills are suitably
equipped and far too few have mechani­
cal refrigeration for cooling in warm
weather. As a rule, the equipment in­
cludes direct or indirect humidifiers
of the spray type for humidifying the
air in cold weather, and for producing
cooling by evaporation in warm and
dry weather. The cooling effect is
limited by the wet bulb temperature
of the outside air, and the dry bulb
temperature in the workrooms may
be from 8° to 20° above the outdoor
wet bulb. In warm weather the rela­

tive humidity required for the proc­
ess must be maintained, but the dry
bulb temperature is allowed to rise,
often to an uncomfortable degree.
Refrigeration appears to be the only
remedy in hot weather. Solving the
problem is not at all difficult in its
engineering aspects but the cost of
installing cooling equipment is con­
siderable.

In small and old mills in which the
extra cost may not be justified, work­
ing conditions may be alleviated by
suitable insulation against solar heat
substitution of water-spray humidifi­
cation systems for the old-fashioned
“steaming” method, an increase of
ventilation rate and of air movement
locally in the neighborhood of the
workers by means of gyrating or oscil­
lating fans. In the experience of
Wyatt (141) the use of fans appears to
increase the output of the looms when
the temperature and humidity are
high, without causing additional warp
breakage.

Legislation in various countries fixes
the upper limit of wet bulb tempera­
ture at which artificial humidification
must cease. In Great Britain arti­
ficial humidification is forbidden when
the wet bulb exceeds 75°F., and when
it reaches 78°F. all work must cease.

Similar legislation was passed by
some states in this country. The
Massachusetts law fixes the same per­
missible maximum limits of humidity
as the British regulation. It also re­
quires pure water for humidification
purposes and a good hygrometer in
every workroom.

Special problems of localized ex­
haust ventilation arise in the cotton­
carding rooms to guard against “cot­
ton-asthma” (142, 143, 144), and in 
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various departments of the artificial
silk industry where injurious chemicals
are employed (145, 146).

Air Conditioning in Mines
Air conditions in mines.—Abnormal

air conditions in mines result from
physical and chemical vitiation. Un­
less mines are thoroughly ventilated,
the air becomes hot, humid, and stag­
nant, laden with dusts and often with
dangerous gases. Conditioning of
mine air becomes necessary, as a rule,
in deep mines only. In shallow mines
and pits, the problem is one of ven­
tilation rather than air conditioning,
and the object is primarily to remove
explosive mixtures, dusts, gases, etc.,
to make the workings safe. This is
particularly true of coal mines. The
amount of air supply depends entirely
upon the particular conditions exist­
ing in the mine. Nine states stipulate
a minimum of 100 c.f.m. per person;
6 states require 150 c.f.m. per person
in gaseous mines and 100 in others,
other states demand from 100 to 200
c.f.m. According to Harrington (147)
these values are entirely inadequate
under certain conditions.

As mining operations proceed deeper
and deeper, the temperature rises
higher and higher owing largely to the
combined effect of autocompression*
and geothermal gradient of the rock.
Observations in various mines show a
rate of rise of 1°F. in from 60 to 250
ft. of depth depending on the locality.
Additional sources of heat of consider­
able significance are machine drills,
underground blasting operations, oxi­
dation of pyritic materials, and of

‘Maximum theoretical heating due to
autocompression, is 5.5°F. per 1000 ft. of
depth.

timber used for supports, body heat
of the operatives and their lamps, etc.
The heat is often associated with high
humidities as most of the mines are
usually wet. Even in exceptional
mines, with comparatively dry shafts
and drifts, the usual precautions taken
for reducing the risk of silicosis by
washing down the walls and roof tend
to saturate the air and aggravate the
heat problem.

In very deep mines (6000 ft. or
deeper) the underground temperature
remains, as a rule, practically constant
throughout the year (see fig. 5) re­
gardless of climatic changes on the
surface as shown by Tillard and Ran­
son (148), Ranson (149) and others.
The temperature in the working places
may go up high and the humidity
close to the saturation point, creating
risk from heat stroke and greatly re­
ducing the working capacity of the
miners.

Air conditioning with refrigeration
is necessary as a corrective measure,
but the means to this end are not very
effective in deep mines and under ex­
treme conditions they may prove
futile.

Possibilities and limitations of meth­
ods of cooling mines.—The increase of
temperature and moisture content of
the ventilating current in its course
underground creates a most difficult
problem in the cooling of deep mines.
If air is cooled at the surface by using
mechanical refrigeration the greater
difference in temperature between rock
and air will result in a greater heat
absorption with considerable loss of
cooling effect.

Observations by Davies (130) in the
Morro Velho Mine, Brazil, show that
uncooled air entering the mine at
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76° arrived at a level 6126 ft. below
surface with a temperature of 101°;
when cooled to 42° by refrigeration it
reached the same level at 93°. An
initial temperature difference of 34°
at the surface decreased to 8° at the
6126 ft. level. If, on the other hand,
the refrigerating equipment is installed
underground, difficulty arises in get­
ting rid of the heat from the condenser 

does not offer a complete solution to
the problem, for to cool the air effec­
tively with gradually advancing work­
ings, several units, preferably portable
ones, must be installed at different
working places underground, requiring
considerable piping which interferes
with blasting operations along stope
faces, or near the development ends in
drives and splits. The difficulties 
have been discussed quite fully bywater. Heat absorbed from the mine

Fig. 5.—Air temperature at various depths in the Village Deep Mine (Witwatersrand, So.
Africa) during different periods of the year. (After Tillard and Ranson, courtesy J. Chem.
Met. Min. Soc. So. Africa).

the mine in some way. Pumping the
warm condenser water to the surface
is economically impracticable owing to
great frictional losses and high-power
consumption.

A somewhat better method is using
heat interchangers or cooling towers
at the bottom of the upcast shaft for
removing heat from the condenser
water through the medium of exhaust
air after it has served its purpose in
cooling the mine. Although this
method appears more promising, it 

mine air have been tried with limited
or no success. Local underground
cooling by means of ice was studied at
the Village Deep Mine (150) by plac­
ing ice on traps inside the ventilating
duct near the air outlets. The maxi­
mum reduction in air temperature was
about 6°F. at the air outlet, but 15 ft.
from the duct opening the temperature
reduction was only 2 to 3°.

The use of dry ice, Equid air, and
compressed air has been suggested but
found economically impracticable ex­
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cept as a local expedient in dead ends.
Chemical dehydration of mine air un­
derground by means of calcium chlor­
ride or silica gel offers little hope of
success because the adsorption process
is accompanied by a marked rise in
the temperature of the air; the latent
heat of condensation is simply con­
verted to sensible heat which must be
removed from the air.

A more recent suggestion by Hirsch-
felder (151) is the reduction of the
humidity underground by the use of
magnesium chloride (MgClj) solution
which has a low vapor pressure. The
more obvious disadvantages to such a
scheme appear to be the possible ef­
fects of magnesium chloride on health,
corrosion of metals, and the necessity
for washing the ore before reduction
treatment.

How effective air conditioning would
prove in penetrating great depths is
highly problematical. In the Rand
gold field of South Africa there seems
to be little hope for depths greater than
10,000 ft. unless some new method of
refrigeration is found. Progress is
now being watched with great interest
in three mines, two of which have
recently installed cooling equipment.
Of particular interest in the installa­
tion at the Robinson Deep Mine on
the Rand, the deepest mine in the
world, with workings running more
than 8000 ft. below the earth’s surface.
The air-conditioning system has a re­
frigeration capacity of 2,000 tons,
capable of cooling 400,000 c.f.m. of air
in order to overcome temperatures ap­
proaching 120° and allow access to
rich veins of gold ore.

Haldane (152), Moss (153), Tillard
and Ranson (150), Gibbs and Buist
(154) and others believe that dry 

mining methods offer a practical solu­
tion in deep mines. They advocate
keeping the air underground as dry as
possible, in order to increase the
evaporating power of the air, by sub­
stitution of dry-drilling methods with
suitable exhausts, for the present wet­
drilling methods. As an antidote for
silica dust in the general mine atmos­
phere, Haldane suggests deliberately
introducing carbon dust in the air in
order to stimulate phagocytosis and in
this way minimize the harmful effect
of silica dust.

For the comparatively shallow mines
in the United States, Harrington (147)
and McElroy (155) believe that the
most efficient method, at least for the
time being, is the continual circulation
of large volumes of fresh air from the
surface. Ranson (149) and Whit­
taker (156) have shown by actual tests
that an increase in the air supply not
only reduces the time of contact be­
tween air and warm rock but it
gradually cools down the rock to a
significant extent. Material benefit
will also result from concentration of
air to the working places, and from
exploiting air movement to the fullest
practical extent. But too much air
movement may prove harmful as in­
dicated by certain observations of
Vernon and Bedford (109) on sickness
and accident rates of coal miners.

Ventilation and air-conditioning
methods differ a great deal from mine
to mine according to whether dust, or
heat, or toxic gases constitute the chief
hazard. Among the contributions to
the engineering aspects of mine ven­
tilation are those of Harrington (147,
157), McElroy (155, 158), Moss (159),
and Weeks (160).

Medical aspects in deep mining.—
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Fig. 6.—Typical reactions of new miners to “heat-tolerance tests” during probationary
work periods. Chamber temperature 95°F., relative humidity 100%. Rate of work
9,000 ft. lbs./hr. (After Dreosti, courtesy J. Chem. Met. Min. Soc. So. Africa).

TABLE 9
Mortality of Natives in Medically

Supervised and Unsupervised Mines
in Transvaal

(Courtesy Transvaal Mine Medical Officers’
Association)

YEAR UNBUPERVI8ED
COAL MINES

SUPERVISED
GOLD MINES

1924 13.59 9.99
1925 14.19 8.61
1926 13.25 9.05

application of medical methods in se­
lecting, acclimatizing, and taking
proper care of the underground work­
ers.

Individuals exhibit marked differ- 

either because of greater resistance or
because they have no circulatory or
respiratory impairment affecting sus­
ceptibility. What may mean heat
stroke to one may not affect another.

The importance of acclimatization
is duly stressed in a recent bulletin of
the Metropolitan Life Insurance Com­
pany (76) dealing with the heat stroke
epidemic in the Middle West last
July. According to these statistics, a
white person living in Wisconsin is
approximately twenty times more
likely to die from heat stroke than a
white resident of Florida, and about
ten times more likely than one in
Virginia or South Carolina. Other 
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states show differences proportional to
differences in their climate.

Selection of heat-resistant workers
from the natives and a system of
gradual adaptation now in use at the
City Deep Mine, in South Africa (161),
proved very effective in reducing the
incidence of heat stroke to practically
nil. The system consists in an ex­
perimental chamber, equipped with
rock, shovels, etc., where new natives
are given probationary work periods
in hot, saturated, and stagnant at­
mospheres comparable to those en­
countered in underground work.
“Heat-intolerant” individuals are de­
tected by excessive increase of body
temperature and pulse rate, and given
no employment in hot places. In the
same chamber, “heat-tolerant” natives
are gradually adapted to their future
task in probationary periods of 4 to
14 days according to individual toler­
ance. Figure 6 shows typical reac­
tions of “heat-tolerant” normal na­
tives and “heat-intolerant” natives
to a given task under comparable con­
ditions, as observed by Dreosti (161).

Acquired adaptation was found to
bestow no permanent immunity
against heat stroke, being lost as rap­
idly as acquired in individuals stay­
ing away from work for a number of
days.

If the acute effects of heat can be
prevented this way by selection and
adaptation of workers the chronic ef­
fects, such as respiratory diseases and
rheumatism, may be controlled by
proper habits of personal hygiene dur­
ing and after work and periodic ex­
amination of the workers. The main
factor appears to be avoiding chills
during resting periods and on coming 

to the surface after work. Suitable
working clothes with facilities for
bathing and changing to dry street
clothes are generally considered among
the most important factors in a pre­
ventive system.

The value of medical supervision
has been demonstrated in certain
mines of Transvaal (162) by contrast­
ing the mortality among natives work­
ing in well-supervised gold mines with
that of natives in unsupervised coal
mines. Except for the accident haz­
ard, coal mining is generally recog­
nized as a healthier occupation than
gold mining, yet the mortality of the
supervised gold miners was found to
be consistently lower than that of the
coal miners (see table 9).

Control of Heat Hazards in Hot and
Heavy Occupations

Engineering methods.—The control
of heat hazards in iron, steel, pottery
kiln, foundry and other hot trades is
primarily a medical problem and only
secondarily an engineering one. The
temperature in the vicinity of furnaces
and red hot metals where men work
may be between 90 and 200°F., while
farther away from the source of heat
it may be as low as 50° in cold weather
and still lower in open sheds. The
work is mostly intermittent with al­
terations of heavy manual labor, under
trying conditions, with resting periods
for cooling off. This in fact con­
stitutes the chief industrial hazard.
Sometimes a portion of the body is
exposed to intense radiant heat in­
ducing copious perspiration while other
portions are subjected to cold drafts.
Steep temperature gradients near the 
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furnaces or hot metals create powerful
drafts of air to which men are exposed.

The first attempt in environmental
control should be directed toward ef­
fective insulation of the main sources
of heat and the shielding of the workers
from radiant heat rays by interposition
of stationary or movable screens, fire
chains in front of open furnaces, and
by the use of face screens or masks
■with suitable goggles, when the work­
ers must face intense radiant heat.
Introduction of modern labor saving
mechanical appliances would help a
great deal in sparing the workers from
heavy work and unfavorable ex­
posure.

It would obviously be impractical,
often futile, to attempt to control the
general atmosphere by ventilation in
winter time or by artificial refrigera­
tion in warm weather. The problem
of cooling the workers themselves while
hot and perspiring is also a difficult
one from the physiologic standpoint.
Blasts of cold air are most uncomfort­
able and dangerous owing to the likeli­
hood of chills. The chief trouble ap­
pears to be with the heat regulating
mechanism of the body which cannot
adjust itself as the cold draft is apt to
chill the side of the body exposed to it
while the opposite side is still un­
comfortably hot.

Local cooling of the workers by
means of moderately cool currents of
air directed laterally or downward
upon the body gives fair results, as
good as can be expected under the
circumstances. “Man cooling” fans
are often employed instead of the con­
ventional duct distributing systems.
In warm summer weather, the air
supplied to the workers may be mod­
erately cooled by saturating it adi­

abatically in a conventional type of
spray air washer and blowing the sat­
urated cool air directly upon the work­
ers through a system of air pipes, as
described in detail elsewhere (163).
This is all the cooling the workers can
safely stand.

Medical methods.—In the preven­
tion and treatment of acute and
chronic heat effects, the industrial
physician has accomplished much in
decreasing sensitivity by prophylactic
measures applied to the workers, by
control of fatigue, diet, alcoholic hab­
its, etc., and by periodic examination
of the workers for the detection 'of
early symptoms and the institution of
prompt remedial measures.

Still greater possibilities would seem
to fie in the selection and gradual
adaptation of the workers according
to their physiologic response to heat
and sudden temperature changes so
that only resistant individuals are put
to work in hot places, as is now being
done in South African Mines with
considerable success (161).

The importance of suitable working
clothes, facilities for shower baths and
dressing rooms for changing to dry
clothes before going out after work
cannot be overstressed in view of the
high incidence of pneumonia and rheu­
matism in hot trades.

Speaking from broad experience,
Kober and Hayhurst (39), Vernon and
Rusher (101) and others intimate that
the workers are often more to blame
than the employers for the high mor­
bidity and mortality in their trades;
their negligence in changing wet
clothes is generally believed to be a
potent cause of rheumatism and their
pernicious habit in passing suddenly
from an overheated atmosphere to 
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cold outside air is a strong factor in the
predisposition to respiratory diseases.

For the same reasons, open yards
where the general laborers work should
be provided with shelters against rain
and snow. Suitably heated rest rooms
should be available for men engaged
in intermittent work and the em­
ployees should be instructed and in­
duced to make use of these provisions
for their own good.

Summary

Abnormal air conditions in hot and
cold trades are shown to affect work­
ing capacity, accident liability, sick­
ness, and mortality. Although heat
or cold per se are the causes of acute
conditions, chronic effects appear to
be largely due to sudden temperature
changes and the liability of chilling
the body while warm and perspiring.

Respiratory diseases and rheuma­
tism are the chief affections in hot and
cold trades associated with exposure
to great temperature changes. Unusu­
ally high respiratory illness and mor­
tality is seen especially among heavy
manual workers, outdoor laborers,
iron and steel workers, miners, and
others.

In the control of acute and chronic
effects, ventilation and air-condition­
ing methods are not always effective
and they often have to be supple­
mented or superseded by medical
methods. Much has been accom­
plished by industrial physicians in
decreasing sensitivity to abnormal
environments by prophylactic methods
applied to the worker, by control of
fatigue and hygienic habits, and by
periodic examination of the workers
for detecting early symptoms, and
instituting prompt remedial measures.

Still greater possibilities would seem
to lie in the selection and gradual
adaptation of workers according to
their physiological response to heat or
cold and sudden temperature changes,
so that only tolerant individuals will
be allowed to work in such trades.

The complexity of industry presents
many difficulties in the solution of
ventilation and air-conditioning prob­
lems which differ in every industry
and every building. The possibilities
and limitations of air conditioning as
applied to three representative indus­
tries (textile mills, mines, and steel
mills) are briefly discussed.
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THE PHYSIOLOGICAL EFFECTS OF HIGH PRESSURES*

Louis A. Shaw

WHEN men have been work­
ing under high air pressures,
the return to normal atmos­

pheric conditions is frequently at­
tended by disorders known as com­
pressed-air illness. Compressed-air
illness is caused by the conversion of
dissolved nitrogen into free nitrogen.
The liberation of this free gas into the
tissues and blood forms bubbles which,
when sufficiently profuse, may block
the circulation. The character of the
symptoms produced is subject to wide
variations, depending upon the quan­
tity and distribution of the bubbles.

Nitrogen in Supersaturation

What exactly is the mechanism by
which nitrogen bubbles are formed in
the blood and tissues of the body?
If a beaker of water is subjected to a
pressure of 2 atmospheres, equilib­
rium will ultimately be established be­
tween the supernatant gases and the
gases dissolved in the water. Now
if the pressure is suddenly dropped to
1 atmosphere, some of the dissolved
gas must escape from the fluid in order
to establish a new equilibrium. Will
this excess gas leave the fluid as dis­
solved gas, or w'ill it effervesce and
rise to the surface as bubbles? When
the partial pressure of a dissolved gas
exceeds the barometric pressure upon

* From the Department of Physiology,
Harvard School of Public Health, Boston. 

it, the dissolved gas tends to effer­
vesce, but under certain conditions
gases may be held in a state of super­
saturation.

It has been found that man can
tolerate sudden decompression from
pressures of 2 to 2.3 atmospheres ab­
solute, i.e., from 15 to 19 lb. gauge,
without manifesting any symptoms of
compressed-air illness. At 15 lb. pres­
sure the partial pressure of nitrogen
dissolved in the blood and body fluids
is about 1173 mm. When the baro­
metric pressure is reduced to 760 mm.
the partial pressure of the nitrogen
held in supersaturation is, therefore,
1173 — 760 = 413 mm. If all this
nitrogen in supersaturation were lib­
erated into the blood and tissue fluids
as gas bubbles its volume would ap­
proximate 700 cc. It seems highly
improbable that any such volume of
free nitrogen in the body could be
tolerated. There can be no doubt,
therefore, that the blood and body
fluids can, within certain limits, hold
nitrogen in a state of supersaturation.
But when these limits have been ex­
ceeded, bubbles will form.

If time were permitted, decom­
pression could be carried out so slowly
that the barometric pressure is never
permitted to fall below the partial
pressure of the dissolved nitrogen,
thereby making bubble formation an
impossibility. I have not even cal­
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culated the length of time this would
take, but it is certain that the time
involved would render work under
compressed air wholly impractical.
The rate at which the excess nitrogen
in the body is eliminated is propor­
tional to the pressure difference of the
nitrogen on the two sides of the al­
veolar membrane, i.e., between the
pressure of nitrogen in the blood flow­
ing through the pulmonary capillaries
and the pressure of nitrogen in the
air of the lungs. This pressure differ­
ence constitutes an effective pressure
head, which is the crux of all decom­
pression operations. In order to keep
this pressure head maximal we must
take advantage of the capacity of the
body to hold nitrogen in a state of
supers.aturation. As we have just
seen, a man may be released from
pressure while the partial pressure of
nitrogen in his body is about 1173
mm. Nitrogen pressures in the tis­
sues greater than this may cause com­
pressed-air illness. Since the very
essence of successful decompression is
to keep just within the limits of safety,
and since a gas held in a state of
supersaturation is very unstable and
unpredictable in its behavior, it fol­
lows that we must be prepared for
accidents.

Distribution of Bubbles

The character of the symptoms of
compressed-air illness is conditioned
by the volume of the bubbles and by
their position within the body. We
have no means of determining the
volume of the bubbles present in the
organism, either living or dead. Stud­
ies of the position of the bubbles, 

either post mortem or in the anesthe­
tized animal, have not been carried
out with the systematic thoroughness
which the subject deserves. The
most comprehensive study of this sub­
ject to date is that made by Boycott,
Damant and Haldane in 1908 (1),
using goats as the experimental animal.

These workers found that if an ani­
mal was killed w’hile still suffering
from compressed-air illness and ex­
amination made immediately, one
could observe the state of affairs which
probably existed during life. It was
found that bubbles were present in
great numbers in the right heart and
in the venous blood throughout the
body. Only a few of these bubbles
pass from the right side of the heart,
through the pulmonary capillaries,
into the left side of the heart. As
a consequence comparatively few bub­
bles are found in the arterial blood.

It is reasonable to suppose that the
same forces which produce bubbles
within the blood stream should be
operative in producing bubbles in all
the body fluids, both intracellular and
extracellular. In order to ascertain
if this were the case, Boycott, Damant
and Haldane made microscopic ex­
amination of histological sections from
various organs, glands, muscles, etc.,
for evidence of nitrogen emboli ex­
isting outside of the blood vessels,
lodged either within the cells or be­
tween the cells. Strangely enough,
the only extravascular bubbles ob­
served were those existing between the
fat cells of the cord and between the
cells of the fatty deposits. No bubbles
were found between the non-fatty
cells. In no instance were bubbles
ever found within the cells. It is diffi­
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cult to explain why the blood draining
the tissues should be full of bubbles,
while none are found within the cells.
The absence of emboli within the cells
must signify that bubbles form in the
blood at a lower nitrogen pressure dif­
ference than in the tissue fluids.

Behavior of Bubbles

Although much valuable informa­
tion concerning the behavior of nitro­
gen bubbles in the body has been de­
rived from post mortem studies, these
findings must be accepted with certain
reservations, since bubbles which were
not present during life may form after
death, and bubbles which were present
during life may have disappeared be­
fore the examination was made. Be­
cause of technical difficulties no satis­
factory means has yet been found
which enables us to make direct obser­
vations of bubbles in the living body.
Our information regarding their origin,
migrations and final disappearance
must, therefore, be derived for the
most part from a study of the physio­
logical effects produced.

Following decompression the partial
pressure of nitrogen in the tissues falls
rapidly. It follows, therefore, that if
bubbles are going to form, they should
most likely do so soon after decom­
pression when the supersaturation
pressure is maximal, and for the same
reason we should expect the symptoms
of compressed-air illness to occur im­
mediately after decompression if they
are going to occur at all. This is not
the case, however, and one of the most
characteristic and perplexing aspects
of compressed-air illness is the time
interval which intervenes between the
moment of complete decompression
and the onset of symptoms. In 46 

cases of compressed-air illness, re­
ported by Shilling, Polak and Hansen
(2), the maximum time interval was
420 minutes and the average interval
was 59 minutes. This delay in the
onset of symptoms, though unimpor­
tant clinically, may throw some light
upon the behavior of bubbles within
the body.

Migration of Bubbles
When bubbles forming in the tissues

pass into the general circulation they
will be carried to the lungs. If these
bubbles are able to pass through the
pulmonary capillaries, then with each
circuit of the blood through the tissues
some of the bubbles may stop in the
systemic capillaries causing a gradual
obstruction of blood flow. In this
manner free gas may pass from a posi­
tion in which it is innocuous to a
position in which it causes circulatory
blockage. This process may involve
an appreciable time interval.

The foregoing hypothesis, however,
is open to much criticism because it
has been shown that under certain cir­
cumstances the pulmonary capillaries,
with respect to gas emboli, act as an
effective filter which prevents bubbles
passing through the lungs into the ar­
terial blood. Van Allen, Hrdina and
Clark, in 1929 (3), showed by experi­
ments on dogs that air injected into the
veins does not succeed in passing
through the pulmonary capillaries, but
is held by the pulmonary arterial tree
and gradually disappears into the al­
veoli. Ilyin (4) injected 2000 cc. of
air into the jugular vein of dogs at a
rate of 30 cc. per minute without fatal
results. Escape by diffusion of gas
through the capillary walls at any
such rate as this seems quite impos­
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sible, because the concentration of
gases in the bubble quickly becomes
identical to that in the alveoli. The
evidence points to the extrusion of air
bodily from the bubble directly into
the air spaces of the lungs.

When air was introduced through
the pulmonary vein, Van Allen (3)
found that very small quantities were
fatal. Death was caused by blockage
of both the coronary and the cerebral
circulation. Some of the air thus in­
jected passed through the systemic
capillaries and appeared again in the
right heart. Van Allen found that the
tolerance to air entering the right heart
was approximately fifty times as great
as the tolerance to air which enters the
left heart. Although the behavior of
minute bubbles which are evolved from
a solution undoubtedly differs from
gas admitted through a cannula, Van
Allen’s experiments are significant in so
far as they point to the filtering action
of the pulmonary capillaries and to the
serious effects produced by such gas as
may pass through this filter.

That small quantities of free gas do
pass through the lung capillaries fol­
lowing decompression is indicated by
the post mortem findings of Boycott,
Damant and Haldane who found a few
bubbles in the left heart and arterial
blood. Although, for reasons already
given, post mortem evidence is not
conclusive evidence, it nevertheless
indicates that the lung is by no means a
perfect filter. It would be unwise to
underestimate the serious conse­
quences which might result from even
very small quantities of gas in the left
heart.

There is yet another way in which
bubbles may cause injury by moving
from one position to another. One 

might suppose that bubbles floating
freely in the circulating blood would be
carried along by the current and caught
in the pulmonary filter. If these
bubbles are formed at the moment
decompression is complete, they should
reach the lungs and be caught in the
pulmonary filter within the time neces­
sary for the blood to move from the
tissues to the lungs. Van Allen has
shown that this is not the case how­
ever, since the movement of bubbles is
conditioned largely by considerations
of gravity. Even where the current is
swift, bubbles may remain stationary
in a bend of a vessel, or, should gravity
so dictate, they may move in a direc­
tion opposite to that of the current.
Thus muscular movements or a change
in bodily position long after decom­
pression may liberate free gas from a
position of safety, whence it is carried
to the lungs. If this gas should col­
lect in the pulmonary vessels more
rapidly than it can be eliminated, the
result may be serious.

Bubble Gases
Whereas the bubbles which accu­

mulate in pulmonary capillaries may
escape directly into the al veolar spaces,
those which form in syetemic capil­
laries must pass by diffusion into the
surrounding tissues, from which they
are then taken up in solution by the
circulating blood and carried to the
lungs. When a bubble first forms in
the tissues it is composed of 100 per
cent nitrogen, which then becomes di­
luted by the inward diffusion of the
water vapor, carbon dioxide and oxy­
gen which are dissolved in the sur­
rounding blood and tissues. The
partial pressure of the gases dissolved
in the arterial blood is approximately 
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that of the alveolar air, and is there­
fore equal to barometric pressure.
But the partial pressure of the gases
dissolved in the venous blood and tis­
sues is always less than the barometric
pressure owing to the utilization of
oxygen by the tissues. To the ‘extent
that the partial pressure of the tissue
gases is less than barometric, the par-

TABLE 1
Partial Pressure of Gases Dissolved in

Arterial Blood, Venous Blood or
Tissues and That of Gases in a
Bubble in Blood Draining the
Tissues.
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Total............. 2,280 1,909 2,280

tial pressure of nitrogen in a bubble
will be in excess of that of the tissues,
and therefore the nitrogen tends to
pass from the bubble into the tissues
until absorption is complete.

Table 1 shows the partial pressure
of the gases unsolved in the arterial
blood, the venous blood or tissues, and
the partial pressure of these gases in a 

bubble which is in the blood draining
the tissues. We have assumed that
the partial pressure of gases in arterial
blood is the same as that of alveolar
air. Although the partial pressure of
carbon dioxide and oxygen of venous
blood varies in different tissues, we
have adopted the average value, i.e.,
the partial pressure of these gases in
mixed venous blood. The partial
pressure of carbon dioxide and oxygen
in the tissues themselves we may as­
sume i to be approximately the same
as that of venous blood. The calcu­
lations of partial pressures which fol­
low from these assumptions can, with­
out doubt, be made with sufficient ac­
curacy to show the manner in which
nitrogen passes from a bubble into the
surrounding blood or tissues. It will
be observed that as the air pressure
increases, the pressure difference be­
tween the nitrogen in the bubble and
the nitrogen in the tissues also in­
creases. Thus at 1 atmosphere abso­
lute this pressure difference is 54 mm.,
while at 3 atmospheres absolute it is
increased to 371 mm. This effect is
shown graphically in figure 1.

Bubble Growth by Accretion

Although bubbles will be absorbed
when the dissolved nitrogen through­
out the body is in a state of equilib­
rium, this is not the case when the
equilibrium is disturbed by a sudden
fall in the air pressure. We have al­
ready seen that in actual practice when
a man is released from pressure, the
partial pressure of nitrogen in his body
is about 1173 mm. or more. At the
same time the partial pressure of nitro­
gen in a bubble under 1 atmosphere of
pressure is about 627 mm. There­
fore, nitrogen will tend to flow by 
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simple diffusion from the tissues into
the bubble, causing it to expand. Ex­
pansion will proceed until the partial
pressure of the nitrogen in the tissues
has been reduced to that of the bubble.
We have estimated that this process
may take as long as 3 hours, during
which time bubbles will continue to
increase in size. It becomes apparent,
therefore, that bubbles which at first
may be too small to cause symptoms 

tissues so that the free gas is absorbed.
It is clear that if bubbles are not ab­
sorbed under pressure they will return
to their former size when the air pres­
sure is again lowered, which in turn
causes a recurrence of the original
symptoms. It is essential, therefore,
that absorption, if not complete,
should at least be adequate to prevent
a return of symptoms. The weakness
in our present methods of recompres­

Fig. 1.—Increase of pressure difference between nitrogen in bubble and nitrogen in
tissues with increased air pressures.

of compressed-air illness may produce
deferred symptoms by their subse­
quent growth by accretion.

Treatment

Recoinpression not only reduces the
volume of gas emboli in the tissues,
thus tending to restore the normal
circulation of blood, but it also raises
the partial pressure of nitrogen in the
bubble above that of the surrounding 

sion is inadequate absorption of free
gas and the consequent recurrence of
symptoms.

Emboli in Pulmonary Capillaries
While free gas trapped in systemic

capillaries must escape through the
tissues, where it is taken up by the
blood and carried to the lungs, free
gas which is trapped by pulmonary
capillaries escapes directly into the 
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lungs. As already pointed out, there
is a tendency for the free gas in pul­
monary capillaries to pass bodily
through the capillary walls into the
alveolar spaces. Nevertheless, if the
diffusion process could be accelerated
much would be gained. While air is
breathed absorption of free gas by
diffusion should be virtually in abey­
ance because the partial pressure of
gases in the bubbles becomes approxi­
mately equal to that of gases in alveo­
lar air. On the other hand, if oxygen
is breathed instead of air, nitrogen will
pass from the bubble into the nitrogen-
free air of the lungs. It is also true
that the higher the pressure at which
oxygen is breathed, the more rapidly
will the absorption take place. This
follows from the fact that the pressure
head under which nitrogen passes
from a pulmonary bubble into the al­
veolar air is increased as the baromet­
ric pressure is increased. For ex­
ample, if a man breathes oxygen, the
pressure of nitrogen in the lungs is 0.
Now if the barometric pressure is 1
atmosphere absolute, the pressure of
nitrogen in a bubble is 627 mm. But
if the barometric pressure be increased
to 3 atmospheres absolute (30 lb.
gauge), then the pressure of nitrogen
in the bubble becomes 2144 mm. In
one case the nitrogen in a bubble dif­
fuses into the lungs under a pressure
head of 627 mm., and in the other case
the pressure head is 2144 mm. There­
fore, breathing oxygen at 3 atmos­
pheres of pressure should cause the
nitrogen in a bubble to pass out by
diffusion 3.4 times as rapidly as breath­
ing oxygen at 1 atmosphere of pressure.

I shall not discuss man’s tolerance
to oxygen further than to say that men
have breathed oxygen in this labora­

tory under a pressure of 3 atmospheres
absolute, or 30 lb. gauge, for as long
as 3 hours without ill effects. The
effect of breathing oxygen in absorb­
ing pulmonary emboli has been proved
by experiments on dogs. We found
that pulmonary embolism in dogs pro­
duced a high degree of oxygen un­
saturation in the arterial blood. This
condition was relieved by recompress­
ing them at a pressure of 3 atmospheres
absolute, some of the dogs breathing
air during this period, while others
breathed pure oxygen. When the
pressure was again reduced to normal,
there was a return of the arterial oxy­
gen unsaturation in the dogs which
had breathed air during the recompres­
sion period, while the arterial blood of
the dogs which had breathed oxygen
remained normal. This indicates that,
whereas pressure alone was sufficient
to relieve the symptoms by reducing
the volume of free gas in the pulmon­
ary vessels, absorption of the bubbles
into the alveoli was insufficient, in the
case of the animals breathing air, to
give permanent relief. On the other
hand, relief was permanent when oxy­
gen had been breathed during com­
pression.

It is very generally conceded, how­
ever, that free gas in the pulmonary
capillaries responds very favorably to
recompression and is more easily dis­
sipated than the free gas which is
trapped in the systemic capillaries.
We may assume, therefore, that any
treatment that is successful in coping
with tissue bubbles will automatically
take care of gas trapped in the lungs.

Emboli in Systemic Capillaries
When free gas is present in the tis­

sues the rate of absorption, other 
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things being equal, is a function of the
pressure head under which nitrogen
passes out of the bubble into the tis­
sues. As we have seen, the pressure

■head increases as the air pressure in­
creases. On the other hand there is an
element of danger arising from the use
of high air pressures when there is free
gas in the tissues. As the air pressure
rises the partial pressure of nitrogen in
the tissues rises. If the bubbles have
not been completely absorbed there
is danger, when the air pressure is
again lowered, that the partial pres­
sure of the nitrogen in the bubbles will
fall below that of the tissues, causing
nitrogen to pass from the tissues into
the bubble. Under these circum­
stances the bubble will again expand
and tend to offset the benefits derived
from recompression. In the event
that the bubbles have been completely
absorbed by recompression, decom­
pression would offer no difficulties.
But the fact that symptoms do so fre­
quently recur leaves no doubt of the
incomplete absorption of free gas by
the recompression methods in current
use.

Although there is not as yet a stand­
ardized procedure for absorbing gas
emboli by recompression, a procedure
frequently used is to recompress to the
original exposure pressure and then
decompress, allowing twice the sched­
ule time. It has been suggested that
it might be advisable to use an air
pressure in excess of the exposure pres­
sure for a few minutes only, and there­
by so reduce the size of the tissue
bubbles that they would be swept out
of the capillaries into the general circu­
lation and be disposed of in the lungs.

We very much doubt that bubbles
can be displaced from capillaries by 

this method. When dogs suffering
from “bends” following exposure to a
pressure of 50 lb. gauge were recom­
pressed to 75 lb. for a few minutes, we
found that w’hen decompressed again,
there was an immediate return of the
same symptoms, indicating that the
bubbles had not been dislodged from
the original location. If free gas could
be dislodged from the capillaries in
this manner, the remedy for com­
pressed-air illness would be compara­
tively simple, but we doubt that this
method will prove of practical value.

In the absence of any standardized
method of treating compressed-air ill­
ness, I should like to make the follow­
ing recommendations. First, recom­
press to a pressure of 30 lb. gauge for
2 or 3 hours. Then reduce the air
pressure to 20 lb. for 1| hours, during
which time pure oxygen is breathed
instead of air. The exact time neces­
sary to bring about complete absorp­
tion of free gas can be determined only
by experience and experimentation.
But the method proposed is essentially
simple and is designed to promote bub­
ble absorption and at the same time
overcome the possibility of re-expan-
sion of any unabsorbed gas as the
pressure is reduced to atmospheric.
The pressure head under which nitro­
gen passes from a bubble into the tis­
sues when this system of recompres­
sion is employed is shown in table 2.
We may assume that the partial pres­
sure of nitrogen in the tissues at the
end of decompression is approximately
equivalent to that which exists at 2
atmospheres of pressure or 1173 mm.
“When the air pressure is raised to 30
lb. the partial pressure of nitrogen in a
bubble becomes about 2144 mm.
Thus the nitrogen will pass out of the 
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bubble under a pressure head of 2144
— 1173 = 971 mm. But at the end
of 3 hours the pressure of nitrogen in
the tissues gradually comes into equi­
librium with the increased air pressure,
rising to about 1600 mm. The nitro­
gen pressure head then becomes 2144
— 1600 = 544 mm. The air pressure
may then be lowered to 20 lb. while
the subject breathes pure oxygen. At
the start the pressure of nitrogen in
the tissues is 1600 mm. while the pres­
sure of nitrogen in the bubble is 1640

TABLE 2
Pbebbube Head under Which Nitrogen

Passes fbom a Bubble into Tissue
UNDEB RECOMPRESSION AT 30 LB. FOB
2-3 Houbs, Then undeb 20 lb. Pres­
sure for 1$ Hours. (Pure Oxygen
Breathed during This Latter
Period.)

pNi

GAGS PRES-
BURE 30 LB.
AIR 2 TO 3

HOURS

GAGE PRES­
SURE 20 LB.
OXYGEN 1.5

HOURS

Start Finish Start Finish

In bubble.......
In tissues........

mm.
2,144
1,173

mm.

2,144
1,600

771 771.

1,640
1,600

771771.

1,640
600

Difference... +971 +544 +40 +1,040

mm., and at the end of 1| hours the
pressure of nitrogen in the tissues will
have fallen to about 600 mm. The air
pressure may now be lowered rapidly
to atmospheric without fear of further
bubble formation, since, by virtue of
the oxygen inhalation, the pressure of
nitrogen in the tissues is approximately
normal.

In formulating table 2, it is neces­
sary to bear in mind that our data are
based upon calculations rather than
upon direct evidence. The estimation
of the partial pressure of nitrogen in 

the tissues and in bubbles under con­
ditions of equilibrium has already been
discussed. Estimation of the rise and
fall of tissue nitrogen during changes
of the partial pressure of nitrogen in
the lungs is based in part upon nitro­
gen elimination curves constructed in
this laboratory, and in part upon the
theoretical curves of Boycott, Damant
and Haldane. Notwithstanding the
possible errors involved, there can be
little doubt that the recompression
schedule suggested is on the safe side,
i.e., at all times the pressure of nitro­
gen in the bubble is higher than the
pressure of nitrogen in the tissues,
thus promoting bubble absorption and
guarding against bubble expansion.

The theory that the recompression
pressure should be equal to, or higher
than, the exposure pressure which
caused the symptoms seems erroneous.
Free gas in the tissues will behave in
the same manner whether it results
from exposure to high or low pressure.
So long as the partial pressure of
nitrogen in the bubble is raised above
that in the tissues absorption must
take place. These conditions will be
met by the system recommended.
There can be no good reason for rais­
ing the pressure during recompression
above 30 lb. unless this pressure fails
to relieve the symptoms. When
symptoms persist at a pressure of 30
lb. it is probably indicative of very
massive embolism and the case should
be considered serious. When recom­
pression demands pressures in excess
of 30 lb. much difficulty will be en­
countered in decompressing again in
the event of incomplete gas absorption.
Therefore, the recompression time
must be increased as the pressure is
increased in order to make doubly sure 
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of gas absorption before the air pres­
sure is lowered.

Table 3 has been constructed to
demonstrate the difficulties and the ex­
cessive time involved in decompressing
a man who has been recompressed at
pressures greater than 30 lb. We may
assume that the subject under con­
sideration is suffering from com­
pressed-air illness, that his symptoms
fail to disappear until the air pressure
is raised to 60 lb., and that he remains
at this pressure for 3 or 4 hours. If
the bubbles have been completely ab­
sorbed at this pressure, then decom­
pression may proceed in the routine
manner. But the chances are great
that absorption is not complete.
How, then, can decompression be ef­
fected so as to avoid the expansion of
such residual free gas as may still
exist?

At 60 lb. the partial pressure of
nitrogen in a bubble is 3661 mm. At
the end of 4 hours the partial pressure
of nitrogen in the tissues will approxi­
mate the saturation value for 60 lb.,
i.e., 2973 mm. The next drop in the
air pressure must, therefore, be of
such a magnitude that the pressure of
nitrogen in the bubble does not fall
below the pressure of nitrogen in the
tissues. We find that at an air pres­
sure of 46.5 lb. the nitrogen pressure
in a bubble will be just equal to the
nitrogen pressure in the tissues. At
this air pressure the partial pressure
of nitrogen in the arterial blood is 2438
mm. If time be permitted, the pres­
sure of nitrogen in the tissues will fall
to the level of the pressure of nitrogen
in the blood and a new equilibrium
will be established. It is determined
from our nitrogen elimination curves 

that attainment of 100 per cent equi­
librium would require 5 or 6 hours, but
to reach 50 per cent equilibrium -would
take only 1 hour. The latter method
constitutes a great saving in time and
has therefore been adopted. During
the first stage, then, one half of the
excess nitrogen in the tissues is given
up and the nitrogen pressure falls to
2705 mm.

In the second stage, the air pressure
is lowered to 41 lb., at which pressure

Showing Stages of Decompression for a
Subject Who Has Been Recompressed

at 60 lb. for 3-4 Hours

TABLE 3
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lb. mm. min. mm. 771771. mm.
60.0 3,661 2,973 2,973

1 46.5 2,973 60 2,973 2,438 2,705
2 41.0 2,705 60 2,705 2,200 2,452
3 36.1 2,452 60 2,452 2,025 2,238
4 31.8 2,238 60 2,238 1,838 2,038
5 27.9 2,038 60 2,038 1,682 1,860
6 24.5 1,860 60 1,860 1,550 1,705
7 21.4 1,705 60 1,705 1,425 1,565

20.0 1,640 1,565

the partial pressure of nitrogen in a
bubble is equal to that of the tissues.
During this stage the nitrogen pres­
sure in the tissues falls from 2705 mm.
to 2452 mm. In this manner we pro­
ceed by seven stages of 1 hour each
until the 20 lb. stage is reached. Oxy­
gen must then be used for 1} hours, as
previously recommended, before re­
ducing the pressure to atmospheric.

Slow as this procedure may be, any
attempt to hasten decompression will
lower the nitrogen pressure in the bub-

The Environment and its Effect Upon Man (1937)
ACL Doc 25275 · Page 68 of 155

Published by AsbestosClaims.Law

asbestosclaims.law/library/25275/68

https://asbestosclaims.law/library/25275/68


124 ENVIRONMENT AND ITS EFFECT UPON MAN

ble below that of the tissues, resulting
in bubble expansion. Indeed, hasty
decompression from high air pres­
sures may result in a volume of free
gas that is even greater than the initial
volume which we have tried to absorb.
Failure to recognize this fact is un­
doubtedly the cause of many disasters.

Summary

The cause of compressed-air disease
is discussed with special attention to
the formation, distribution and be­
havior of nitrogen bubbles. Methods
of treatment are outlined; recompres­
sion followed by decompression in pure
oxygen in the last stage is suggested.
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INDUSTRIAL OPERATIONS IN COMPRESSED AIR*

Ole Singstad

Introduction

HE industries in which opera­
tions are carried on in com­
pressed air are in general those

involving work of some nature below
the water surface where the pressure
of air is used to counteract the hydro­
static pressure. In some cases these
involve activities directly in the water,
and in others in earth or water-bearing
material at depths either below the
free surface of a superincumbent body
of water, or below the level of ground
water. The operations themselves
may be classified as diving, caisson and
shaft sinking, and tunneling.

Diving is employed in harbor, dock,
pier and breakwater construction, in
some of the pearl and sponge fisheries,
in salvage work, in naval repair and
emergency work, and in some cases in
connection with the unwatering of
flooded mines, shafts, and tunnels.
Under-water explorations, observa­
tions, and photography are made with
the aid of certain types of diving ap­
paratus.

Shafts and caissons sunk under com­
pressed air may be used in connection
with the construction of bridge piers
and abutments, building foundations,
mine shafts and tunnel shafts.

Subaqueous tunneling is now gener­
ally carried on under compressed air,
with or without the use of the tunnel

* Chief Engineer, New York City Tunnel
Authority.

shield, and is employed in connection
with the construction of rapid transit,
railroad, vehicular, and sewer tunnels.

Historical

It is thought by some that the art of
diving was employed commercially and
in engineering work a thousand years
before the Christian era. Aristotle
mentions a metallic vessel which re­
tained air beneath it when lowered into
the water, and records that the diving
helmet was used as part of the war
equipment of Alexander the Great.
It has been suggested that the helmet
was a clay pot of some description.
Divers are supposed to have removed
obstructions and loosened anchors and
cables at the siege of Tyre, 333 B.C.
It is recorded that Alexander the Great
descended into the sea in a device
called a “colimpha” which kept one
dry and also admitted light. Divers
are said to have been employed in re­
moving obstructions at the siege of
Syracuse, 215 to 212 B.C. Julius
Caesar describes a varnished leather
apparatus for diving and Pliny states
that in War manoeuvers, the Roman
and Greek navies employed divers who
breathed through tubes which ex­
tended to the surface, where the inlets
floated.

Roger Bacon is credited with the
invention in 1240 of a contrivance re­
sembling a diving bell which enabled
men to work under water. The “De
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126 ENVIRONMENT AND ITS EFFECT UPON MAN

Re Militari” of Vegetius, 1511, de­
picts a diver wearing a helmet from
which a tube leads to a float on the
surface.

In 1538, as described in Kaspar
Schott’s “Technia Curiosa,” 1664, an
experiment was conducted at Toledo
before Emperor Charles V, in which
two Greeks ■with a lighted torch de­
scended into the water in a large
“kettle” suspended mouth downward
by ropes, and emerged with the torch
still lighted.

At the beginning of the 17th Cen­
tury, Venetians are credited by Fig-
nier with the use of a diving apparatus
called a “cornemuse” or “capuchan.”
The device consisted of a tube which
at one end expanded into a helmet
covering the head, and to the other end
of which a bellows was attached. An
exit tube in the helmet extended to the
surface.

In 1609 Lovini, an Italian engineer,
devised a large leather tube, stiffened
with iron hoops and braced in a verti­
cal position to an iron frame. The
tube was equipped with leather
chambers and with windows. The
diver thrust his head into the tube
while sitting on a suspended platform.
A somewhat similar device is described
by Kessler in “De Secreto,” 1616.
This was called an “aquatic doublet,”
was made of leather and hoops, and
was fitted with windows and weights.

Lord Bacon in “Organi novi Libri”
describes a diving apparatus which
consisted of a metal bell which was
lowered onto a tripod set up so that a
diver working on the bottom could
place his head under the bell to get a
fresh supply of air.

P. Mersenius in his “Tractatus de

Magnetis Proprietatibus,” 1638,
speaks of a submarine boat. Robert
Boyle in “Experiments Physico-Me-
chanical”, 1647, states that a boat
constructed by Cornelius Van Debrell,
a Dutch physician, was used and rowed
under water in the river Thames by
order of James I; that it carried 12
rowers and passengers. A chemical
liquor, the fumes of which would re­
store vitiated air, was said to have
been invented by Van Debrell’s son-
in-law. This boat is mentioned by
Wilkins in “Mathematical Magazine,”
1648.

The air pump was invented by Otto
Von Guericke in 1650.

In 1665, George Sinclair recovered
treasure from a ship of the Spanish
Armada, sunk off Mull in 1580; he
used a lead diving bell 3 ft. high and 3
ft. wide under which was slung a foot
rest of lead upon which the diver stood
with his body in the bell. In 1667, an
American, William Philipps, used this
means to salvage gold from an English
ship sunk off San Domingo in 46 ft.
of water.

In 1682 “De Motu Animalium”
states that Borelli developed a theo­
retical idea of a closed diving dress
which proved to be impractical. It
consisted of a metal helmet and buck­
skin dress. The diver carried a cylin­
der and piston with which he could
regulate his specific gravity Oo as to
ascend or descend as desired.

In 1685 John Christ Sturmius con­
structed a wooden bell 13 ft. to 14 ft.
high reinforced with iron hoops. The
diver sat in this contrivance and sig­
naled to the top with a rope. Stur­
mius suggested the use of bottles of
air to replenish his supply.
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The use of bellows +o supply air to
diving bells was suggested by Denys
Papin in 1691.

John Lethbridge of Devonshire,
England,. devised, in 1715, a diving
chamber encasing all but the arms.
This was successful in 10 to 12 fathoms
of water. Lethbridge stayed for pe­
riods up to 34 minutes in 10 fathoms.
The Lethbridge device is described as
an engine “of wainscott,” 6 ft. long,
2| ft. in diameter at the head and 18
inches in diameter at the feet, rein­
forced with iron hoops, with two holes
provided for the arms and a 4 inch
diameter observation glass, 1| inches
thick. Two air holes were provided.
These were stopped by plugs while the
diver was submerged. Air was con­
veyed through one of the holes with a
bellows to replenish the supply. The
“engine” would have been somewhat
similar to the modern diving dress if
an air pump, flexible pipe and exit
tube were provided. The Lethbridge
diving machine was improved in 1798
’>y Kleingert of Breslau; the feet and
hands were free and an auxiliary air
reservoir was provided.

The first practical diving bell was
invented by Dr. Edmund Halley, Sec­
retary of the Royal Society, and is
described in “Philosophical Transac­
tions,” 1717. The bell was con­
structed of wood covered with lead
to add weight, built in the form of a
truncated cone, 3 ft. in diameter at
the top and 5 ft. in diameter at the
bottom, 8 ft. high. A lense and tap
were provided at the top. Air was
supplied by alternately raising and
lowering two lead lined barrels. Dr.
Halley and four others remained down 

in this device for 1} hrs. in 50 to 60
ft. of water. Dr. Halley’s paper is
entitled “The Art of Living Under
Water by Means of Furnishing Air at
the Bottom of the Sea in Any Ordinary
Depth.” In it the statement is made
that for depths up to 3 fathoms,
bellows and lead pipes will answer for
furnishing the air supply. Efficient air
pumps were lacking for greater depths.
Charles Spalding made some improve­
ment in Halley’s bell in 1775. In 1778
the force pump displaced the barrels in
this type of bell. Spalding and his
son were suffocated in their bell in
1788.

It is recorded that a tube apparatus
was used up to 1784 by pirates in the
Black Sea for concealing themselves
from the enemy.

John Smeaton, a British engineer,
is credited with the design of the mod­
ern diving bell. He built a bell to use
in the construction of the Hexam
bridge, Northumberland, 1788, which
employed a force pump. The bell was
not entirely submerged and wras sur­
mounted by the pump. His later
invention, 1790, designed for the Rams­
gate Harbor works was similar to mod­
ern bells. This bell was 4} ft. high,
4| ft. long, 3 ft. wide, weighed 5,000
lbs. It accommodated two men.
Brize-Fradin is credited with making
improvements in the diving bell in
1808, cooling the compressed air with
ice and introducing caustic soda as a
carbon dioxide absorbent.

Augustus Siebe devised the “open
dress” diving suit in 1819. This con­
sisted of a metal helmet and shoulder
plate attached to a water-tight jacket.
A tube extended from the helmet to an
air force pump. The jacket over­
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lapped the undergarment, forming a
trap through which air escaped as the
fresh supply Was pumped down from
above. If the diver lost his footing
and fell in this dress he was in danger of
drowning as water would enter his
helmet through the opening between
jacket and undergarment. This diffi­
culty was eliminated in the “closed
dress” developed by Siebe from 1830
to 1837. This is the type of diving
dress in general use today.

Marc Isambard Brunel is credited
with the invention of the tunnel shield
in 1818. The shield was first used in
tunneling in free air. In 1830 Lord
Cochrane conceived and patented the
idea of using compressed air in shaft
and tunnel work in water-bearing
ground, “an apparatus for compressing
atmospheric air within the interior
capacity of subterraneous excava­
tions”. With this scheme he proposed
the use of an air lock to permit the pas­
sage of men and material in and out of
the tunnel without loss of air pressure.
Lord Cochrane did not put his scheme
into operation, but its use was de­
veloped by others. M. Triger, a
French engineer, employed compressed
air in 1839 to sink a 3| or 4| ft. di­
ameter tube 70 ft. in length, through
quicksands in the valley of the Loire,
near Chalonnes, France, for a coal
mine. This cylinder was provided
with an air lock. Pazerne, in 1844,
constructed a vessel which was used on
government works at Cherbourg. It
contained an upper chamber and a
lower working chamber, admitting 8
men to excavate. The device could
be pushed about with poles. Air was
pumped into it; caustic soda was used 

to purify vitiated air. It could be
raised or lowered by emptying or
filling certain chambers. In 1845 M.
M. B. Pol and T. J. J. Watelle used
compressed air in the working of a
mine at Douchy, Dept, du Nord. In
1850, air was used by Hughes and Cu-
bitt in constructing the piers for the
Railroad bridge over the Medway,
between Rochester and Chatham.
Bouhy recounts in “Annales des Tra-
vaux publiques de Belgique,” 1848,
that compressed air was used at a
mine at Strepy-Bracquegnies, Bel­
gium. Compressed air was used about
1856 in sinking shafts for the coal
mines of Eischweiller, near Aix-la-
Chapelle. Foundations for bridge
piers and abutments were constructed
by the pneumatic caisson method in
1858-59, for Quarantine Bridge at
Lyons, the bridge at Macon, the bridge
chain over the Thiess, in 1863 for the
bridge at Argenteuil, in 1868 for the
St. Louis Bridge across the Mississippi,
and in 1871-72, the Brooklyn Bridge.

In 1879 compressed air was used in
tunneling at Antwerp and by D. C.
Haskin in the Hudson River Tunnel.
Haskin in 1874 patented a scheme for
using compressed air to prevent the
sudden breaking in of water while
tunneling in water-bearing ground.
Haskin’s Hudson River attempt was
temporarily abandoned some time
after a “blow” in which 20 lives were
lost. When work on Haskin’s tunnel
was resumed in 1888 by Pearson &
Son, compressed air was used in con­
junction with a steel tunnel shield
equipped with six hydraulic jacks for
driving it ahead.

During the last 35 years the use of 
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the shield and compressed air in sub­
aqueous tunneling has advanced from
the status of hazardous pioneering to
that of a safe, efficient, standard
method of construction. Its use and
development have been most notable 

Diving Equipment and Diving

rl he principal items of the modern
diving apparatus, as described in the
Diving Manual of the U. S. Navy De­
partment, are the dress, breastplate,
helmet, airhose, air control valve, 

Fig. 1.-—Rear view of diver in modern flexible suit and helmet. (Courtesy, New
York Public Library)

in the New York City area, where,
since 1900, eighteen important sub­
aqueous projects have been success­
fully completed using this method of
construction, and where, at the pres­
ent time, more such projects are being
planned.

weights, telephone equipment, gloves,
overalls, and air pump.

The dress, which encloses the entire
body except the head and hands, is
flexible, constructed of rubber between
layers of cotton twih. Elastic rubber
cuffs form water tight joints at the 
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wrists. The neck is fitted with a rub­
ber gasket, to which the breastplate
fastens.

The breastplate and the helmet are
constructed of tinned copper. The
helmet has windows at front, sides,
and top, and is provided with an air
inlet and non-return safety valve at
the back, to which the air hose is
attached. It is also provided with a
spring and screw controlled air escape
valve by which air pressure in the
suit and bouyancy are adjusted. A
supplementary relief valve permits a
fine adjustment of buoyancy.

The air line consists of flexible hose,
of half-inch internal diameter made up
in lengths which are coupled together.
The flow of air into the helmet may be
adjusted by the air-control valve inter­
posed in the hose near the helmet.

The weights consist of a weighted
belt and of leaded shoes, which produce
negative buoyancy when the suit is
moderately distended with air. Tele­
phone cable and life line are combined.
Signals may be given by the life line if
the telephone is out of order. Water­
proof gloves may be worn to provide
protection from the cold. The over­
alls protect the suit from wear and by
means of straps, prevent the helmet
from rising over the diver’s head when
the dress is distended with air.
Pumps may be manually or power
operated. Gages on the pumps indi­
cate the pressure and the water depth.

The diver descends by means of the
“shot rope,” which is attached to a
heavy weight, previously lowered. A
“distance line” about 60 feet long is
attached to the bottom of the shot rope
by which the diver can guide his re­
turn to make his ascent.

Under-water operations and obser­

vations are also made in the self-con­
tained dress, in the helmet alone with
air supply pumped from above, in rigid
pressure-resisting watertight devices
permitting descent to great depths in
atmospheric pressure, and by the
naked diver. Another form of
contained apparatus has been spevmliy
devised for use in escape from sub­
marines.

The self-contained dress and sub­
marine escape appliance both employ
soda-lime which absorbs the carbon
dioxide from the exhaled air. In the
self-contained dress the oxygen is re­
plenished from a supply carried i r a
tank by the diver. The submarine
escape appliance, designed for short
periods of submergence, provides a
rubber bag of oxygen with a mouth
piece, into which one breathes during
ascent to the surface.

The type of diving apparatus which
keepsits occupant at atmospheric pres­
sure out of contact with the external
water pressure is represented by the
Neufcldt and Kuhnke diving shell and
by the Beebe “bathysphere.” The
former, successfully used in salvage
operations in depths up to 525 feet,
permits some operations to be per­
formed bjr its occupant upon external
objects. The latter is a hollow cast
steel sphere containing ports from
which observations may be made.
This contrivance, lowered from a ves­
sel on the water surface, has reached a
depth of 3028 feet.

In sponge and pearl fisheries in
warm, tropical seas, naked divers often
work in depths of 60 to 70 feet, and it
is reported that some have descended
to depths of 120 to 130 feet. The
equipment of these divers consists of a
stone to descend with, a horn clip on 
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the nose, oiled wads in the ears and an
oiled sponge in the mouth.

In all the types of diving equipment
described above with the exception of
the “bathysphere” and the diving
shell, and with the exception of the

larine escape apparatus, the diver
descends into pressures above normal
for the purpose of performing some
useful work, whether it be to inspect,
observe, or to perform manual labor.
If he performs manual labor, he may
use only his bare hands or the usual
manual tools, or he may use pneumati­
cally operated tools, the hydro-oxygen
tor -h, or high pressure water hose.
He may be provided with artificial
illumination, or may have to grope in
the twilight or darkness of the depths
in which he is working. The resist­
ance of the surrounding water and the
impedance of clumsy apparatus greatly
increase his energy output and slow
down his progress.

For every foot of submergence in
sea water an unprotected body is sub­
jected to about 64 pounds pressure per
square foot of surface. In the case of
the helmeted diver who is supplied
air at approximately the pressure of
the surrounding water, an internal
body pressure equal to that of the air
in the helmet is developed through
the solution of compressed air in the
body fluids. This takes place through
the lungs and circulatory system.

In the case of the naked diver, the
opinion has been expressed that there
is probably a certain partial equaliza­
tion of pressure produced in the air in
the lungs and other body cavities by
the cupping and ascent of the dia­
phragm. It is consequently advised
that this kind of diver make his descent
with the lungs well inflated. Under­

inflation might result in displacement
of the heart. The naked diver’s air
supply is limited to that in his lungs,
and his stay below the surface of the
water is consequently limited to the
length of time that he can hold his
breath without becoming asphyxiated.
The ordinary time limit is about one
minute, but may be increased by prac­
tice and by deep breathing just before
diving. Dr. Leonard Hill has re­
corded that he and Martin Flack ex­
perimented with the idea of breathing
oxygen just before submergence, with
results indicating that the time below
water could be extended by this
method to several minutes.

The type of apparatus described as
consisting of a tube and helmet with a
free-air supply obtained through the
tube, the end of which floated on the
water surface, while apparently mak­
ing available plenty of fresh air, would,
in any appreciable depths, subject the
diver to full water pressures without
balancing internal pressures, ami make
the physical effort necessary for
breathing very difficult.

The diver in rubber suit and helmet
is exposed to many dangers, some of
which are directly related to his atmos­
pheric environment.

If the diver’s air supply is inade­
quate, or interrupted, he will probably
suffer from the effects of asphyxia. A
diver requires, for any given condition
of rest or exertion, the same volume of
air measured at the pressure at which
he is working, because the absolute
partial pressure of carbon dioxide con­
trols his breathing. If, at atmospheric
pressure, 6 per cent carbon dioxide in
the air causes distress and 10 per cent
a tendency towards unconsciousness,
at a depth of 33 feet, or an absolute 
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pressure of two atmospheres, 3 per cent
and 5 per cent carbon dioxide would
produce the same results respectively.
A man at rest on the surface requires
about | cubic foot of air per minute.
This requirement is increased with
hard work. If the partial pressure of
carbon dioxide does not exceed 3 per
cent of an atmosphere there is no
danger of the effects of asphyxia.
The oppressed breathing experienced
by some divers at the greater depths is
not due to water pressure but to in­
sufficient ventilation producing exces­
sive carbon dioxide in the helmet. It
is considered that 1.5 cubic feet of air
per minute at the absolute pressure
at which the dive is made is essential.

Some of the contributing causes to
asphyxia have been insufficient capac­
ity of pumps for the depth, breakdown
or inefficient operation of the pumps,
stoppage or loss of the air hose. In
one instance moisture in the air supply
condensed and froze in the inlet valve
of the helmet of a diver working in salt
water just below freezing temperature.
Such a condition requires that the air
supply be freed of moisture.

The diver in the rubber suit has his
head incased in a rigid helmet and his
body in a flexible suit. For a man of
average height in erect position there
is a difference of hydro-static pressure
between head and feet of about 2|
pounds per square inch. Ordinarily
the pressure in the helmet is main­
tained equal to the hydro-static pres­
sure at about chest level. This
facilitates breathing. Under these
normal circumstances there is a small
differential of pressure between part
of the body and the helmet. If pres­
sure is accidently lost in the helmet,
or if the diver falls suddenly to a 

greater depth of water, even a com­
paratively small increase in this differ­
ential may result in a tendencjr for the
body to be squeezed into the helmet,
resulting sometimes in instant death
or serious injury.

During the process of returning to
normal pressure, or much more often,
some time after returning, the diver
may be subjected to one or more of the
symptoms of compressed air illness.
These symptoms may range from the
less serious pains in muscles, joints, or
bones, to permanent paralysis or
death. To prevent compressed air ill­
ness, the diver’s stay on the bottom is
shortened as the depth increases, and
the time taken to ascend is governed
by a schedule which is worked out on
the basis of depth and time down.

Accidental “blowing up” occurs
when the exhaust valve does not func­
tion properly or if the valve is im­
properly adjusted. The dressbecomes
inflated, buoyancy positive, and the
diver rises quickly to the surface.
Such rapid ascent may result in com­
pressed air illness. If the suit is
partially inflated and the diver over­
turns in rising he may float helplessly
head downward. Water in the dress
in this position might cause drowning.
Overturning is prevented by lacing the
legs of the suit to prevent entrance of
air into this part of the dress.

Ear pains may be experienced dur­
ing descent. They are due to pres­
sure on the ear drums resulting from
lack of equalization of pressure in the
inner ear. Inner ear pressures are
adjusted through the Eustachean
tubes and if these are clogged by a
catarrhal condition it may be impos­
sible to balance pressure and if descent
is continued the ear drum may be 
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ruptured. Under ordinary circum­
stances the Eustachean tubes may be
made to function by swallowing, or by
distending them with air forced from
the back of the mouth.

The normal tension of oxygen in the
air is about 21 per cent of an atmos­
phere. If 70 per cent or more of an
atmosphere exists and submergence is
for too long a period, “oxygen poison­
ing” may result, evidenced by irrita­
tion of the lungs and other symptoms.
In deep diving, oxygen poisoning may
be prevented by reducing the percent­
age of oxygen in the air supply.

Many of the dangers that beset the
helmeted diver are functions of depth
and tend to limit both the depth and
duration of the dive. The diver in
helmet alone has reached 60 feet. The
diver in helmet and flexible suit, still
supreme among divers from the stand­
point of useful output, has reached a
maximum depth of 306 feet.

Compressed Air Shafts and
Tunnels

The principle involved in the use of
compressed air in the construction of
shafts and tunnels is the exclusion of
water with air pressure. In applica­
tion, the fundamental requirements of
this use of compressed air are: (1)
an adequate source of compressed air;
(2) conveyance of the air from source
to point of use; (3) an air chamber
where the desired operations are car­
ried on, and in which the compressed
air is confined at the required pressure;
(4) a method of entrance into and exit
from this chamber of materials and
men, without loss of pressure.

In modern practice the first con­
sists of a power operated compressor
plant; the second, of pipe lines leading 

from the compressor plant to the tun­
nel or caisson; the third, of a confined
space formed in some types of work by
sheeting driven into the ground and a
roof or air deck constructed on this
enclosure; in caissons consisting of
the working chamber, enclosed with
the cutting edges, walls and air deck of
the caisson; and in tunnels the portion
of tunnel enclosed between heading
and bulkhead; and the fourth, caisson
or tunnel locks, each essentially a two­
doored air-tight chamber interposed
between the working chamber and the
open air. The lock doors close against
gasketed frames, swing towards the air
chamber. One is between the open air
and interior of the lock, the other be­
tween lock and air chamber. By clos­
ing the door adjacent to the open air
and raising the lock pressure to air
chamber pressure, the inner door pre­
viously held closed by unbalanced
pressure may be opened, and entrance
made into the workings. Exit is made
by reversing the process. Muck and
material locks and man locks are used
as the respective designations imply.
In their present form, locks in tunnel
use are generally horizontal riveted or
welded steel tubes of cylindrical or
elliptical section placed in the tunnel
bulkhead with the doors and frames
enclosing each end. The types used in
caissons vary. The “T” type used
for men, consists of a structure similar
to a tunnel lock but with one end
solidly enclosed, entrance to the cais­
son working chamber being through a
door in the bottom of the lock leading
into a vertical steel shafting equipped
with a ladder descending into the
working chamber through the air
deck. There are also various vertical
types, with doors at top and bottom
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or bottom and side, used for muck and
materials and in some cases, as man
locks.

After placing the air deck, fitted
with the necessary service lines and
locks, on the sheeted shaft type of
structure, excavation may be carried
below water level under air pressure.

In the caisson type of construction,
a box or cylinder of steel or other mate­

material, type of lining, and other
considerations determine the method
of tunneling to be used. During the
past 50 years, over fifty tunnel pro­
jects have been successfully completed
with the use of compressed air, con­
stituting over 60 miles of tunnels
varying in size from about 6 feet to
over 30 feet in diameter. Any appro­
priate tunneling method may be used 

Fig. 3.—Caisson sinking, Holland Tunnel

rial, provided with a working chamber,
is constructed on the site of the shaft
or pier or, if the site is under water,
may be constructed on land, launched
and floated to the site where it is
sunk to the bottom. In either case
the caisson may then be sunk to the
required elevation by allowing it to
descend as excavation proceeds.

The size of the tunnel, character of 

in conjunction with compressed air but
the method often best adapted is that
employing the tunnel shield. While
the caisson is, in effect, a modification
of the diving bell which can be sunk
through earth and rock as well as
water to a desired elevation, the shield
might be considered a horizontal
adaptation of the caisson.

The tunnel shield is generally cylin-

The Environment and its Effect Upon Man (1937)
ACL Doc 25275 · Page 74 of 155

Published by AsbestosClaims.Law

asbestosclaims.law/library/25275/74

https://asbestosclaims.law/library/25275/74


136 ENVIRONMENT AND ITS EFFECT UPON MAN

drical in shape and when in this form
is used in connection with driving a
tunnel of outside circular section. It
consists of a steel skin, to the front
edge of which are attached cast steel
segments forming the cutting edge.
The intermediate section is reinforced
with a circular girder and horizontal
and vertical partitions forming the
pockets of the shield. The tail of
the shield is a plain continuation of the 

ring (often 30 inches in modern prac­
tice) to the tunnel length. The shield
carries hydraulic jacks housed in the
circular girder in the intermediate sec­
tion, which react against the face of
the completed lining to force the shield
ahead and to provide space in the tail
for the construction of another ring
of lining. Depending on material and
conditions, the entire face may be
breasted down as excavated, or only a 

Fig. 4.—Drilling rock in caisson working chamber, Midtown Hudson Tunnel

steel skin, in the protection of which
the primary lining of the tunnel is
constructed, and which overlaps a por­
tion of the completed lining. The
lining best adapted to this type of
tunneling is composed of flanged cast
iron circular segments which are swung
into position by an hydraulic erector
carried on the rear of the shield, and
bolted together to form a complete
ring of lining, adding the length of the 

part of the upper portion may be
breasted. In rock or earth and rock,
a bottom heading may be driven in
advance of the shield. In Hudson
River silt and similar materials, the
shield may be bulkheaded and all or
part oi the excavation be accom­
plished by displacement as the shield
advances.

The compressed air worker or “sand
hog” pursues his duties in the air 

OPERATIONS IN COMPRESSED AIR 137

chamber clothed and equipped with
the same freedom as in “free” air.
The modern sand hog has many me­
chanical devices at his disposal. He is
aided with the shield, hydraulic erec­
tor, electric haulage systems, electric 

ing bolts (see figure 5) by hand was
practically eliminated by the use of
hydraulic bolt tightening machines; as
in the Holland Tunnel, the shield was
bulkheaded and the small percentage
of muck admitted into the tunnel was 

Fig. 5.—Tightening bolt with ratchet wrench, Holland Tunnel

hoist and mono-rail, pneumatic tools
such as the “mule” for running down
nuts on bolts and the pneumatic
chipper, for caulking. In the Mid­
town Hudson Tunnel, now under con­
struction, the arduous work of tighten­

deposited on the bottom by electric
conveyors with little manual handling,
to be removed later with the use of
air-operated shovels.

The compressed air caisson and
tunnel worker, similar to the diver, is 

The Environment and its Effect Upon Man (1937)
ACL Doc 25275 · Page 75 of 155

Published by AsbestosClaims.Law

asbestosclaims.law/library/25275/75

https://asbestosclaims.law/library/25275/75


138 ENVIRONMENT AND ITS EFFECT UPON MAN

threatened with possibilities of illness
or accident which are functions of the
pressures in which he works.

In “locking in” the sand hog swal­
lows and “blows” to equalize the inner
ear pressure with the external.
“Blowing” consists of holding the nose
and distending the Eustachian tubes
by compressing the air in the back of
the mouth. If the Eustachian tubes
are obstructed, pain will be felt, caused
by the cupping of the ear drum by the
excessive external pressure. The lock
tender, who manipulates the valves of
the lock to compress or decompress
the air in the lock, will close the inlet
valve and slack off the pressure when
signaled that any one in the lock is so
“blocked.” If an individual cannot
“clear” his ears, he is returned to
normal air. No one with a cold or
with ear trouble should attempt to
enter compressed air.

In both tunnels and caissons a
“run” of material and water may re­
sult from a drop of pressure below that
required. If a serious run develops,
the tunnel or caisson may be quickly
filled or partly filled with material and
water, in which case the workmen are
in serious danger of being buried or
drowned. The compressor plant must
be capable of maintaining the required
pressures, with an ample emergency re­
serve. Air lines should be in duplicate
and provided with check valves to
prevent them from acting as exhausts
in case the plant pressure drops or fails.
When the tunnel heading extends
under a waterway, an emergency run­
way is provided as high in the tunnel
as head clearances permit, extending
from the working face to an emergency
lock placed high in the bulkhead. A
safety screen may be provided, main­

tained near the heading, extending
from crown to spring line, to act as a
trap, in case of flooding, when the
water rises to its lower edge.

The working face of the tunnel is
approximately vertical. The hydro­
static head at the top of the face is
consequently less than that at the
bottom. In some kinds of ground this
unbalanced head, as it is called, is a
source of considerable danger. This
danger is reduced by depositing a
clay “blanket” on the waterway bot­
tom over the tunnel heading of suffici­
ent thickness to counterbalance, at
least, theoretically, whatever excess of
air pressure over water pressure may
be developed at the top of the tunnel
face. Shields have been devised with
enclosed chambers or pockets in which
air pressures were to be carried ac­
cording to the water pressure at the
level of each pocket, but this scheme
proved impracticable. If, for any
reason, the air pressure in the tunnel
suddenly overcomes the resistance of
the superincumbent water and mate­
rial, a rush of air from the tunnel re­
sults, which is called a “blow.”
Workmen at the face when a blow oc­
curs are in danger of being swept out
of the tunnel into the surrounding
material or carried through material
and water to the surface. Marshall
Maybie, a compressed air worker on
the East River Tunnels, had this ex­
perience and survived. Two com­
panions who were carried out with
him were not so fortunate as to reach
the surface alive. Maybie has con­
tinued in his occupation in spite of his
experience, and was last so employed
as a gage tender on the Midtown Hud­
son Tunnel. A blow may so reduce
the air pressure in the tunnel as to be 

OPERATIONS IN COMPRESSED AIR 139

closely followed by a run, with ac­
companying flooding.

Air under pressure has a correspond­
ing concentration of oxygen that
greatly stimulates combustion and in­
creases the fire hazard. This should
be safeguarded against in the tunnel
by providing adequate water lines
with hose and hose connections, by
forbidding smoking, and by keeping
the tunnel as clear as possible of com­
bustible material. In the Fulton
Street-East River Tunnel a salt hay
bulkhead while being compressed by
advancing the shield developed fric­
tional heat sufficient to cause it to
ignite, with resulting damage to equip­
ment, injury to some of the workmen,
and loss of progress.

The problem of adequate ventilation
in compressed air caissons and tunnels
is seldom a difficult one. There is
generally enough air leakage at the
face, caisson cutting edge, caisson air
deck, etc. to meet ventilation require­
ments. The air inlet should be main­
tained as near the heading as possible.
Blow pipes and exhaust valves with
risers may provide additional ventila­
tion when required, as when explosives
arc used, or when burning with the
oxy-acetylene torch is in progress.
The use of pneumatic tools might be
considered as contributing to good
ventilation. Air intakes at the com­
pressor plant should be devised to
provide as clean and pure an air supply
as possible. Cooling devices may be
used to keep air chamber tempera­
tures moderate. Samples of air should
be taken frequently and analyzed; if
the carbon-dioxide content is exces­
sive, corrective measures should be
taken.

The earlier tunnels and caissons pre­

sented greater problems of ventilation
and sanitation than those of more
recent years. Candles, lamps, and
open gas flames used for illumination
tended to vitiate the air and fill it
with soot. Animals were used for
haulage purposes in some of the work­
ings. Modern tunnels and caissons
are lighted with electricity. Animals
are not permitted in the air chambers.

Oxygen poisoning is unimportant in
tunnel and caisson work where working
periods are restricted and where pres­
sures are 50 lbs. per sq. in. or less.

The compressed air worker in tun­
nels and caissons is affected by com­
pressed air illness as is the diver. The
extensive use of compressed air in this
kind of work during the last 50 years
with thousands of workers employed,
makes the problem of cause, preven­
tion, and treatment of compressed air
illness of extreme importance.

Compressed Air Illness

The evolution of the modern the­
ories and practices in connection with
compressed air illness began about 100
years ago.

According to Dr. Andrew II. Smith,
a Dr. Hamel, a Russian, observed in
connection with diving bell work at
Howth, Dublin, in 1820, that a certain
workman felt so accustomed to the
atmosphere of the bell that he was
uncomfortable under normal pressure.

It is recorded that Triger, a French
engineer, reported having observed
that two workmen employed in sink­
ing a pneumatic cylinder under his
direction near Chalonnes in 1839 were
affected with pains in arms ami legs
about half an hour after coming out of
the caisson.

M. M. B. Pol and T. J. J. Wattelle, 
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while working a mine at Douchy,
France in 1845 made note of some of
the dangers of working in compressed
air from observations on 64 men who
were employed in about 36 lbs. per
sq. in. air pressure, working two 4-
hour shifts per day and taking from a
quarter to a half an hour to decom­
press. Pol noted:

Increased danger in proportion to
pressure.

Ill effects in proportion to period in
the air, and rapidity of decom­
pression.

One case indicated return to com­
pressed air.

Dr. Francois noted, in connection
with the bridge works over the Rhine
at Strasbourg, that men who decom­
pressed too fast “sometimes fell as
though struck by lightning.” He pro­
vided woolen vests for the men to wear
after leaving the air chamber and es­
tablished the following decompression
rules:

forcing air into the armor were of brass,
and with each movement of the pumps, I
could plainly taste and smell the copper in
the atmosphere I breathed.”

As a further contribution to the
historical record of compressed air ill­
ness in connection with diving, Henry
Siebe in “Conquest of the Sea,” 1873,
observes:

“A man at all sanguinous should ascend
rather slowly; the brain being suddenly re­
lieved of pressure causes a sudden rush of
blood to the head. ...”

Siebe listed men who should not
dive as:

1. Men with short necks and florid com­
plexions.

2. Men who have headaches.
3. Men who have coughed up blood.
4. Men who have had palpitation of the

heart.
5. Pale men.
6. Men with blood shot eyes.
7. Men who drink hard, have had vene­

real disease, rheumatism, or sun
stroke.

PKESSVKE

1 to J atmosphere
1 atmosphere

1J atmospheres
2 atmospheres

DECOMPIIES3ION TIME

4 to 5 minutes
6 to 7 minutes

10 minutes
12 minutes

J. B. Green, an American diver, con­
tributes to the history of compressed
air illness in his pamphlet published in
1861, entitled “Diving or The Wonders
of the Deep.” Green records that he
was paralyzed after making a dive and
makes the following comment:

“There have been many conjectures in
regard to the cause of my paralysis. Some
attribute it to my meal; others to the pres­
sure of the water. There is one thing which
I shall mention as having something to do
with it. The pumps which were used for 

He recorded the death of a Greek diver
who ascended from 30 fathoms in 7
minutes: “He immediately began to
expand and die.”

Dr. A. Jaminet, in 1871, published a
paper entitled “Physical Effects of
Compressed Air and of the Causes of
Pathological Symptoms Produced on
Man, by Increased Atmospheric Pres­
sure Employed for the Sinking of the
Piers in the Construction of the Illinois
and St. Louis Bridge over the Mis­
sissippi River at St. Louis, Mo.”

Dr. Jaminet records that this work,
started in 1869, was carried to a depth
of 115 ft. as against the previous rec­
ord depth for a caisson of 65 feet. He
describes 78 cases of compressed air
illness among which there were 8 
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deaths. In pressures up to 50 lbs. per
sq. in., three 2-hour shifts per day were
worked, with rest periods of 2 hours
between shifts. Dr. Jaminet noted
that the workmen began to be affected
at a pressure of 24 lbs. per sq. in. and
to be seriously affected at 34 lbs. per
sq. in. Dr. Jaminet advised, “Avoid
too sudden a transition from normal
atmosphere to an over-condensed one.”
He further felt that one should come
out of the air quickly, and ordered the
following schedule:

COMPRESSION DECOMPRESSION

1 minute per 3 lbs. 1 minute per 6 lbs.

This concept of decompression is con­
trary to modern ideas and practice.
More rigid physical examination of
workmen and a reduction of working
time reduced the number of cases of
illness in a group of 140 men, and
limited fatalities in this group to one,
in spite of the decompression schedule.

Dr. Andrew H. Smith has recorded,
in 1873, his experiences as surgeon to
the New York Bridge Company dur­
ing the sinking of the Brooklyn Bridge
caissons. He is credited with being
the first to suggest the use of a medical
lock with which to treat compressed
air illness with recompression. E. IV.
Moir, in 1890, actually instituted the
medical lock for recompression at the
Hudson Tunnels, where it was success­
fully used.

Many theories as to the cause of
compressed air illness have been ad­
vanced, among then that blood under
pressure reacts to cause injury upon
decompression; that wastes in the
body accumulate in harmful amounts
when one is subjected to the rapid oxi­
dation produced by breathing com­

pressed air; that high pressures cause
direct injury to organs and interfere
with their normal functioning. The
theory of air embolism, now generally
accepted, has been substantiated by
many experiments on men and ani­
mals. Nitrogen dissolved in the body
under pressure forms bubbles on sud­
den decompression and so obstructs
the circulation. Paul Bert, a French
physiologist, is credited with estab­
lishing this theory and definitely stat­
ing it in “Ln Pression Baroinetrique,”
1878.

Dr. Edward Levy in U. S. Bureau of
Mines, Technical Paper 285, recognizes
air embolism as the cause of com­
pressed air illness, and lists the fol­
lowingsymptoms:

1. Affections of the central nervous system.
Disturbances of the central nervous system
may be either motor or sensory, due to the
pressure of air emboli upon the brain or
spinal cord.

2. Localized pains. Localization of pain
depends on whether the gas emboli are pres­
ent in the muscle fiber, tendon sheath, bone,
or nerve terminal.

3. Vertigo. Dizziness is the result of gas
emboli in the middle ear or may be caused
by disturbances of the central nervous
system.

4. Chokes. Difficult breathing is due to
bubbles of gas forced through the pulmo­
nary arteries into the lungs.

5. Cnconsciousncss or collapse. Uncon­
sciousness or collapse is usually caused by
large quantities of gas distributed generally
throughout the circulation.

Compressed air illness is now dealt
with on the job by the practical appli­
cation of the following ideas:

1. Medical supervision by qualified
physicians with compressed air ex­
perience.

2. Selection of men by qualifying
physical examination.
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Dr. Levy in the paper mentioned
above, states that the essentials are
normal lungs, normal kidneys and
a good heart; and in older men the
blood pressure must not be too high.
He does not consider age and obesity as
of as much importance as heretofore
has been given them. Contractor’s
doctors generally will not pass a man
with no previous experience in com­

comprcssed air is practiced by the ap­
plication of definite schedules of work
and rest for various pressure ranges.
It is generally recognized that shorten­
ing the stay in compressed air as the
pressure rises reduces the number of
cases of compressed air illness. There
is no one schedule in universal use at
the present time although tunnel and
caisson working schedules have been 

Fig. 6.—Cheeking into tunnel (manlock on right; emergency lock on left)
Holland Tunnel

pressed air who has reached the age
of 40 years or more; old hands are not
so limited. The continuance of a man
in compressed air work will depend on
his medical record. Some men have a
disqualifying sensitivity to compressed
air illness, which often cannot be de­
termined except by trial in compressed
air.

3. Limitation of hours of work in 

established by legislation in some in­
stances.

4. Slow decompression, allowing time
for the blood to become desaturated
without the formation of nitrogen
bubbles, is perhaps the most important
measure used in the prevention of com­
pressed air illness. Safe rules for de­
compression should be established and
rigidly enforced. In the past there 
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has been a tendency on the part of
compressed air workers to consider
decompression rules as an encroach­
ment on their personal liberty and to
disregard them if given the opportun­
ity. Compressed air workers now 

are above a certain amount, and by the
use of a recording gage on the man
lock. In some regulations the uniform
method of decompression is favored
and in others the stage method. De­
compression may be further modified 

Fig. 7.—Gang decompressing, Midtown Hudson Tunnel

more generally realize the importance
of slow decompression and cooperate
accordingly. Decompression rules are
also made more effective by competent
lock tenders, by using checkers to
make a record of all those entering ami
leaving compressed air when pressures 

by the use of intermediate bulkheads
to provide sections of tunnel which
carry pressures stepped down from
the heading pressure. Exercise aids
decompression by stimulating the cir­
culation which increases the rate of de­
saturation. Exercise during decom­
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144 ENVIRONMENT AND ITS EFFECT UPON MAN

pression is advised, and for this reason
the lock should be of large enough pro­
portions to permit it. The lock should
also be properly heated to prevent chill
when decompression is in progress.
When more than one bulkhead is used
it is generally agreed that benefit is
derived in walking from one lock to
the next.

The. theory of stage decompression
was advanced by Dr. J. S. Haldane,
British Admirality expert on com­
pressed air illness, as a method of 

be facilitated by use of the Davis sub­
mersible decompression chamber. In­
stead of the diver having to hang onto
the “shot rope” or decompression
ladder in the cold and dark while mak­
ing his ascent, he enters this device,
a cylindrical lock, which is suspended
at a depth corresponding to the pres­
sure at which slow decompression is to
start. The lock, with pressure main­
tained within, is hauled quickly to the
surface, where the proper slow de­
compression time is taken under ideal 

Fio. 8.—Drawing showing interior view of medical lock

safely accelerating desaturation, and
thus obtaining a more nearly complete
desaturation in a given time. Diving
tables computed on this theory were
issued by the British Admiralty in
1907, and have been used by divers of
the British Navy and the United
States Navy since that time. Hal­
dane’s method of stage decompression
employs a drop to one half the absolute
pressure at a fast rate; in caisson and
tunnel work in the United States, this
has been modified to a rapid decom­
pression to one-half the gage pressure.

In deep diving, decompression may 

conditions. If operations are being
conducted from a boat, this device
permits moving the position as soon
as the lock is aboard.

5. The hospital lock has been used
universally on compressed air work
since its introduction by Moir on the
Hudson Tunnels. Recompression and
slow decompression is the recognized
treatment of compressed air illness.
It should be used as soon after the
onset oi the illness as possible. In
theory, the bubbles of nitrogen causing
the trouble are forced back into solu­
tion by putting them under pressure, 
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and desaturation accomplished with­
out their reformation by decompres­
sing at a very slow rate. Use of twice
the normal time or more to decom­
press is recommended. Some advo­
cate a return to maximum pressure,
some to one-half the maximum abso­
lute pressure, and others to two-
thirds the maximum gage pressure at
which the subject worked.

The compressed air worker should
be provided with an identification
badge, plainly stating that in case of
illness he be taken immediately to the
medical lock for treatment, the loca­
tion of which should be given.

6. Complete records of all cases of
compressed air illness should be made.
It is difficult to obtain a 100 per cent
record, as the compressed air worker
often fails to report his case for fear
the record might affect his employ­
ment but the more severe and therefore
more important cases are probably all
reported.

Safety Codes for Work in
Compressed Air

Rules and regulations governing
work in compressed air have been
adopted by eight states of the Union
up to the present time. These are
New York, New Jersey, Massachu­
setts, Pennsylvania, Wisconsin, Ohio,
Maine and California. The last
adopted its regulations in 1933.

California, Massachusetts, Maine,
and New York are now in accord as to
hours of labor and decompression
schedules. Hours of labor and decom­
pression schedules were originally es­
tablished in New York by an act of
the Legislature in 1910, and were as
follows:

Hours of Labor
GAGE

PRESSURE TIME UNDER PRESSURE INTERVAL DE­
TWEEN SHIFTS

lbs. per sq.
in.

0-27.99 8 hours less inter- 30 minutes

28-35.99
val

2-3 hour shifts 1 hour
36-41.99 2-2 hour shifts 2 hours
42-45.99 2-11 hour shifts 3 hours
46-49.99 2-1 hour shifts 4 hours

No employee to work in more than
50 lbs. per sq. in. except in emer­
gency.

Decompression Schedule
Uniform decompression at the rate

of 3 lbs. every two minutes up to 36
lbs. per sq. in. For working pressures
over 36 lbs. per sq. in. the rate was 1
lb. per minute.

These schedules have since been
modified from time to time. The
following schedules were adopted by
New York in 1922, by Massachusetts
in 1930, by Maine in 1931, and by
California in 1933.
New York, Massachusetts, Maine and

California Hours of Labor
Two shifts only to be worked during

24 hours with an interval in open air.
Maximum working pressure (except

in emergency)—50 lbs. per sq. in.

GAGE
PRES­
SURES

FIRST SHIFT INTERVAL SECOND
SHIFT

lbs. per
sq. in.

0-18 4 hours } hour 4 hours
18-26 3 hours 1 hour 3 hovrs
26-33 2 hours 2 hours 2 horns
33-38 1} hours 3 hours 11 hours
38-43 1 hour 4 hours 1 hour
43-48 1 hour 5 hours } hour
48-50 1 hour 6 hours } hour
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New York, Massachusetts, Maine and
California Decompression

Decompression, to be by the stage
method, dropping to | maximum gage
pressure at the rate of 5 lbs. per minute
and completing decompression at a
uniform rate so that the total time
consumed shall be not less than that
computed using the maximum pres­
sure and the rate given:

GAGE PRESSURES RATE

Z&s. per sq. in.

0-15 3 lbs. per minute
15-20 2 lbs. per minute
20-30 3 lbs. in 2 minutes

30 or over 1 lb. per minute

Some of the existing variations from
these schedules are:

Wisconsin: Hours of Labor for Tunnel
Work

GAGE
PRESSURES FIRST SHIFT INTERVAL SECOND

SHIFT

per sq. in.

0-21 4 i 4
21-30 3 1 3
30-35 2 2 2
35-40 H 3 li
40-45 1 4 1
45-50 1 5 1

Wisconsin: Decompression (Tunnel
Work)

GAGE PRESSURES

lbs. per eq, in.

36 or less
Above 36

UNIFORM HATS

3 lbs. per 2 minutes
1 lb. per minute

Wisconsin’s schedule for hours of
work in caissons is the same as the
present schedules of New York, Mas­
sachusetts, Maine, and California.
The decompression schedule now in 

use in Wisconsin for caisson work is as
follows:

GAGE PRESSURES MINIMUM NUMBER OF MIN­
UTES TO DECOMPRESS

l&s. per sq. in.

0-10 1
10-15 2
15-20 5
20-25 10
25-30 12
30-36 15
36-40 20
40-50 25

Wisconsin’s schedules were estab­
lished in 1930. Pennsylvania’s rules
for caissons and tunnels established
in 1922, prescribe the same hours
of work as Wisconsin’s rules for tun­
nels. The corresponding Pennsyl­
vania decompression schedule is the
same as that of New York.

The New Jersey rules as published
in 1931, prescribe the same hours of
work and intervals for tunnels and
caissons as those of New York; the
decompression schedules for tunnels
and caissons are respectively the same
as those for Wisconsin.

Wisconsin provides a stage compres­
sion, with stops at every 5 pounds to
determine if any one in the lock is
blocked.

The American Standards Associa­
tion is preparing a Proposed American
Standard Safety Code for work in
compressed air. The pressure shifts
and intervals of work for each 24-hour
period, in this proposed code, are the
same as in the present code of New
York. The decompression schedule
for this proposed code will be written
following receipt of information based
on tests now being conducted by the
Navy Department. One of the ques­
tions to be decided by these tests is 
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that of the relative merits of fast
decompression (5 lbs. per minute), as
used in the present application of the
stage method, and the uniform rate
method of decompression.

The codes of the various states are
fairly uniform in other requirements.

In general, lock tenders, gage tend­
ers and checkers must be provided.
Recording gages must be placed on
man locks when pressures are over 17
lbs. per sq. in. First class sanitary
conditions must be preserved in the
air chambers. California and Massa­
chusetts prescribe the use of after
coolers and limit working temperatures
to a maximum 85°F. The American
Standards Association’s proposed code
limits temperatures where work is in
progress to from 70°F. minimum to
85°F. maximum. The States that
have codes are uniform in requiring
that electric illumination only be used
in the air chamber; that an adequate
supply of pure air be brought close to
the heading, with a check valve pro­
vided on the free end of the air pipe;
that exhaust valves be provided to
clear the air in the heading after a
blast; that a telephone or other suit­
able means of communication between
the air chamber and the contractor’s
office be established. Two or more
locks must be provided when the size
of the tunnel permits and there are 15
or more men in a gang, one of the locks
to be for the exclusive use of the men.
The locks must be of sufficient size to
prevent cramping of the men when
decompressing, (generally specified as
5 feet or greater in diameter). Cais­
son man locks must be placed above
water level. Intermediate bulkheads
and safety screens are to be provided
when conditions require their use.

The State codes generally specify
that the compressor plant must be
good and sufficient to meet emergen­
cies as well as ordinary requirements,
and must be provided with two inde­
pendent sources of power, duplicate
air lines and emergency units.

Fire prevention and blasting rules
are also included in the codes of some
of the States.

Medical rules are fairly uniform and
provide that a qualified physician with
compressed air experience be put in
charge to enforce provisions requiring:
(1) a qualifying physical examination
of each new man; (2) a test in the com­
pressed air of each new man; (3)
re-examination of any one absent from
work for 10 days or more; (4) regular
re-examination of all air workers; (5)
alcoholics to be barred from work in
compressed air; (6) a complete record
of all physical examinations and cases
of compressed air illness; (7) adequate
and healthful dressing room facilities;
(8) a medical lock 5 to 6 feet in diame­
ter and a physician in constant attend­
ance when pressures exceed 17 lbs.
per sq. in. gage; (9) the serving of hot
coffee to men on return from the air
chamber.

Ontario, Canada, published a code
in 1926 which covers most of the regu­
lations enumerated above. The work­
ing period schedule of this code fol­
lows the Pennsylvania and Wisconsin
schedule for tunnels very closely; a
stage decompression the same as that
of the New York code is required.
Decompression rules must be observed
by those that stay in pressures of from
15 to 27 lbs. over 30 minutes, or in 27
to 31 lbs. over 15 minutes, and for all
those who enter 31 lbs. or more. For
pressures of 22 lbs. per sq. in. or more, 
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the men must remain on the job for
one hour after decompressing.

In Great Britain, the Committee on
Regulations for Work Carried Out
under Compressed Air, appointed by
the Council of The Institution of Civil
Engineers on April 30,1935, in a report
submitted January, 1936, recommend
working periods and decompression
rates as given in their tables 1, 2 and 3.

The Committee favor the single
TABLE 1

Times of Working Periods—One
Working Period per Shift

AIR
PRESSURE

(gage)
TIMES

lbs. per sq.
in.

0-25 One working period not exceed­
ing 8 hours, including half-
hour meal time

25-40* One 6-hour period, including
half-hour meal time

40-50* One 4-hour period, with meal
during decompression

’ With 25 to 40 pounds pressure, men
should be kept for 40 minutes after decom­
pression before leaving the works, and with
40 to 50 pounds pressure they should be kept
for one hour. In cases such as sinking cais­
sons, where only a few shifts are required at
pressures somewhat higher than those
stated above, the longer working period
may be continued.

working period schedule as against the
two period schedule now generally
practiced, and are of the opinion that
extending the stay in compressed air
beyond the period in which the body
becomes almost entirely saturated
(considered to be 4 or 5 hours), does
not add materially to the danger of
compressed air illness, provided that
adequate time be given for decom­
pression. They recommend the use
of a decompression chamber in con­
nection with tunnels and caissons 

which are too small to provide for the
decompression rates prescribed, the
gang to leave the working chamber
quickly and to enter the decompres­
sion chamber immediately for proper
decompression.

An interesting comparison may be 

TABLE 2
Times of Working Periods—Two

Working Periods per Shift

AIR
PRESSURE
(gage)

TIMES

Iba. per sq.
in.

0-25 Two 4-hour working periods
with J hour interval including
decompression time

25-40* Two 3-hour working periods
with 3 hour interval including
decompression time

40-50* Two 2-hour working periods
with 4 hour interval including
decompression time

* See note to table 1.

made between the total decompression
times obtained by applying the Com­
mittee’s decompression schedule to
New York’s hours of work schedule
and the decompression times provided
by the New York regulations.

* Interpolated.

PRES­
SURES

PERIOD
IN AIR,

HRS.

DECOMPRESSION TIME, MINUTES

N.Y.
State

Commit­
tee

Committee
(Experienced

Men)

0-15 4 0-5
15-18 4 7}-9
18-20 3 9-10
20-22 3 13J-14J
22-26 3 14}—17} 6-10 4J-7J
26-30 2 171-20 14-23 10-16
30-33 2 30-33 30-38 203-26
33-38 33-38 (29-40})* (20-271)*
38-43 1 38-43 32-44 22-30
43-48 a 43-48 (30-36)* (203-24D*
48-50 i 48-50 27 18}
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J. A. Hawkins, D. Sc., and Lieuten­
ants Shilling and Hansen of the United
States Navy have recently suggested a
revision of the diving table which
would materially reduce the time of
ascent for the various depths and times
of submergence. This suggested re­
vision is based on 2,143 experimental 

which he has very kindly furnished
from his records.

It has been recognized for some time
that helium, which is about half as
soluble as nitrogen and diffuses more
rapidly, may be substituted for the
nitrogen in the air to the advantage
of divers and compressed air workers.

TABLE 3
Decompression Times for Varying Periods of Exposure in Compressed Air

GAGE
PRESSURE

IN THE
WORKING
CHAMBER,

LB. PER SQ.
IN.

REDUCED
IN 2 MINS.
TO GAGE

PRESSURE,
LB. PER SQ.

IN.

FURTHER UNIFORM REDUCTION TO ZERO (GAGE PRESSURE)
TIME IN MINUTES

For working
periods of

6 nrs. or more

For working
periods
of 4 hrs.

For working
periods
of 3 hrs.

For working
periods
of 2 hrs.

For working
periods
of 1 hr.

For working
periods
of j hr.

Time
in

mins.

Mins.
?ber

Time
in

mins.

Mins.
?bcr

Time
in

mins.

Mins.
per
lb.

Time
in

mins.

Mins.
?ber

Time
in

mins.

Mins.
?b“

Time
in

mins.

Mins.
fbCT

22-24 4 10 2} 8 2 4 1 0 0 0 0 0 0
24-26 5 20 4 15 3 8 li 5 1 0 0 0 0
26-28 6 33 5} 27 4} 21 3} 12 2 4} 1 0 0
28-30 7 45 6} 35 5 28 4 21 3 7 1 0 0
30-32 8 52 6} 44 5} 36 4} 28 3} 12 1} 0 0
32-34 9 59 6} 50 5} 45 5 36 4 18 2 4 }
34-36 10 70 7 60 6 55 si 40 4 20 2 5 i
36-38 11 82 7i 72 6} 66 6 50 4} 27 2} 8 3

38-10 12 96 8 84 7 78 6} 60 5 30 2} 12 1
40-42 13 104 8 91 7 85 6} 65 5 33 2} 13 1
42-44 14 112 8 105 7} 98 7 77 5} 42 3 14 1
44-46 15 — — 112 7} 105 7 82 5} 45 3 15 1
46-48 16 — — 128 8 120 7} 88 5} 48 3 20 H
48-50 17 — — 136 8 127 7} 102 6 59 3} 25 1}

When men selected in view of previous experience in compressed air without having
shown serious symptoms are employed, the Committee consider that the above times for
uniform decompression may at the discretion of the Superintending Engineer in charge on
the works be progressively reduced to two-thirds of the above figures. The effect of each
reduction on the incidence of cases should be carefully noted and successive reductions
regulated accordingly. The number of cases requiring recompression in any one week
should not be allowed to exceed 2 per cent of the number of decompressions.

dives in submarine escape apparatus,
in which the simulated rate of ascent
was kept constant at 50 ft. per minute,
while the time of exposure was varied
during each run for a given depth.

Table 4 is compiled from data given
by Dr. Levy in his Bureau of Mines
paper supplemented by later data 

Synthetic helium-oxygen mixtures
have been used experimentally in tests
conducted under the joint supervision
of the U. S. Public Health Service,
the U. S. Bureau of Mines and the
U. S. Navy Department in an attempt
to produce an atmosphere for work
under pressure that would eliminate
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or lessen the danger of compressed
air illness. A large number of ex­
periments using very high pressures,
have been conducted on animals.
These were supplemented by actual
diving tests. It is recorded in “Chem­

board the U. S. S. Falco;, while salvag­
ing the submarine, S-51, sunk near
Newport, R. I., in 135 ft. of water.

The supply of helium is still limited
so as to make the cost of any extensive
use of it in the prevention of com­

TABLE 4
Compressed Air Illness. Tunnels Built with the Aid of Compressed Air in the

Vicinity of New York City

TUNNEL YEAR CONTRACTOR
MAXI­
MUM

PRES­
SURE

NUMBER
or

DECOM­
PRESSIONS

d AG E3
OF

BENDS
DEATHS

lbs. per
eq. in.

Hudson-Man- 1879
hattan 1903-1907 Hudson Cos. 42 ? 1,573 3

Battery-Jora- 1902-1908 N. Y. Tunnel Company -12 ? 674* 14
lemon

North River- 1903-1909 O’Rourke Engr. Constr. 28 ? 490** ?
Penn. Co.

East River-Penn. 1904-1909 F. Pearson & Sons, Inc. 42 557,000 3,692 20
Clarke St. 1914-1919 Flinn-O’Rourke Co. 37}
Montague St. 1914-1919 Flinn-O’Rourke Co. 34} >761,40o 292 1
14th Street 1916-1921 Booth & Flinn, Ltd. 39} 388,096 270 0
60th Street 1917-1921 P. McGovern & Co. 47} 211,960 118 1
Holland Tunnel 1920-1927 Booth & Flinn, Ltd. 47 756,565 528 0
53rd St. 1927-1930 P. McGovern & Co. 41 280,019 278 0
Fulton St. 1928-1933 Mason & Hangar Co. Inc. 47} 406,583 243 0Harlem Riv. 1928-1932 Geo. H. Flinn, Corp. 24 88,135 3 0Rutgers-Jay 1930-1933 Mason & Hangar Co. Inc. 43 234,747 182 0Midtown-Hud.
________ *______ 1933- Mason & Hangar Co. Inc. 45 120,652 39 0

* Figure for the 5 months for which records were kept.
** These were well marked cases.
The last five tunnels were constructed under the existing New York State code for work

in compressed air. Compressed air work for the last ten was under the medical super­
vision of Dr. Levy.

icals,” November 22, 1926, that it was
concluded that an atmosphere could
be made that would permit decom­
pression in a third to a quarter of the
time required for air and also that the
deleterious effects of oxygen poisoning
could be prevented.

Helium was used in 1921 in the
treatment of compressed air illness on 

pressed air illness in tunneling pro­
hibitive.

Compressed air illness prevention by
expelling nitrogen from the system by
breathing oxygen before and during
decompression is also receiving atten­
tion. No practical application of this
method has ever been attempted on
tunnel work.
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CARBON MONOXIDE POISONING*

Cecil K. Drinker

IN THE space of a lecture such as
this it is manifestly impossible
to review the entire subject of

carbon monoxide poisoning—one in­
volving physiological problems of the
greatest intricacy, medical problems,
and pathological problems of equal
size and difficulty. As a consequence,
I shall deal with aspects of the carbon
monoxide situation which have in­
terested me personally—in which I
have been personally involved.

Carbon monoxide is an extremely
ancient poison, as old as man’s use of
fire. Descriptions of poisoning appear
in the medical literature in Greece, in
Rome, in the medieval medical litera­
ture and so on to the present time.
Its modern history, however, began
in the middle of the 19th century when
Claude Bernard recognized the true
manner of its action. He realized
that it was an asphyxiant and that it
acted by excluding oxygen from the
blood. This is the essential action of
carbon monoxide and possibly, though
recent work gives us reason to think
there may be a little more, the only
action.

First, I will recall for you certain
physiological matters which are abso­
lutely fundamental and which must
be carried in mind. The/blood is a
mixture of a watery fluid carrying
various substances in solution and red

* From the Department of Physiology,
Harvard School of Public Health, Boston. 

blood cells. The blood plasma—that
is, the fluid of the blood, red cells
excluded—is capable of carrying ex­
tremely little oxygen to the body—
only 0.36 cc. per 100 cc. of plasma.
The whole blood—that is, the blood
containing the red cells filled with
hemoglobin,—can carry 20 cc. per 100
cc. of plasma.

Barcroft has pointed out that if it
were not for the possession of hemo­
globin and this extraordinary property
of loose combination and transport of
oxygen man would never have been
capable, if he was to have any activity
at all, of reaching a size much greater
than that of the smaller insects. And
if he had no hemoglobin at all and,
somehow or other, had reached his
present size, his capabilities of activity
would be below that of a lobster. So
that hemoglobin in the red blood cor­
puscles is of fundamental importance
to mammals.

How does the hemoglobin act in
relation to holding and combining
with oxygen? This is best illustrated
by what is called the dissociation curve
of hemoglobin shown in figure 1.
This figure is of a family of dissocia­
tion curves. The percentage of satu­
ration of hemoglobin with oxygen is
plotted vertically, and horizontally
the pressures of oxygen in millimeters
of mercury to which the hemoglobin
solutions were exposed. At an oxygen
pressure of 100 mm. mercury the 
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hemoglobin is practically completely
saturated, that is, it is carrying in the
neighborhood of 20 cc. of oxygen in
each 100 cc. of solution. The curve
marked Jfi is most representative of
what takes place in the body at sea
level. It happens that under such
normal conditions the partial pressure
of oxygen in the lungs is about 100 

height the partial pressure of oxygen
to which the blood is subjected, as it
goes through the lungs is 54 mm.,
corresponding to the reduction of
general barometric pressure. Even
then the blood is over 80 per cent
saturated. In men working at this
altitude the blood was found to be 87
per cent saturated with oxygen, a 

Fro. 1.—A series of curves representing the ability of solutions of hemoglobin to hold
oxygen under different oxygen pressures when carbon dioxide under different tensions is
also present. Ordinates, percentage saturation of hemoglobin with oxygen; abscissae
partial pressures of oxygen in millimeters of mercury. Partial pressures of carbon dioxide
used in each sample above curves. (From Bohr, C., Hasselbalch, K., and Krogh, A.:
Skandin. Arch. f. Physiol., 16,402 (1904).)

mm. mercury. In the time of move­
ment of blood through the lungs prac­
tically complete saturation with oxy­
gen occurs. But there is a large
margin of safety; thus, if the oxygen
pressure is only 50 mm. mercury, the
hemoglobin is 80 per cent saturated.

To illustrate: Suppose one is called
to work in a mining property in Peru,
14,200 ft. above sea level. At that 

sufficient degree of oxygenation to
permit active work in most individ­
uals and a comfortable, reasonable
life. As one goes higher the situation
becomes worse. In the Everest expe­
ditions trouble is encountered when
17,000 ft. is reached. Acclimatiza­
tion is necessary' in most of us at
14,000 ft. and at about 10,000 ft. the
body will begin to show evidence of 
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154 ENVIRONMENT AND ITS EFFECT UPON MAN

change in individuals who are becom­
ing adapted.

While the ability of the blood to take
up and hold oxygen is dependent to a
very great degree on the partial pres­
sure of oxygen in the surrounding air,
it is also dependent on other things, 

than 80 per cent. The further sig­
nificance of the carbon dioxide effect is
best appreciated after a glance at
figure 2, which is a similar set of disso­
ciation curves using carbon monoxide
instead of oxygen. The curves are
very similar to those with oxygen, and 

PRESSURE OF CO IN PERCENTAGE OF ONE ATMOSPHERE.

Fig. 2.—A series of curves representing the ability of solutions of hemoglobin to hold
carbon monoxide under different pressures of the gas and under different tensions of carbon
dioxide. Ordinates, percentage saturation of the hemoglobin with carbon monoxide-
abscissae, partial pressures of carbon monoxide in percentages of one atmosphere Partial’
pressures of carbon dioxide used in each sample above curves. (From Doualas C G
Haldane, J. S., and Haldane, J. B. S.: J. Physiol., 44, 275 (1912) ) fa > •

and of these the carbon dioxide situa­
tion is most important. Our family
of curves in figure 1 shows the effect
of carbon dioxide on the ability of the
blood to take up and hold oxygen.
As the carbon dioxide in the environ­
ment increases the curves shift to the
right. At 50 mm. of oxygen pressure
and 5 mm. of carbon dioxide, the
hemoglobin is above 90 percent satu­
rated, but when 40 mm. of carbon
dioxide are present at 50 mm. of
oxygen pressure the saturation is less 

the effect of increasing amounts of
carbon dioxide is quite the same.

Suppose now we give an individual
who has been poisoned with carbon
monoxide 7 per cent carbon dioxide to
breathe. This will increase the carbon
dioxide in the air of the lungs to a
marked degree. It will force carbon
dioxide into the blood and will cause
the blood to be proportionately less
able to hold carbon monoxide and so
will induce more rapid elimination
through the lungs. This is one of the 
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fundamental reasons why the carbon
dioxide treatment of carbon monoxide
poisoning is both rational and success­
ful. When carbon dioxide is given to
patients with carbon monoxide poison­
ing, we employ 7 per cent carbon
dioxide and 93 per cent oxygen. The
high concentration of oxygen assures
as complete as possible saturation of
the available hemoglobin with oxygen.
To illustrate: Suppose we have a
patient who has 60 per cent of his
hemoglobin saturated with carbon
monoxide. He now has 40 per cent
available to transport oxygen. It is
essential, if he is to recover, that he
secure the full 40 per cent saturation
in each passage of the blood through
the lungs. We assist in this by in­
creasing the oxygen in the air from 20
per cent, the normal content, to 93 per
cent. It is also true that in the
presence of such high concentrations of
oxygen as this the release of carbon
monoxide from its combination with
hemoglobin is facilitated. We add the
carbon dioxide in order to push the
carbon monoxide out of the blood as
rapidly as possible and to deepen the
breathing so as to bring in as large a
supply of oxygen as the individual is
capable of obtaining.

It was pointed out by Haldane in
1912 that carbon monoxide is from 290
to 300 times more readily taken up by
hemoglobin than is oxygen. This, of
course, accounts for the fact that such
low concentrations of carbon monoxide
become poisonous.

There are other facts about carbon
monoxide poisoning which are essen­
tially physiological. There can be no
doubt that if pure carbon monoxide is
breathed, that is, carbon monoxide 

generated in the laboratory from the
action of sulfuric acid on formic acid,
man and animals will experience a slow
increase in the red cells of the blood.
If for days and weeks we maintain a
20 per cent saturation of the blood
with carbon monoxide, individuals in
this condition have 80 per cent of the
available hemoglobin for oxygen trans­
port, which is plenty for ordinary use.
But, under these circumstances, it will
be found invariably that the red cells
increase somewhat from in the neigh­
borhood of five million to six or six and
one-half million.

In actual industrial practice we do
not meet pure carbon monoxide. It is
mixed with a great variety of sub­
stances. One can find in the literature
records of both increases and decreases
of red cells in man exposed to an
environment such as that of the ordi­
nary public garage. The decrease is
apparently due to the fact that the
gas in such places frequentljr contains
material of the general t;ype of benzene.
The same is true of illuminating gas.
Since these substances tend to decrease
the number of red corpuscles, in certain
individuals who are non-resistant, low
grades of anemia may appear.

In recent years Barcroft and his
collaborators have brought out the
fact that when an individual is poi­
soned with carbon monoxide the spleen
contracts and forces into the circula­
tion the reserve of red cells which it
invariably carries. In this splenic
contraction we have an immediate
reserve for providing the blood with
all the oxygen carriers that the body
can give us, and this is probably of
some importance in serious cases of
acute poisoning.

The question of chronic severe 
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156 ENVIRONMENT AND ITS EFFECT UPONT MAN

anemias in connection with chronic
carbon monoxide poisoning arises in
the medical literature frequently. Per­
nicious anemia has been described as
the result of carbon monoxide poison­
ing. An example of the sort of thing
that one may expect was reported
from Norway in 1912. A physician
attended three children of the same
family who he thought had pernicious
anemia. One died. The others re­
covered after it was found that a
coke-burning stove in the house was
generating 0.04 to 0.05 per cent carbon
monoxide and the hazard corrected.
One of these children had less than a
million red cells per cubic millimeter of
blood. There can thus be no doubt
that severe anemia follows exposure to
carbon monoxide, but that this can
cause true pernicious anemia is not the
case.

The acute effects of poisoning by
carbon monoxide are not things that
most of us see except experimentally,
and the course of events as poisoning
progresses is naturally enough un­
familiar to us. The best account of
what happens to an individual poi­
soned with carbon monoxide from
minute to minute has been given us by
Haldane in the description of an heroic
experiment he did upon himself and
which I quote here:

EXPERIMENT VII (HALDANE)

Percentage of CO (in air breathed) = 0.21.
Duration 71J minutes.

After 16 min. Pulse 91. No symptoms.
After 20 min. Blood taken. Distinctly a

little pink. Saturation 17 per cent.
After 34 min. Very slight feeling of fulness

and throbbing in head.
After 37 min. Fulness and throbbing more

distinct.
After 40 min. Blood distinctly pinker than

last specimen. Saturation 39 per cent.

After 43 min. Feeling decidedly ‘abnor­
mal.’ Slight hyperpnea and marked
throbbing.

After 45 min. Pulse 104. Breathing dis­
tinctly deeper.

After 54 min. Feel very decidedly abnor­
mal. Vision seems not so good. Slight
feeling of giddiness.

After 59 min. Hyperpnea more distinct.
Beginning to look pale yellowish, and
‘as if ill.’

After 61 min. Blood taken again. Pinker
than last specimen. Saturation 44.5
per cent.

After 63 min. Feel worse shortly after
making any movement in my chair.

After 65 min. Hyperpnea marked, and
slight confusion of mind.

After 71 min. Blood taken. Very pink
tint, slightly more so than last speci­
men. Saturation 49 per cent. Stopped
experiment. Vision dim. Limbs weak.
Had some difficulty in getting up or
walking without assistance, movements
being very uncertain.

After 2 min. from time of stopping. Could
walk fairly straight across the room.
Could write on black board, but letters
not formed as usual, and some mistakes
in spelling, etc. Felt confused.

After 5 min. Felt a little better.
After 6 min. After walking four times up

and down the room I staggered and
nearly fell. On going on I was very
unsteady, often nearly falling, and
grasping uncertainly at various objects
for support. Vision also very indis­
tinct. I seemed to see things, and yet
not recognize their details. I could not
read until after a rest. The exertion
caused considerable hyperpnea, but this
was not much noticed, as the other
symptoms were so much more promi­
nent.

After 12 min. Said over the German nu­
merals correctly up to 25. Still rather
unsteady, and nearly fell when turned
round.

After 13 min. Attempted to walk along the
line of one of the boards of the floor.
Did so with much difficulty and great
staggering and waving of arms.

After 15 min. Immediately after the last
exertion, and while still very confused,
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I was given oxygen to breathe out of a
bag. The effect seemed to be distinct.
After three or four seconds everything
seemed to clear up suddenly, and I was
able to walk steadily up and down the
room carrying the bag. Face also was
said to improve in appearance, and no
longer to look so ‘sickly.’ I breathed
the oxygen for two minutes, and on
ceasing continued to walk, and soon
again became unsteady and confused.

After 22 min. from time of stopping. On
walking quickly up and down the room
I got very unsteady, and could not see
distinctly, or hear the noise of a tap
except faintly. At this point I again
began to breathe from the oxygen bag,
and the effect seemed distinct. After
three or four seconds the confusion of
mind and of perception disappeared
completely, and I was able to run up
and down the room with the bag, with­
out any return of the confusion of mind.
On stopping the oxygen I again began
to feel confused after about a minute of
walking. On trying to run vision
rapidly became dim, and movements
uncertain. Breathing the oxygen
seemed once more to produce the
same good effect, and it was also no­
ticed that my voice seemed to become
more natural.

After 35 min. The symptoms now became
much less marked.

During the whole of the evening after this
experiment I suffered from headache,
but had no nausea or marked loss of
appetite. Within two hours of the ex­
periment I ate dinner as usual. During
the succeeding day I had slight headache.

Haldane’s experiments indicate that
in man increased breathing begins
when the blood is about 30 per cent
saturated with carbon monoxide. Ob­
viously the length of the period of
hyperpnea will depend on the concen­
tration of the gas in the air breathed
which will govern the time the subject
can survive. It is thus fair to expect
that patients poisoned quickly by high
concentrations of carbon monoxide, 

but removed from the gassy atmos­
phere just before the blood carbon
monoxide reaches a fatal level, will
suffer but a brief period of increased
breathing and a consequent less degree
of disturbance in regard to carbon
dioxide and the acid-base equilibrium
of the body fluids than will patients
poisoned slowly by low concentrations
of carbon monoxide. These latter will
receive especial benefit from inhalation
mixtures containing carbon dioxide.

When the carbon dioxide method of
treatment of carbon monoxide poison­
ing was advanced by Henderson and
Haggard about 1920, they produced
experiments which showed that in
animals poisoned by carbon monoxide
the breathing increased and, as a
consequence, the normal carbon diox­
ide content was reduced so that by and
by the blood showed less carbon diox­
ide than it should. They felt that this
situation had something to do with
the failure of breathing and a decided
amount to do with the general ab­
normality of the animal. I have
watched many cases of human carbon
monoxide poisoning, usually too late
in the situation to see this breathing
increase, usually after profound un­
consciousness had occurred and when
the individual was on the way down
hill rapidly. But Haldane’s experi­
ments on himself showed that in the
early stages of the poisoning this
increase in breathing, beyond the
control of the individual, does occur
and it must deplete the body of carbon
dioxide—a clear reason for the inclu­
sion of carbon dioxide in resuscitation
mixtures.

Let us now see what happens in an
animal when carbon monoxide poison­
ing develops to a fatal point. Figure
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158 ENVIRONMENT AND ITS EFFECT UPON MAN

3 is an abbreviated record of an
experiment upon a cat caused to inhale
Boston illuminating gas and air for 40
minutes. At the time breathing ceases
in the first asphyxiation shown in the
upper group of tracings, the condition
of the circulation is still excellent, and
the same thing is true in the second
experiment shown in the lower trac­
ings. As poisoning progresses and
the breathing begins to fail, the sys­
tematic irregularity seen in these two
instances is often broken and breathing 

before many minutes have passed.
Most patients are breathing poorly
but still are breathing, and our experi­
ence has indicated that it is extremely
advisable to give such persons artificial
respiration in order to increase the
volume of air breathed when the
inhalation mixture is first admin­
istered.

Acute fatal carbon monoxide poison­
ing necessarily causes nerve lesions.
These lesions, in summary, consist in
dilatation, stasis, perivascular hemor­

Fio. 3.—1, curve of blood pressure; 2, base line for blood pressure; 3, respiration. Nor­
mal conditions of blood pressure and breathing are shown in the upper left hand corner.
Reading to the right and covering a period of 40 minutes carbon monoxide was inhaled. At
the vertical line the gas was shut off and oxygen and carbon dioxide given. The bottom
tracings are similar and show a second asphyxiation.

becomes a series of gasps of varying
size. Breathing stops before the circu­
lation fails; this is practically invari­
able unless there is a decided cardiac
lesion in the patient. After the stop­
page one probably has, at the most,
not more than 8 minutes before
artificial respiration must be supplied;
otherwise the circulation will collapse
and death will invariably ensue.

That situation explains why we
rarely find cases of carbon monoxide
poisoning who are wholly without
breathing. One must catch them 

rhage and edema, changes occurring
diffusely through the brain. The
edema is particularly severe. It is
perineuronal and perivascular. With
this there is nerve cell damage which
varies in different parts of the brain,
the cortex, corpus striatum, dorsal
vagal nuclei and dorsal areas of the
medulla being most affected. These
latter facts account for the occa­
sional Parkinson’s sequelae. But dam­
age may be diffuse through the entire
brain and in some cases in the spinal
cord which accounts, in its turn, for 
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the development of symptoms not
dissimilar to those of multiple sclerosis.

These are the admitted and neces­
sary facts in connection with fatal
cases of carbon monoxide poisoning.

A long experience in New York City,
the greatest reservoir of this type of
poisoning in the world, however, con­
vinces me that few cases survive severe
poisoning who show very much the
matter with them. There is appar­

following poisoning and it has, as I
myself have experienced, a good deal
of medico-legal importance. People
who have had a mild gassing and sub­
sequently appear with every possible
variety of neurological symptoms and
claim that these date from the event
of the poisoning are numerous and
troublesome, and we desired to find
out whether their claims had any
substantial background.

TABLE 1
Carbon Monoxide Calls Made by Emergency Squads of Various Gas

Companies in Metropolitan New York Area*

YE AB

COUNTIES OF NEW YORK, BRONX,
QUEENS AND WESTCHESTER COUNTY OF KINGS

TOTAL

Resuscitated Dead Resuscitated Dead

1925 t t 444 209 653
1926 1,039 444 554 261 2,298
1927 872 398 473 291 2,034
1928 968 461 553 254 2,236
1929 1,106 545 645 269 2,565
1930 1,038 496 490 218 2 242
1931 989 494 795 289 2,567
1932 1,064 463 659 297 2,483
1933 892 408 613 239 2,152
1934 964 387 4141 148t 1,913

Total........... 8,932 4,096 5,640 2,475 21,143

* From Shillito, F. H., Drinker, C. K., and Shaughnessy, T. J.: J. A. M. A., 106, 669
(1936).

t No figures available.
t Returns incomplete.

ently an extraordinarily small margin
between damage which is necessarily
fatal and survival. People are either
killed or the damage has not occurred
to a sufficient degree to register itself
in the future at all. During the past
year, with Dr. Shillito of Columbia
and Mr. Shaughnessy in charge of the
emergency work of the Consolidated
Edison Company of New York, I have
had opportunity to make an investiga­
tion as to this question of nerve lesions 

The Consolidated Edison Company
of New York maintains twelve emer­
gency crews in all parts of Man­
hattan and nearby. Men on 24 hour
duty are equipped with the best
possible means for immediate resusci­
tation work and all are thoroughly well
trained. In addition to this, they are
trained to keep records as to the condi­
tion of patients, so as to report on
pulse and respiration. Such records
supply data on the immediate event of 
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160 ENVIRONMENT AND ITS EFFECT UPON MAN

poisoning and, furthermore, data on
the number of poisonings occurring
during a certain period of time.

Table 1 shows the number of cases
occurring during 10 years. Observa­
tions began early in 1925, when the
emergency service was operating uni­
formly and satisfactorily, and run
through 1934. During that time there
were 21,143 cases of carbon monoxide
poisoning. These cases, if severe, are 

private care. All of them, sooner or
later, gravitate to one of the charity
hospitals for mental or nervous cases.

During the same period of years
these mental hospitals had 81,659
admissions of mental and neurological
cases, as shown in table 2. Dr. Shil­
lito and Mr. Shaughnessy searched
the records with the assistance of the
staffs of the hospitals with the utmost
care. Out of this search they were 

TABLE 2
Total Admissions in Ten Year Period in Mental Hospitals Serving New York

Metropolitan Area, Including Psychoses Due to Carbon
Monoxide Intoxication*

FISCAL
YEAH

STATE HOSPITALS

TOTAL
CAHBON

MONOXIDE
CASESManhattan Brooklyn Hudson

River
Central

Islip
Kings
Park Rockland

1925 2,529 1,043 717 1,321 1,221 6,831 2
1926 2,221 1,274 793 1,324 1,098 6,710 1
1927 2,363 1,406 734 1,667 1,119 7,289 4
1928 2,317 1,529 788 2,020 1,277 7,931 1
1929 2,297 1,523 819 2,008 1,107 7,754 1
1930 2,317 1,629 841 2,017 1,302 8,106 8
1931 2,223 1,606 907 2,170 1,150 It 8,057 7
1932 2,358 1,543 829 2,027 1,290 795f 8,842 4
1933 2,004 1,917 721 2,261 1,663 l,457t 10,023 4
1934 2,531 1,895 634 1,933 1,551 l,572f 10,116 7

Total.... 23,160 15,365 7,783 18,748 12,778 3,825 81,659 39

* From Shillito, F. H., Drinker, C. K., and Shaughnessy, T. J.: J. A. M. A., 105,669
(1936).

t Exclusive of transfers.

sent to such general hospitals as
Bellevue and then, if they develop
sequelae, are distributed through the
Metropolitan District to the mental
hospitals. We could feel confident
that if there were in those 21,000
individuals any serious number of
mental or neurological sequelae they
would find their way to the mental
hospitals in the district. Very few
of the people poisoned by carbon
monoxide are wealthy or capable of 

able to find 39 admissions in 10 years
who were sent to the hospital with
nervous or mental diseases dating with
certainty from the carbon monoxide
episode. To these 39 cases, four
others have been added which occurred
before or after our 10-year period.
Table 3 displays them all.

Obviously, from the nature of the
pathology of carbon monoxide in fatal
cases, we may expect diffuse distribu­
tion of lesions and we may expect a 
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certain number to suffer mentally.
It is, however, quite clear that the
number of cases of carbon monoxide
poisoning that show nervous or mental
sequelae is exceedingly small and that
such after-effects never appear unless
poisoning has been exceedingly severe.

There is a further interesting aspect
of the problem, namely, the number
of people showing sequelae that are

TABLE 3
Incidence and Type of Neurologic Le­

sions Occurring Following Carbon
Monoxide Poisoning*

NUMBEB
OF

CABEB

1. Showing muscular hypertonia
(increased reflexes, perhaps
clonus and positive Babinski)
(1 shows signs after 2 yrs.).......

2. Showing hypertonia and some de­
gree of peripheral neuritis (2
permanently)...........................

3. Showing parkinsonism (3 perma­
nently) ......................................

4. Showing parkinsonism and some
degree of peripheral neuritis..

5. Showing only peripheral neuritis.
6. Showing no neurologic signs.....
7. Dying before complete neuro­

logic examination....................

9

5

4

1
4

10

10

Total............................................... 43

* From Shillito, F. H., Drinker, C. K.,
and Shaughnessy, T. J.: J. A. M. A., 10G,
669 (1936).

reasonably permanent who showed a
clear period after the poisoning—a
clear period of from 7 to 23 days.
That is, they were badly poisoned in
every case and then were apparently
well, but after a week or more some­
thing began to happen. An illustra­
tive case is as follows:

Case Illustrating Clear Period
A woman, aged 51, a Danish housewife,

did not have a contributory past history.
She was found unconscious from illuminat­
ing gas exposure and removed to the hos­
pital, where she remained unconscious for
from 40 to 50 hours. After 5 days she was
discharged from the hospital, apparently
entirely recovered from the gas poisoning,
except for a little weakness. In 2 weeks,
however, her gait became unsteady and her
mental state changed from clarity to con­
fusion and bewilderment. She was ad­
mitted to another hospital for observation.
There it was found that she was mentally
confused.

On the 52nd day she was transferred to
the Hudson River State Hospital. On
physical examination on admission no
remarkable changes were noted except on
the neurologic side. In this respect there
was a noticeable blank, expressionless ap­
pearance to the face. The knee jerks were
increased. There was a coarse tremor of
the hands. Skin sensitivity to touch, cold
and heat was diminished over the entire
body. Mentally the patient was abnormal.
She was anxious and disoriented. There
were no hallucinations or delusions. Uri­
nalysis showed a specific gravity of 1.021,
a faint trace of albumin and no sugar, and
the sediment was clear. The Wassermann
reaction was negative.

On the 59th day the progress note said
that the patient had cleared mentally so
that she was well oriented and more inter­
ested. She complained of vague pains over
the body.

On the 94th day the progress note said
that the patient felt that she was thinking
more easily. She was mentally clear on
examination. On the 116th day all neuro­
logic signs, including the diminished skin
sensitivity, had cleared.

On the 123d day the patient was paroled.
On the 266th day the patient reported

that she was feeling better every day. She
was going to movies and the like.

On the 490th day she got her permanent
discharge papers.

The diagnosis was psychosis due to
drugs or exogenous toxins (illuminating
gas) and confusion.
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162 ENVIRONMENT AND ITS EFFECT UPON MAN

The explanation of such clear periods
is difficult. It probably depends on
what is observed if one ties off a good
part of the circulation to the head of an
animal. Such animals are often very
much more normal, both pathologi­
cally and in their ability to get about,
immediately after recovery from the
anesthetic, than they are a week later.
Apparently, at the end of the 7th or
10th day, there is a reaction in con­
nection with the repair of the damage
which results in edema and in further
interference with blood supply. It is
at that time that acute symptoms
may appear. This may be the case
in these individuals who have been
poisoned by carbon monoxide. They
suffer from some neurological damage
at the time of the asphyxiation.
Then, as they attempt to repair the
damage, further degrees of edema and
lack of blood supply occur and it is at
that time that symptoms begin.

Treatment

Finally, a few words about treat­
ment. The inhalation treatment of
oxygen and carbon dioxide came to us
about 1921. We are beginning to
know something of what can be accom­
plished by it provided other measures
are also instituted. I think that
what I now have to show you indicates
the result not only of a very well
administered treatment, but also a
correlation of technic between the
emergency crews of the New York
gas companies, police and firemen, and
certain other things in connection with
the education of the public. It seems
undeniable, however, that better tech­
nic in immediate treatment has re­
sulted in some of the improvement
which we can see. Table 4 shows the 

trend of suicidal and accidental deaths
from carbon monoxide during 9 years.
Accidental deaths are beginning to
be reasonably few. The total deaths
also seem to be coming down with a
fair degree of significance, but we can­
not control the incidence of suicide,
and carbon monoxide poisoning will
probably be a very favored method of
suicides as long as we use gas.

All through that period, New York
had the same medical examiner, Dr.
Charles Norris, so that the medical

* From Drinker, C. K.: Am. Gas Assn.
Monthly, 12, 444 (1935).

TABLE 4
Deaths from Illuminating Gas Poison­
ing in New York City. Statistical
Report of the Chief Medical Examiner

of the City of New York*

TEAR SUICIDES ACCIDENTAL
TOTAL

(SUICIDE
AND

ACCIDENTAL)

1926 371 812 1183
1927 457 611 1068
1928 520 567 1087
1929 582 502 1084
1930 616 413 1029
1931 636 298 934
1932 649 262 911
1933 531 197 728
1934 462 213 675

data come from the same source.
And we had the same methods of
treatment from 1926 until we reached
1929, when we changed the concen­
tration of carbon dioxide in the gas
mixture from 5 to 7 per cent. Figure
4 shows the cases treated by the
emergency men year by year. Early
in 1929 we changed to 7 per cent car­
bon dioxide from 5 per cent. You see
there are 1,128 total cases of which
only 40 died following treatment, and
that seems to continue to improve.
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It was the only change of which I
know. The 7 per cent of carbon
dioxide has since this time been
adopted all over the world and is, I
think, a large enough amount. We
have used 10 per cent during the past 2
years in certain situations but are
unable to observe that it gives us in the
least degree a better result than the
7 per cent, and those of us who have

BO 77 77

1126

wa

803

899
932 ~~

1020

791

TCAR >926 1927 1920 >929 >900 1931 >932 >933

TOTAL 990 OOO 970 >160 900 902 1045 0>0

Fig. 4.—Columns indicate the total num­
ber of cases of carbon monoxide poisoning
treated by emergencj® crews in New York
by years. Shaded areas give the number of
deaths occurring in treated cases. Early
in 1929 the 5 per cent carbon dioxide and 95
per cent oxygen used for inhalation was
replaced by 7 per cent carbon dioxide and
93 per cent oxygen. From Drinker, C. K:
Am. Gas Assn. Monthly, 12, 444 (1935).

breathed carbon dioxide persistently
in the laboratory know that 10 per cent
carbon dioxide is capable of causing
severe headache. So I have felt that
7 per cent is the safe place to stop.

The reasons for changing to 7 per
cent are easy to demonstrate and are
shown in figures 5 and 6. Each of
these curves represents an individual.

In figure 5, from the beginning of the
curves to the vertical line each subject
is breathing air and the amount of air
breathed is measured in litres per
minute, the average being somewhere
around 10 litres per minute. At the
vertical line they have been put on 5
per cent of carbon dioxide in air. The
breathing changes, but on the same
mixture individuals breathe differ­
ently. One subject experiences com­
paratively little increase in breathing

Fig. 5.—Response of six young men to
inhalation of 5 per cent carbon dioxide in
air. Ordinates, minute-volume in liters;
abscissae, time in minutes. (From Heller,
E., Killiches, W., and Drinker, C. K. :
This Jour., 11,293 (1929).)

from 5 per cent dioxide. Obviously a
5 per cent mixture would not do him
very much good if he were poisoned.
When, however, we change to 7 per
cent carbon dioxide, then we invari­
ably get a tremendous increase in
breathing such as you see in figure 6, B.
We were unable to find any one who
did not react with an increase of
breathing of substantial magnitude to
7 per cent, and so selected that
concentration.
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164 ENVIRONMENT AND ITS EFFECT UPON MAN

Some one will certainly ask about
methylene blue, which has appeared
and, I should say, disappeared. I
cannot see from the laboratory data
that have been provided that it has
much place in carbon monoxide poi-

use of methylene blue which has not
any properties w’hich are worth while.
But, in any event, it has not justified
itself as a remedy and we have nothing
better to offer at the present time than
proper use of artificial respiration

Fig. 6.—Effect on the same person of breathing 5 and 7 per cent carbon dioxide. A:
■ = 5.02 per cent carbon dioxide in air, March 15, a.m.; • = 4.94 per cent carbon dioxide
in air, March 15, p.m.; A = 5.02 per cent carbon dioxide in air, April 5, a.m.; + = 5.05 per
cent carbon dioxide in air, April 5, p.m.

B: ■ — 7.01 per cent carbon dioxide in air, April 29, a.m.; • = 7.01 per cent carbon diox­
ide in air, April 29, p.m. Vertical lines in both curves indicate beginning of carbon dioxide
inhalation. Ordinates, minute-volume in liters; abscissae, time in minutes. (From Heller,
E., Killiches, W., and Drinker, C. K.: This J., 11, 293 (1929).)

soning, though it may be of use in
cyanide poisoning, and there are
reports recently of substantially bad
reactions. It is a difficult drug to keep
stable and it is possible that some of
the poor results have been due to the

combined with the inhalation mixture,
artificial respiration being given in all
cases where the breathing seems to be
weak.

There is a tradition that individuals
who were breathing at all should not
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be given artificial respiration because
somehow or other the operator and
the patient got out of time and the
respiratory center became confused,
and the individual had to relearn his
breathing as he recovered. That the­
ory may be disregarded.

The thing that these people need is a
large supply of air in the lungs as

quickly as possible. If they get it and
they are breathing at all, they will
probably recover; they should be given
artificial respiration at once if there is
the least doubt that the inhalation mix­
ture is not getting into the lungs in a
proper amount. As soon as it does,
the breathing vail pick up and take
care of itself.

The Environment and its Effect Upon Man (1937)
ACL Doc 25275 · Page 89 of 155

Published by AsbestosClaims.Law

asbestosclaims.law/library/25275/89

https://asbestosclaims.law/library/25275/89


TOXIC ORGANIC VAPORS AND GASES*

John H. Foulgek

SINCE 1828, when Wohler syn­
thesized urea and laid the foun­
dation of organic chemistry, the

number of new carbon compounds has
reached the hundreds of thousands.
As a rough estimate, about 25 to 30
per cent of these are liquids or gases
at room temperature. But although
they are a minority in number, yet as
a source of harm, gases and liquids are
a majority. Very few chemical proc­
esses are carried out without a solvent,
either as the reaction medium or in
separation of the reaction products.
Every use of a Equid involves the pos­
sibility of vapor formation. In many
new processes a vapor phase is delib­
erately produced, since the molecules
of a vapor, being more widely sepa­
rated than those of the Equid, offer a
greater chance of coUision with mole­
cules of other vapors in a mixture and
therefore greater reactivity and a
higher yield of the reaction product.
The possibiEty of hazards from vapors
therefore is increasing rather than de­
creasing.

If toxic, these organic materials are
capable of producing the most insidi­
ous hazard which we encounter in in­
dustrial medicine. Vapors and gases
are usually invisible and often devoid
of odor. Their toxic effects are often
produced without warning of exposure.
They will penetrate by diffusion all

* From the Haskell Laboratory of Indus­
trial Toxicology, Wilmington, Delaware. 

parts of a room in which they are
Eberated. Many vapors wiU be con­
densed upon surfaces with which they
come into contact, especiaUy moist
surfaces. Thus they may collect on
the skin of the worker or may accu­
mulate in clothing in quantities far
greater than those found in the air.

To realize the nature of the dangers
from toxic vapors and gases we must
recaU the routes taken by materials
introduced into the body. Substances
ingested may exert a local action upon
the mouth and the digestive tract, or
if devoid of such action may be ab­
sorbed in the intestines. Such ab­
sorption is usually variable, influenced
not only by the physico-chemical prop­
erties of the material but by its reac­
tion with the enzymes of the digestive
tract as well as with food and by­
products of food digestion. After ab­
sorption the major portion of this ma­
terial passes into the portal circulation
and may be detoxified by the Ever
cells. Materials introduced rectally,
if absorbed, mostly pass into the in­
ferior vena cava and so to the right
heart. Approximately one-third may
pass directly to the portal circulation
and the Ever. But substances in­
haled can pass rapidly into the blood
stream and so to the heart and general
circulation; often they pass especially
rapidly to the central nervous system.
In such cases the detoxifying action of
the liver can play but a very small 
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part. The action on the heart or on
the central nervous system can be more
rapidly induced than by any other
route except direct injection into the
venous blood stream. Therefore,
other things being equal, a toxic ma­
terial may often be relatively more
dangerous if inhaled than if ingested.

The absorption of a toxic material
presented as a vapor can be stopped if
the worker be removed from the at­
mosphere containing it. Absorption
of a vapor through the alveolar waUs
depends, among other things, upon
its partial pressure in the lungs. It
wifi continue as long as this partial
pressure is greater than that in the
blood stream. In this connection
Claude Bernard used a very interesting
lecture experiment. Sulfuretted hy­
drogen, inhaled by a dog, is rapidly
fatal, but if injected intravenously—
of course with due precautions against
gas emboli-—it is harmless because the
partial pressure in the lungs is much
lower than that in the blood and the
gas is rapidly exhaled. We aU now
realize the difference in our abflity to
control anesthesia produced by in­
halation of ether or nitrous oxide
compared with our control of that in­
duced by injection of a barbiturate.

Of course, vapors which must be
taken into the respiratory tract if they
be present in air, are not necessarily
always absorbed into the blood and
tissues. Absorption will depend upon
their solubility and their chemical re­
activity. Many materials wfll be pre­
cipitated by the moist secretions of
the upper respiratory tract or may
penetrate as far as the alveoE and
there be precipitated. Then, if they
have no irritative action, they may
merely act as foreign bodies. As such 

they may produce coughing and reflex
attempts to remove them, or they may
be inert for a long time and be de­
stroyed slowly by the action of the
tissues upon which they are deposited.
Other vapors having irritant action
may produce local reactions which,
whUe causing serious respiratory em­
barrassment, wiU prevent absorption
into the system. But still others may
have no local action and may be so
soluble that they pass directly into
the blood stream. Here they may
produce immediate changes in the
composition of the blood, interfering
with its oxygen carrying capacity, or
they may be without action until dis­
tributed to the tissues.

Thus the general possibilities of haz­
ards from inhaled gases or vapors are:
—fairly mild respiratory embarrass­
ment such as might be caused by a
foreign body; upper respiratory, bron­
chial or pulmonary irritation, or all
three, leading to acute respiratory dis­
tress with pulmonary edema and
hemorrhages, cyanosis, asphyxia and
death; respiratory distress and cy­
anosis following changes in the oxygen
carrying capacity of the blood; and
finaUy, toxic conditions produced by
materials winch do not affect respira­
tion but whose action is first evidenced
by malfunction of the brain, heart,
liver, kidney or other organs.

Vapors of the less volatile materials
or even of volatile materials in a hu­
mid atmosphere, may often produce a
hazard by skin absorption. Such are
quite often insoluble in water and are
precipitated by contact with moist
surfaces such as skin and clothing wet
with perspiration. If fat soluble, they
may be absorbed through an intact
skin. If not fat soluble, absorption
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168 ENVIRONMENT AND ITS EFFECT UPON MAN

may occur through the ever-present
small lesions of the skin or through le­
sions produced by chemical action of
the material itself. In either case
the hazard may be important. It
must always be remembered also, that
a vapor, when inhaled, must pass into
the nose and mouth. There it may
be condensed and swallowed with the
saliva, causing a hazard by oral route.
Sometimes air analysis may detect
vapors in such low concentrations that
risk by inhalation is of minimal im­
portance. Yet risk of intake by other
routes may still exist and lead to seri­
ous results.

There are considerable difficulties in
the study of hazards due to organic
vapors and gases. In the first place,
since they may be present in the air
in very low concentrations (except
when containers or pipe lines are
broken) special methods of air sampl­
ing must be used. Usually the meth­
ods involve either condensation of the
material in tubes immersed in freezing
mixtures or adsorption of the vapor by
activated charcoal. The method em­
ployed must be governed by the prop­
erties of the gas or vapor but also must
be suited to its detection and estima­
tion. The procedure of collection
must be as simple as possible as must
also be the method of analysis.

It is in the matter of analysis that
we are faced with the greatest diffi­
culty. The majority of hazards from
organic compounds result from their
use as solvents. Now a solvent is not
chosen for its chemical activity but for
its ability to disperse materials placed
in it. Solvents, therefore, are sub­
stances of relatively low chemical re­
activity under the conditions in which
they are used. They are usually ali­

phatic hydrocarbons or their halides,
alcohols, ester or ethers. While, as
groups, it is possible to differentiate
and estimate these compounds, it is
extremely difficult to identify, and
much more to estimate, individual
members of the groups. This fact is
not always realized by the chemist.
Dealing as he does with large samples,
he can often use some physical prop­
erty, such as boiling point, for identi­
fication. But in air sampling one’s
total sample, collected by an air flow
of 10 liters per minute throughout an 8-
hour day, may be a matter of thous­
andths of a cubic centimeter of the
liquid from which the vapor is formed.
Fractionation by physical means is im­
possible. So also, in many cases, is
identification. Thus one might esti­
mate the total halogenated hydrocar­
bon vapor in air by passing the
vapor-air mixture through a red hot
tube and collecting the hydrochloric
acid formed in silver nitrate solution.
But as yet we have no means of saying
whether the halogen compound is tri­
chlorethylene or carbon tetrachloride,
or whether it is a mixture. We might
obtain this information from the
operator of the process but still we can­
not estimate the relative values of each
component in a mixed hazard. For
this reason, in medical studies of the
industrial risk of certain processes we
must not jump rashly to conclusions
and ascribe to one agent alone effects
which are possibly the result of the
activity of more than one agent. A
mixed hazard is especially liable to
occur with halogen or sulfur com­
pounds. Such substances, if they
come into contact with hot metal or
open flames, decompose to give not
only toxic inorganic gases—hydro­
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chloric acid and sulfur dioxide—but
also volatile organic compounds such as
phosgene. These, being irritants, cause
respiratory disturbance and also by the
damage which they do to alveolar
membranes, facilitate the absorption
of the materials from which they are
produced.

Protection against organic vapors
can usually be obtained by adequate
ventilation. In devising systems of
ventilation the physical properties of
the vapor and its mother liquid must
be considered. For instance, if the
vapor be heavier than air, ventilation
will best succeed in removing it at a
level below the shoulders of the work­
ers, keeping the concentration low at
the face level. It is ridiculous to use
forced ventilation above a tank of
liquid producing heavy vapor—the
result is merely to facilitate vaporiza­
tion and increase the concentration at
a level which it would not normally
reach. Yet such a scheme has been
used in plants in which halogenated
hydrocarbons are employed in cleaning
metal parts.

The most dangerous exposures to
organic vapors occur in the breaking
of containers or pipe lines or in the
careless opening of vats while the con­
tents are still at a high temperature.
If it is ever necessary to open tanks
during an operation the workers
should be adequately protected not
only with an air-line respirator but
with goggles and gloves. A similar
protection should be given when any
accident occurs throwing large con­
centrations of vapor into a small
space. Ordinary respirators are often
inadequate protection against vapors.
Many organic vapors—especially me-
tallo-organic compounds—are not 

easily adsorbed by the materials used
in general service respirators. Even if
they are adsorbed it must be remem­
bered that the capacity of these res­
pirators is limited. They can only
deal adequately with low vapor con­
centrations. This is a simple matter
of physics. No adsorbing medium
will take up molecules unless they
come into close contact with it. Fre­
quency of contact is dependent upon
the surface area of the adsorption
agent and the concentration of the
material to be adsorbed. Efficient ad­
sorption only occurs when the surface
is large compared with the number of
molecules of vapor in unit-space.

Since vapors may produce a hazard
by skin absorption—the result of col­
lection on clothing or on dirt on the
skin—cleanliness of body and clothing
is necessary. Plenty of soap and
water is a good mode of protection.
But the soap must not be abrasive or
so alkaline as to cause skin irritation
for this would increase the risk of
vapor absorption by producing lesions
which are places of entry for toxic
material.

It is obvious that in the present state
of our knowledge protection against
toxic organic vapors is dependent upon
mechanical methods—adequate ven­
tilation applied in a manner consistent
with the physico-chemical properties
of the vapor; cleanliness of the skin
and clothes at all times; and in emerg­
ency, the use of respirators of such a
type that the worker breathes air from
a special source, never contaminated
with the vapor. If such precautions
be followed, the hazards will be re­
duced to a minimum. Finally, unless
there be adequate information as to
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170 ENVIRONMENT AND ITS EFFECT UPON MAN

the toxicity of a given vapor (and at
present this information is very re­
stricted) all vapor should be regarded
as toxic and all precautions taken for
protection.

First aid measures in poisoning by
organic vapors and gases will depend
considerably upon the properties of
the toxic material. First, however,
the victim must be removed from the
site of exposure. This will lower the
vapor tension in the alveoli and not
only stop absorption but often allow
exhalation of vapor already absorbed.
If the vapor be irritant, great care
must be taken in using any form of
artificial respiration. Manual meth­
ods are very likely to produce pulmon­
ary edema or increase it if already pres­
ent as a result of the action of the
vapor. Cardiac failure may follow.
The best treatment for poisoning
which affects respiration is usually ab­
solute rest with continued medical ob­
servation for 24 to 48 hours. Oxygen
or oxygen-carbon dioxide mixtures may
be used to control respiratory difficul­
ties. Venesection may help consider­
ably in reducing pulmonary edema.
Heat will combat shock.

Many of the results of poisoning by
organic vapors and gases may not ap­
pear soon after the exposure. Toxic
action upon the liver, kidney, bone
marrow or central nervous system may
be delayed. Continued clinical ob­
servation is necessary with, of course,
suitable laboratory tests, but it must
be remembered that laboratory tests
are usually only positive when con­
siderable tissue damage has taken
place—when the tissue reserve is
greatly depreciated.

Our information on the pathology
of poisoning by organic vapors is de­
fective. Most studies contain in­
formation about fiver or kidneys but
very little about changes in the heart
and almost none concerning the cen­
tral nervous system. It is very im­
portant that the central nervous
system should be studied more inten­
sively, not only in laboratory experi­
ments with animals but by thorough
autopsies on industrial fatalities.
Only by careful clinical and pathologi­
cal observation can we overcome our
ignorance of a source of industrial
risk which is rapidly increasing in im­
portance.

TOXIC DUSTS AND FUMES*

Lawrence T. Fairhall

FROM the point of view of indus­
trial toxicology the distinction
between toxic dusts, fumes, and

gases is not very sharp. In industry
one may find (and often does) that
workers are exposed to a toxic sub­
stance in both a dusty and a gaseous
form. For instance, where mercury is
carelessly spilled on floors it becomes
ground to a state of extremely fine
subdivision and under certain condi­
tions may be breathed as dust, while
the vapor tension at room temperature
is such that it also exists in the atmos­
phere in the gaseous form. On the
other hand, some dusts, in themselves
quite inert, may serve as carriers for a
toxic substance. Fume occupies a
position, intermediate between dust
and gas and is more or less synony­
mous with smoke. Certain substances
such as zinc oxide may give rise to
toxic action when inhaled as fume and
yet be relatively inert when inhaled
as dust.

In spite of many suggestions, no
very satisfactory classification of toxic
dusts has been made. This is not
surprising in view of the fact that
toxicity itself is a very elastic term.
Perhaps for practical purposes it
might be useful to say that one dust
is more toxic than another, but so
many factors are involved, such as
degree of subdivision or particle size,

* From the Department of Physiology,
Harvard School of Public Health, Boston. 

retention, and individual suscepti­
bility, that such a distinction after all
is not very useful. As an instance of
this one might cite the fact that air
dusty with ragweed pollen can be and
is breathed by numbers of people
without the realization that it varies
in any way from air at other seasons,
while to those susceptible it causes the
greatest distress. Similarly, in indus­
try there appear to be varying degrees
of susceptibility to such substances as
tetrachlorethane, chlornitrobenzene,
and several of the metallic dusts.

With the exception of silica, particle
size plays a less important role than
would be expected. In the case of
metal fume fever the size of the par­
ticles is, of course, important but this
is in general a minor industrial hazard.
Probably the reason that most of the
toxic dusts react with less reference
to the degree of subdivision is largely
due to their greater solubility or re­
activity. Nonetheless, the particle
size of any toxic dust should receive
consideration.

The damage arising from the in­
halation of toxic dust may be either
local or remote and depends upon
whether the material is a protoplasmic
poison, whether it is caustic in reac­
tion, or whether it is absorbed into
the blood stream and carried to other
centers which are affected in turn.
Thus, bichromate dust commonly per­
forates the nasal septum, tar dust 
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172 ENVIRONMENT AND ITS EFFECT UPON MAN

produces lung tumors, while ultra-
marine is quite inert to the lung tissue
and chiefly affects the Ever. In
general, the toxic dusts produce remote
rather than localized effects and for
precisely this reason it is important
in industry that these effects—often
giving rise to very obscure symptoms—
should be looked for early before
extensive damage has occurred. This
places a great burden of responsibility
upon the employer. Frequently, how­
ever, instead of meeting the problem
this way the easier course is taken of
increasing the rate of labor turnover.

The toxic dusts and fumes of out­
standing importance in industry, if we
except silica and asbestos, are not
particularly numerous. Arsenic, mer­
cury, lead, phosphorus, manganese,
cadmium, zinc, hexavalent chromium
compounds, fluorides and silico-fluor-
ides, certain dye stuff intermediates,
and other organic compounds, claim
our immediate attention. This by no
means closes the list for we have
caustic dusts such as certain basic
salts, calcium and barium hydroxides,
and tar dust, numerous merely irritat­
ing dusts and fumes, and such dusts
as wool sorters and jute handlers are
exposed to and which carry a marked
mortality due to anthrax and tetanus.
The latter are certainly difficult to
classify as toxic dusts yet are nonethe­
less dangerous to those exposed to
them.

Phosphorus fume as a cause of
industrial disease is commonly thought
to have disappeared with the severe
legal restrictions against the use of
yellow phosphorus in match factories
and its substitution by red phosphorus
and more particularly the sesqui- 

sulfide (P4S3). However, Ward (1) has
shown that yellow phosphorus is still
being used in certain fireworks fac­
tories. The use of this type of phos­
phorus in these establishments and
also in the manufacture of rat poison
together with the occasional appear­
ance of cases of phosphorus poisoning
in hospitals show that an industrial
hazard, although a minor one, still
exists.

Lead, because of its great im­
portance in industry, its known effects
as fume, and the degree and ease of
control that can be exercised, has
received by far the most attention
amongst hygienists. To discuss it
here is merely retelling an old story.
Due to the widespread knowledge of
the hygiene of lead and the measure of
control that is possible, lead is losing
ground from the point of view of
toxicological importance. Hoffman (2)
points to a decided decrease in lead
poisoning in the United States. This
decrease has been brought about prob­
ably by adequate ventilation more
than by any other one factor. The
elaborate safeguards against the oral
ingestion of lead compounds which
the older hygienists evolved are of
far less importance than protection
against breathing lead dusts or fume.
Lead absorption is always greatest
among those exposed to freshly-formed
lead fume. For instance, in burning
lead (a very hazardous trade if the
worker is unprotected) it has been
found that lead absorption occurred in
100 per cent of the cases examined (3),
whereas, in spray painting only 44
per cent indicated lead absorption.
It is interesting to contrast these real
industrial hazards with pseudo-haz­
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ards that are announced from time to
time. For instance Lipkovich (4)
calls attention to a certain American
typewriter having a lead cushion upon
which the type bars fall when com­
pleting their back stroke. He states
that he found lead poisoning symptoms
to a greater extent in the typists using
this machine than in other workers.

The fact that lead poisoning as such
is lessening does not mean that prompt
and energetic measures against indus­
trial exposure are unnecessary. The
prevalence of lead poisoning in any
plant or a sudden outbreak of lead
poisoning in any industrial work is as
much a reproof to the hygienist as an
outbreak of typhoid fever from a city
water supply.

Although arsenic does not occupy a
place in industry to compare with
many other hazardous substances, its
properties give it a high rating among
the toxic dusts. Injury from it is
definite and very often fatal. Only a
rapid labor turnover keeps the number
of reported cases low. Even so, in a
study of 42 workers in Paris green
made in 1917 by the New York De­
partment of Labor (5) practically 60
per cent had definite symptoms of
arsenic poisoning. The toxicity of
arsenic and its compounds varies
greatly. The dust of metallic arsenic
is said by many to be quite innocuous
while arsine and many organic arsenic
compounds in gaseous form are ex­
tremely toxic. Of a number of cases
of exposure to arsine reported by
Guelman (6) 20 per cent had a fatal
outcome. Arsine is quite different in
its action from the dust of arsenical
salts and compounds. Cases of poi­
soning occur from time to time in 

pickling metals where the arsenic is
present either in the acid or in the
metal, in cleaning acid storage tanks
where washing has been incomplete,
or in the gases evolved from storage
batteries in submarines. Several cases
of this latter type have been reported.
Before legal restrictions were imposed,
cases of poisoning with fatal outcome
were reported on ships transporting
ferrosilicon where the latter had be­
come wet. In some of these cases
phosphine as well as arsine was the
offender. While arsenic is no longer
used in the manufacture of coal-tar
dyes a source of arsenic poisoning
exists in the reduction of intermediates
by other metals, such as zinc, mag­
nesium, and iron, where the arsenic
exists as impurity either in the metal
or acid. Bomford and Hunter have
recently shown that even quencliing
material containing arsenides with
water has caused arsenical poisoning
and deaths (7).

Arsenic is used in enormous quanti­
ties at the present time for the prepara­
tion of lead arsenate which is taking
the place of copper arsenite, or Paris
green, for spraying fruit and vege­
tables. Furthermore, the packaging
of this material calls for dry packing
instead of the paste form formerly
used. This naturally makes the han­
dling more hazardous.

As I have already mentioned, the
action of arsenic salts or compounds
in general is different from that of
arsine. The latter causes vomiting
in most cases, albuminuria, jaundice,
and produces a hemolytic effect on
the red blood cells. Fatal termination
is frequent. Arsenical dusts, on the
other hand, usually produce trouble­
some skin lesions—first of all an
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edematous condition with inflamma­
tion and eventually ulceration. Wher­
ever the dust comes into contact with
the skin and is held by perspiration,
in folds (as around the edges of respira­
tors), ulcers develop. Perforation of
the nasal septum is common. That
slow absorption does occur is evidenced
by bronzing and in severe cases gastric
symptoms occur.

The very uncomfortable effects of
exposure to arsenic dust probably
more than anything else lead to the
rapid labor turnover, so that sta­
tistically, poisoning from arsenic dusts
does not appear to be as serious as it
really is.

Poisoning from antimony dust or
fume is rare in industry although it
has been reported with reference to
type founders (8) and the experimental
changes produced in animals by anti­
mony, namely, a decrease in neu­
trophils and an increase in mononu­
clears, are similar to the typical blood
picture of type founders.

Mercurial poisoning in industry
seems to center rather in the inhala­
tion of mercury vapor rather than in
mercury dusts although in the hatters
furriers’ industry dust probably is a
contributing cause. Of the 259 cases
reported in 32 years in Great Britain
between 1899 and 1931, 47 cases were
reported amongst hatters and the
remaining 212 cases in industries in
which mercury fume or vapor would
seem most likely the causative agent.
Absorption by the skin of mercury as
compounds or as metallic mercury in
finely divided form is also a possible
means of invasion. The commercial
installation of mercury boilers is a
potential source of mercury poisoning
through leakage.

Poisoning by mercury where it is
not acute is slow and insidious and
while chronic mercurial poisoning does
not lead to a rapid death, its impair­
ment of tissue function is so drastic
that the worker is in worse case than
with many of the other industrial
poisons. Mercury is constantly giving
off vapor and thus it contaminates the
air where it is exposed. Thus, the
concentration of mercury in air satu­
rated with mercury vapor is 1.84 parts
per million at 20°C. and 8.5 parts per
million at 40°C.

Obviously, the degree of saturation
depends upon the temperature, pres­
sure, rate of air exchange, and amount
of surface exposed. Since mercury
vapor is very heavy, it tends to collect
on the surface and hinders further
volatilization in still air.

Recently, Alfred Stock (9) has sug­
gested a novel means of protection
against mercury vapor. He has effec­
tively demonstrated that activated
charcoal impregnated with about 5
per cent of iodine will protect against
mercury vapor and suggests the use of
this material in gas masks. The im­
pregnated charcoal can also be sprin­
kled upon open areas or cracks con­
taminated with metallic mercury, thus
fixing the mercury vapor in a sense
and preventing its further distribution.

Manganese and zinc poisoning are
of less interest to the industrial toxi­
cologist—the one because of its rarity
and the other because chronic poison­
ing apparently does not occur. Ac­
cording to Schwarz and Pagels (10)
in their investigation of manganese
poisoning, examination of the blood for
anemia gives certain indication of
poisoning.

Similarly, tellurium and selenium, 
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industrial silver, and thallium dusts
are as yet of no great industrial interest.
Thallium fume, however, is extremely
toxic and in this connection I would
like to point out a source of exposure
small, it is true, but not mentioned
so far as I know in the literature of
industrial toxicology. In the spectro­
graphic analysis of materials arcking
causes a surprising amount of fume.
The great usefulness of the spectro­
graph has become increasingly appar­
ent and is spreading rapidly particu­
larly in industrial establishments. The
spectrographer conducting routine
tests with metals and other substances
is frequently exposed to a much
greater degree of fume than would be
anticipated. Close work over freshly
formed fume might well prove trouble­
some. The amount of fume given off
in arcking a small bit of metal is often
very noticeable.

Many new alloys are being devel­
oped entailing the use of unusual
metals and the processing of these
might repay attention. Beryllium
steel has such remarkably valuable
properties that it will doubtless receive
more attention commercially. In the
preparation of this metal a certain
amount of dust is continually given
off by the molten salt electrolytic
baths. This dust consists variously of
sodium silico-fluoride, barium fluoride,
beryllium oxide, and beryllium fluor­
ide. Experiments by Weber and En­
gelhardt (11) have shown that the
dusts of all these compounds are toxic
to animals. Our information is very
poor concerning dusts and fumes
from other metals and compounds
that, although only a few years ago
were rare or unknown, are becoming
commercially important — indium, 

rhenium, gallium, titanium,—to men­
tion only a few. Probably these and
many others are quite innocuous, but
experience in industrial hygiene, here­
tofore, has been in the direction of
cure rather than prevention. An ex­
isting industrial hazard—a minor one
it is true—is that of boiling out auto­
mobile radiators with oxalic acid.
Oxalic acid is carried into the air to
such an extent that unless the ventila­
tion is good one is quickly driven from
the room. So far as I know no very
careful study of the effect of inhalation
of oxalic acid over extended periods of
time has been made. The body pos­
sesses no mechanism for rendering
oxalic acid innocuous beyond elimina­
tion as oxalate.

I would like particularly to call
attention to the possibility of injury
or death from inhalation of cadmium
fume—either metal or oxide—but par­
ticularly the latter. Cadmium melts
at 320.9°C., a few degrees lower than
lead (327°C.). It not only has a
great degree of resistance to corrosion,
but also has physical qualities much
superior to other metals as a protec­
tive agent. The great increase in
the use of cadmium not only for coat­
ing marine hardware but also for many
fittings that were formerly zinc coated
has presented a new problem in
hygiene. Heretofore, exposure to cad­
mium has been very slight and was
confined to the relatively small amount
of metal annually reduced and to the
small amount of cadmium yellow pig­
ment manufactured. Some cases were
reported by Stevens in 1921 (12) of
cadmium absorption by men in a
zinc smelter in Wales and a fatality
was reported in 1923 of a worker in a 
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plant making cadmium yellow who
had been exposed to cadmium fume.

From animal experiments done in
our laboratory a few years ago (13)
we were able to show that cadmium
oxide fume made by burning metallic
cadmium in oxygen is extremely toxic.
The metal bums readily, giving off a
dense cloud of brown smoke which
remains suspended for some time.
Exposure of cats to this smoke for 15
minutes resulted in a severe reaction
followed by death. In a case of over­
heating of cadmium in a foundry a
few months ago dense clouds of cad­
mium oxide smoke were given off to
which two workers were exposed.
Both were affected and one died
within a few days.

Dust injury from exposure to chro­
mium in industry is largely confined
to dust from handling the chromates
or to spray from chrome-plating vats.
Other processes in which workers are
affected are those in which the skin
comes into contact 'with a liquor as in
tanning vats or in dyeing, rather than
exposure to dust.

Whatever the source of injury from
exposure to chromium compounds, the
effect is largely local; systemic symp­
toms are rare and so far as I know no
case terminating fatally has been re­
ported except where the compound has
been administered internally.

Since 1927 the new industry of
chromium plating has widened expo­
sure to chromium. Here the worker is
exposed to spray or mist carried into
the air by bursting bubbles over the
plating vats. Because of the rapidity
with which ulcerations appear, the
labor turnover in this industry is said
to be high. Ulcerations may be ap­
parent in as short a time as 2 weeks.

Chromic acid and its salts attack
the skin. The unbroken skin is not
affected, but the slightest break fur­
nishes a means of entrance. Once
started the effect is progressive result­
ing in the well-known “chrome holes”
or “chrome ulcers”. These are very
painful and may require months to
heal. In addition to this, perforation
of the nasal septum is common and
has been found, in fact, in more than
half those engaged in chrome plating.

The toxic action of chromium is
confined to the compounds of hexava­
lent chromium. Trivalent chromium
salts show none of this toxic action.
In recent experiments (14) we were
able to give cats as much as 1,000
mgm. as phosphate or as carbonate
in their food per day and caused them
to inhale up to 200 mgm. of carbonate
over a period of 17 weeks without
causing illness, loss of weight, or tissue
damage. The contrast in toxic action
between trivalent chromium and hex­
avalent chromium compounds is very
marked.

With reference to exposure to toxic
organic dusts there appears to be less
definiteness. A certain amount of
dust occurs in conveying, packaging
and bagging, drying and dusting of
material from floors, and workers are
often exposed to fumes of various
kinds. But in general, workers in
such plants are exposed to gas or
vapor and the toxic hazard is due to
this rather than to dust. Of cases
reported of injury or death following
inhalation of the dust of organic com­
pounds we find paranitraniline, the
dinitrobenzenes, chloro-nitrobenzenes,
trinitrophenol, and nitronaphthalene
chief among the offenders. Eye dam­
age due to inflammation of the cornea 
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by methyl violet dust has occurred
with workers exposed to this dye.
Tumors of the bladder, both benign
and malignant, which have been
found to occur in workers in aniline or
aniline colors are not at all unusual.
These appear as a rule only after long
periods of exposure and it is difficult
to say whether ingestion of small
amounts, inhalation of dust or fume,
or skin absorption is the most sig­
nificant factor producing the toxic
effect. Particularly irritating and
dangerous is the inhalation of dust
from paraphenylene diamine com­
pounds. The paraphenylene diamine
derivatives not only cause a severe
form of dermatitis where the dust
comes in contact with the skin, but
also produce acute inflammation of
the mucous membrane of the respira­
tory passages.

The degree of exposure to toxic
fumes in general is probably greatest
in the chemical industry and this is
significant because this is one of our
key industries. The number of work­
ers in the chemical and allied industries
according to the U. S. Census for 1925
(15) was 72,000. However, there are
additionally great numbers of men in
contact with the products or by­
products of chemical manufacture in
the petroleum, rubber, metal and
other industries.

While the foregoing discussion has
been confined to workers exposed to
toxic dusts one must not overlook
widespread exposure of large bodies
of people to either constant small
amounts or accidental large amounts
of dust or fume. Thus, Dunn and
Bloxam (16) point out the relatively
large amount of zinc, lead, copper, 

manganese, and arsenic in the soil
and herbage of areas surrounding coke
ovens and other industrial estab­
lishments.

Liesegang (17) refers to the presence
of sulfur oxides in atmospheric air as
affecting health. However Miessner
(18) is inclined to think that the dan­
ger from sulfuric acid, lead, and arsenic
fumes from smelters is largely exag­
gerated. The material is deposited
on grass, it is true, but is also fre­
quently washed off by rains. There
is more danger from the hydrofluoric
acid fumes from artificial fertilizer 
plants, as animals grazing in the neigh­
borhood of these plants develop a
softening of the bones. Bloomfield
and Isbell (19) have demonstrated the
presence of lead dust and fumes in
the air of streets and automobile repair
shops of large cities. The cause of 5
various allergic disorders has bee’’ °
traced to atmospheric dust by Murp1^
(20), who was able to show that deL .
nite relief was apparent when
individuals occupied quarters equi^jon
with air-cleaning devices. there

An interesting effect was re’ .
obtained by Campbell (21) wll Cie^
posed mice to dust from tarred
This dust contained about 2 pe.
tar. Cancer of the skin develop^0?36
70 per cent of those surviving
enough and the incidence of prin . ’
adenoma of the lung was increa?. '
tenfold over that of the contro1”^
Correlation of these facts with th
debated increase in tumors of the
human lung is difficult, if not im­
possible, at present. The mice were,
of course, exposed to excessive dusting
—much more than is the case with
humans breathing tar-dusty air.
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Collection and Analysis

The collection and analysis of dusts
and fumes usually present problems
of an individual nature. In general,
however, the evaluation of the amount
of a toxic constituent is not difficult.
One point should be emphasized above
all and that is that the sampling of a
dust is quite as important as the
analysis. Those who have given care­
ful study to dust and fume fully
realize this, of course. The haphazard
collection of two or three air samples
will give no information of value.
It is necessary to plan the sampling
very carefully with respect to source
and type of dust and fume, air drift
and disturbance as well as establishing
exposure stations.

S It is impossible in this short dis-
' cussion to review recent methods of
(Aust sampling (22-34), the physical
evaluation of dust (35-40), or the
chemical examination of dust and
fumce (41-45). I shall content myself,
therefore, by mentioning only a few
scattered points. For the determina­
tion ojf a given constituent the im­
pinger • method is still by far the most
relied 'upon. Since particle-size dis­
tribution is so important numerous
meth ods have been evolved to facili­
tate i^hese determinations. Brown and
Yan/i (38) have evolved an ingenious
projection method for particle-size
distribution and number concentration
determination. The dust particle im­
ages are projected at a high, known
magnification onto a ruled translucent
screen while the observer, stationed
in the rear of the screen, determines
number, concentration by direct area
counts, and comparison with known
screen areas. Green (27) has devised 

a clever method of causing a measured
volume of air to stream slowly past an
electrically heated wire, the dust being
deposited uniformly on cover slips in
a way convenient for mounting, count­
ing, and measuring of the deposited
particles. Green finds it to be practi­
cally 100 per cent efficient for all
particles of pathogenic importance.

With reference to the size of indus­
trial dusts, Bloomfield (36) has ob­
tained data of greatest value for
comparison. Of 18,000 outdoor par­
ticles which he measured, nearly all
were below 1 micron in size, while of
6,000 industrial dusts, 69 per cent
ranged between 1 and 3 microns.

For the chemical detection of con­
stituents, the conventional procedures
have been used with such modifica­
tions as the nature of the dust re­
quired. Jotten and Sartorius (43)
find a shift in relative composition
with size and insist that the deter­
mination of free, insoluble silica is
insufficient as a means of estimating
the risk from a particular dust. For
the detection of tar in dusty air Heller
(40) collects the dust on a gelatin film
and exposes this to chloroform vapor.
Under the microscope the tar particles
then appear surrounded by a brown
ring. In detecting free metallic par­
ticles in dust Ward (45) treats the
ether-washed dust on a slide with
silver nitrate. Wherever metallic par­
ticles are present a silver tree is seen
to develop.

Where a more extensive knowledge
of the composition of a dust is needed,
somewhat larger samples and careful
microchemical procedure are neces­
sary. The quantitative evaluation of
a given constituent is frequently a
matter of special investigation.
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Toxic Evaluation

The purpose of industrial dust or
fume investigations is to determine
the presence and amount of a harm­
ful constituent in the air which the
workers breathe. This necessitates
a knowledge of the harmfulness or
toxicity of the foreign constituent.
And this, frequently, is where a
difficulty lies. In a gross sense we
can, and in the past have, used ex­
perience as a guide and the older
literature of industrial toxicology is
largely, therefore, a collated collection
of post mortems. Unfortunately, this
is of little use when a new or little-
known substance becomes commer­
cially exploited. The rapid growth
of domestic refrigerating units calling
for low boiling liquids, the great growth
of commercial solvents, the large-scale
utilization of organic compounds which
only a few years ago were laboratory
curiosities have placed a great re­
sponsibility upon those who have been
concerned with the health of workers.

It is the function of the toxicologist
to determine the injuriousness of a
substance, in a gross sense, to search
out the tissues or organs affected, to
discover what effect this has on the
current or future life of the individual
and finally, to find a safe minimum of
exposure, if such exists. The factor of
safety that he introduces is, unfor­
tunately, not susceptible to that
mathematical accuracy with which the
engineer is concerned in building a
bridge or steel building. The human
animal is too complex, too variable.
Since human individuals cannot (ex­
cept in a few instances) be used for
experimental work, one must rely on
animal experimentation. There, too, 

one is confronted with a difficulty as
it is sometimes difficult or unwise to
interpret data obtained on animals in
terms of humans. Therefore, it fre­
quently requires slow and intelligent
accumulation of much evidence to
establish what may seem to be rather
trivial points. The accumulated evi­
dence eventually gives us a rather clear
picture of what damage results from
exposure to a given toxic substance.

The response of tissue or of the
animal itself to contact with toxic
substances is studied in a variety of
ways, by intravenous or subcutaneous
injection, by inhalation, ingestion, or
application to the skin surface. Local
tissues may show no response as
Petrov (46) has shown with respect to
ultramarine. This pigment, a double
silicate of aluminium and sodium in
combination with sodium sulfide, is
physiologically inactive with reference
to the respiratory system. However,
anemia, degenerative changes in the
kidney due to hydrogen sulfide poi­
soning, and even death of test animals
may follow inhalation. Observation
of the respiratory system alone, there­
fore, in such a case is insufficient
evidence to show that such a dust is
inactive.

On the other hand, tissue response
at the site of contact may often give
very valuable information, indeed.
Thus Sayers, Miller, and Yant (47)
were able to show a very striking
response of interperitoneal tissue to
various dusts introduced as foreign
bodies.

The method of intravenous injec­
tion, formerly employed more than at
present by toxicologists, is not par­
ticularly reliable. It was thought
that this gave a more nearly true 
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quantitative index of toxicity than
any other means. One may produce
typical tissue changes in this way, it
is true, but many otherwise inert or
harmless substances may act as severe
poisons when introduced in this way.

In many ways inhalation is un­
doubtedly an ideal method of estab­
lishing toxicity—particularly of bor­
derline substances—because it is a
mode of entry against which nature
has built up but little defense. In its
quantitative aspects it is not yet
altogether satisfactory, but that is a
matter that is under active investiga­
tion at many centers.

In view of the many difficulties
confronting one in giving a numerical
value to toxicity, attention might be
drawn to the so-called index of tox­
icity, ct, which is frequently used (48).
c represents concentration of injurious
substance in terms of milligrams per
cubic meter of air and t, the time of
exposure in minutes. The toxicity is
then rated as proportional to the
product ct. However, much more
exact information than we now have
will have to be obtained before we can
freely use such a toxicity constant.

The inhalation of dust or fume more
than other types of industrial exposure
tends to produce chronic poisoning.
Acute poisoning by inhalation is mostly
caused by poisonous gases. In chronic
poisoning we have an accumulation of
poison taking place which is often
unsuspected until symptoms of illness
become apparent. This is rather im­
portant in a legal sense, for the sudden
absorption of poison in quantity to
produce immediate damage or death
is rated as an accident, whereas chronic
poisoning which also may end in death
is generally accounted an illness. The 

distinction is, of course, very thin in
many cases and non-existent in others.
That there should be any distinction
at all, however, seems at first thought
to be unnatural. The reason for it,
of course, is because of our difficulty
in evaluating toxicity. We need to
know not only the nature of the poison
but also its effects, both qualitative
and quantitative, upon the organism.

With reference to the quantitative
aspect, a great deal has been accom­
plished with reference to minimum
lethal dosage and the fatal amount of
poison may be stated roughly in terms
of the weight in kilograms of an animal
or man, for instance.

The definition of toxicity in a
qualitative sense is much more diffi­
cult. Here one is confronted with
varying susceptibilities of individuals.
After some experience with poisons
one is inclined to be quite as unkind
towards the idea of susceptibility as
towards the idea of resistance. Very
often one or the other disappears in
the light of careful experiment.
Cushny (49), for instance, states
that the so-called resistance of ar­
senic eaters to arsenical poisoning
breaks down entirely when soluble
arsenic compounds are ingested. How­
ever, susceptibility is a factor to be
reckoned with and one should be care­
ful in haphazardly transferring ex­
perience gained from one species of
animal to man or to other animals
without further experiment.

The reason that inhalation of fume
or dust may produce poisoning so
definitely is because the material is
carried into the body in such a way
that the entire circulatory system
may be involved, whereas toxic sub­
stances absorbed from the alimentary 
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tract are to a much greater extent
blocked by the very effective ex­
cretory mechanism of the liver and
kidneys.

All inhaled particles are soluble, at
least to a small extent. The solute
may be harmless or toxic. If harm­
less, cell activity is stimulated so
that phagocytes remove the dust. If
the solute is toxic the viability of the
phagocyte is affected and an ineffec­
tive accumulation results. At the
same time, further solute may diffuse
into neighboring tissues setting up an
irritation and subsequent fibrosis. Ob­

viously, the nature as well as the
solubility of the solute is a factor of
importance, but of two substances of
about equal toxicity, the more soluble
form causes the greater damage.
However, a substance of such very low
solubility even as silica may ulti­
mately produce extensive injury.

While so much excellent work has
been accomplished in the detection
and control of fume and dust hazards,
there still remains a vast and most
interesting field for exploration with
respect to the transport and ultimate
activity of these substances in the
organism.
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THE CAUSATION OF PNEUMOCONIOSIS*

Philip Drinker

THERE are four different types
of reaction produced in man by
the inhalation of dust. The

first and most important are the
pneumoconioses, such as silicosis and
asbestosis, which cause specific lung
pathology and often are followed by
pulmonary tuberculosis. The second
type of reaction is caused by toxic
dusts like lead, cadmium, and radium.
A third type of malady follows the
inhalation of finely divided metallic
fume particles such as zinc oxide and
is known as metal fume fever. Fi­
nally, the fourth reaction, allergic in
character, is caused by breathing or­
ganic dusts such as pollen and certain
types of pulverized wood and flour.
In all four instances dust inhalation
can be the sole cause of the disability
but with the toxic dusts characteristic
reactions result from swallowing as
well as from inhalation. The latter
route, however, is much the more im­
portant.

In the present instance we are con­
cerned only with the pneumoconioses
which result solely from the action of
inhaled dust upon the lung tissue. Of
necessity then, the dust particles must
be small enough to float about in the
air and be carried by rather slight air
currents; otherwise they cannot be in­
haled.

* From the Department of Industrial
Hygiene, Harvard School of Public Health,
Boston.

is a shortening of Zenker’s original
pneumonokoniosis. Zenker (1) de­
picted lungs definitely damaged by
dust particles, but today pneumoconio­
sis is generally used to describe any
lung which has been dusted to more
than the normal degree—there need
not necessarily be demonstrable lung
pathology. Silicosis, asbestosis, an­
thracosis, anthraco-silicosis, and simi­
lar terms indicate the different
causative agents (silica, asbestos, and
coal) in various kinds of pneumoconio­
sis.

The International Silicosis Confer­
ence in 1930 (2) defined silicosis as a
“pathological condition of the lungs
due to the inhalation of free silica
(SiO2)”. The American Public
Health Association (3) described it as
a “disease due to breathing air con­
taining silica.” Sayers and Jones (4)
state that “from the viewpoint of
etiology, the harmfulness of a given
dust containing free silica is directly
influenced by the number of particles
of free silica less than 10 microns in
diameter that it contains”. Collis has
claimed for years that free silica, es­
pecially quartz, was the all-important
factor. In summarizing his South
African experience, Watkins-Pitchford
(5) wrote in 1927 that dusts other than
silica could “give rise to such non­
permanent and relatively harmless
conditions—one can hardly call them
diseases—as anthracosis, aluminosis,
siderosis etc”

184
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In figure 1 are shown data from
Collis indicating the etiological im­
portance of free silica. The U. S.
Public Health Service’s data (6),
shown in table 1, emphasize still fur­
ther the importance of free silica.

Silica.—Silica occurs most com­
monly as the mineral, quartz, which is
a natural contaminant of most ores,
occurs in many rocks, and is found in a
fairly pure state as beach sand, chert,
flint, sandstone, gritstone, ganister,
quartzite, and jasper.

gested by Badham (7) to describe a
lung fibrosis caused by dusts in which
silicates and not free silica predomi­
nate. The distinction between free
and combined silica is best shown by a
simple example: A granite dust (8)
might have the following mineral com­
position:

Percent

Feldspar (orthoclase)...................... 70
Quartz.............................................. 25
Mica (muscovite)............................ 5

100

occup/mon
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Fig. 1.—Mortality from pulmonary tuberculosis in various dusty trades. (After Collis)

Quartz is a hard crystalline mineral
which is weakly birefringent, that is,
its two indexes of refraction are near
together. Chemically it is very inert
and inactive. In fact its hardness and
inertness are the two properties which
make it especially useful in industry.
Other varieties of pure silica such as
opal, which is non-crystalline, have
not as yet been appraised hygienically
and there are no statistical studies to
show the relative potency of the vari­
ous forms of pure silica.

Silicates.—Silicatosis is a word sug­

Chemical analysis of this granite
would give the following result:

Per cent

SiO2 (total)................................ 72.55
Al.Oj........................................... 14.80
K20............................................. 12.42
H.0............................................. 0.23

100.00
Recently Jones (9) showed that seri­

cite was the outstanding common
mineral constituent of a considerable
series of lungs he analyzed. Sericite
is a variety of mica with the formula
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•After Thompson, et al.

TABLE 1 g
Summary of the Six Dust Studies by the U. S. Public Health Service Showing the Dust Concentration, Composition and the

Resulting Hazard*

INDUSTRY

AVASRGC
DUST

COUNT IN
MILLIONS OF
PARTICLES
PER CUBIC

FOOT

AVERAGE
PERCENT-

AGE OF
FREE
SILICA

(quartz)

OTHER CHARACTERISTICS
OF DUST

DEGREE OF HAZARD UNDER CONDITIONS AS OBSERVED IN EACH STUDY

Granite cutting:
Hand-pneumatic tool opera-
tors......................................... 59

36
20
9

■ 35
Balance mostly com­

bined silica

Great excess of pulmonary tuberculosis after 15 years or more
exposure; silicosis in from 2 to 10 years. Silicosis after pro­
longed exposure; no excess of tuberculosis

Negative except for occasional nondisabling silicosis

Surface-machine operators,
etc...........................................
General air.............................
Less than general air...........

Anthracite coal:
Rock drillers.......................... 82

232
31

1 5
Siliceous rock
Carbon and inorganic

matter

Data insufficient; other studies show severe hazard
Dyspnea and other signs of pneumoconiosis; excess sickness

from respiratory conditions; excess mortality from in­
fluenza, pneumonia and possibly tuberculosis

Miners and miners’ helpers..

Bituminous coal:
Rock drillers.......................... 78

112
54
1.2

Sandstone
Carbon

Data insufficient; other studies indicate severe hazard
Generalized fibrosis chiefly linear in character; excess mor­

tality from influenza and pneumonia
Loaders and machine men...

Cement....................................... 26

7
5
4

6-8

?
1.7
?

Primarily lime

Vegetable and silica
Metal and other
Not determined

Some early pneumoconiosis; excess of disease of upper respira­
tory tract and of influenza

Negative
Negative
Negative

Cotton-cloth manufacturing...
Silverware manufacturing.......
Municipal..................................

EN
V

IRO
N

M
EN

T A
N

D ITS EFFECT U
PO

N M
A

N

The Environment and its Effect Upon Man (1937)
ACL Doc 25275 · Page 100 of 155

Published by AsbestosClaims.Law

asbestosclaims.law/library/25275/100

https://asbestosclaims.law/library/25275/100


188 ENVIRONMENT AND ITS EFFECT UPON MAN

dioxide, a condition which occurs in the
lung fluid which wets inhaled dust.

The several studies which have been
made on calcium carbonate dusts indi­
cate that the dusts are not harmful
probably because they are so readily
dissolved (8).

Gypsum.—This mineral,' CaSCX-
2H2O, is very common and is mined
and milled all over the civilized world.
It is an essential ingredient of ordinary
plaster and is now used extensively as
a wall board. When partially de­
hydrated it again takes up water
readily, but in neither that state nor
as the native substance has it been
shown to be harmful (15). It is an
interesting fact that pure limestone
(quartz free), dolomite, and gypsum
are recognized universally as the dusts
safest (hygienically) to blow into soft
coal mines to prevent explosions.

Iron Oxides.—The mining of iron,
next to coal, is perhaps the mining
industry in which the greatest number
of men are employed throughout the
world. The ore generally is hematite,
Fe2O3, but other oxides, and sometimes
the sulfide, pyrites, FeS2, are handled on
a considerable scale. As a result of the
improvements made in machine-tool
steel, it is possible today to see iron
dust created by work on lathes, drills,
and the like. Yet there are no data
to indicate that iron, in the absence of
silica, causes pathology in any way
comparable to silicosis. However,
lungs which have been heavily dusted
with iron in any form are generally
colored distinctively and were called
by Zenker (1) siderotic.

Estimation of Dust Exposure

The effect of any inhaled dust varies
more or less directly with the duration
of the exposure, the dust concentra­
tion and the volume of air breathed.
In the case of the gas, carbon monox­
ide, our knowledge of the relationship
of these factors is sufficiently exact
to permit the use of a simple rule (16)
for predicting the effects of breathing
various gas concentrations under vari­
ous conditions. Unfortunately, one
cannot estimate or predict the severity
of dust exposures with any such nicety.

In cases where men work for a num­
ber of years at different jobs with dif­
fering degrees of dustiness Bloomfield
and DallaValle (17) compute exposures
by averaging dustiness in these various
jobs over the total period in question.
In their anthracite coal dust study
they found that computations so made
agreed well with the results of the phys­
ical and x-ray examinations of the
men. A typical example of their
method of computing dust exposure is
reproduced in table 2.

The advantage of these estimates
lies in their simplicity and the fact
that they have proven useful in corre­
lating dustiness with physical examina­
tions. The error in such calculations
is that the effects of dust do not vary
exactly, but only very approximately,
with the dust concentration and with
the exposure. Thus, Mavrogordato
(18) writes that “Lesions of silicosis in
a mild degree can be produced in an
animal by 30 hr. exposure to intense
dust clouds, and one is inclined to
suspect that it is intermittent exposure
to relatively dense clouds that is the
deciding factor in producing the dis­
ease in susceptible human subjects.”
These momentary excesses of dusti­
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ness Mavrogordato named dust floods.
Bloomfield and DallaValle’s calcula­
tions of necessity ignore dust floods
and use only figures of average dusti­
ness.

The Value of Dust Samples

The purpose of dust sampling is to
make possible the control or elimina­
tion of dustiness rather than to obtain
a precise measure of dust concentra­
tion. Conditions may vary greatly
almost from moment to moment and 

ards of dustiness and is in reason­
able agreement with Mavrogordato’s
“figures of merit” as obtained by
konimeter samples.

A great deal of time can be saved by
ignoring samples which are obviously
too dusty—it is as well to take the
sample for a matter of record but it is
absurd to work long over it if it is cer­
tain to be vastly in excess of the ob­
jective. Mavrogordato dismisses such
samples with the laconic symbols
“T.M.C.” (too many to count).

9790 millions of particle years per cubic foot------------------- --------- ------- ---------------- = 326 millions of particles per cubic foot
30 years

* After Bloomfield and DallaValle.

TABLE 2
Example of Method Used in Determining an Employee’s Total Dust Exposure*

OCCUPATION YEARS IN
OCCUPATION

AVERAGE DUST
CONCENTRATION,

MILLIONS
PER CUBIC FOOT

MILLIONS OF
PARTICLE YEARS

PER CUBIC
FOOT

Slate picker (dry breaker)........................ 2 3S0 760
Patcher (dry mine).................................... 2 71 142
Mule driver (dry mine)............................. 3 71 213
Miner’s laborer (chamber)........................ 3 480 1440
Miner (chamber mining)........................... 15 480 7200
Section foreman......................................... 5 7 35

Totals......................................................30 9790

only occasionally are they reasonably7
constant during a working shift. In
general, then, it is advisable to give the
results of the final estimate with an
indication of the expected variation.
“Thus, as a means of classifying proc­
esses according to their respective
health hazards, it appears to be un­
necessary to arrange them in concen­
tration groups closer than 100 per
cent, i.e., 0 to 5, 5 to 10, 10 to 20,
20 to 40, etc.” (8). Such an arrange­
ment is consistent with the few
American data we now have on stand­

On the other hand, it is well to have
records which indicate that the en­
vironment is as clean as is desired. In
our own experience the ignoring of such
samples has raised difficulties in prov­
ing in court that adequate dust con­
trol had been enforced. There is no
doubt whatever that, in the United
States at least, dust samples now have
a very definite place in depicting work­
ing conditions to compensation boards
or to a court. Under the circum­
stances, it is very unwise in making
surveys to ignore the clean places.
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190 ENVIRONMENT AND ITS EFFECT UPON MAN

Methods of Sampling
Dustiness is given gravimetrically

if the dust is to be determined chem­
ically and by counts if the chemical
determination is especially difficult.
Thus, lead is always recorded in milli­
grams per cubic meter but dust which
may cause silicosis is given in particles
per cubic foot or per cubic centimeter.

Sometimes one may wish to convert
one set of readings into the other. If
the dust particles are perfectly uniform
and of definite shape such as spheres
or cubes and of known composition the
conversions can be made with pre­
cision. In such a case, it does not
matter how dustiness is recorded.
But in practice the dust particles are
never uniform in size and rarely in
composition. Conversions are, there­
fore, apt to be misleading. For prac­
tical work, 1 mg. of fine quartz as
collected by the impinger contains 300
million particles (by the light-field
counting technic).

A great deal of energy is being
wasted in deciding which dust sam­
pling method is best. The rapidity
with which new methods are appearing,
each claiming unusual points of merit,
indicates that standardization is un­
likely. An international agreement
on a reference standard would be wel­
comed by all working in this field but,
at present, such an agreement seems to
be far off.

In the United States the impinger
technic is most used, largely because
our only extensive field data come
from the Public Health Service whose
workers favor this instrument. If one
wishes to compare his results with
those of the Public Health Service he
must copy their technic. But copying
the Public Health Service’s technic for 

the sake of the legal prestige thus
gained has its drawbacks. We know
of one case where a gasoline motor-
driven generator and electric pump
mounted on a mine car and hauled by
tractor, with three men in attendance,
resulted in obtaining only four samples
in one day.

In South Africa where dust sampling
has been done on a scale far beyond
anything attempted elsewhere the
konimeter and sugar tube both have
been used. In England great hopes
for the new thermal precipitator have
been advanced but the results pub­
lished so far have added nothing sig­
nificant to the data already available
from methods which are less accurate.
In Australia several different instru­
ments including Owens’ counter have
been used while the results coming
from Germany were obtained by filter
methods and by a modification of
Owens’ counter.

In our own studies we use several
different methods according to the
problem. There is every reason to
encourage rapid methods which are
particularly applicable to routine con­
trol and to discourage the widespread
use of the impinger technic except for
occasional check-ups. The impinger
has little to recommend it in control
work while a light portable instrument,
such as the konimeter, has already
proven its value in practice.

Composition of Air-Floated
Dusts

It is rarely that one meets exposures
to pure silica; generally the dust is a
mixture of which the original compo­
sition either is fixed, as in granite, or
variable as in most foundry and mining
operations. But the composition of 
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the dust breathed from a mixture is
seldom the same as that of the parent
material.

If a dust arises from the grinding or
comniinution of a comparatively pure
substance, such as beach sand, the
resulting material must have sub­
stantially the same chemical and min­
eralogical analysis in all stages of
particle subdivision. But if a com­

frequently sample and count air-borne
dust by the impinger technic and then
for chemical and mineralogical anal­
yses take samples of material which
has settled on rafters which will have
a quite different composition. To
make bad matters worse, samples for
mineralogical and chemical analysis
usually have not been graded into
various sizes.

plex material like granite is ground and
the dust then scattered in the air,
samples of different particle size will
have very different composition.

Many examples of the changes in
composition of air-borne dust can be
found in the literature to prove these
statements but it is interesting that
the facts generally have been ignored.
Thus, in this country, investigators 

Jones (19) has given indisputable
proof of the carelessness of which most
of us have been guilty in recording the
composition of air floated dusts. In
support of Jones' contentions an in­
teresting example is given by Drinker
and Hatch (8) for foundry dusts. “A
good molding sand is made up of about
80 per cent quartz in the shape of
coarse particles; the bulk of the re­
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192 ENVIRONMENT AND ITS EFFECT UPON MAN

maining material is clay in the form of
fine particles which coat the coarse
quartz grains. The chemical com­
position of the finer fraction (say below
10 microns) of material in foundry
sand is markedly different from the
composition of the coarse fraction.”
Thus, the original material contains
about 76 per cent quartz, while par­
ticles above 10 microns have 85 per
cent quartz and those below 10 mi­
crons have only 19 per cent (see
table 3). Under the present methods
of estimating dust composition and
dust hazards a large error obviously
would be made by assuming that the 

changes in the composition of Barre
granite, of 35 per cent original quartz
composition, and of various coal-silica
mixtures take place on settlement in
air. Obviously, changes will occur
(probably great changes) but they
have not been measured as yet al­
though we have all welcomed the
figures of reasonable dustiness sug­
gested by the U. S. Public Health
Service for the two industries in ques­
tion, granite cutting and coal mining.
Their analyses were all made from
samples which had settled out on raft­
ers, and no samples were separated into
various particle size fractions.

PERCENTAGE BY WEIGHT
CONSTITUENT

TABLE 3
Composition of Coarse and Fine Fractions of Unused Foundry Sand (Containing

Natural Bond)

Total sample >10(i <10(i

Combustible................................................ 2.3 0.7 12.7
HC1 soluble.................................................. 5.5 1.6 30.5
H-iSiFc soluble (clay).................................. 16.0 12.7 37.5
Residue (quartz)......................................... 76.3 85.0 19.2

Total.......................................................... 100.0 100.0 100.0

original material represented the fine
air floated dust.

Another example is given by Jones
(19) from the South African “banket”
—large crystals of quartz held together
by fibrous sericite. In figure 3 are
illustrated the changes in dust com­
position which he noted as the dust
was allowed to settle, as it would in
practice. Obviously, the quartz con­
tent decreases as the sericite increases.
Jones remarks that “when a wall built
of quartz boulders is pulled down, the
bulk of the dust comes not from the
quartz boulders but from the mortar.”

It would be interesting to know what 

Particle Size
It is well known that in silicotic

lungs dust particles under 3 microns
vastly outnumber those which are
larger. It has been alleged that the
respiratory mechanism, the lungs, and
the phagocytes are mostly responsible
for this size grading. However, it is
easy to show that the size grading is
done in the air before the dust is
breathed and not later in the human
body. That is, we find an excess of
small particles in the lungs simply
because that is the way that they oc­
cur in air. It is physically impossible
for any but particles below 5 microns 
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to remain afloat in air long enough to
be carried about by gentle air currents
and to be inhaled. It is perfectly true
that the alveoli are large enough to 

rarely remain in air more than mo­
mentarily. Bloomfield (21) has re­
corded hundreds of measurements of
air floated dusts. His average sizes 

(a) (b)

Fig 3 —Sketches illustrating the increase in the ratio of fibers of sericite to quartz
particles at different periods after blasting in a Witwatersrand gold mine, (a) about
15 minutes after blasting; (6) about 1 hour after blasting; (c) about 2J hours after
blasting; and (d) about 3 hours after blasting. (After Jones, courtesy Inst. Mining and
Metallurgy.)

admit particles 100 or even 200 mi­
crons in length and that such particles
are occasionally found in lungs (20).
But the reason that they are found in
lungs so infrequently is that they 

are all of the order of those found in
lungs and in phagocytes.

Gye and Kettle (22) showed that
colloidal silica was extremely toxic
and that it could initiate fibrosis. It 
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is claimed occasionally that the dam­
age done by quartz particles is due en­
tirely to those which approach the
colloidal in size. Usually particles
possessing colloidal as distinguished
from crystalloidal properties are con­
sidered to be less than 0.1 micron in
size. All colloidal particles are so
small that they can be measured only
ultra-microscopically.

There is no evidence indicating that
appreciable or significant quantities
of ultra-microscopic quartz can be
made by any known process of grind­
ing or comminution, including blast­
ing. In fact, the difficulty of prepar­
ing even small specimens of quartz
below 0.5 microns is considerable.
Furthermore, there are no published
data indicating the relative potency
of quartz particles in various sizes be­
low 3 microns. Under the circum­
stances, then, there is no good reason
to blame colloidal particles as the in­
itiators of the silicotic nodule when it
has been demonstrated again and
again that such nodules can be pro­
duced by particles approximating the
common bacteria in size.

Standards of Dustiness

Under one name or another the
plant or mine manager always wants
an objective for his dust control pro­
gram. It serves no useful purpose to
evade the issue on the ground that
precise figures are not available.
Probably they never will be. The
practical man argues, very properly,
that if dust is the cause of silicosis
there must be some degree of dustiness
or of air cleanliness which is safe.
Having been told that silicosis is a
disease caused by breathing silica, the
practical operating man naturally ex­

pects of the physician or hygienist
some objective of air cleanliness, call
it by whatever name one likes.

In this country the U. S. Public
Health Service studies have furnished
the only published data we have from
which we may suggest dust standards.
In the case of Barre granite it was
pointed out that a dustiness of 10-20
million particles per cubic foot was
reasonably certain not to cause dis­
ability. The coarse dust, in this case,
contained about 35 per cent quartz.
In their recent anthracite coal study
the Public Health Service found
that counts of 50 million per cubic
foot, with 5 per cent quartz in the
coarse dust, seemed safe.

In the case of pure quartz Cum­
mings (4) suggests a figure of 5 mil­
lion particles per cubic foot which is
not far from the South African figure
of 1 milligram per cubic meter (fig­
ure 3). We have then 50 million for
dust with less than 5 per cent quartz
and 5 million for pure quartz. It
is very questionable if one has any
right to interpolate for the quartz
percentages between 50 and 5 but the
figures certainly invite such inter­
polation.

These standards do not answer the
question of the plant which handles
dust of no proven pulmonary signifi­
cance. What standard should the
manager of such a plant take as his
objective or need he take any precau­
tions at all? We cannot give him any
standards but we can only suggest that
he investigate one of the many plants
which has reduced dustiness without
waiting for any physiological justifica­
tion. Generally the manager and
workmen of a clean plant will uphold
eloquently the advantages of dust
control.
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It is only in South Africa that dusti­
ness and silicosis have been correlated
routinely over a considerable period.
There they realized at the outset that
dustiness would not be controlled
properly unless measured and re­
corded routinely. Concerning the re­
sults of their procedure, Irvine (23),
Chairman of the Miners’ Phthisis
Medical Bureau in 1934, stated that
“No ‘New Rand Miner’ who has en­
tered the industry since August, 1923,
i.e.  10| years ago, has as yet contracted
silicosis. These facts demonstrate
that the engineering and medical
measures which have been directed
against silicosis have achieved a very
significant degree of success.” It would
be hard to devise a more eloquent or
complete proof of the advantage of dust
sampling and of dust standards.

Summary

The various pneumoconioses and
their causative agents are discussed.

Silicosis and asbestos are definite dis­
eases; in anthraco-silicosis and various
silicatoses one sees modifications of
normal lung conditions. The effects
of carbon, or carbonates, of gypsum
and of iron oxides are also discussed.

Methods of estimating dust ex­
posures of a workman includes the
taking of dust samples from the work
place and interpreting the results dur­
ing the man’s total period of exposure.
Errors which have been made from
estimating the composition of dust
from samples which have settled upon
rafters instead of using samples taken
from the air, are emphasized.

Permissible dust concentrations
need not exceed 50 million particles
per cubic foot for dust with very low
quartz content or 5 million for pure
quartz. In defense of the use of
standards of dustiness the experience
in South Africa where such standards
have been applied successfully for
many years is cited.
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CLINICAL ASPECTS, DIAGNOSIS AND TREATMENT OF
PNEUMOCONIOSIS*

W. Irving Clark

THERE are two types of dust
which may cause some degree
of pneumoconiosis; these have

been termed inert and active dusts.
The determination as to whether or
not a dust is active or inert has been
reached by pathological examination
of the lungs of those dying of pneumo­
coniosis, by clinical studies, especially
x-ray, and by animal experimentation.

Review of Animal Experiments

The study by animal experimenta­
tion has been particularly valuable as
it provides a method of determining
the effect of a given dust upon the liv­
ing tissues and a comparison with the
effect of similar exposure to other
dusts. The animals used have been
white rats, rabbits, guinea pigs, mon­
keys, fowl, cats, and, for some ex­
periments, tadpoles and fish (1, p. 44).

The methods used have been:
1. Dusting.—This consists in ex­

posing the experimental animal to a
“high concentration of dust (up to 10
or 12 billion particles per cu. ft. of
air, dark-field) to produce maximum
effects in short time.” This method
might be called the normal breathing
method.

2. Injection of suspensions of dusts.
—This consists in injecting suspen­
sions of dusts into various parts of
animals to detect the capacities of

♦ From the Norton Company, Worcester,
and Harvard School of Public Health,
Boston.

different dusts to provoke reaction in
the tissues. Results are obtained
more rapidly than by dusting but do
not correctly show the natural de­
velopment of disease in the lungs.

The dust suspensions may be intro­
duced into the animal by:

1. Intratracheal or bronchoscopic
injections.

2. Intraperitoneal injections (Mil­
ler-Sayers method (2)).

3. Subcutaneous injections.
4. Intravenous injections—showing

the effects of the dust on the extra-
pulmonary viscera.

5. Intracutaneous injections—for
gross reaction.

6. Intra-lymphatic injections—for
reaction of lymph node cells (3).

All animals tested either by dusting
or by injection showed a tissue reac­
tion to silica.' This reaction was typi­
fied by the formation of fibrotic
nodules except in the cold blooded ani­
mals where there was necrosis followed
by some fibrosis. Changes in sus­
ceptibility of animals to tuberculosis
as a result of the effects of various
dusts have also been studied, and the
activating effect of silica demon­
strated.

The effect of the inert dusts upon the
animal tissue was found similar to that
of any foreign body. There was reac­
tionary enlargement of lymphatic
nodes, slight fibrotic reaction imme­
diately surrounding the injected dust
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but no continuation of this fibrosis
and no formation of nodules. The
exact pathology noted was scattered
or clumped cells containing the inert
dust lying in the alveoli, slight inflam­
mation or no inflammation of the
adjacent walls, a slow accumulation
of dust-containing cells in the lymph
nodes with enlargement of the nodes,
and a deposition of dust about the
lymphatics of the lung or pleura.
When inert substances were injected
intravenously, intraperitoneally or
subcutaneously, there was no reaction
beyond that of any foreign body (2).

As a result of such experiments
which have been repeated in many
parts of the world, it is believed that of
all suspected dusts only silica has a
specific action upon animal tissue
which results in fibrotic nodulation.
Asbestos fibres produce a peculiar re­
action in the lung which is different
from silica. Following the inhalation
of asbestos dust there are formed
“cuffs of more dense connective tissue
about the terminal bronchioles” (1,
p. 46). Contraction and collapse of
the alveoli supplied by the affected
bronchioles occurs. This is followed
by induration and fibrosis of the col­
lapsed alveoli, presenting the picture
of diffuse fibrosis of parts of the af­
fected lung with persistent foci of
normal air spaces.

Silicosis

The Committee on Pneumoconio­
sis and the Committee on Standards of
the American Public Health Associa­
tion (4) adopted in 1932 the following
definition: “Silicosis is a disease due to 

breathing air containing silica (SiO2)
characterized anatomically by general­
ized fibrotic changes and the develop­
ment of miliary nodulation in both
lungs, and clinically by shortness of
breath, decreased chest expansion,
lessened capacity for work, absence of
fever, increased susceptibility to tu­
berculosis, (some or all of which symp­
toms may be present) and by charac­
teristic x-ray findings.”

I. Pathology of Silicosis

Dust particles after reaching the
lung alveoli may remain quiescent for
a considerable period as is the case
with the inert dusts, or they may pene­
trate the lymph spaces in small num­
bers. The bulk, however, are phago-
cytosed, that is engulfed, by wandering
endothelial cells which at first, lining
the wall of the alveolus, become de­
tached, and then, having taken up the
dust particles, pass by ameboid move­
ment through the walls of the alveolus
into the lymph spaces. The cells now
slowly migrate to the minute lymph
islands which guard the entrance to
the small lymphatic vessels, pass
through these, thence to the lymph
vessels, and finally are caught by the
large group of lymphatic glands which
form part of the hilus or root of the
lung. These wandering cells are com­
monly called dust cells.

The piling up of cells and the reac­
tion of the glands blocks the free circu­
lation of lymph so that the dust cells
tend to move slowly toward the lung
roots, blocking the lymph vessels and
later the minute lymph masses which
guard the entrance to the lymph ves­
sels. The dust cells which are killed 

CLINICAL ASPECTS AND DIAGNOSIS OF PNEUMOCONIOSIS 199

by the silica disintegrate and free
the silica dust for further injury to the
neighboring tissues. The reaction of
the tissues to silica is the production
of fibrous tissue. Thus fibrous tissue
forms along the lymphatic vessels
which accompany the blood vessels of
the lung, invades the septa between
the lobes, and spreads its shoots into
the lung tissue itself. The minute
masses of lymphatic tissue become
fibrotic nodules and these, as time goes
on, increase in number to such an
extent that, combined with the fibrous
tissue of the former lymph channels,
conglomerate masses of fibrous tissue
are formed, blocking off large portions
of the lungs. The blocking of the
lymph flow toward the hilus increases
the spread of dust cells to the pleura
and eventually leads to fibrosis of this
structure.

The fibrotic nodule is characteristic
of silicosis. It is a small, discrete hy­
aline mass surrounded by apparently
normal lung. It does not exceed 6
mm. in diameter. “Occasionally some
of these nodules may show micro­
scopic foci of central necrosis” (1, p.
146).

This increasing amount of fibrous
tissue obliterates the alveoli and pro­
vokes a compensatory enlargement of
the alveoli elsewhere. This condition
of enlargement is called emphysema.
As the amount of air space is insuffici­
ent to permit the normal oxygen­
carbon dioxide interchange of the lungs
required by the bod^y, the effort of the
heart to pump blood fast enough may
promote enlargement of that vital
organ. This, however, if it occurs, is a
terminal condition infrequently ob­
served, as the patipnt usually develops 

pulmonary tuberculosis or dies of an
intercurrent disease before this stage
is reached. It must be remembered
that only one-fourth of one lung is
necessary for life, and that the amount
of fibrosis must be enormous to re­
strict the lung capacity to this extent.

II. Symptoms
The effect of the underlying pathol­

ogy upon the workman is at first too
slight to be detected by physical ex­
amination and the worker shows no
symptoms. While there is a patho­
logical condition present, it is to all
intents and purposes harmless, in that
if it does not progress rapidly it may
not provoke symptoms during a work­
er’s life, or only during the last decade.
Even respiratory disease of another
nature, such as bronchitis or even
pneumonia, may occur with recovery
during this period.

As the condition progresses, how­
ever, more and more of the lung tissue
is converted into fibrous tissue, and
the patient begins to show certain
symptoms. He complains of short­
ness of breath when he goes up-hill and
says that he notices his heart beat on
exertion. He also mentions a cough
which is at first dry and infrequent, but
which gradually becomes moist and
frequent. With the cough he raises
scanty, stringy sputum which is some­
times discolored. The sputum is
never large in amount unless he catches
cold and develops bronchitis. At this
stage an attack of bronchitis does not
disappear but becomes chronic. Dur­
ing this period the silicotic may com­
plain of pain in the chest due to pleu­
risy or to epigastric pain, anorexia, 
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and morning vomiting. While he is
able to work, the victim cannot carry-
on his usual tasks and seeks lighter
work.

Slowly the shortness of breath in­
creases, the patient has poor lung ex­
pansion, and his color becomes pale
and his lips bluish.

At this stage pulmonary tuberculosis
is a frequent complication. When
this occurs, the cough becomes more
severe and continuous, the sputum
free and moist, areas of dulness to
percussion are noted, rAles are heard
over the chest on physical examina­
tion, and cavitation may be detected.
Tubercle bacilli may or may not be
present in the sputum. Many of
these cases are able to carry on light
work for years before finally succumb­
ing. Hemorrhage from the lungs oc­
casionally occurs.

During the early stages when peri­
vascular, peribronchial, lymph node
reaction is present there are only in­
definite physical signs. Irvine (5) de­
scribes these as follows:

1. A certain lack of elasticity of the chest
wall during movements of respiration to­
gether with

2. A somewhat reduced air entry, and
3. A characteristic alteration of the in­

spiratory murmur from the normal vesicular
character to a higher pitched or “harsh-
ened,” thinned and commonly somewhat
shortened type, the expiratory murmur
although somewhat prolonged remaining
fainter than the inspiratory.

There is little change in these signs
as the disease progresses. “The per­
cussion note is somewhat flattened
without being definitely dull especially
posteriorly. Breath sounds have more
definite characteristic thinning, the 

expiration being longer and fainter”
(6). With the advent of tuberculosis
the physical signs are those of that
disease.

III. X-ray

The most important evidence of
silicosis is obtained by x-ray. 'While
a flat film gives valuable information,
an accurate diagnosis requires a stereo­
scopic set of films. In many cases a
lateral film is desirable in order to de­
termine the amount of emphysema
present and the size of the heart.
Fluoroscopic examination is of inter­
est in cases where diaphragmatic ad­
hesions are suspected or shown on the
film.

The old classification into first, sec­
ond and third stages has been recently
changed to a more descriptive nomen­
clature. The conditions noted on the
film are now called:

1. Stage of perivascular, peribron­
chial, lymph node proliferation. Ir­
regular exaggeration of linear mark­
ings.

2. Stage of nodulation.
3. Stage of fibrosis with conglomer­

ate masses.
4. Any of above stages complicated

by shadows characteristic of tubercu­
losis.

The first is not considered as diag­
nostic of silicosis as it may occur in
persons who are in good health or in
a number of pathological conditions
which have nothing to do with silicosis.

The stage of nodulation is pathog­
nomonic of silicosis but may be con­
fused with films of miliary tuberculosis.
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The stage of fibrosis with conglomer­
ate masses may be confused with fi­
broid phthisis.

IV. Diagnosis
Diagnosis is made upon:
1. Occupational history with esti­

mated length of exposure, quality of
dust and quantity of dust.

2. Physical examination.
3. X-ray examination.
4. Presence or absence of tuberculo­

sis as a complication.
Of these measures the first and third

are most important. Probably the
most difficult thing to decide is
whether or not tuberculosis is present.
Absence of fever and maintenance of
weight, with absence of physical signs
suggesting active inflammation in the
chest, is indicative of simple silicosis.

The absence of tubercle bacilli from
the sputum is inconclusive, as many
cases of silico-tuberculosis fail to show
bacilli in the sputum.

V. Progress
Silicosis once established in the lung

has a strong tendency to progress.
This appears to be owing to the toxic
properties of the silica particle. What
causes this toxic action is still in doubt.
“Experiments and human pathological
material indicate that in high con­
centrations silica is toxic and kills
tissue; prolonged action of lower con­
centrations cause proliferation and
fibrosis” (1, p. 46).

In spite of the fact that quartz is
generally recognized as relatively insol­
uble, there is great rapidity of de­
velopment of body reactions to silica.
“Possibly unexplored properties of
silica, electrical charge, adsorption
etc., are concerned” (1, p. 48). This 

progressive tendency has been noted
by Irvine, Bohme, Russell and others
(1, P- 28).

The question is not what is the pres­
ent condition of the silicotic, but how
rapidly it will advance and how far.
This is a serious problem in industry,
for a worker having no symptoms and
an early stage pathology by x-ray, may
develop a disabling silicosis or a com­
plicating tuberculosis. It is, there­
fore, possible for a worker to contract
his disease while working for one em­
ployer and to develop symptoms many
years later while working for another.
If the work he is doing for the second
employer involves exposure to an in­
ert dust the employer may have diffi­
culty in proving that this was not the
cause of disability.

One of the striking differences be­
tween the effects of the inert dusts
and silica dust is the lack of progress of
pathology in the former as compared
with the latter. Bohme (7) found
that silicosis progressed after removal
from exposure in 20 per cent of the
cases diagnosed as having silicosis
grade 1, in 40 per cent of the cases in
grade 2 and in practically all the cases
in grade 3. The experience of the
State of Wisconsin, however, suggests
that silicosis detected at an early
stage in many cases will not progress
if the worker is transferred to non-
dusty work (8) though the reports of
Watkins-Pitchford (9) and Britton
and Head (10) make this somewhat
doubtful.

Infection may play a part in the de­
velopment. In fact, it is the frequent
and serious complication of silicosis,
and of the common infections, pulmon­
ary tuberculosis is by far the most
serious.
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Tuberculosis may develop early or
late in the disease. In those who have
an inactive focus in the lung, the silica
dust may change the condition to one
of activity, or in cases of well-de­
veloped silicosis, tuberculosis may
be superimposed upon the silicotic
fibrosis.

Thus Kettle writes, “harmful dusts
if inhaled into the lung may excite to
activity a latent tuberculosis infec­
tion; they may exaggerate an active
tuberculosis lesion or a coincident in­
fection; and they may render the lung
less able to cope with a superimposed
infection” (11).

The course of silicosis wfith a second­
ary tuberculosis is usually slow and
without the usual symptoms of in­
toxication and may be carried for
years without serious impairment of
working capacity.

While tuberculosis is the most fre­
quent complication and cause of death,
other infections do occur. On the
Rand pneumonia is a common cause
of disability and death. Pope and
Zacks found pneumonia occurring
with great frequency among foundry
workers in Massachusetts. Proske
and Sayers have confirmed Cummings’
discovery of fuso-spirochetal organisms
as a cause of infection among miners in
Picher, while chronic bronchitis with
asthma is fairly common (12, p. 47).

Collis and Yule (13) compared the
mortality experience of an occupa­
tional group exposed to silica dust with
that of the general population, and
with that of an occupational group
exposed to dust not containing silica.
As a result of the study, they con­
cluded that silica is a body poison
like lead. Even though it exerts its
primary injurious effects on the re­

spiratory tract, the silica slowly invades
the body, involving the circulatory
system, the nervous system, the diges­
tive organs, the kidneys and liver, and
eventually causes death through its
harmful effect upon one or another of
these organs.

Asbestosis

“Asbestosis is a pneumoconiosis
caused by the inhalation of asbestos
dust. It is distinct from silicosis both
in its pathology and clinically. As­
bestos is a hydrated magnesium sili­
cate containing no free silica but about
44 per cent of combined silica, 43 per
cent magnesium, nearly 13 per cent
of water and traces of iron and nickel”
(14).

I. Pathology of Asbestosis
Asbestos dust differs from other in­

halable dusts in that it exists in thread­
like fibres in which the diameter may
be very small (5 microns or less) but
which may be many microns in length.

These dust fibres do not appear to
enter the alveoli. They are stopped
at the neck of the alveolus where they
are phagocytosed or penetrate the
tissues. Acting specifically or merely
as a foreign body they become sur­
rounded first by mononuclear phago­
cytes, later by giant cells and last by
fibrous tissue. There is no migra­
tion in dust cells to the lymphatics
and lymph nodes as is seen in silicosis.
The newly formed fibrous tissue con­
tracts, constricting the neck of the al­
veolus so that no air can enter. Col­
lapse of the alveolus follows and
subsequent fibrosis.

In this way the lower parts of the
lungs are filled with interstitial fibro­
sis and the air space markedly dimin­
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ished. A compensatory emphysema
may occur in the upper part of the
lungs. Thickening of the pleura over
the lower half of the chest is almost
always present. Tuberculosis as a
complicating factor is not common.

The asbestos fibre after it has be­
come fixed at the neck of the alveolus
frequently develops into a “curious
body,” the asbestosis body of Cooke
(15). This is a long, narrow, cylin­
drical body, golden yellow and trans­
lucent, often with rounded ends like a
dumbbell. These asbestosis bodies
are found on autopsy and occasionally
in the sputum. As similar bodies may
occur in lungs not exposed to asbestos
dust, the finding of these bodies is not
diagnostic of asbestosis unless ac­
companied by a definite history of
exposure to asbestos dust.

II. Symptoms of Asbestosis
The symptoms of asbestosis, like

those of silicosis, are cough and dys­
pnea. With the cough there is sputum
which may or may not contain asbes­
tosis bodies. Hemoptysis is rare.
There is loss of weight in the advanced
cases, and marked reduction in the
vital capacity and in chest expansion.
The patient’s face has an “earthy”
look.

In advanced cases the dyspnea is
out of proportion to the physical signs,
being very severe, and is accompanied
by blueness of the lips and occasionally
by clubbing of the fingers. The fin­
gers frequently show “asbestos corns”
from the penetration and irritation of
fine spicules of asbestos which are de­
tached from the asbestos in handling.

III. Physical Examination
The patient, if an advanced case,

shows loss of weight. The chest is 

emphysematous, and respiration is
shallow, expansion being frequently
less than 1 inch. The percussion note
is one of dull tympany but with no
definite dullness. The breath sounds
are distant and expiration prolonged.
The heart is normal in size, but lateral
x-ray may show an anteroposterior
enlargement.

IV. X-ray
This shows a fine mottling of a

“ground glass” quality over the lower
half of the chest. There is often an
obliteration of the costophrenic angle
and pleural thickening, shown par­
ticularly in the interlobular pleural on
the right. The lateral view may show
well-marked compensatory emphy­
sema. A spot of tuberculosis at either
apex is occasional but rare.

Still later in the course of the dis­
ease the appearance is that of a very
fine stippling that obliterates most of
the natural markings. The pleural
shadow is definitely thickened. In
some of the advanced cases the heart
is enlarged and radiating from it into
the lung fields is a series of heavy fi­
brous bands. This picture has been re­
ferred to as “porcupine heart.”

Anthraco-Silicosis

This disease occurs among hard coal
miners and is commonly known as
miners’ asthma. It is caused by the
inhalation of large amounts of dust
consisting of a mixture of anthracite
coal and quartz, the quartz coming
from the rock in which the coal is
imbedded.

The pathology consists of a clogging
of the lymph spaces with carbon par­
ticles which invade the upper lobes
especially. Accompanying this is a
linear or nodular fibrosis due to the 
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inhaled silica particles. When large
areas of the lung are involved there is a
compensatory emphysema.

I. Symptoms of Anthraco-Silicosis
The cardinal symptom of anthraco-

silicosis is shortness of breath, which
explains the term “miners’ asthma.”
With this there is cough and'sputum.
The cough may be dry and the sputum
scanty but if infection in the form of
bronchitis is present, the sputum is
muco-purulent and colored with coal
dust. As in silicosis, tuberculosis is
a frequent complication.

The physical signs are similar to
those of simple silicosis or of silicosis
with infection. Diagnosis is made
largely by x-ray which gives a picture
very similar to that of simple silicosis.
The U. S. Public Health study on this
problem (16) suggests that the true
lung injury is due to the silica inhaled
rather than to the carbon particles.
Carbon has been found to be harmless
when inhaled in the form of smoke and
by animal experiment.

Inert Dusts

I. Pathology
The inert dusts are relatively harm­

less. They may increase the fre­
quency of respiratory disease\ when
inhaled in large amounts, but this has
not as yet been proved statistically.
Workers inhaling these dusts develop
a mild fibrosis which follows the course
of the lymphatics along the broncho-
arterial tree and is accompanied by
enlargement of the trachial lymph
nodes. This reaction which is very
slow, after a number of years may
progress to a moderate amount of in­
terstitial thickening. The pleura may
be thickened and there may be dia­

phragmatic adhesions. These later
manifestations only appear after many
years of constant exposure to a high
concentration of dust.

II. Symptoms Caused by Inert Dusts
The symptoms of the pneumoconio

sis of inert dusts are negligible. If the
exposure has been long and the dust
discharge abnormally heavy, there
may be some dyspnea on moderate
working. This is not usually severe
enough to interfere with the worker’s
normal activities and may be caused
by degenerative changes of the heart
due to advancing age, as much as to
the pathology of the lung. There is
no evidence that the inert dusts, un­
less mixed with an active dust, can
produce disability.

Ill. X-ray Picture, Physical Examina­
tion and Diagnosis

The x-ray picture is that of peri­
vascular, peribronchial, lymph node
thickening which does not progress.
Some diaphragmatic adhesions may
show in cases with long exposure to
heavy concentrations of dust. Serial
pictures fail to show nodulation or the
massive areas of fibrosis which char­
acterize silicosis.

The physical examination of those
exposed to inert dusts is usually nega­
tive. In a few cases where there has
been prolonged exposure to great quan­
tities of dust there may be some re­
striction of chest expansion and signs
of emphysema.

The diagnosis is made by physical
examination, occupational history, and
x-ray.

A typical inert dust is that of the
artificial abrasive, aluminum oxide.
This material is widely used in grind­
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ing wheels and for polishing, sand
paper, etc. In the year 1929 over
71,000 tons were sold or used in plants
in the United States and Canada (17).

The use of aluminum oxide creates a
certain amount of dust. The effect
of this dust has been studied by Clark
(18) and Simmons clinically and by
Gardner (19) on the experimental
animal.

In a factory where artificial abra­
sives and grinding wheels are manu­
factured, Clark has studied the effects
of inhalation of this substance for 25
years. He believes that in factories
which provide proper dust removal,
the continuous inhalation of artificial
abrasive dust extending over many
years of work does not produce the
symptoms or present the x-ray find­
ings of crippling fibrosis of the lung;
that the number of cases of pulmonary
tuberculosis does not greatly exceed
the number normally present in the
community; and that workers using
wheels made of artificial abrasive or
using this substance for polishing or
other purposes run but slight risk of
pneumoconiosis if excessive dust is
removed by exhaust systems.

In spite of the fact that clinical and
experimental evidence points to the
relative harmlessness of the inert dusts,
an effort should be made to keep the
dust count around 20 million particles
per cubic foot of air. This will make
working conditions much more satis­
factory to the worker and will reduce
the hazard of respiratory disease.

Treatment of Pneumoconiosis

The only method of treatment of
the pneumoconioses is prevention.
Dust in quantity must be eliminated
from industry wherever possible, and 

in most operations this is feasible. In
a few where it is not, protective de­
vices such as respirators or positive
air pressure helmets must be used by
the worker.

When a worker is found upon ex­
amination to have lung fibrosis it is
wise to keep him at work in a non-
dusty department. While his lung con­
dition, if it is due to silica or to asbestos
dust, will progress slowly, many years
of profitable work are before him un­
less infection intervenes. As dyspnea
increases, lighter work must be pro­
vided. If tuberculosis complicates the
picture and the patient develops tu­
bercle bacilli in the sputum, he must
be isolated from other workers, but
even then may be able to do light out­
door work. In more severe cases
where there is temperature, all work
must, of course, be stopped.

Exposure
The rapidity of development of sili­

cosis and of asbestosis depends upon
the amount of dust inhaled and the
percentage of free silica (SiO2) or of
asbestos in the dust.

In men exposed to heavy dust clouds
with a high concentration of silica,
silicosis has developed in as little as 2
years, but under the usual exposures
of mining and of industry where the
free silica usually varies from 13 to
35 per cent, the development is slow
and symptoms do not appear for 15
or more years.

In the case of asbestosis, the de­
velopment of symptoms is more rapid,
5 to 8 years being the usual required
time of exposure.

Efforts are now being made to corre­
late the exposure with the pathology,
as shown by x-ray, and with the physi­
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cal signs. In other words, an effort
is being made to determine standards
of permissible amounts of dust in the
working air for both the inert and the
harmful dusts. Such standards will
be of the greatest value to industry in
its effort to reduce its dust hazard to a
minimum.

Epidemiology

I. Silicosis
The danger of inhaling inorganic

dust has been recognized for centuries,
but careful study of the effect of such
inhalation was first instituted in South
Africa and culminated in the Inter­
national Conference on Silicosis held
in Johannesberg in 1930.

In 1933 Van Siclen (20) published an
estimate of the health hazard from
dust in the mines and allied industries
of the United States. In his study he
found that of 7722 men examined in
the Tri-State zinc-lead district of
southwest Missouri in 1927-28, 5704
were classified as negative for lung dis­
ease, 1362 had signs of first stage sili­
cosis, 253 had second stage, and 32
had third stage. The remainder
showed signs of tuberculosis with or
without silicosis.

In Butte mines (Montana), of 1018
miners 42.4 per cent showed definite
signs of dust injury to the lungs.

In the Lead-Deadwood district
mines in South Dakota the sickness
rates per thousand for respiratory dis­
ease was two and a half times greater
than in general industry, while the
tuberculosis rate was almost ten times
greater.

Grouping the various industries
studied, Van Siclen found that in metal
mining about 62,228 workers were ex­
posed while among those engaged in 

non-metallic mining or quarrying,
23,665 had a respiratory hazard.

The prevalence of silicosis in the
general population was studied by
Lanza and Vane in 1934 (21). They
cite the following occupations as con­
stituting a definite silicosis hazard:

1. Anthracite-coal and metal min­
ing, quarrying.

2. Certain manufacturing industries
such as potteries, glass works, and
plants manufacturing granite, sand­
blasting.

3. Construction work—rock drill­
ing, handling sand and gravel.

Their rough estimate of the num­
ber of workers exposed to silica dust
to a harmful degree in the United
States is upward of 500,000.

A careful study of 2,600 granite and
foundry workers has recently been
made by Pope and Zacks (22) in which
correlation of the duration of exposure
to dust and the incidence of silicosis
was determined. Their conclusions
are as follows:

1. In representative groups of both
granite and foundry workers in Massa­
chusetts the frequency of silicosis and of
silicosis with tuberculosis -was found to be
positively correlated with the duration of
exposure to dusts containing free silica and
to concentration of such dusts in the occu­
pational environment.

2. Among the granite workers examined
silicosis alone was found in 15.2 per cent
and silicosis complicated with tuberculosis
in 7.6 per cent.

3. Tuberculosis is the cause of death in
over one-third of all granite workers, a
proportionate mortality three times that
in foundry workers and four times that in
all males of 20 years and over.

In 1907 Summons of the Miners’
Phthisis Committee of Australia re­
ported that gold miners there who
contracted silicosis died of tuberculosis

CLINICAL ASPECTS AND DIAGNOSIS OF PNEUMOCONIOSIS 207

(23). “The initial studies of silicosis
by workers in South Africa were
started by a demand made upon health
authorities to determine the cause of
the excessive mortality from tubercu­
losis which was increasing at a rapid
rate among the miners there.”

Russell found an excessive number
of deaths from tuberculosis in his
Barre, Vermont study of the health of
granite workers (24) and Gardner (25)
believes that at least 75 per cent of
those who develop silicosis contract
tuberculosis.

berculosis is so often associated with
asbestosis that it seems probable that
the association is more than acci­
dental”.

Gardner (1, p. 51) says that many
autopsies show a combination of tu­
berculosis with asbestosis and other
silicate dusts but “that surveys of liv­
ing American workmen show no great
excess of this infection”, while Lanza
(28) in a study of dust conditions in
asbestos mines and mills in Canada
and in fabricating plants along the
Atlantic seaboard found in his study 

TABLE 1
Silicosis and Asbestosis in Great Britain, through 1934*

NUMBER OF
DEATHS

AVERAGE
AGE

AT DEATH

DURATION OF EMPLOYMENT
IN YEARS

Maximum Minimum Average

Silicosis....................................................... 261 55.4 60 2.3 34.8
Silicosis with tuberculosis......................... 315 52.5 67 2.0 32.0
Asbestosis................................................... 41 41.0 27 1.5 12.9
Asbestosis with tuberculosis..................... 26 3S.0 29 0.8 9.9

* J. C. Bridge: Report of Chief Inspector of Factories and Workshops, London, 1934,
chapter 3.

II. Incidence of Asbestosis
The health hazard of asbestos dust

has only been recently recognized.
The Regulations for the Asbestos In­
dustry in England have been in force
for only 4 years. Bridge (26) says:
“Over a number of years” (number
not specified) “the deaths from as­
bestosis reported to the Department
and compiled in 1934 numbered 41
while those from asbestos and tubercu­
losis numbered 26”. (See Table 1.)
Wood and Gloyne began their studies
on pulmonary asbestosis in 1928 and
published results of the study of 100
cases in 1934 (27). Most of these
cases worked in the same factory.
According to Wood, “pulmonary tu­

of 126 workers by x-ray that 67 were
diagnosed as having asbestosis in some
form, but that no predisposition to
tuberculosis due to asbestos dust was
indicated. Clark and Drinker (29)
in summing up present beliefs say
that while a secondary tubercular in­
fection is not uncommon in asbestosis,
it is far less frequent as a complica­
tion than in silicosis.

Summary

1. Pneumoconiosis is a disease re­
sulting from the inhalation of inor­
ganic dust.

2. The two pneumoconioses which
produce disability are silicosis and as­
bestosis.
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3. The pathology of silicosis is char­
acterized by the presence of fibrotic
nodules scattered through both lungs,
and that of asbestosis is characterized
by an interstitial fibrosis involving the
lower half of both lungs.

4. The symptoms of silicosis and as­
bestosis are similar, the most im­
portant being dyspnea.

5. The most common complication
is pulmonary tuberculosis which in
silicosis is a frequent cause of death.

6. The diagnosis of both silicosis and
asbestosis is made largely by a correla­

tion of history and symptoms with the
x-ray examination.

7. The treatment of pneumoconio­
sis is preventive and symptomatic.

8. The course of silicosis and of as­
bestosis is slow but eventually leads
to incapacity due either to the dis­
ease itself or to a complication, fre­
quently chronic pulmonary tubercu­
losis.

9. The number of workers exposed
to harmful mineral dusts in mining
and in industry in the United States
has been estimated as 500,000.
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DESIGN OF EXHAUST HOODS FOR DUST-CONTROL SYSTEMS*

Theodore Hatch

A SYSTEM of local exhaust ven­
tilation for the control of
industrial atmospheric contam­

inants—dusts, fumes, vapors and gases
—consists of four principal parts:
exhaust hoods, piping, air-cleaning
plant and source of suction. Each
part must be selected to perform its
required function with respect to the
successful operation of the system as a
whole. Of the four, however, the
exhaust hood undoubtedly demands
the most careful design since the degree
of control secured depends more upon
the shape and location of the hood
and the rate of air flow through it than
upon any other factor.

The selection of exhaust hoods,
their location in relation to the point
of dust generation, and the determina­
tion of the required rate of air flow
through the hood to effect adequate
control have been almost entirely
empirical matters. Certain simple
rules of design have been employed
that arose out of the experience in a
few industries, notably woodworking
and grinding. In recent years, how­
ever, the industrial dust problem has
assumed hygienic and economic as­
pects entirely beyond the limitations
of those industries in which the dust
has only a nuisance value. Dust
control measures must be applied in 

many plants where conditions bear
very little relation to those encoun­
tered in industries such as the two
mentioned above. The cost of occu­
pational disease compensation justifies
the use of the most basic engineering
methods of investigation and design
of control equipment.

Fundamentals

One simple way to maintain a safe
concentration of dust in a confined
space housing dust-generating proc­
esses is to introduce enough clean air
from outside to dilute the concentra­
tion down to the safe level. Thus, by
the most elementary calculations, if
1012 dust particles are escaping into
the air each minute j and if 107 parti­
cles per cubic foot of air is the per­
missible concentration, then 1012 -5- 107
= 106 cubic feet of clean air must be
introduced per minute for each ma­
chine. This is a minimum ventilating
rate which assumes perfect mixing of
the dusty and clean air and is obviously
impractical. Improvement is gained
by introducing the clean air at or near
the dust sources with exhaust outlets
located so as to sweep the contami­
nated air away. This is the crudest
kind of local ventilation and is objec­
tionable chiefly because the workers
are exposed to undesirable drafts.

* From the Harvard Graduate School of f This number of particles smaller than
Engineering and School of Public Health, 1.0 micron are produced by a rock drill
Boston, Mass. during one minute of operation.
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the

KE =

the
the

Its motion through still air is resisted
by a frictional force which varies with 

True local exhaust ventilation has
for its purpose the control of contami­
nation at its source. Its function is
to create sufficient air movement
toward the exhaust opening to counter­
act the tendency of the dust to escape
to the surrounding atmosphere and
proper hood design demands that this
be accomplished with the least possible
air flow and power consumption.

Dispersion of dust into the atmosphere.
Dust particles, generated by whatever
means, require energy for their dis­
persion from the point of origin into
the surrounding atmosphere. Phys­
ically, this is provided in only two
ways: (1) Dynamic projection due
to the kinetic energy of the parti­
cles themselves, imparted to them
during their formation and (2) Dis­
persion by means of air currents
created by the operation of
machine or otherwise set up in
zone of contamination.

The counter forces set up by
exhaust hood for the purpose of pre­
venting the dispersion of the dust must
be directed toward two different forms
of energy. It is clear, therefore, that
proper hood design depends upon an
understanding of the relative magni­
tude and the manner in which these
forces act. The first lends itself to
approximate mathematical analysis
which yields certain important con­
clusions:

A particle with a mass M thrown off
with an initial velocity Vo possesses
the kinetic energy

f Vo
I MVdV = MV2
o

the type of motion according to the
general equation

R = Kanpy(! ~nWn

where R = resisting force,
a = particle radius,
<r = particle density,
p = air density,
p = air viscosity,
y = kinematic viscosity of the

air = p/p,
n = 1.0 for streamline motion

and 2.0 per turbulent
motion,

K = 6ir for the streamline re­
gion and 1.35 for turbu­
lent motion (assuming
spherical particles).

Neglecting the force of gravity, the
projected particle will travel along a
straight path with decreasing velocity
until at a certain distance <S the kinetic
energy will be destroyed, i.e., the par­
ticle velocity will become zero. Thus:

RdS = -M I VdV
Vo Jva

Substituting the two values of R and
integrating, one obtains:

9 iSy = y.---- -------- (streamline).... I
2 a a~

<_1. £.. A)
V = y0<A 3 <r aj (turbulent).. .11

When the particle is projected into
an opposing air current rather than into
still air, the value of S is reduced since

7? = /(7a 4- F„)

whereas KE remains a function of Vp
alone (7a and Vp are the opposed
velocities of the air and particle
respectively). Assuming constant
and n = 2.0 and substituting the new
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value of R in the equation, the follow­
ing relationship results:

-fcp f* r VpdvP
4/3^<r Jo Jri (VP + K)2

whence

Examples.
I. Assume: a = 5g; o- = 2.65;

n = 18.1 X 10-6; Vo =
1000 cm./sec.

Determine $ when V — 0.
Substituting in equation I:

<8 = 0.8 cm.
II. Assume-: a = 0.5 mm.; <r =

2.65; p = 1.2 X 10"3; Vo =
5000 cm./sec.

Determine S when V has a
negligible value (10 cm./sec.)

Substituting in equation II:
>8 = 2075 cm.

III. Assume: a = 0.5 mm.; o- =
2.65; p = 1.2 X IO"3;
Vo = 5000 cm./sec. (10,000
ft./min.).

Determine Va when the dis­
tance <S out to zero velocity is
30 cm.

Substituting in equation III:
Va = 9300 cm./sec. (18,600
ft./min.).

The results obtained in these three
examples are not absolutely correct
since the equations do not hold over
the entire range indicated by the limits
Vo and 0. Nevertheless, they are of
the correct order of magnitude and
thus demonstrate two important prin­
ciples :

(1) Microscopic particles are not
dispersed by dynamic projection more
than a very short distance through
still air.

(2) Large particles, which are easily
dispersed by virtue of their own
kinetic energy, cannot be captured
within a reasonable distance by an
opposing air stream having a velocity
low enough to be practical.

It follows, therefore, that the im­
portant force of dispersion to be over­
come by the air flowing into the
exhaust hood is the movement of the
dust-laden air and not the motion of
the dust itself; the problem is to cap­
ture the contaminated air, not to
remove the contaminating material
from it (1). The scattering of large
particles can be prevented only by
erecting suitable barriers against which
the particles impinge or by causing
them to travel directly into a collect­
ing hood.

Hood Design

Reducing the dispersion of dust­
laden air involves two steps: (1)
Eliminate or otherwise control all
possible sources of air motion around
the dust-producing process, and (2)
All air motion that cannot be elimi­
nated must be changed in direction
and made to flow into the exhaust
hood, i.e., any outward velocity poten­
tials must be opposed and exceeded
by the flow gradient toward the
suction opening.

Generally, little or no attention has
been given to the first step—eliminat­
ing sources of air motion—although it
is often a more important part of hood
design than the simple selection of a
suction opening and the determination
of the required rate of air flow. In
fact, more effective reduction of the
latter with consequent saving in
power and cost frequently results
from this first step than is secured 
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with the most elaborate design with
respect to the manner in which air
flows into a hood. A few illustrations
will make this clear.

Bagging machine. Dust-laden air
escapes at fairly high velocities
through the pores of the cloth bag as
the air within the bag is displaced by
the sudden inrush of powder. A con­
siderable air movement is required
toward the exhaust hood to capture it.
The most effective way to reduce this
required air velocity is to replace the
cloth bag with a collapsed paper bag
from which no air is forced when it is
filled.

Granite-surfacing machine. On the
down-stroke of the pneumatic hammer
which actuates the cutting tool, the
air in the lower part of the cylinder of
the machine must escape and can do
so only through the annular space
around the shank of the tool. Thus, a
high-velocity blast of air strikes the
stone at the point of dust generation
with consequent active dispersion of
dust-laden air. A minor change in
the machine permits the air to escape
through the sides of the cylinder and
thus eliminates an important force of
dust dispersion. A reduction of more
than 50 per cent in the required air
flow through the exhaust hood for
effective dust control has been reported
following this simple change.

Grinding wheel. A rotating grinding
wheel acts like a fan, drawing air in
at its axis and throwing it off at the
periphery. A properly designed hood
should utilize this fan action to create
air motion toward the exhaust outlet.
I have seen numerous hoods, however,
out of which air flowed even when the
exhaust fan was running because of the
outward air motion established by the 

rotating wheel. One simple way to
minimize this fan action is to place
stationary disks close to the sides of
the grinding wheel.

All sources of air motion cannot be
eliminated by these direct means nor
can general rules of procedure be
formulated. The best measures are
generally suggested from the nature of
the sources. It is helpful in this
connection to classify the important
sources of air motion into four groups
(2):

(1). Motion produced inherently by
the operation of the process itself.

Examples. Air thrown off by the fan
action of a rotating grinding wheel;
escape of air from a container as it is
filled with a powdered material.

(2). Air movement generated inci­
dentally to the operation of the
machine.

Examples. Escape of air past worn
pistons on pneumatic tools; vibration
of machinery.

(3).  Drag of air in the wake of large
particles dynamically projected from
their source, as from a grinding wheel.

(4).  External sources of air move­
ment. Examples: Convection cur­
rents; motion due to the operation of
nearby machines, belts, etc.

Aerodynamic design. The second step
in the design is to select the shape
and location of the suction opening
and fix the rate of air flow into it so
that all remaining air movement in
the zone of dust generation will be
toward the hood. This can be accom­
plished with any kind of suction
opening provided air is drawn into it
at a high enough rate. Proper design,
however, demands that it be done with
the highest aerodynamic efficiency,
i.e., with the least possible rate of air 
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flow and power consumption. This
requires a knowledge of the laws
governing the flow of air into exhaust
openings. The following general rules
should be observed (3):

(1). Enclose the process as com­
pletely as possible and provide internal
baffles to guide the air flow where it is
most needed.

(2). An exhaust hood which does not
enclose the process should be placed
with its opening as close as possible
to the point of dust generation since
the air velocity in the zone of hood
influence decreases approximately with
the square of the distance from the
face of the hood.

(3).  Shape the hood to conform with
the shape of the area of dust produc­
tion so as to secure reasonably uniform
air velocity over this area. For a
given required air velocity at the
point of dust generation, the velocity
at the hood opening should be as low
as possible. This is contrary to the
common idea that the hood suction
should be high.

(4).  Provide flanges wherever pos­
sible to reduce the air flow from in­
effective areas where no dust is
produced.

(5).  Locate the hood opening, or
part of it, so as to receive directly any
dust that is thrown off along a well-
defined path, thus utilizing the direc­
tional energy of the material for its
own capture.

Determining the required rate of air
flow. The air flow requirement of an
exhaust hood is commonly determined
from a certain value of static suction
at the hood throat which has been
fixed by past experience and written
into State codes (although the required
values vary from one State to another).

The relation between the two is
given by the equation:

Q = 4000 Af y/h.

where Q = rate of air flow into the
hood, cu. ft./min.

A — area at hood throat, sq. ft.
f = coefficient of restriction

which varies with hood
design.

h, — static suction at the hood
throat, inches of water.

Thus, if h, = 2.0 inches; f = 0.7
(average value) and A — 0.196 (6 inch
pipe), then Q = 775 cu. ft./min.

One notes that Q is a function of A
and f as well as of h, and complete
specifications must therefore include
these factors. Some State codes spec­
ify branch pipe sizes but all assume
an average value of f = 0.7. The
chief criticism against the use of the
static suction index arises from the
fact that f may depart considerably
from 0.7 and as a matter of fact, may
easily vary from 0.95 for a well-
designed opening to as little as 0.3
for a poorly shaped and constructed
hood. Thus, a variation of 300 per
cent in the value of Q may occur for
constant values of A and h3.

Recently, the velocity pressure in
the branch pipe has been proposed as a
better index of hood operation since
with it the variable coefficient of
restriction is not required, thus

Q = 4000 A y/VP

where VP = velocity pressure in the
branch pipe, inches of water. An
important disadvantage of this index
compared with static suction is that a
great deal more skill is required in its
determination. A pitotstatic tube 
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must be employed and great care
taken to make the readings in a section
of pipe in which steady flow obtains.
This condition is frequently absent
in a short branch pipe possessing sharp
bends, or changes in area.

Basically, neither the velocity pres­
sure nor the static suction in the
branch pipe should be employed as
indices of hood operation since high
values do not necessarily mean high 

velocity pressure. In the same way,
it is poor design to increase h, when
the desired value of Q can be obtained
with less power consumption by in­
creasing A and f. A State code
which specifies 5 inches static suction
does not necessarily insure better dust
control than another which permits as
little as 2 inches; it simply requires
greater power consumption for the
same amount of work done. It is not 

TABLE 1
Minimum Air Velocities Required to Capture Certain Industrial Dusts

INDUSTRY PROCESS

REQUIRED AIR
VELOCITY

CRITERION REFER­
ENCE

At point
of origin

At face
of hood

Granite cutting Pneumatic hand
ft./min.

200
ft./min.

Reduced cone, to (5)

Grain elevators

Paint spraying

tool
Surfacing-machine

All tools

Elevator boot and
head, garner

Spray booth

1500

1500

500

50-200*

safe level
Reduced cone, to

safe level
Reduced cone, to

safe level
Visual test

Reduced cone, to

(5)

(6)

(7, S)

(9, 10)

Sand pulverizing Bagging machine 400
safe level

Reduced cone, to (H)

Elec, welding 100-200
safe level

Visual test (12)

* Depending upon the nature of the work and the size of the object being sprayed in
relation to the size of the hood.

efficiency of dust control. The veloc­
ity pressure should be determined by
the velocity required to convey the
collected dust and any increase over
this simply represents wasted energy.
Thus, if the transporting velocity is
4000 ft./min., then VP should not
exceed 1.0 inch of water. If Q is not
large enough to provide adequate
control, improvement should be
secured by increasing the area of the
branch pipe and not by raising the 

the manner in which the air travels
within the branch pipe but rather the
conditions of flow into the hood open­
ing that determines the collecting
efficiency.

The required rate of air flow into a
hood is properly determined by two
factors: first, the necessary air velocity
at the point of dust generation, and,
second, the shape and location of the
hood with respect to the dust source,
since these determine hood efficiency.
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216 ENVIRONMENT AND ITS EFFECT UPON MAN

(1). The required air velocity in the
the area of dust production depends
upon the magnitude and direction of
the air motion to be overcome. These
cannot be calculated directly; the
designer must form his estimates
upon past experience, although very
limited data are available. The mini­
mum velocity necessary to overcome
natural convection currents is 50-100
ft./min. Vertical convection currents
over hot bodies are higher and are
best determined by actual measure­
ment. The required air velocities for
most processes are between 100 and
500 ft./min. as the few figures in table
1 show. In the new Wisconsin code
the necessary velocity is put at 170
times the specific gravity of the
collected dust, but shall not be less
than 500 ft./min. The density and
size of microscopic particles has noth­
ing to do with their dispersion and it is
therefore doubtful if this specification
is justified. The rule yields figures,
however, that are high enough to in­
sure successful operation in most cases
and to this extent it is superior to the
static suction index.

(2). The required rate of airflow may
be calculated when the velocity re­
quirement outside an unobstructed
hood is known. Thus, according to
DallaValle’s equation (4):

Q = V (10X2 + 4)

where Q — rate of air flow,
V — air velocity at point of

dust generation at X
distance from the hood,

A — area of hood opening.
If the air velocity necessary to collect
the dusty air is 200 ft./min., for ex­
ample, and the condition of the process
fixes a 4 in. x 12 in. hood a distance of

6 inches from the dust origin, the value
of Q calculated by this equation is
533 cu. ft./min.

If the hood is flanged, the actual
value of Q is reduced 30 per cent below
the calculated value and a similar
reduction may be assumed when the
hood lies on a flat surface instead of in
an unobstructed position.

The rate of air flow into a hood over
a tank or table may be readily calcu­
lated by another equation developed
by DallaValle (13):

Q = 1.4 PDV
where P = perimeter of the hood,

D — distance from edge of hood
to edge of the surface
over which it is sus­
pended,

V = required air velocity
through the open area
below the hood.

The rate of air flow into an enclos­
ing or semi-enclosing hood must be
sufficient to do two things: prevent
the escape of dust through openings
into the hood, and develop sufficient
air motion within the hood to prevent
undesirable settling out of the dust.
In hoods over storage bins or mixing
tables, however, the air velocity must
not be high enough to lift and carry
away valuable material. For semi­
enclosing hoods, Q can be calculated
by means of the simple relationship:

Q = VA
where A is the cross-sectional area of
the hood at a point for which V is
known, as, for example, in a paint­
spraying booth.

Experimental determination of Q.
Undoubtedly, the best way to deter­
mine the proper value of Q is by direct
experiment under actual working con­
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ditions. The process is roughly iso­
lated from others so as to be free from
outside contamination and is operated
with experimental hoods. The rate of
ventilation is varied and correlated
with the resulting dust concentrations.
From the curves thus obtained one
selects the best hood and determines
the minimum ventilating rate neces­
sary to keep the dust concentration
below the maximum permissible level.

Direct investigation in this manner
is not always practical although the
cost of the experimental study will
frequently pay for itself through the
more efficient and economical design
of equipment thus secured. A less
expensive method is to employ a small
“probing hood” for estimating the
required air velocity. The hood, with
known velocity characteristics and
operating with a known rate of air
flow, is held at various points in the
zone of dust production and moved
up until the velocity is high enough
to turn the dusty air into the hood.
The distance is measured and the
velocity quickly calculated by means
of DallaValle’s equation for an unob­
structed hood. The total rate of air
flow is estimated from a series of such
readings.

Summary

Dispersion of microscopic dust par­
ticles away from a dust-producing
machine depends upon the movement
of the air into which the particles are
thrown and not upon their mass or the
velocity with which they are projected.
Consequently, the function of the
exhaust hood is to overcome the out­
ward movement of dust-laden air
(and draw it into the hood) and not to
separate the dust from the air in which
it is suspended. The problem proper­
ly involves two steps: first, eliminate
or reduce as much as possible all air
movement in the zone of dust produc­
tion; second, select the proper shape
of hood, locate it to operate with
maximum efficiency, and determine
the minimum rate of air flow through
it necessary to draw all dust-laden air
into the exhaust system. Some sim­
ple rules of procedure and elementary
equations for calculating the desired
rate of air flow are given, although the
experimental determination of the
latter under actual working conditions
is recommended as the most satis­
factory means of establishing the
necessary capacity of the exhaust
system.
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RESPIRATORY PROTECTIVE DEVICES*

Carlton E. Brown|

THE problem of providing suit­
able respiratory protection in
industrial, civil, and military

activities is increasing in extent and
complexity. Some of the conditions
responsible for this are: The rapid
development and growth of such air­
contaminating industrial processes as
abrasive blasting, spray coating, metal­
lizing, welding, and pneumatic drill­
ing; the increased knowledge of the
harmful effects of inhaling atmos­
pheric contaminants; the tendency of
legislative bodies to make industrial
disabilities compensable; and the fear
of the widespread use of chemical
warfare in the event of another war.

These conditions are stimulating
much interest and many improve­
ments in personal respiratory protec­
tive devices. Although, in general,
the use of other preventive or control
methods is preferable to the use of
respirators, there are situations in
which the use of respirators is desir­
able if not essential. Respirators
should be used in emergency situa­
tions, in providing protection where
general methods are not available, in
intermittent exposures of short dura­
tion, and in protecting a small number
of exposed persons in isolated places.

*From the Health and Safety Branch,
U. S. Bureau of Mines, Pittsburgh, Pa. Pre­
sented with permission of the Director.

t Chemist, Gas Section, Health and
Safety Branch, U. S. Bureau of Mines,
Pittsburgh, Pa.

Development and Description

There are a number of different
kinds of personal respiratory protec­
tive devices, differing in operating
principles, constructional details, and
intended fields of use. These devices
were developed either to protect
against new kinds of harmful or
objectionable atmospheric conditions
or against common atmospheric con­
ditions which new knowledge showed
to be harmful.

Ancient Respirators

Probably the development of the
first respirator was due to the presence
of harmful or irritating dusts. The
relation between cause and effect of
irritation by dust is so obvious that
probably the idea of using some
medium over the nose and mouth to
filter out dust from the inhaled air oc­
curred to the ancients even before the
time of Pliny the Elder (23-79 A.D.)
who described the use of loose bladder
skins over the face to protect against
the inhalation of vermilion dust (1).
The use of fibrous materials over the
face to protect against the inhalation
of dust generated in various mining
operations was mentioned by Agricola
(2) in the 16th century.

The necessity for furnishing air to
divers led to the development of hose­
type devices in ancient times (3).
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The details of these early devices are
not known, but they probably con­
sisted of a head covering to which was
attached a hose through which the
wearer inhaled air by means of his
lungs alone. Positive-pressure air
supply devices, bellows, were used to
force air through the hose to the
wearer as early as the beginning of
the 17th century.

The dust respirator and the sup-
plied-air respirator of the type used in
diving were the only types of respira­
tors available until relatively recent
times, certainly within the last hun­
dred years.

Modern Respirators
For protection against irrespirable

atmospheres far from a source
of fresh air

About the middle of the last century
the pressing need for a portable self-
contained apparatus that would fur­
nish protection in any atmosphere,
particularly for rescue work and fire
fighting in mines, led to the develop­
ment in 1853 of a supplied-atmosphere
respirator (4) similar in principle to
that of the present oxygen breathing
apparatus.

This type of device has been brought
to a high stage of development largely
through stimulation by governmental
mining agencies in various countries,
particularly in the United States,
Germany, England, and France. The
common form of the present apparatus
consists essentially of a cylinder of
compressed oxygen and a regenerator
or chemical for removing carbon
dioxide from exhaled air. The entire
apparatus is carried by the wearer 

who inhales oxygen from a bag that
is supplied automatically with oxygen
from a cylinder. The exhaled air
passes through the regenerator, where
the carbon dioxide is removed and the
unused oxygen enters the breathing
bag where it mixes with oxygen from
the cylinder. Obviously no respira­
tory equipment will protect against the
absorption through the skin of such
harmful atmospheric contaminants as
hydrogen cyanide (5) or against skin
irritation by high concentrations of
such gases as ammonia and sulfur
dioxide. The length of the service
life period of protection of this appa­
ratus depends upon the oxygen supply
and the absorptive capacity of the
regenerator. The amount of oxygen
and the regenerator chemical must be
limited in order to keep the weight of
the device within reason. The United
States Bureau of Mines does not
approve respirators of this type weigh­
ing more than 40 pounds (6). The
most common oxygen-breathing appa­
ratus, the 2-hour type, weighs about
this much, and the service life period
of protection is at least 2 hours for a
wearer doing strenuous work, or longer
if he is engaged in less difficult work.
This is the type of respirator recom­
mended for mine rescue work, since it
permits the wearer to travel a con­
siderable distance from an assured
supply of fresh air and return to fresh
air before the oxygen supply is ex­
hausted. In this general category
there are also half-hour respirators
weighing about half as much as the
2-hour device. These are used in fire
fighting, in the metallurgical indus­
tries, and in certain operations in
mining where the wearer docs not
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220 ENVIRONMENT AND ITS EFFECT UPON MAN

have to travel far from an assured
supply of good air.

For protection against the inhalation of
low concentrations of gaseous

contaminants

Although the need for a light, port­
able self-contained device for protec­
tion against the inhalation of gases
was recognized as early as 1870 by
John Tyndall, the eminent English
scientist, who devised a “firemen’s
respirator” (7), it was not until the
world war that the need for such
respirators became acute. Intensive
research was devoted to developing a
suitable respirator of this type. In
this country the work was done for
the Army under the direction of the
United States Bureau of Mines, which
had had much previous experience
with respirators for use in mines and
the mineral industry. This research
work was directed toward the develop­
ment of suitable chemical absorbents
for the gases, mechanical filters for the
particulate contaminants, canisters
that would have low resistance to
inhalation, and properly fitting face­
pieces. Toward the end of the war
respirators with very high filtering
efficiency and reasonably comfortable
to wear were available. Respiratory
equipment for military purposes is
receiving much attention in the press,
particularly in some of the European
countries.

After the war, accidents and deaths
from the use of army gas masks in
industry for protection against gases
such as carbon monoxide and am­
monia, against which they provided
no protection, led to the development
of respirators for protection against 

all kinds of gases and vapors encoun­
tered in industry.

For protection against irrespirable
atmospheres near sources of

fresh air
The rapid increase in the use of

organic substances, such as gasoline,
benzene, carbon tetrachloride and
acetone whose vapors are harmful to
breathe, introduced new types of
atmospheric hazards against which
none of the available equipment was
suitable. Since organic vapor gas
masks would protect only against low
concentrations (less than 2 to 3 per
cent in air) of organic vapors, they
were not suitable for protecting against
the high concentration of vapors
encountered. As for oxygen-breath­
ing apparatus, the service life period
was too short and the weight, skill
required to operate, and expense were
too great for it to be practical for
many of the situations in which
respiratory protection was required.
It was finally determined that some
form of a hose-type supplied-air res­
pirator would be best for furnishing
long-time protection against high con­
centrations of harmful organic vapors.
The present device consists of a hand-
operated blower, a large-diameter hose
(internal diameter about 1 inch),
harness, short length of flexible breath­
ing tube, and full facepiece. Among
the reasons for using a hand-operated
blower are: The presence of the opera­
tor of the blower gives reasonable assur­
ance that the intake of the blower will
be located in fresh air regardless of any
change in wind direction or other
factor which might change atmospheric
conditions while the wearer of the
device is exposed, and the operator of 
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the blower can draw the wearer to
safety if necessary by means of a life
line attached to the harness or in ex­
ceptional circumstances by the hose.
The blower of this respirator is so
designed that when not operated the
wearer can draw air through it and
the hose by means of his lungs alone.
The hose must not be permeable to
organic liquids, as some of the im­
portant uses of this respirator are in
oil fields and in cleaning out tanks
that have contained organic liquids.
The maximum length of the hose is
limited so that the wearer will not be
able to travel too far from an assured
supply of fresh air.

For protection against particulate
contaminants

The objectionable nature of such
particulate matter as dust, fumes and
mist probably always has been recog­
nized and even the harmful nature
of some has been recognized, at least
since the time of Pliny (1). However,
the extent of the need for furnishing
respiratory protection against atmos­
pheric particulate matter has been
recognized only since about the begin­
ning of this century. The increased
effort to improve working conditions
under the present complex industrial
developments has led to an increase in
knowledge concerning harmful effects
of atmospheric particulate matter and
has stimulated much interest in re­
spiratory protection against these
contaminants.

The filtering efficiency of fibrous
materials was not.studied appreciably
until the world war (8). More re­
cently studies have been made of
respirators by such agencies as the
United States Bureau oi Mines (9, 10) 

and the Harvard School of Public
Health (11).

These studies of mechanical filtra­
tion by fibrous materials revealed that
filtering efficiency varies with the par­
ticle size and the amount of solid
particulate matter retained; also that
the resistance to air flow varies with
the amount of solid particulate matter
retained and the rate of air flow.
This information has been of value in
developing suitable mechanical-filter
respirators.

The United States Bureau of Mines’
schedule covering respirators for at­
mospheric particulate matter (12)
has been responsible for a marked im­
provement in filtering efficacy and
facepiece fit of mechanical-filter res­
pirators.

The difficulty of properly fitting the
half mask facepieces of mechanical­
filter respirators to all types of faces
has been brought out by the approval
work on such respirators. Most of the
manufacturers who have submitted
respirators for approval have had to
modify their respirator facepieces be­
fore they would meet the approval
requirements. A simple practical test
that anyone can run to determine
whether a respirator facepiece is mak­
ing a tight seal, is to wear it in a high
concentration of coal dust. The time
of the test can be shortened by blowing
a stream of air containing a high
concentration of coal dust around the
edges of the facepiece. Figure 1
shows the results of such a test.
Toothpicks were inserted under the
edges of the facepieces worn by the
persons at left and right to produce
leakage. The location and approxi­
mate magnitude of the leaks are shown
by the streaks of coal dust on the part 
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of the face covered by the facepiece.
Another test consists of plugging the
intakes to the respirator and then
attempting to inhale. This type of
test could well be supplemented by the
coal dust test.

For protection against high concentra­
tions and- combinations of gaseous

and particulate contaminants
Industrial processes such as pneu­

matic drilling, abrasive blasting and 

of dust but also against impact and
abrasion of the head and shoulders by
the rebounding abrasive and loosened
abraded material. Spray coating is
responsible frequently for pollution of
the surrounding atmosphere by a com­
bination of particulate matter (mists
that are liquid particles or a combina­
tion of solid and liquid particles) and
harmful vapors resulting from the
evaporation of the liquid 5'6111016 of the
coating used in the spray gun.

Fig. 1.—Results of test for fit of mechanical-filter respirator facepieces. The results
plainly show the location and approximate magnitude of the leaks caused by the tooth
picks and that the facepiece worn by the person in the center did not leak.

spray coating have introduced atmos­
pheric conditions for which none of
the respirators previously described
are particularly suitable. Certain
kinds of pneumatic drilling arc respon­
sible for dust concentrations so high
that they would rapidly overload a
dust respirator. The operator of an
abrasive blasting outfit must be pro­
tected not only against the inhalation
of air containing high concentrations 

Since these operations are carried
out frequently in isolated places and
at different locations at various times,
they do not lend themselves always to
general control measures.

The apparatus responsible for con­
taminating the air; in each case, is
operated pneumatically. The idea of
furnishing the operator of these devices
with a respirator designed to be sup­
plied with air from the same source as 
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that of the air for operating the
apparatus must have occurred to some­
one soon after the introduction of
these devices. Such supplied-air res­
pirators are available, but it is ques­
tionable whether at present most of
them are satisfactory for their in­
tended use. Using air from the
ordinary compressed air system found
in industry to supply respirators is not
to be indiscriminately recommended.
These compressed air systems are
usually of the high-pressure, internally
lubricated, reciprocating-compressor
type. The air supplied by these
systems is contaminated frequently
with malodorous constituents such as
vapors, mists and products of decom­
position of the compressor lubricant,
slugs of water, and rust from the pipe
line. All or most of these contami­
nants can be removed probably by some
of the commercial air purifiers sold for
this purpose. A pressure-reducing
mechanism should be used also in the
line to prevent any possibility of sud­
den accidental blasts of high-pressure
air from injuring the lungs of the
wearer of the respirator. With a
compressor of this type there is
always the possibility, however rare it
may be in well-kept systems, of the
generation of carbon monoxide due to
overheating of the compressor lubri­
cant (13). This danger can be mini­
mized or eliminated by the use of
temperature controls or carbon mon­
oxide alarms on the compressor which,
of course, should be so maintained as
to prevent the generation of carbon
monoxide.

The trend in supplied-air respirators
is to use special low-pressure, exter­
nally lubricated, positive-pressure air­
supply devices. Most of the objections 

to the high-pressure reciprocating­
type compressor do not apply to an
air-supply device of this kind. Since
these devices are not common in
industry, however, it is usually neces­
sary to purchase a special one for use
with the respirator. Since air puri­
fiers, pressure-reducing mechanisms,
and special compressor-control or
alarm mechanisms are not necessary,
the price of this respirator complete
with air-supply device should not
exceed that of the other type of
respirator without the air supply
system.

The use of a special air-conditioning
unit to regulate the temperature and
humidity of the air supplied to the
respirator wearer is desirable.

Supplied-air respirators have the
following advantages for routine non­
emergency use over those of the air­
purifying respirators such as gas
masks, mechanical-filter respirators
and the combination of gas mask with
a mechanical filter:

1. No resistance to inhalation.
2. Freedom from inward leakage of

contaminated air.
3. Protection against all kinds of

contaminants and even against atmos­
pheres deficient in oxygen.

Suggested Improvements and
Developments

Although respirators have reached
a high stage of development there is
still considerable room for improve­
ment of present respirators and devel­
opment of new ones. Some needed
developments and improvements are:

1. Safe and suitable supplied-air
respirators for use with special air­
supply systems free from possible
generation of carbon monoxide.
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TABLE 1
Comparison of Characteristic Features of Respiratory Protective Devices

RESPIRATOR general design features protection provided SERVICE LIFE PERIOD OF PROTECTION

APPROXI­
MATE

WEIGHT
CARRIED

APPROXI­
MATE
COST

I. Supplied-Atmos-
phere Respira­
tors

A. Supplied-Air Re­
spirators

Unlimited

lbs. SI

o

.... 1
1. Type A (com­

monly called
hose mask)

Hand-operated blower, large-diameter
hose, harness, and facepiece.

Against any atmosphere 5 SN
T 

>

gb*>

2. Type B (special
hose mask)

Large-diameter hose, harness, and face­
piece.

Against any atmosphere, but should not
be used in immediately harmful atmos­
pheres.

«« 5

Q

3. Type C (air­
line respira­
tor)

Externally-lubricated low-pressure air­
supply system, air-conditioning unit,
hose, harness, air-regulating valve,
detachable coupling, and suitable face
or head covering.

« « 2

[TS EFFE

s

4. Type D (air­
line respira­
tor)

Attachment for connecting hose to ordi­
nary industrial source of high pressure
air, air-conditioning unit, pressure­
reducing mechanism, air-regulating
valve, detachable coupling, hose, har­
ness, and suitable face or head covering.

« « 2

ICT U
PO

N

8•*

5. Types EA,EB,
EC, and ED
(abrasive­
blasting re­
spirator)

Features same as of typo of supplied-air
respirator indicated by the second type
letter with the necessary modifications
or additions to make these devices suit­
able for use in abrasive blasting. Reg­
ular supplied-air respirators usually
require coverings to protect the head and
shoulders of wearer from impact and
abrasion by rebounding abrasive and
loosened abraded material.

Against inhalation, impact, and abrasion
of particulate matter in air during abra­
sive blasting.

Also against any atmosphere, but all types
except Type EA should not bo used in
immediately-harmful atmospheres.

« 3-10 $75-5175 g

B, Supplied-Oxygen
Respirators
(commonly call­
ed oxygen­
breathing appa­
ratus)

1. Type A (J-hour Cylinder of compressed oxygen, pressure Against any atmosphere The cylinder of oxygen will supply needs of 12-21 $150
apparatus)

2. TypeB (1-hour

gage, pressure-reducing mechanism,
reservoir, mouthpiece, nose clip, saliva
trap, carbon dioxide absorbent, and
cooler. The entire device is carried by
the wearer.

« «

wearer during a 30 minute strenuous
work period, or for longer period while
doing easier work. Oxygen and carbon
dioxide absorbent supply must be re­
newed at end of this period.

Same as for Type A except for 45-minute 20-30 $175
apparatus)

3. TypeC (1-hour « «
protection period.

Same as for Type A except for 1-hour pro- 30-40 $200
apparatus)

4. Typo D (2-hour M <<
tection period.

Same as for Typo A except for 2-hour pro- 40 $225
apparatus)

II. Air-Purifying Res- Filter, chemical or mechanical, for remov- Against specific contaminants or types of

tection period.

Depends upon filtering capacity, increase 1-8 S1-S50
PIRATORS

A. Chemical-Filter

ing contaminant or contaminants from
inhaled air; and facepiece attached to
filter directly or by means of short length
of flexible rubber tubing. Entire device
is carried by the wearer.

Canister containing suitable chemicals,

contaminants. No protection against
atmospheres containing insufficient
oxygen for respiration.

In come cases concentrations of contami­
nants should be known.

Against gaseous contaminants.

in resistance to air flow with material
retained by filter, concentration of con­
taminant in air, and rate of breathing.

4-8 $15-550
Respirators
(commonly
called gas masks)

1. Type A, or acid

short length of flexible rubber tubing,
and full facepiece.

Canister containing suitable chemicals, Against low concentrations (less than At least 30 minutes against 2% of an acid 4-8 $15-$50
gases

2. Type B, or

short length of flexible rubber tubing,
and full facepiece.

Canister contains alkaline chemicals, such
as soda lime.

Color of canister—white.
Same as for Type A, except canister con-

about 2%) of acid gases such as chlorine,
formic acid, hydrogen chloride, hydro­
gen sulfide, and the like.

Against low concentrations (leas than

gas in air, or longer time against lower
concentrations.

At least 30 minutes against 2% of an or- 4-8 $15-$50
organic vapor tains activated charcoal.

Color of canister—black.
about 2% in air) of organic vapors such
as acetone, benzene, carbon tetra­
chloride, and gasoline.

ganic vapor in air, or longer time against
lower concentrations.

to
to
Ot
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TABLE 1—Concluded

RESPIRATOR GENERAL DESIGN FEATURES PROTECTION PROVIDED SERVICE LIFE PERIOD OF PROTECTION

APPROXI­
MATE

WEIGHT
CARRIED

APPROXI­
MATE
COST

3. Type C, or am- Same as for Type A, except canister con- Against low concentrations (less than 3% At least 30 minutes against 3% ammonia in
lbs.
4-8 815-850

monia

4. Type D, or car-

tains silica gel or kupramite (granular
material impregnated with copper
sulfate).

Color of canister—green.
Same as for Type A, except canister con-

in air) of ammonia.
Even this concentration is very irritating

to the unprotected skin.

Against low concentrations (less than 2% in

air, or a longer time against lower con­
centrations.

Two to 6 hours according to size of canister, 4-8 815-850
bon monoxide

5. Types AB,

tains hopcalitc (specially-prepared mix­
ture of copper oxide and manganese
dioxide) which catalyzes the action of
carbon monoxide with oxygen of air to
produce carbon dioxide.

Color of canister—blue.
Same as for Type A, except canister con-

air) of carbon monoxide. Such res­
pirators protect against higher concen­
trations but the intense heat generated
can not be long endured.

Against low concentrations of combina-

regardless of any or no concentration of
carbon monoxide encountered.

Shorter than that of respirators designed 4-8 810-850
ABC, ABCD
or N, BC,
etc,

B. Mechanical-Filter

tains suitable combination of chemicals.

Fibrous filter attached to half mask face-

tions of preceding gases. The Type N
device is really a chemical and mechan­
ical-filter respirator, since it also con­
tains a mechanical filter for removing
particulate matter.

Against particulate matter such as dusts,

for one gas or type of gas, as it contains a
smaller amount of each chemical.

Determined by amount of retained par- i-1 81-815
Respirators
(commonly
called dust rcs-
spirators)

1. Typo A, or dust

piece directly or by means of a short
length of flexible rubber tubing.

it

fumes and mists.

Against dusts whoso probable safe concen-

ticulate matter required to cause resist­
ance to inhalation to increase appre­
ciably. Length of period depends upon
concentration of particulate matter in
air and rate of breathing.

At least 1 day at relatively high dust con- 1-1 $1-815
tion does not exceed that of pure quartz
or free silica (SiOa) dust. Filtering effi­
ciency increases with use or amount of
particulate matter collected.

centrations.

2. Typo B, or
fume

«

Against fumes of various metals. Since
fumes are probably more difficult to
remove by mechanical filtration than

ii H 81-815

3. Type C, or mist it

other kinds of particulate matter with
the possible exception of smokes, this
respirator will protect against such par­
ticulate matter as dust and mists.

Against mists as produced by spray-coat- ii 1-1 81-815

4. Types AB, AC, it

ing with paint and vitreous enamels,
chromic acid mist as produced in chrom­
ium plating, and mists of other mate­
rials whose liquid vehicle does not pro­
duce harmful gases or vapors.

Against combinations of preceding kinds it i-i

w
BCO

$1-815 K
BC, etc.

5. Type for single ii
of particulate matter.

Against particular contaminant. ii l-i
£

$1-815 H
particulate con­
taminant

C, Chemical and Me- Chemical and mechanical filter attached Against combinations of gaseous and par- Seo remarks under chemical-filter and 1-8

O
3

82-850
chanical Filter
Respirator

to facepiece directly or by means of a
short length of flexible rubber tubing.

ticulate contaminants. mechanical-filter respirators. w
o
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228 ENVIRONMENT AND ITS EFFECT UPON MAN

2. Safe and suitable supplied-air
respirators that can be used with air
supplied by the common high pressure,
internally lubricated reciprocating
compressors.

3. Self-contained, positive-pressure,
air-purifying respiratory equipment
that can be carried completely by the
wearer and that will not interfere
unduly with his work.

4. Simple, light-weight, self-con­
tained, inexpensive, supplied-atmos-
phere respirators to cover the present
fields of the oxygen breathing appa­
ratus and gas mask.

5. Better fitting facepieces for me­
chanical-filter respirators.

6. More compact, simpler and
cheaper approved mechanical-filter
respirators.

7. Better means of communication
for wearers of respirators.

8. Simple arrangements to permit
the wearer of respirators to expectorate
without removing the facepiece.

9. Investigation of possibilities of
application of principles of thermal
and electrical precipitation for use in
air-purifying respirators for protection
against the inhalation of particulate
matter.

10. Less dead air space and resist­
ance to inhalation in all respirators of
the negative-pressure type or those in
which there is a negative pressure
under the facepiece at some part of
the wearer’s inspiratory cycle.

Summary of Information on
Respirators

Table 1 contains information on
general design features of respirators,
kind of atmospheric conditions they
protect against, length of time they
will furnish protection, weight of the 

complete respirator or the part carried
by the wearer, and approximate cost
of the different types.

Selection

The selection of the proper res­
pirator for a particular situation re­
quires a knowledge of the nature of the
harmful or objectionable conditions,
the kind of work to be done by the
exposed persons and the characteristics
of available respirators.

Actually or potentially harmful or
objectionable atmospheres in a par­
ticular establishment are known or
deducible usually from information on
the materials used in the various proc­
esses. When the nature of atmos­
pheric conditions is not known, it is
wise to assume that the air contains
insufficient oxygen for respiration and
to select a supplied-atmosphere res­
pirator.

The features of the exposed person’s
work that must be considered in
selecting a suitable respirator are:
The exertion required, the motions
involved, distance or area traversed,
obstacles in the working area, and
length and frequency of exposure.

Information on the essential charac­
teristics of available respirators is
given in table 1. From this informa­
tion and that on the nature of harmful
or objectionable atmospheric condi­
tions and on the features of the
exposed person’s work, one should be
able to select a suitable respirator to
meet virtually all of the conditions for
which respirators are suitable.

Before selecting the particular make
of respirator, however, one should be
familiar with the approval system of
the United States Bureau of Mines
(14). The purpose of this approval 
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system is to furnish to the mineral
and allied industries a list of devices
that have met the schedule of require­
ments of that Bureau. By selecting a
respirator approved by this Bureau
one is assured of obtaining a device
that will meet certain minimum re­
quirements pertaining particularly to
performance. The inference should
not be drawn that none of the unap­
proved devices will meet these require­
ments. The submission of respirators
for approval is voluntary on the part
of the manufacturer. There are now
approval schedules for supplied-oxygen
respirators (6), for chemical-filter res­
pirators (15), for Type A supplied-air
respirators (16), and for mechanical­
filter respirators (12). The schedule
for Type A supplied-air respirators is
being revised to cover the other types
of supplied-air equipment. Lists of
approved respirators are issued at
intervals, and can be obtained from
the United States Bureau of Mines.

The following are some general
rules which may be helpful in selecting
respiratory devices:

1. In general the use of supplied-
atmosphere respirators is preferable to
that of air-purifying types, since they
protect against all types of atmos­
pheric conditions.

2. The use of positive-pressure res­
pirators or those in which there is a
positive air pressure under the face­
piece at all times during the wearer’s
inspiratory cycle is usually preferable
to that of the negative-pressure res­
pirators such as the Types B and EB
supplied-air respirators and all of the
air-purifying respirators, since there is
no resistance to inhalation and any
leakage around the facepiece edges is
outward.

Use and Care

The supplied-oxygen respirators are
the only ones so complicated that the
wearers must be instructed and trained
carefully in their use. Because of the
value of these devices in mine rescue
work, the United States Bureau of
Mines has trained, without charge,
about 60,000 qualified persons in
their use.

Complete instructions for the use
and care of the various other respira­
tors are furnished by their manufac­
turers. The instructions furnished
with approved respirators are carefully
checked by the Bureau of Mines
which also issues articles on the use and
care of respirators.

Summary

The history of the development of
various available respirators is dis­
cussed. These respirators were de­
veloped to meet new types of harmful
or objectionable atmospheric condi­
tions or common atmospheric condi­
tions that new knowledge showed to
be harmful.

Suggestions are made for the im­
provement of present respirators and
for the development of new types of
respirators.

Information on the general design
features of respirators, kinds of atmos­
pheric conditions they protect against,
their sendee life period of protection,
weight of the respirator or the part
carried by the wearer, and approxi­
mate cost of available respirators is
summarized in tabular form.

The selection, use and care of
respirators are discussed briefly.
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THE APPLICATION OF AIR CONDITIONING IN NORMAL LIFE*

Philip Drinker

VENTILATION consists in sup­
plying or removing air to or
from confined spaces. It is a

dilution process and requires no pre­
treatment or purification of the added
air. Air conditioning, on the other
hand, controls the quality of the air
and may necessitate heating, cooling,
drying, moistening, or purifying. The
Holland vehicular tunnels must be
ventilated in order to control the con­
centration of carbon monoxide from
the exhausts of the automobiles but
the air thus introduced into the tun­
nels is not pre-treated in any way.
The modem moving picture theatre
would be impracticable in either sum­
mer or winter unless air conditioned.
The heat supplied by the audience,
with the resultant odors and general
stuffiness make it essential to pre-cool
the fresh air which is added and to
treat and recirculate a fair portion of
the old air. Just what percentage of
the total air handled by the fans is
recirculated and what is fresh depends
upon local conditions.

The objective in the ventilation of
any building is the general comfort
and health of the occupants. It may
be possible to set up an arbitrary
measuring stick or to draw' up precise
specifications, but the layman will

* From the Department of Industrial
Hygiene, Harvard School of Public Health,
Boston.

judge conditions solely by his own
sense of comfort and well being. If
the atmosphere is stale or odorous his
opinion will not be changed by the
fact that the temperature and per­
centage relative humidity happen to
agree with the accepted optima.

The measurable factors are tempera­
ture, moisture content, air movement,
carbon dioxide concentration, odor
intensity, dustiness, gas concentra­
tions and degree of ionization. By
means of modern air conditioning it is
possible to attain practically any
desired combination of the above
factors. All of them, except odors,
are measurable with precision.

The physiological requirements of
the atmosphere are easier to satisfy
than are the esthetic or psychological
demands. Thus, it is easy to keep the
carbon dioxide concentration w'ell be­
low the level which is detectable
physiologically and to maintain com­
fortable temperatures but the atmos­
phere may still be objectionably
odorous.

In estimating the air-conditioning
requirements for any building one
treats the human occupant exactly as
if he were a machine, an electric light
bulb, or a gas jet giving off so much
heat, moisture and carbon dioxide and
using up so much oxygen. The re­
quired data are given in full in such
hand books as the annual Guide of the
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232 ENVIRONMENT AND ITS EFFECT UPON MAN

American. Society of Heating and
Ventilating Engineers which is kept
up to date by persons carefully se­
lected to write upon their own spe­
cialties.

There is a decided international
difference of opinion as to the optimum
physiological conditions but the rea­
sons for these differences are perfectly
understandable. There is no dispute
at all as to the basic thermal require­
ments, based upon human metabolism,
heat transmission, heat conduction,
leakage or infiltration, and the like.

The Comfort Chart.—It has long been
known that there are various com­
binations of temperature, percentage
relative humidity and air motion
which feel substantially the same or
produce the same sensation of comfort
or warmth. Thus, the presence of
excessive moisture renders extreme air
temperatures (hot or cold) much more
severe than does dryness. There is a
broad zone in which no differences in
comfort can be claimed although the
subject may be perfectly aware that
one condition is slightly colder or
slightly warmer than another.

Yaglou, (1) with various colleagues,
has determined the comfort limits as
accepted in the United States and
placed them in simple charts (figure 1)
and tables. As abscissas the chart
gives the dry bulb temperatures meas­
ured by the ordinary thermometer
while the ordinates are wet bulb
temperatures. The percentage rela­
tive humidity is given in the upper
right hand corner while the air motion
is assumed to be from 15 to 25 ft. per
minute.

The only manner in which data for
such charts can be obtained is by 

subjecting volunteers to the various
conditions and asking their opinions.
As these opinions were based upon
conditions as found in everyday life,
the subjects dressed normally and no
restrictions were imposed as to diet.
In all of these experiments the rooms
used were air conditioned and the
equipment was run for a considerable
period before the subjects entered the
room so that differences in temperature
between the walls and the air within
were trifling. However, all heat or
cooling resulted from the air blow
into the room; there was no heating
or cooling by radiation. (It might
be more accurate to speak of cooling
by negative radiation.)

The term “effective temperature”
is used in the United States to indicate
the physiological effects of various
combinations of temperature, humid­
ity, and air motion upon man. Thus,
a dry bulb temperature of 70°F, a
wet bulb of 58° gives an effective
temperature of 66°. This same result
is obtained from saturated air at 66°F.
This scale is purely empirical and is
based solely upon sensations of warmth
or coolness. It does not imply that
subjects are equally comfortable under
these different combinations but that
they feel equally warm or cool.

The obvious limitations in such a
chart are imposed by the convection
type of heating used in obtaining the
experimental data. In climates like
that of England where such extremes
as ours are not met, heating by convec­
tion is not practiced as much as in
the United States. The chart, then,
applies only to conditions such as one
finds in this country.

One cannot expect too great uni­
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formity in the opinions of impartial
subjects as to conditions of comfort or
of warmth. The chart (figure 1) 

winter 98 per cent. The aim of the
air-conditioning engineer is, then, to
establish conditions which will bring 

Fig. 1.—The comfort zones plotted on the effective temperatures charts as determined
by the American Society of Heating and Ventilating Engineers. Note that this chart
applies to air velocities of 15 to 25 feet per minute (still air). These data apply to inhabi­
tants of the United States only. Application of the winter zone is further limited to rooms
heated by central station systems of the convection type, and not to rooms heated by radi­
ant methods. Application of summer comfort zone is limited to homes, offices and the like,
where the occupants become fully adapted to the artificial air conditions. The zone does
not apply to theaters, department stores, and the like where the exposure is less than
3 hours.

makes it clear that, in summer, it is
unlikely that one could satisfy more
than 97 per cent of the subjects and in 

this degree of satisfaction and he
expects criticism of his results from a
small percentage no matter what con­
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234 ENVIRONMENT AND ITS EFFECT UPON MAN

ditions he furnishes. There is general
agreement between the British and
ourselves on the degree of unanimity
of opinion of test subjects on matters
such as these. That is, it is as hard
for the British engineer as for the
American to satisfy all of his subjects.

Acclimatization.—One of the most
interesting factors in air conditioning
is the effect of acclimatization. It is
recognized but it is not a factor which
as yet can be measured physiologically.

We all know how easy it is to ac­
commodate ourselves to conditions
which are warmer or cooler than those
to which we are accustomed but we
dislike to have these changes thrust
upon us suddenly. We dislike the
fresh-air fiend who must open the
windows regardless of the desires of
others in the room

But acclimatization is well recog­
nized in our American air-conditioning
practice. The duration of the effects
of diurnal acclimatization is about 3
hours, that is, it takes about 3 hours
for the effect of the previous environ­
ment to wear off.

Acclimatization is of great impor­
tance in the air conditioning of thea­
tres, restaurants, and similar places
where the occupants remain for less
than 3 hours. The proprietor of a
cafe where air conditioning has just
been installed in order to increase his
patronage during the hot summer days
may, in his enthusiasm, show his
guests what his new equipment really
can do and thus have the air uncom­
fortably cool. The air-conditioning
engineer should have provided him
with the schedule given in table 1.

If one compares this table with the
chart of figure 1 one can see clearly
the effect of acclimatization as the 

cause of the significant differences be­
tween the winter and summer comfort
zones. It is recognized that still
higher temperatures in summer are
needed for exposures shorter than 1
hour, as for instance, in banks, res­
taurants, department stores, etc.

Clothing.—It is a recognized fact
that woolen underclothing, heavy cot­
ton-wool, or even heavy cotton, is
worn infrequently by Americans. The
sale of such material in America is
limited mostly to persons who must 

TABLE 1
Minimum Indoor Air Conditions in Sum­

mer Corresponding to Outdoor Tem­
peratures. Applicable to Expo­

sures of 1 to 3 Hours

(Courtesy American Society of Heating &
Ventilating Engineers)

OUTDOOR
TEMP.

INDOOR AIR CONDITIONS WITH DEW­
POINT CONSTANT AT 57°F.

Dry-
Bulb

Dry-
Bulb

Wet-
Bulb R. H. Effective

temp.

°F. °F. °F. per cent

95 80.0 65.0 45 73
90 78.0 64.5 72
85 76.5 64.0 50 71
80 75.0 63.5 70
75 73.5 63.0 69
70 72.0 62.5 60 68

work outdoors in winter time, to fisher­
men living along the northern coasts,
and the like. This is not true in
Great Britain for Britishers dress far
more warmly than do Americans. On
the other hand, we Americans unques­
tionably keep our houses warmer than
do the British.

In figure 2 are reproduced graphs
showing the proportions in which
wool, cotton-wool mixtures and light­
weight cotton underclothing are pur­
chased in representative department
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stores throughout the United States
and the lower part of Canada (2).

Radiant vs. convected heat.—In this
country we have to prepare for ex­
tremes in temperature. We expect
annual differences, in most of our
states, of at least 60°F. while differ­
ences of more than 100° are common.
During the months of January, Febru­
ary, and March, we often experience

capacity for average conditions and is
then apt to be forced needlessly in
mild weather, because the heating
capacity is there. Thus, it is common
to find American homes heated to tem­
peratures in excess of those desired.
This criticism does not apply so
forcibly to complete air-conditioning
systems for these are under thermo­
static control and maintain automati­

Fig. 2.—Underclothing worn by men in the United States and lower
Canada at various outdoor temperatures

here in Boston outdoor temperature
drops of 40° in the course of 24 hours.
It is imperative that our heating
plants be able to maintain uniform
indoor temperatures in spite of the
wide range in heating loads which
result. The plant must, therefore,
be capable of responding quickly to
great changes in conditions.

These requirements mean, generally,
that the plant will need too great

cally the proper conditions. Likewise,
the modern household heating plant
can be equipped with satisfactory
thermostatic control.

We heat our houses by a combina­
tion of convected and radiant heat.
Of the two the convection method is
the more general and is typified by air-
conditioning methods and by indirect
radiators heated by hot water or by low
pressure steam. In England, radiant 
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236 ENVIRONMENT AND ITS EFFECT UPON MAN

heat is preferred and seems to answer
very well where rapid temperature
changes such as ours are unusual.

Our American effective temperature
scale has been criticized by the British
because it disregards the effects of
radiant heat. That criticism is partly
true but the defect is one of which
we are perfectly aware and for which
Houghten and McDermott (1) have
made some allowance, as is illustrated
in figure 3. This chart shows the

Dust and bacteria.—In ordinary air
conditioning work atmospheric dust
is usually not a troublesome item.
Dust is removed from the air by filter­
ing it through materials which offer a
very low resistance to air flow. It is
rarely necessary to remove large
amounts of dust such as one demands
in the purification of the air of factories
or mines with a silicosis hazard. In
air conditioning, therefore, the filter
generally lasts for days without requir­

Fig. 3.—The effect of cold walls. Thus, a wall surface temperature of 55°F. on three
sides requires an air temperature of 74° to make the room conditions comparable to a
uniform temperature of 70°. (Courtesy American Society of Heating and Ventilating
Engineers.)

correction which must be made if the
walls of the room heated by convection
methods are too cold but it does not
indicate what drop in air temperature
is permissible under the reverse condi­
tions so common in England, namely, a
source of radiant heat at a temperature
substantially above that of the air in
the room. Bedford (3) suggests that
the pleasantest conditions probably
would be obtained by a judicious com­
bination of air heating and radiant
heating.

ing attention. It then may be cleaned
or destroyed and a new one put in its
place.

One of the most welcome invasions
of air conditioning is in the field of
transportation. Compare, for exam­
ple, a trip in a modern air-conditioned
sleeping car with the hot dirty condi­
tions we had to endure a few summers
ago. A feature of air conditioned cars
is the cleanliness of the air as con­
trasted with that of the non-condi-
tioned car. This cleanliness is 
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achieved by filtering the air rather
than by washing it.

It is questionable if one has any
right to advocate air conditioning or
air filtering, in ordinary life, because
of the cleaner air one may thus
breathe. We know a good deal about
harmful dust concentrations when sub­
stances like quartz dust are in question
but we have no proof at all that
the degree of air cleanliness accom­
plished by a modem first-class air-
conditioning installation makes us
healthier than we otherwise would be.
It should be remembered that indus­
trial dust concentrations of known
hygienic significance are vastly heavier
than those met in air conditioning.

Both air conditioning and simple
air filtration will reduce the concen­
tration of plant pollens in the air to
the point where the person susceptible
to hay fever can usually obtain relief
or even complete freedom from allergic
attacks (4). Those who sell air-
conditioning equipment have every
right to make much of this fact as the
medical evidence in its support is
conclusive (fig. 4).

The total or partial removal of air­
borne bacteria by air conditioning
procedures has been claimed by vari­
ous manufacturers but the justification
for these claims is not at all impressive.
In fact, in our studies at this School,
of commercial filters which were sup­
posed to catch air-borne bacteria, the
results were very poor. It seems likely
that the application of ultra-violet
radiations to the killing of bacteria
in recirculated air, as advocated by
Wells, may earn a place in air condi­
tioning. One cannot dispute Wells’
evidence of the bactericidal effects of
such radiations but the conservative 

person today who is unacquainted with
the alleged advantages of sterile or
germ-free air may doubt its need. It
may be, in the future, that germ-free
air will become as necessary as germ-
free water or milk and will be gauged
by tests somewhat analogous to those
now used for water or milk.

Odors.—One of the oldest criteria of
ventilation is the presence of disagree­
able odors, particularly from the
human body. In discussing general
building ventilation in 1884 Billings
(5) wrote that “the best test for the
presence of an undue amount of im­
purity in the air is the sense of smell.
When a person goes from the fresh
outdoor air into an inhabited room,
and does not perceive any special odor,
it is usually safe to assert that that
room is well ventilated.” Billings be­
lieved that concentrations of carbon
dioxide could be used as an index of
odor intensity, a point of view which
is no longer accepted. However, we
all agree with his opinion that the
control of odors is essential to good
ventilation. It is imperative in good
air conditioning.

Odors in ordinary air conditioning
can be divided into two main classes,
(a) those which come from the human
body and are relatively water-soluble,
(b) those from organic substances such
as perfumes which are difficultly solu­
ble. Odorous gases, such as hydrogen
sulfide, powerful stenches from slaugh­
ter houses, and even excessive odors
from kitchens and restaurants are
avoided (or isolated) rather than
treated in modern air conditioning.

Practically all organic odors are
derived from complex substances
which are not chemically strong com­
pounds. The strength or concentra­
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238 ENVIRONMENT AND ITS EFFECT UPON MAN

tion of odors, as from perfumes, cannot
be preserved indefinitely like samples
of carbon dioxide gas. All such odors
can be destroyed completely, not
simply masked, by powerful oxidizing

generally must be applied in excess
and the neutralization of this excess
is not easy. The treatment of the air
escaping from fertilizer plants and
similar places, by means of chlorine 

Fig. 4.—The effectiveness of commercial air-conditioning filters for removing plant
pollen from air. Station A was on the campus of the University of Kentucky, Louisville,
and Station B was at a point about miles distant. (Courtesy American Society of Heat­
ing and Ventilating Engineers.)

agents such as chlorine, ozone, or by
simple combustion of air and are
affected by ordinary sunshine. But
it is extremely difficult to apply power­
ful oxidizers in practical air-condition­
ing work as the curative agent 

and by ozone is fairly common, but no
great success has been attained in the
use of ozone in the air of theatres,
schools, and the like.

Low concentrations of practically
all gases and fairly powerful stenches 
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can be eliminated completely by
passage through a bed of activated
charcoal such as is used in gas masks,
However, the adaptation of this well-
known procedure to modem air con­
ditioning has not been accomplished,
largely because of the rather high
power consumption involved in forcing
the air through the charcoal bed.

There has been no progress at all
in the control of tobacco smoke in air
conditioning. We admit the great 

was passed through an air-conditioning
apparatus as it would be in a theater,
for example. One of his charts is
shown in figure 5.

The old standards of 30-50 cubic
feet per person per minute should
probably be changed. It seems rea­
sonable that one should now supply
100-500 cu. ft. of space per person
and that the fresh air should vary
from 25 to 7 cubic feet per person per
minute—that is, crowding increases 

capacity of various air-conditioning processes. Net air
(Courtesy American Society of Heating and Ventilat-Fig. 5.—The odor-removing

space per occupant, 200 cubic feet.
ing Engineers.)

success of air conditioning railroad
trains but to the non-smoker, at least,
the modern air-conditioned smoking
car is still objectionably smelly.

Air conditioning is very effective in
the control of body odors. Yaglou
(6) determined first the amount of
fresh air, by simple ventilation, needed
to reduce body odors to an acceptable
level and then showed that the same
result could be attained with less fresh
air if a portion of the air of the room 

the demand for ventilation. If air
conditioning is applied, then less fresh
air is needed. A further allowance
can properly be made for temperatures
—more air is needed in warm than in
cool weather.

Ionization.—It is well known that
air which passes through metal ducts
and especially through air washers
loses an indescribable property which
is present in outdoor air. It is often
said that washed air is flat and has lost 
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240 ENVIRONMENT AND ITS EFFECT UPON MAN

the pleasant brisk and stimulating
property which is so welcome in clean
country air. A series of studies made
at this School (1) showed that there
is a decided drop in ionic content of
indoor air following human occupancy.
In figure 6 are shown data which
indicate the influence of human occu- 

particularly humidity control, is very
helpful in preventing the drying out or
deterioration of woodwork, tapestries,
paintings and the like. It is common;
therefore, for architects to recommend
that new art museums, natural history
museums, and the like, be air condi­
tioned. By the same argument the 

Fig. 6.—Influence of room occupancy on ionic content. The room used was 30 ft. x 33 ft.
x 101 ft. The number of occupants is indicated on the chart. There was good window­
gravity ventilation. (Courtesy American Society of Heating and Ventilating Engineers.)

such deionized air or to bring the ion
content above that found outdoors but
it has not been shown that there is
any physiological need or justification
for such treatment. At the present
time, therefore, artificial ionization is
not being used to any important extent
in air conditioning.

The effects upon furnishings.—It
is well known that air conditioning, 

they are better preserved in atmos­
pheres in which our extremes of
atmospheric conditions are effectively
overcome.

One of the most successful fields for
industrial air conditioning has been
in the manufacture of textiles of all
sorts. In fact it can be claimed, with­
out much fear of contradiction, that
the textile industry in the United
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States would be impracticable today
without air conditioning. New indus­
tries are being developed and old
industries re-born with air conditioning
as a prerequisite to successful indus­
trial enterprise.

A comparatively new invasion of air
conditioning is into the preservation
of valuable records. A careful study 

can be seen at the National Archives
in W ashington, a magnificent building,
which is completely air conditioned
and in which our national records are
to be stored.

Health and resistance to disease.—
There have been many attempts to
determine whether or not air condi­
tioning has any measurable effect upon 

was made by Kimberley (7) at the
Bureau of Standards on the effects of
low concentrations of sulfur dioxide
upon book paper, book bindings and
the like, and it was found that careful
control of the hydrogen-ion concentra­
tion of the wash water would eliminate
the sulfur dioxide or reduce it to harm­
less levels. A result of this study 

the health of normal persons including
children. The program of research
of the New York State Commission
on Ventilation was perhaps the most
ambitious on this subject which has
been undertaken but after a decade
since their reports appeared, one has
difficulty in convincing himself that
their findings on the relation of ventila­
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242 ENVIRONMENT AND ITS EFFECT UPON MAN

tion or air conditioning to respiratory
infection are significant.

On the other hand, the seasonal
trends of respiratory infections are
very well known. Perhaps one of the
outstanding achievements in the field

Conference on Child Health in 1931
and is shown in figure 7.

In figure 8 is shown a chart prepared
from data collected by Brundage (9)
which shows the seasonal incidence of
respiratory illness. Year after year

Fig. 8.—Average monthly frequency (1921-1926 inclusive) of specified respiratory
diseases causing disability for 8 consecutive days or longer in a group of about 100,000 wage
earners in different industries. (Courtesy U. S. Public Health Service.)

of public health and pediatrics is the
reduction of infant mortality due in
very large measure to the great reduc­
tion in intestinal disorders during the
hot summer months. A chart which
illustrates these trends was prepared
by Yaglou (8) for the White House 

such curves can be made, one differing
from the other only when epidemics of
influenza occur. Even in such years
the peak of the curve is likely to come
around the end of February although
the severity of the epidemic, of course,
distorts the curve from its usual shape.
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A question which constantly arises
is: “If careful feeding, adequate re­
frigeration, and pasteurization of milk
have contributed to the reduction in
infant mortality, cannot adequate
control of atmospheric conditions re­
duce the likelihood of respiratory infec­
tions in winter? Will we adults have
less colds if we control the humidity
in our houses, if we ionize the air,
or if we sterilize it with ultra-violet
light?” It would be pleasant to
answer these questions positively but,
at the present time, there are not

enough data to justify affirmative
answers.

Air conditioning more than justifies
itself in making the atmosphere more
comfortable than it otherwise would
be. Better w’ork is done in moderate,
pleasant atmospheres than under ex­
tremes of any sort. The success of
many industrial processes depends
upon environmental control. In our
opinion such reasons are enough and
the engineer need not ask of hygienists
or physicians for data which cannot
now be supplied.
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HOSPITAL AIR CONDITIONING*

C. P. Yaglou

Application of air condition­
ing to hospitals is now mainly
confined to four or five wards

in which partial or complete air con­
ditioning has proved of sufficient value
to justify its use. These wards are:
(a) nurseries for premature infants,
(b) anesthesia and operating rooms,
(c) oxygen therapy chambers, (d)
heat therapy rooms or cabinets, and
(e) allergic wards.

Application to delivery and mater­
nity rooms is at present believed to be a
secondary consideration, at least in
the North. The most popular use of
air conditioning is in operating rooms
and nurseries, with a steadily increas­
ing number of installations, particu­
larly in new buildings.

The purpose of the present paper is
to discuss the objectives of air condi­
tioning as applied to these five wards,
and the special problems arising in
each particular case.

Am Conditioning Nurseries for
Premature Infants

Of first importance is probably the
application to the institutional care of
premature and other debilitated in­
fants. In these cases the maintenance
of suitable temperatures with a high
relative humidity as determined by ex­

* From the Department of Industrial
Hygiene, Harvard School of Public Health,
Boston.

tensive research, results in a striking
reduction of the incidence of respira­
tory and digestive diseases and a great
improvement in the infants’ chances
for life.

It has been long recognized that one
of the most important requirements in
the care of premature infants is the
stabilization of body temperature.
This is necessary because their heat­
regulating system is not fully de­
veloped; the metabolism is low and the
infants generally exhibit marked in­
ability to maintain a normal body
temperature by their own efforts.
The resistance to infections is low and
the mortality rate very high.

Air-conditioning requirements—The
optimum air conditions for the
growth and development of these in­
fants were determined by extensive
research at the Infants’ Hospital,
Boston (1), using four valid criteria,
namely, stability of body temperature,
gain in weight, incidence of digestive
syndromes, and mortality. Wide va­
riations were found in individual re­
quirements for temperature according
to the constitutional state of the in­
fants and body weight, as shown in
table 1. The optimum relative hu­
midity was about 65 per cent.

A single nursery conditioned to
77°F. temperature and 65 per cent
relative humidity would fulfill the re­
quirements of the majority of prema-

244
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ture infants. Additional heat for
weak or debilitated infants may be conditioned nursery and adjusted ac­

cording to individual requirements
TABLE 1

Air Conditioning Requirements of Premature Infants
From Studies at Infants Hospital, Boston, Massachusetts, 1926-1929

CLASSIFICATION
OF INFANTS

WEIGHT
GROUPS

INCUBATOR
OR ROOM

TEMPERA­
TURES

ROOM
RELA­
TIVE

HUMID­
ITY

AIR
MOTION

SUGGESTED METHOD OF TREATMENT USING
A SINGLE CONDITIONED NURSERY

lbs. °F. per cent ft./min.

Infants requiring a temperature
Congenitally dis- 1.5-2.9 100*-84* 65 10-20 higher than 77° may be placed

eased and mal- 3.0-4.4 90*-78 65 10-20 in heated beds with tops open,
formed infants 4.5 and

over
85 *-76 65 10-20 and heat gradually adjusted

according to individual re-
Normal prema- 1.5-2.9 88*-78 65 10-20 quirements. In this way in-

ture infants 3.0-4.4

4.5 and
over

86*-75

85*-72t

65

65

10-20 fants breath cool room air of
about 77° temperature, and 65
per cent relative humidity

With exception of definite cases of
hypothermia infants may be
discharged to general wards

* Incubator temperature between basket and metal wall.
t Approximate temperature in general wards in wintertime.

TABLE 2
Fluctuation of Body Temperature in Unconditioned and in Conditioned

Nurseries
Infants Hospital, Boston, Massachusetts

(Courtesy Am. J. Dis. Children)

BODY WEIGHT
AT BEGINNING

OF EACH
WEEK

UNCONDITIONED NURSERY
(1923-1925)

NATURAL HUMIDITY

CONDITIONED NURSERIES
(1926-1929)

RELATIVE HUMIDITY (50-75 PER CENT)

Num­
ber of

observa­
tions

Mean weekly body tem­
perature

Mean
maxi­
mum

fluctua­
tion

Num­
ber of

observa­
tions

Mean weekly body tem­
perature

Mean
maxi­
mum

fluctua­
tionMini­

mum
Aver­

age
Maxi­
mum

Mini­
mum

Aver­
age

Maxi­
mum

lbs. °F. °F. °F. •F. °F. °F. •F. °F.

1.5-1.9 0 1 96.7 98.0 99.7 3.0
2.0-2.4 2 96.0 98.7 102.3 6.3 9 96.1 98.0 99.7 3.6
2.5-2.9 11 97.1 98.8 101.4 4.3 23 96.4 98.2 99.9 3.5
3.0-3.4 26 97.4 99.1 101.6 4.2 48 96.9 98.3 99.8 2.9
3.5-3.9 44 97.3 98.8 100.9 3.6 84 97.2 98.4 99.7 2.5
4.0-4 4 49 97.3 99.0 100.8 3.5 103 97.5 98.5 99.6 2.1

4 5-4 9 55 97.6 99.1 100.9 3.3 103 97.6 98.7 99.9 2.3
5 0-5 4 51 97.6 98.7 100.3 2.7 63 97.7 98.7 99.9 2.2

5 5-5 9 39 97.5 98.7 100.4 2.9 31 97.7 98.6 99.9 2.2

6.0 and over 33 97.6 98.7 100.2 2.6 15 97.9 98.7 99.8 1.9

furnished in the cribs, or by means of (see table 1). Inthis way the neces-
electric incubators placed inside the sity for multiplicity of chambers and
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246 ENVIRONMENT AND ITS EFFECT UPON MAN

of air-conditioning apparatus is ob­
viated; the infants in the heated beds
derive the benefit of breathing cool
humid air, and the nurses and doctors
need not expose themselves to ex­
treme conditions.

Stabilization of body temperature.—
Comparative data on stabilization of
body temperature in the uncondi­
tioned and air-conditioned nurseries
of the Infants Hospital are shown in
table 2, including all infants treated in
the old and new nurseries except those
who died of acute infections and con­
genital anomalies incompatible with
life. The improvement in the condi­
tioned nurseries apparently resulted
from a better control of temperature,
superior ventilation methods, suitable
provisions for cooling the room in
warm weather, and the comparatively
high humidity which prevailed.

Although external heat is an impor­
tant factor in the maintenance of
normal body temperature, humidity
appears to be of equal or greater im­
portance. The studies at the Infants
Hospital showed that when low rela­
tive humidities between 25 and 50 per
cent prevailed for 2 weeks or longer,
the body temperature became un­
stable, gains in weight diminished, the
incidence of gastro-intestinal disturb­
ances increased and the mortality rose.
On the other hand, continuous expo­
sure to air conditions with 55 to 65
per cent relative humidity gave satis­
factory results over a period of years.

Initial loss of body weight* —In
table 3 is given the initial physiologic
loss of body weight among premature
infants treated in unconditioned and 

*Lobs occurring within first four days of
life.

in air-conditioned nurseries with low
and high humidities. The loss ap­
pears to vary inversely -with the
humidity. In the old nurseries with
natural humidity the average weight
loss for all infants was 12.4 per cent
of the birth weight; in the conditioned
nurseries it was 8.9 per cent with

TABLE 3
“Initial Loss” in Body Weight of Pre­

mature Infants and Days to Regain
Birth Weight under Various Air
Conditions

Infants Hospital, Boston, Massachusetts
(Courtesy Am. J. Dis. Children)

OLD UNCON­
DITIONED

CONDITIONED NURS­
ERIES (1926-1929)

APPROXIMATE
BIRTH WEIGHT

NURSERY
(1923-1925)—

NATURAL
HUMIDITY

Low
relative

humidity
(25-49

per cent)

High
relative

humidity
(50-75

per cent)

“Initial loss” in percentages of
birth weight

lbs.

Under 3
3 to 4
Over 4

12.7
11.5

10.2
8.8
5.4

9.3
6.1
4.7

All weights 12.4 8.9 6.0

Days to regain birth weight

Under 3
3 to 4
Over 4

19.5
33.5

20.7
18.3
18.3

28.5
14.1
13.0

All weights 26.5 19.5 15.1

25-49 per cent relative humidity, and
6.0 per cent with 50-75 per cent rela­
tive humidity.

The number of days required to re­
gain the birth weight was correspond­
ingly maximum in the old nursery,
minimum in the conditioned nurser­
ies under high relative humidity and
intermediate in the conditioned nurs-
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Infants Hospital, Boston, Massachusetts
(Courtesy Am. J. Dig. Children)

TABLE 4
Average Weekly Gain in Weight of

Premature Infants under Various
Air Conditions

WEIGHT AT
BEGINNING H
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CONDITIONED
NURSERIES

(1926-1929)—
RELATIVE
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-7

6
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r c
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t

lbs. oz. oz. oz. OZ.

Under 2.5 (-7.0) 1.6 2.5
2.5-3.9 2.8 2.6 3.8
4.0-5.4 4.7 3.9 5.0 3.9

in the old nursery, and least after dis­
charge to the general wards (table 4).
The calorific food intake during the
period, 1926-1929, was uniformly reg­
ulated according to age, weight, and
condition of the infant, and it was on
an average about 6 calories less than
in the old nursery per pound of body
weight.

Digestive disturbances.—The inci­
dence and severity of digestive syn­
dromes, with diarrhea, persistent vom­
iting, diminishing gains or loss of body
weight, and other untoward symp­
toms, were generally twice as high 

Infants
Infants Hospital, Boston, Massachusetts

(Courtesy Am. J. Dis. Children)

A comparable group of 63 infants exposed to alternating humidity conditions
(1926-1929)

TABLE 5
Weekly Relative Incidence and Severity* of Digestive Syndromes in Premature

INCIDENCE 1 SEVERITY

All premature infants

Unconditioned nursery, 1923-1925......................
per cent per cent

Natural relative humidity........................................... 21 1 17.7
Conditioned nurseries, 1926, 1929.....................................
Relative humidity 25-49 per cent..................................... 22 9 18.3

8.4Relative humidity 50-75 per cent...................................... 11.6

Relative humidity 25-49 per cent......................................
Relative humidity 50-75 per cent......................................

30.2
11.1

20.3
5.4

’Evaluated by the duration of syndrome in weeks. Percentage severity is the number
of infant-weeks of the syndrome expressed in percentage of the total number of infant-
weeks under observation.

ery with low relative humidity (see
table 3).

Gain in body weight.—Maximum
gain in body weight after the first
week of life occurred in the conditioned
nurseries under high humidity in in­
fants weighing less than 5 lbs. The
gain was less under low humidity and 

under low than under high humidity
(table 5). In a comparable group of
63 infants who lived under both high
and low humidity during periods in
which the humidity was altered weekly
or biweekly between high and low,
the incidence under low humidity was
about three times higher than under
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248 ENVIRONMENT AND ITS EFFECT UPON MAN

high humidity and the severity was
about four times higher, as shown in
the lower part of table 5.

Mortality.—Finally, the mortality of
premature infants was found to be
greatly affected by humidity. In
table 6 is given the net mortality ac­
cording to the humidity in which the
derangement of body function began.
Acute and chronic infections were the
principal contributory cause of death.
In the old nurseries the death rate
from this cause was 26.5 per cent, as
compared with 9.7 per cent in the con-
tioned nurseries under low humidity
and 0 per cent under high humidity.

Summarizing the conclusions of
these studies: the best chances for
life in premature infants are created by
maintaining a relative humidity of 65
per cent or more in the nursery and

TABLE 6
Net* Mortality of Premature Infants

According to Humidity

Infants Hospital, Boston, Massachusetts
(Courtesy Am. J. Dis. Children)

CAUSE OF DEATH

U
N

C
O

N
D

IT
IO

N
ED

N
U

R
SE

R
IE

S (192
3-

19
25

)—
N

A
TU

R
A

L
H

U
M

ID
IT

Y

CONDITIONED
NURSERIES
(1926-1929)—

RELATIVE
HUMIDITY

25
-4

9
pe

r c
en

t

60
-7

5
pe

r c
en

t

Acute and chronic
per cent per cent per cent

infections...............
Congenital deform-

26.5 9.7 0.0

ities ........................ 1.2 0.0 0.7
Unclassified............... 1.2 4.8 0.0

All causes.............. 28.9 14.5 0.7

* Excluding cases with multiple congen­
ital anomalies incompatible with life, and
also deaths occurring within 48 hours after
admission to the hospital.

Fig. 1.—Diagrammatic sketch of central air-conditioning apparatus. (Courtesy Am. J.
Dis. Children.)

by providing a uniform external tem­
perature just sufficiently high to keep
the body temperature within normal
limits. Medical and nursing care are,
of course, factors of equal and some­
times of greater importance.

A humidity of 65 per cent cannot be

obtained without resorting to mechan­
ical equipment. As a matter of fact,
even the lowest humidity used in these
studies (25-30 per cent) was consider­
ably higher than that which prevailed
in the unconditioned nurseries during
the cold season of the year.

hospital air conditioning 249

Air conditioning equipment for pre­
mature nurseries.—The air condition­

central station plant in the basement
of the building, including a spray type 

Fig. 2—Central air-conditioning apparatus in basement directly under nurseries.
(Courtesy Am. J. Dis. Children.)

Fig. 3.—Interior view of one of the nurseries at Infants Hospital, Boston, showing
location of supply (top) and exhaust (bottom) registers.

ing system of the Infants Hospital
has been fully described in another
paper (2). Briefly it consists of a

dehumidifier (seefigs. land2),aBaude-
lot brine cooler, aerofin preheaters and
reheaters, and a separate supply and 
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250 ENVIRONMENT AND ITS EFFECT UPON MAN

exhaust system (see fig. 3) in each of
the three nurseries.

Compact unit air conditioners are
now available at reasonable cost for
installation inside the nursery or in
an adjoining small space, more often
taking the place of radiators under
windows in the nursery. These units
perform all the essential functions of
the central system and when properly
designed and operated, give fairly
satisfactory results.

Air Conditioning Operating
Rooms

Air conditioning in operating rooms
is mainly concerned with the welfare
of the patient, the comfort and effi­
ciency of the surgeon and his person­
nel, and with the safety of the whole
procedure.

Explosion, of anesthetic gases.—The
recent introduction of ethylene in
modern anesthesia, and the increasing
use of oxygen in combination with
ether or with ether-nitrous oxide mix­
tures has increased the possibility of
explosion from static sparks which
might result from accumulation of
frictional charges on the rubber sur­
faces of the anesthesia apparatus, on
woolen blankets, and on the bodies of
the operators as they walk on insulated
floors, when the humidity is quite low.
Ethylene or ether in themselves are
not explosive but they become explo­
sive when mixed with oxygen or air
in certain concentrations. The ap­
proximate limits of inflammability of
ether and ethylene are given in table 7.
The lower limits are fairly definite,
but the upper limits are subject to
great variability depending upon a
number of factors (3).

The upper limits shown in table 7 

represent approximately the highest
values recorded by Coward (3), but
the data are incomplete. Most vio­
lent explosions occur in mixtures con­
taining about 30 per cent ethylene or
ether and 70 per cent oxygen (4, 5, 6).
Actually the risk of serious explosion
with ether is not so great as with
ethylene because the concentrations
of ether used for full anesthesia are
below the violent explosive range.

During the course of ethylene an­
esthesia the mixture (usually 80 per
cent ethylene and 20 per cent oxygen)
is so rich that the danger of explosion

Approximate Limits of Inflammability
of Ethylene and Ether

(Coward (3))

TABLE 7

MIXED WITH

ETHYLENE ETHER
Lo

w
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it
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it

U
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er
lim

it 
(

per
cent

per
cent

per
cent

per
cent

Air........................... 3.0 30± 1.7 50—
Oxygen.................... 3.0 80- 1.7 40±
Nitrous oxide......... 3.8 26±

is slight and is confined to an area in
the immediate vicinity of the face
mask, where leakage of ethylene into
the air may accumulate to the lower
explosion concentration (7). With
good ventilation this rarely occurs.

The most dangerous period is at the
end of the operation when the pa­
tient’s lungs and the apparatus are
customarily “washed out” with oxy­
gen, with or without the addition of
carbon dioxide. Even when this pro­
cedure is omitted it is impossible in
practice to avoid dilution of the an­
esthetic gas with air during the normal
course of breathing following the ad­
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ministration of anesthesia. In either
case the mixture would pass through
the explosion range and extraordinary
precaution is necessary for the safety
of the patient and operating personnel.

The danger from the use of cautery
and sparking electrical apparatus dur­
ing or after the administration of ex­
plosive anesthetics is now well recog­
nized, and proper precautions are
being taken to preclude further acci­
dents from this cause. Static elec­
trification, the most important cause
of accidents is of a more fortuitous
character and cannot be effectively
controlled in a dry atmosphere by
grounding the various parts of the
anesthesia apparatus, so long as rub­
ber remains in use in the conventional
equipment (8, 9). Grounding affects
but a small section of the rubber, while
a section an inch or two away may
still remain charged as shown by Herb
(9) by means of an electroscope.

To prevent accumulation of static
charges within the apparatus or on
persons coming near to it, the meas­
ures proposed by the committee on
anesthesia accidents of the American
Medical Association (4, 8) are humidi­
fication of air to between 55 and 60
per cent relative humidity, grounding
the apparatus and operating table,
and using conducting floors and shoes
so that the operating staff and attend­
ants will always be grounded as they
move about.

The significant factor is the abso­
lute humidity, rather than the rela­
tive humidity, because upon it de­
pends the electrical conductivity of the
air. There is complete unanimity
among all workers in the effectiveness
of high humidity, not only in operating
rooms but in many industrial plants 

where similar situations arise, pro­
vided, however, that mechanical hu­
midification methods can be depended
upon to maintain the humidity.

In Cuba, with its warm and moist
climate, explosions from static sparks
are unknown despite the fact that the
apparatus is seldom grounded (10).
The only precaution taken there is to
avoid the use of cautery and sparking
apparatus in the presence of explosive
mixtures.

The chief drawback to artificial
humidification is the need of constant
supervision, as a drop of humidity due
to failure of the humidistat or humidi­
fier might prove disastrous. To over­
come this objection a piece of sheet
metal is sometimes applied to the floor,
large enough to accommodate the oper­
ating table, anesthesia apparatus, and
personnel, which are kept grounded at
all times by contact with the earthed
metal sheet. In new buildings, ter-
razo floors with grounded brass strips
are often installed.

Artificial humidification in operat­
ing rooms during the winter months
may also prove beneficial in reducing
evaporation from exposed cavities and
from the wet skin of the patient, and
by allowing a lower room temperature.

Operating room temperatures.—The
problem of operating room tempera­
ture is a difficult one and not much is
known concerning the optimum air
conditions necessary to maintain a
normal body temperature under the
influence of anesthesia and in the im­
mediate post-operative period.

All anesthetics are known to be
vasodilators to some extent. The
dilatation of the cutaneous vessels is
accompanied by much sweating, par­
ticularly in the case of ether anes­
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thesia, irrespective of environmental
temperature (11, 12), and may lead
to a serious concentration of the blood.
The loss of body heat is increased con­
siderably, while the general metab­
olism may be depressed. The organ­
ism loses ability to regulate its own
body temperature and becomes unusu­
ally sensitive to chilling and post­
operative complications. The dangers
and necessary precautions have been
stressed by many and recently by
Eliason and McLaughlin (13) and
Brown (14). One of the advantages
of ethylene over ether is that it does
not cause so much sweating. This
conserves fluids and guards against
chilling of the body with its serious
complications (15).

Barbour and Bourne (11) demon­
strated that normal dogs under ether
anesthesia are so lacking in power to
regulate their body temperature that
an air temperature as high as 88°F.
(31°C.) is required to maintain normal
body temperature in either dry or
moist atmospheres. Below 88°F. the
body temperature fell and the blood
solids increased, while above 88° there
was a slight increase in body tempera­
ture. Administration of water or
hypotonic solution in sufficient
amounts completely to offset the con­
centration of blood induced by ether
lowered the body temperature and an
air temperature of about 91.5°F. was
necessary to keep normal body tem­
perature and fluidity of blood.

Such high temperatures are ob­
viously unbearable for the surgeon
and his team and in order to alleviate
the condition the room temperature is
usually kept between 72 and 80° in
cold weather with the patient care­
fully clothed and surrounded with 

blankets and hot water bottles during
and for sometime after the operation.

Post-operative heat stroke.—It would
seem that surgeons have learned to
fear so much the occurrence of post­
operative pneumonia and shock that
even in hot summer weather patients
are sometimes needlessly “bundled
up”, with detrimental consequences.

In 1916 Moschcowitz (16) reported
several deaths from heat stroke fol­
lowing surgical operations, and a num­
ber of cases suffering from a mild
isolation. He wondered how often
cases of post-operative heat prostra­
tion were recognized as post-operative
reaction or shock ■with a history and
course that were characteristic of heat
prostration. He concluded with the
warning that all operating room activi­
ties should cease during summer heat
waves with the exception of urgent
operations, when every effort should
be made to keep the patient cool and
comfortable.

In cases of exopthahnic goitre, Wal­
ton (17) warns most emphatically
against the performance of operations
in extremely warm weather, for under
such conditions the risk in spite of all
precautions (prior to the introduction
of summer cooling in operating rooms)
is too great. An analysis of his cases
over a 10-year period shows a strik­
ing rise of post-operative deaths in
June, July, and August, resulting un­
expectedly from extreme post-opera­
tive reaction passing onto acute hypo-
erthyroidism.

More recently Martin (18) reported
four cases of post operative heat
stroke admitted 24 hours preceding
operation and sheltered from direct
sun rays. All four were not ill and
apparently good risks. There oc­
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curred, however, at the time of opera­
tion and for several days preceding it
a heat wave, with a moderately high
temperature, a high relative humidity,
and no wind. In addition to warm
weather, excessive loss of body fluids is
believed to have been a factor in the
production of heat stroke in these four
cases.

Aside from the possibility of post­
operative heat stroke in warm and
sultry weather, the surgeon is also
concerned with the lowered recupera­
tive power of the patients, and with
his own discomfort and that of his
team which impairs the efficiency of
the technic, to the disadvantage of the
patient.

In view of this experience it is cus­
tomary to defer major operations as
much as possible until the passing of
heat wave? in hospitals not equipped
with cooling facilities. But there are
exceptional cases, like acute appendici­
tis for instance, which sometimes
comes in epidemic waves paralleling
summer heat waves (19), a highly fatal
condition unless promptly operated
upon.

Complete air conditioning of operat­
ing rooms would, therefore, seem to be
a necessity for the protection of the
patient and operating personnel
against summer heat as well as for
minimizing the possibility of explo­
sion of anesthetics in dry winter at­
mospheres.

Satisfactory air conditions.—Al­
though the comfortable air conditions
for the operatives are not identical
with those of the patient, a com­
promise is as a rule not difficult. With
a relative humidity of 55 to 60 per
cent, a temperature of 80° in warm
weather, and between 72 and 75 in 

cold weather will probably prove satis­
factory. Additional heat may be
furnished to the patient locally or by
suitable covering according to body
temperature in individual cases.

Comments from surgeons and super­
intendents of hospitals with condi­
tioned operating rooms are uniformly
favorable except in a few instances in
which the air conditioning engineer
failed to appreciate the special require­
ments of this important application.

Air conditioning equipment.—Cen­
tral station air conditioning plants and
individual unit air conditioners proved
satisfactory in operating rooms pro­
ducing between 8 and 15 air changes
per hour of filtered and properly hu­
midified air, with full provision for sum­
mer cooling and dehumidification but
no recirculation during the course of
anesthesia. A separate exhaust fan
system is as a rule necessary in order
to confine and remove the gases and
odors. Double windows are desir­
able and often necessary to prevent
condensation and frosting on the glass
in cold weather and to minimize
drafts. The high air flow of 8 to 15
air changes in operating rooms is desir­
able for three reasons: (a) to reduce
the concentration of the anesthetic to
well below the physiologic threshold
in the vicinity of the operating team,
(b) to remove excessive amounts of
heat and sometimes moisture from
sterilizing equipment if inside the
operating room, from the powerful
surgical lights, solar heat, and from
the bodies of the operatives, and (c) to
provide extra capacity for quickly pre­
paring the room for emergency opera­
tions.

Much can be gained by careful in­
sulation of sterilizing equipment and 
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by thorough exhaust ventilation of
sterilizing rooms adjoining the operat­
ing rooms.

It is generally believed that in addi­
tion to operating rooms, an adjoining
small ward should also be conditioned
as the prostration often occurs after
removal of the patient from the operat­
ing room. Such a post-operative ward
would also prove valuable in treating
patients with heat stroke, fever, sum­
mer diarrhea and other cases affected
by high temperature.

Air Conditioning in Oxygen
Therapy

Oxygen therapy is the principal
measure employed for preventing and
relieving the destressing symptoms of
anoxemia,*  and its serious conse­
quences. Excellent reviews of the
underlying physiological principles of
oxygen therapy and its value in vari­
ous diseases have been made by
Haldane (20), Barcroft (21, 22),
Lundsgaard and Van Slyke (23),
Mealdns and Davis (24), and more
recently by Peters and Van Slyke
(25), Boothby (26) and Potts (27).

Some of the more important condi­
tions in which oxygen treatment has
proved beneficial are pneumonias,
anemia, heart affections, post-opera­
tive pulmonary disturbances, certain
mental disturbances, asphyxia,
asthma, and atelectasis in new-born
infants.

Recently, Evans (28) and Barach
(29) made interesting statistical evalu­
ations of oxygen therapy in pneumonia
and other respiratory diseases on the
basis of symptoms and mortality in
various groups of patients treated with

* Deficiency in the oxygen content of the
blood.

and without oxygen. The general
conclusion is that oxygen therapy is
beneficial in the treatment of many
cases and life-saving in a substantial
number of cases. The efficacy in the
treatment of pneumonia appears to be
practically in direct proportion to the
day of the disease on which the oxygen
treatment is started (28).

Methods of Administering Oxygen
Nasal catheter.—The most common

methods used for administration of
oxygen to patients are the nasal
catheter, the oxygen tent and the
oxygen chamber. The nasal cath­
eter is the routine method of oxygen
administration in all hospitals under
ordinary conditions. With it, con­
centrations between 35 and 38 per
cent may be obtained in the inspired
air using an oxygen flow rate of 4 to
5 liters per minute. The method is
simple and inexpensive, but it may
cause considerable discomfort to the
patient and it is not at all satisfactory
for continuous administration and in
restless or delirious states.

Oxygen tents.—For oxygen concen­
trations higher than 40 per cent, a
suitably-cooled oxygen tent or an air-
conditioned oxygen chamber must be
employed. The conception of a tent­
like arrangement is credited to Thomas
Beddoes (30), pioneer in inhalation
therapy. The first practical tent, as
used by Leonard Hill (31), consisted
simply of a rubberized fabric fixed
about the bed of the patient. Modern
oxygen tents consist of a round or
square hood of at least 10 cu. ft.
capacity, made of rubberized fabric
with transparent cellulose acetate
windows, as shown in fig. 4.

Oxygen tents are usually equipped 
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with an ice-cooling system for control­
ling the temperature and to some ex­
tent the humidity inside the tent
(fig. 4). The air is circulated by
means of a small motor blower which
sends the air over soda lime to remove
carbon dioxide and then over ice to
remove excess heat and moisture.
The concentration of oxygen in the
tent is regulated by means of a pres­

of about 65°, relative humidity under
50 per cent, oxygen ± 50 per cent, car­
bon dioxide less than 1 per cent, with
more or less odorless air (32). Higher
temperatures up to 75° may prove suit­
able in the aged and feeble, or in pa­
tients with little or no fever. The
oxygen flow rate is between 5 and 10
liters per minute, or higher in old,
leaky equipment.

Fig. 4.—A modern oxygen tent with ice chest for cooling. (Courtesy Warren E. <’oiling,
Inc.)

sure-reducing valve and flowmeter.
It is very important that the concen­
tration be tested routinely to guard
against leaks and to see that it con­
forms with the physician’s prescrip­
tion.

The usual requirements for air con­
ditions inside the tent in the treat­
ment of pneumonia are a temperature 

In an inadequately cooled oxygen
tent, high temperatures and humidi­
ties arc inevitable (.33) increasing the
discomfort of the patient and imposing
an added strain on an already over­
burdened heart. Oxygen therapy un­
der such conditions may do more harm
than good. It is estimated that an
ice-melting rate of about 10 lbs. per 

The Environment and its Effect Upon Man (1937)
ACL Doc 25275 · Page 134 of 155

Published by AsbestosClaims.Law

asbestosclaims.law/library/25275/134

https://asbestosclaims.law/library/25275/134


256 ENVIRONMENT AND ITS EFFECT UPON MAN

hour gives satisfactory results in pa­
tients with fever (34).

The oxygen tent is somewhat con­
fining to the patient; the restless type
of person is difficult to control, and the
delirious, impossible to control (34).
Nursing and medical care is compli­
cated, as the tent must be opened or
removed with attendant loss of oxy­
gen. Oxygen concentrations of 50 per
cent or more are difficult to maintain,
and it is difficult to keep the tempera­
ture and humidity low enough to meet
the requirements under certain con­
ditions.

proof construction, large enough to
accommodate one or two patients.
Trap doors or curtains are provided
for the personnel, food, and service,
to avoid loss of oxygen; glass windows
in the ceiling and side walls admit
light from electric fixtures outside the
chamber.

The air-conditioning system may be
of the gravity type used first by
Barach (38), or the fan type using
mechanical refrigeration or silica gel
for drying the air. The gravity sys­
tem includes a bank of brine coils
which cool and dehumidify the air 

Fig. 5.—Diagrammatic sketch of a conventional oxygen chamber with gravity air
circulation.

The advantages are portability,
which in emergencies is an important
factor, and low initial and operating
costs compared with the oxygen
chamber. With proper care the tent
was found to fulfill most clinical re­
quirements of oxygen therapy in many
hospitals at a reasonable cost.

Oxygen chambers.—Oxygen cham­
bers wore introduced by Barcroft, Hunt
and Dufton in England (35) and by
Stadie (3G) and Binger (37) in Amer­
ica. The conventional chamber is an
air-tight sheet metal enclosure of fire

(see fig. 5). The cool air then passes
over trays containing soda lime to
remove the carbon dioxide given off by
the occupant. A heater at the base of
the opposite wall warms the air to the
desired temperature and is regulated
by means of a thermostat controlling
the amount of steam flowing through
the heater. The humidity is con­
trolled by means of a humidistat regu­
lating the flow of brine through the
cooling coils which in turn controls
the rate of condensation of moisture on
the coil surfaces. A spray dehumidi-
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fier is not suitable for this purpose
because it is often desired to cool the
air below 32°F. in order to obtain low
relative humidities. The only change
of air in the chamber is that taking
place by leakage through trap doors.

Ordinary industrial oxygen is in­
troduced from storage tanks outside
the chamber. The concentration is
tested at frequent intervals and regu­
lated according to the prescription of
the physician.

The chief objections to the gravity
circulation system are stratification of 

easily be maintained by the use of
silica gel.

There is also a portable oxygen
chamber (39) consisting of rubberized
fabric attached to a metal frame.
This type of chamber requires no soda
lime, as the leakage through the fabric
is sufficient to prevent accumulation
of carbon dioxide.

Oxygen chambers are unquestion­
ably more comfortable than oxygen
tents. The patient receives unham­
pered medical and nursing care, and
the oxygen concentration, the tem-

Fig. 6.—A one-patient oxygen chamber of the fan-circulation type, using silica gel for
dehumidification of air. (Courtesy Silica Gel Corporation.)

cold air near the floor, and accumula­
tion of odors, which may require the
use of activated charcoal or an excess
of oxygen for deliberate aeration.

The fan circulation systems include
compact cooling coils (extended sur­
face coolers), heaters, and sometimes
silica gel beds, installed outside the
chamber, as shown in fig. 6.

Silica gel is used for the absorption
of moisture but it also removes a little
carbon dioxide and some odoriferous
matter. For the treatment of cer­
tain respiratory conditions, relative
humidities well below 30 per cent can 

perature, and humidity can be ade­
quately controlled at any desired level.
The chief disadvantage is high initial
and operating costs in comparison
with simpler methods. The conven­
tional metal chamber costs 82500-
S4000 to build and is about twice as
expensive to operate as an oxygen
tent. The chamber method is of
value in large hospitals and for re­
search and experimental purposes, but
for routine oxygen therapy alone it
may prove a liability rather than an
asset in small hospitals.

There is no reason why an ordinary 
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room or ward cannot be suitably
equipped for the treatment of most
diseases affected by heat, cold, humid­
ity, or chemical constitution of the air,
including oxygen therapy. Instead
of the expensive metal chamber con­
struction, the walls and windows of a
room can be specially treated to make
them fireproof and reasonably air
tight as has already been done (40, 41),
while at the same time preserving the
general appearance of the room which
means so much to certain psychic pa­
tients. Pneumonias, respiratory and
heart affections, fevers, vascular dis­
orders, summer diarrhea, allergic con­
ditions, etc., can all be taken care of
in one or two such rooms without
serious difficulties in the engineering
of the apparatus. When not needed
for any special purpose the rooms can
be used as ordinary wards with or
without air conditioning.

The temperature and humidity re­
quirements in oxygen therapy depend
primarily upon the physical condition
of the patient and secondarily upon
the type of disease. In pneumonias,
the range of satisfactory temperatures
and humidity is placed between 60
and 75°, with 20 to 50 per cent relative
humidity. The concensus seems to
favor a low humidity, as low as is con­
sistent with economy.

Air Conditioning in Fever Therapy

Underlying Principle
While empirical use of heat in the

treatment of disease dates back to the
Chinese more than 4000 years ago, it
was not until the introduction of
malaria therapy by Wagner v. Jauregg
in 1918 that the practice of true fever
therapy began along scientific lines.

Artificial production of fever in man
is an imitation of nature’s way of
overcoming invading pathogenic or­
ganisms. The action may be direct
and specific by obliteration or destruc­
tion of the invading organism within
the safe limit of human fever tempera­
ture; or an indirect one in case of heat
resistant organisms, through general
mobilization of the defensive mecha­
nisms of the body, by means of which
the activity of pathogenic bacteria
and their toxins may be retarded or
neutralized.

The limits of induced systemic fever
are usually between 104 and 107°F.
(rectal), and the duration from 3 to 6
hours at a time. The total period of
fever treatment varies with the type
of the organism involved from a few
hours to 50 hours or more.

Among the recent articles on the
physiologic action of heat in fever
therapy are those of Doan and Har­
graves (42), Bierman (43) and Cohen
and Warren (44). A most thorough
review of the general literature on the
effects of heat upon the normal or­
ganism was written by Bazett (45) in
1927.

The diseases reported (46, 47) to
respond favorably to artificial fever
therapy are: gonorrhea, neurosyphilis,
chorea, asthma, peripheral vascular
diseases, occular gonorrhea and syphi­
lis; there are a number of other condi­
tions in which the usefulness of arti­
ficial fever is not yet settled. The
most striking results are seen in
gonorrhea in which the various strains
of organism can be killed by artificial
fever within the limit of tolerance of
man (48, 49).
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Air Conditioning in the Production
of Systemic Fever

Various means have been tried for
producing artificial fever, including
injections of vaccines, crystalloid or
colloid substances; a number of physi­
cal methods such as hot baths, radiant
heat, diathermy, radiothermy and, in
the last few years, an air conditioned
chamber known as the “Kettering
Hypertherm.”

The relative advantages and disad­
vantages of these various methods
were discussed in a recent paper by
Desjardins, Stuhlcr, and Popp (49),
and Doub (50). Although compara­
ble clinical results are possible with
most of these methods, the air condi­
tioned cabinet proved to be the safest
and most effective method from all
points of view.

This type of cabinet was fully de­
scribed by Simpson (51) and Desjar­
dins et al. (49). Briefly, it consists in
an insulated cabinet approximately 6
ft. long, 3 ft. wide, and 2| ft. high,
containing in a small rear compart­
ment electric air heaters, an electri­
cally heated water pan for humidifica­
tion, a centrifugal fan for circulating
the air in the front compartment and
a thermostat and a humidistat for
controlling the temperature and hu­
midity automatically. The nude pa­
tient lies on an air mattress inside the
front compartment with his head pro­
truding outside the front end through
a rubber collar.

Hot air at 130-150°F. temperature
and 30-50 per cent relative humidity
is blown upon the body of the patient,
and the rectal temperature rises to
105°F. usually in from 40 to 60 min­
utes. The loss of water and chlorides
are replaced by mouth during the 

treatment. Any degree of fever can
be attained quickly or slowly, as de­
sired, and maintained for as long as
the physician may prescribe according
to individual requirements.

In the writer’s opinion saturated or
nearly saturated air of comparatively
low temperature would probably prove
more suitable for the production and
maintenance of fever than hot dry air
as now employed in the Kettering
Hypertherm. The cutaneous water
and chloride losses would probably
be appreciably less (52); skin burns
would be entirely eliminated and the
room in which the hypertherm is
located would not be overheated as
much as with drier air of higher
temperatures.

The average rate of rise of body
temperature in a group of normal male
subjects exposed to various environ­
mental temperatures, humidities and
air velocities is shown in figure 7
which was constructed from experi­
mental data of McConnell and Yaglou
(53). It can be seen that with a rela­
tive humidity of 30 per cent it would
take much too long to raise the body
temperature 6°F. (from 99 to 105)
without resorting to excessively high
air temperatures. With 60 per cent
relative humidity and an air move­
ment of 400 feet per minute over the
body, a temperature of about 120°F. is
required to raise the body tempera­
ture 6°F. in 1 hour, whereas with
saturated air the required temperature
is between 106 and 107°F. The values
would, of course, vary in different
individuals and different diseases.

Few data are available on the com­
binations of temperature, humidity,
and air movement required to main­
tain the body at various fever tern- 
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peratures after initial heating. In
practice the heat is turned low and
adjusted so as to maintain the desired
body temperature in each individual
case.

Under certain conditions a combina­
tion of systemic fever and additional
local heating by diathermy or other 

of patients and a skillful technic is
believed to have removed practically
all danger of serious complications
(49). Conditioned air, according to
Walker (55), offers a safer method of
producing artificial fever than dia­
thermy. Heating rats to 111.4°F. by
means of conditioned air seemed to be 

Fig. 7.—The Kettering hypertherm. (Courtesy Walter M. Simpson, M.D., Miami Val­
ley Hospital, Dayton, Ohio.)

means is claimed to yield better re­
sults than systemic fever alone (54), by
reducing considerably the killing time
of the organisms and rendering the
treatment less trying to both patient
and attendants.

The introduction of practical air
conditioning methods in fever therapy,
accompanied with judicious selection 

less harmful than heating them to the
same temperature by the use of high
frequency currents.

Extensive research is now in progress
to determine the usefulness and limita­
tions of fever therapy on a wide variety
of pathologic conditions. While this
form of therapy is rapidly gaining
wide recognition, its application, ac­

HOSPITAL AIR CONDITIONING 261

cording to the American Medical As­
sociation, “should be strictly a hospi­
tal procedure surrounded, with the
safeguards commonly employed in a
major operation and under the direc­
tion of skilled physicians”.

of the principal cause of allergy from
the air by filtration or other air condi­
tioning processes capable of removing
pollens, in the hope of providing relief
to individuals who failed to respond
to medical treatment.

Fig. 8.—Average rate of rise of body temperature (rectal) in a group of normal male
subjects exposed to various temperatures, humidities, and air velocities in an air-condi­
tioned room. (Courtesy Am. Soc. Heating and Ventilating Engineers.)

Air Conditioning in the Control
of Allergic Conditions

In the treatment of allergic condi­
tions medical methods have gained a
high degree of success in a great ma­
jority of cases, but a small number of
patients (usually between 10 and 25
per cent) have not been sufficiently
benefited even in the hands of the best
authorities.

Since 1920 considerable effort has
been directed toward the elimination 

Cause and Symptoms of Hay Fever
and Asthma

A number of excellent reviews have
recently appeared on the general sub­
ject of allergy, among them being
those of Van Leeuwen (56), Vaughan
(57), Feinberg (58) and Bray (59).

Although there has been some divi­
sion of opinion over the ultimate
cause of allergy, the prevailing belief
is that it is due to an inherited or ac­
quired hypersensitiveness to foreign 
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or pollen proteins in certain indi­
viduals who react to the offending
substance. The reaction may be in­
duced by inhalation, ingestion, or ab­
sorption of the allergenes through the
skin. The clinical manifestations are
hay fever, asthma, eczema, urticaria,
contact dermatitis, etc. According
to Feinberg (58) and others, there is
no essential difference between any of
these symptoms except that they af­
fect different portions of the body;
the causes are essentially the same in
all.

The respiratory tract is probably
the most usual site of allergic manifes­
tations, the so-called hay fevers and
asthma. In hay fever the nose and
eyes are red and itchy, and there is
considerable watery discharge. Nasal
obstruction is the most common and
most distressing symptom. The se­
verity of the symptoms varies widely
from day to day depending chiefly on
the number of pollen in the air.

Durham (60) made extensive stud­
ies of the pollen content of air in
seventy cities representing practically
every State in the union. By means
of these data it is possible to evaluate
the various hay fever pollens of re­
gional and general importance during
the Summer and Fall.

Seasonal asthma comes in attacks.
The most popular theory concerning
the mechanism of action is that the
offending substance irritates the nerve
endings in mucous membranes of the
respiratory tract causing spasmodic
contraction of the small bronchioles of
the lungs, which interfere with breath­
ing, particularly with expiration. The
attack may also be induced when the
offending protein enters the stomach
in food. There is considerable suffer­

ing during periods of attack, and de­
spite the old saying that “asthma
never kills,” all studies by insurance
companies (61) show a mortality for
asthma cases well above the normal
for standard risks.

Non-seasonal allergic disturbances
are sometimes attributed to sensitiza­
tion to fungi (62, 63), house or street
dust including one or more of its in­
gredients (64, 65, 66, 67), odors and
irritating gases (68, 57, p. 45), or to
any stimulus or impulse capable of
exciting the vagus of allergic individ­
uals into activity (57, p. 45).

There is considerable evidence that
thermal factors are very important in
the precipitation of allergic attacks.
The influence of heat, cold, and
changes of temperature was recognized
by Salter (69) in 1864. It is often
stated in the literature that heat regu­
lation in asthmatic individuals is
likely to be unstable, with a tendency
to subnormal body temperature.
Cases have been described in which
cold, excessive heat, or intensive light
have produced sneezing, hay fever,
hives, asthma and other allergic symp­
toms. The most potent factor ap­
pears to be a sudden temperature
change. Many allergic cases who are
apparently well, develop their attacks
when cold weather appears, or upon
changing from warm to cool outdoor
air (58, p. 55). Although exposure of
patients to gradually increasing tem­
perature contrasts has often proved
beneficial, the patient must protect
himself as much as possible from ex­
treme degrees of exposure (57, p. 248).

Duke (70, 71) propounded the
theory of pure physical allergy as a
specific clinical entity which can be,
though need not necessarily be, as­
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sociated with an underlying allergic
sensitiveness. The mechanism of ac­
tion of such physical stimuli has not
as yet been settled. Although the
possibility of pure physical allergy is
not denied, physical agents are gener­
ally held to be secondary factors opera­
tive only in the presence of an under­
lying allergic cause (58, p. 87).

Humidity also influences the asth­
matic, benefiting a few but aggravat­
ing the condition in the majority of
patients (58, p. 55). The beneficial
effects of dry climates were discussed
at some length by Van Leeuwen (72).

Usefulness and Limitations of Air Con­
ditioning Methods in the Control of

Allergic Disorders
In the care and treatment of hay

fevers and asthma, two methods are
now in common use: (a) desensitiza­
tion, or immunization, and (b) pollen
filtration with or without air cooling.

According to Vaughan (57, p. 294)
desensitization treatment gives satis­
factory relief in from 75 to 90 per cent
of the pollen sensitive patients, as
shown by results of physicians over
the entire country. In hay fever and
asthma this conservative estimate of
cases obtaining satisfactory relief is
between 70 and 75 per cent.

With filtration or air conditioning,
data are somewhat limited; the avail­
able results appear to be comparable to
those obtained by sensitization treat­
ment so long as the patients remain in
a pollen free atmosphere (72, 73, 74,
75, 76, 77, 78). But while specific
desensitization is preventive and in a
few instances curative for all practical
purposes, filtration or air conditioning
methods give only temporary relief.
With rare exceptions, the symptoms 

recur on exposure to pollen laden air.
Moreover the usefulness of air condi­
tioning methods is limited because all
cases are not caused by air borne sub­
stances. Sometimes the symptoms are
actually aggravated by air condition­
ing.

Cases of bacterial asthma do not
respond at all to the treatment with
filtered air.

Despite these limitations, air-con­
ditioning methods possess definite ad­
vantages in the simplicity of treat­
ment, convenience, and under certain
conditions almost immediate relief.
Hay fever cases are usually relieved of
most of their symptoms within an
hour or so after exposure to properly
filtered air (73, 75, 76, 78). In pollen
asthma cases relief comes slower, usu­
ally after an exposure of from 1 to 12
days depending upon the severity of
asthma (72, 73, 74, 75, 77); the more
severe the symptoms the longer the
time required for complete relief.

A pollen-free atmosphere is especi­
ally valuable for patients in whom
desensitization has given little or no
relief, and in instances in which desen­
sitization is not advisable owing to
intercurrent illness.

Kahn and Grothaus (79) after some
10 years’ experience came to the con­
clusion that an antigen-free room of­
fers an excellent means for diagnosing
the real clinical sensitivity of refrac­
tory skin cases and many pollen
asthma cases, and for the subsequent
institution of proper specific dosages.
Van Leeuwen (56), the pioneer of fil­
tration treatment, arrived substan­
tially at the same conclusion in 1925.
In overtreated pollen cases of the
severe chronic intractable type, a 
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pollen-free room is considered abso­
lutely indispensable (79).

On the whole, air-conditioning
methods are considered to be a valu­
able adjunct in medical diagnosis and
treatment of allergic disorders.

Air Conditioning Requirements in
Allergen^Free Rooms

The chief remedial factor in the
treatment by conditioned air appears
to be the filtration of pollen. Paper
and cloth filters proved quite satis­
factory in removing all but traces of
pollen. Allergens may also be re­
moved by passing the air through a
water spray, or over cooling coils kept
at a temperature low enough to cause
condensation of atmospheric moisture
on the surface of the coils. Electro­
static precipitation of pollen (78) also
proved effectual in removing the of­
fending substance from the air.

Special filter units are now avail­
able for home or office use, with or
without air cooling. In the simplest
type, which fits in the window like an
extension screen, outdoor air is drawn
in by means of a small fan and passed
into the room through a fine cloth
filter which removes most of the pol­
len. For best results some method of
cooling and dehumidification must be
provided.

A comfortable temperature between
75 and 82°F. in warm weather accord­
ing to prevailing outdoor temperature,
and a relative humidity well below 50
per cent appear to be quite beneficial
and desirable. In the experience of
Rappaport, Nelson and Welker (77)
the rapidity of relief of symptoms in
pollen asthmatic individuals residing
in pollen free air is greater under con­
trolled conditions of temperature (76-

82°F.) with a low relative humidity
(15-40 per cent), than when the tem­
perature and humidity are not con­
trolled. Direct drafts, overcooling or
overheating are apt to initiate or ag­
gravate the symptoms (57, p. 248, 58,
p. 87, 70, 71).

Nelson and his colleagues (73, 74,
77) believe that there are other atmos­
pheric factors, possibly changes in
barometric pressure or ionization, ca­
pable of inducing attacks of asthma in
pollen sensitive individuals. They
noted that even in symptom-free pa­
tients confined in a suitably filtered
and conditioned atmosphere attacks of
asthma developed from 6 to 8 hours
following the occurrence of rain and
thunderstorms. In pollen free rooms
with uncontrolled temperature and
humidity, the relapse occurred much
sooner, within about an hour after
the storm. The symptoms were most
severe in patients not confined to
pollen free atmospheres and least
severe in those exposed to filtered and
conditioned air. The rapidity of dis­
appearance of symptoms was likewise
greatest under the controlled air con­
ditions.

The possible influence of ozone, due
to lightning, in the precipitation of
asthmatic attacks was eliminated by
running special experiments with arti­
ficially ozonized air (77).

Although thunderstorms are known
to be associated with high ionization
of the atmosphere (80, 81, 82), the
effect of such high ion concentration
on bronchial asthma cases is not yet
settled. Landsman (83) in a recent
article reviewed whatever literature
there is on the subject and contributed
new data of his own. Of a total of 79
cases of asthma treated by him, mostly 
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with large negative ions, excellent re­
sults were obtained in 41.5 per cent of
the cases; satisfactory results in 16 per
cent, slight improvement in 24 per
cent, and no change in 16 per cent of
the cases. In two cases (2.5 per cent)
of cardiac-asthma, artificial ioniza­
tion aggravated the condition.

Landsman’s experience with posi­
tive ions is limited, but whatever evi­
dence he presents would seem to indi­
cate an aggravation of symptoms with
positively ionized air. This does not
offer a clear-cut explanation for the
relapse of asthmatic attacks observed
by Nelson and his colleagues following
severe thunderstorms, as the abnormal
increase in the number of positive ions
during thunderstorms is as a rule ac­
companied with an equal or even
greater increase in the number of
negative ions (81, 84). With thunder­
clouds and lightning preceding rain,
Yaglou and Benjamin (84) observed
sometimes but not always a high pre­
ponderance of positive ions, shifting
to negative immediately after heavy
rains set in. Similar observations
were recorded by Dessauer (85) before
thunderstorms.

General Hospital Air
Conditioning

For the general hospital wards the
problem is one of ventilation rather
than conditioning. The requirements
differ from those in a theater or a
school where the floor area allowed
per occupant is limited to between 5
and 25 sq. ft. Hospital wards are so
designed that each patient is usually
allotted between 50 and 150 sq. ft. of
floor area and 400 to 1500 cu. ft. of
air space. Body heat is therefore not
an important problem, and except in 

tropical climates or for a few warm
summer days in the North, satisfac­
tory air conditions can be obtained in
most wards by natural or semi­
mechanical methods without resort­
ing to elaborate and expensive
systems.

A hospital in a clean and quiet dis­
trict requires nothing better for its
general and private wards during the
cool seasons of the year than natural
ventilation through windows with
gravity or mechanical exhaust. Ex­
cessive outside noise and dust may
require the use of suitable silencers
and air filters fitting on the window
sill. Insulation against heat and
sound is much more important than
humidification in winter time which
in many instances is more bother than
it is worth. Insulated walls will help
a great deal in keeping the building
warm in winter and cool in summer.

The preferred method of heating is
by hot water with forced circulation
to reduce the size of radiators and
pipes. The radiators are placed at
the windows or in a recess in the wall
and they extend the entire length of
the window.

The preferred exhaust system in
large buildings uses one or more fans
located in the attic or in a penthouse
on the roof. Two or more vertical
air ducts run up from the ground floor
ceiling to the exhaust fan chambers in
the attic or roof, connecting, on the
way up, with horizontal branches at
the ceiling of each corridor. Small
ducts connect these horizontal
branches with registers in individual
rooms or wards. Each room is usually
provided with at least two registers,
one near the floor, and one near the 
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ceiling, for winter and summer use
respectively.

Cooling in warm weather can be
economically accomplished by means
of a few portable room coolers which
can be wheeled from ward to ward
when needed. In the North, cooling
is desirable on but a few days during
summer while in the South ‘ ‘stationary’ ’
cooling units can be used to advantage
from May to October, and in tropical
climates almost continuously through­
out the year. In private rooms which
are too small to accommodate such a
unit without serious interference, it is
possible to employ a portable cooler
of suitable design fitting under the
bed.

There is a wide variety of portable
coolers designed to filter, cool, and
dehumidify the air in a room without
requiring changes in plumbing or elec­
tric wiring. The unit is placed under
or near a window and connected to the
outside by means of a telescopic duct,
through a partly opened window, for
the removal of heat and moisture
taken from the air of the room. Ob­
jectionable noise of the apparatus, an
important drawback to hospital ap­
plications, is gradually being mini­
mized by improvements in design.

In the use of multiple stationary
cooling units, one or more central
compressors in the basement furnish
the refrigerant to each individual unit
by means of small pipes. This con­
siderably reduces the noise in the pa­

tients' rooms and the cost of installa­
tion per unit is much less than of the
“self-contained” units.

A more thorough description of air
conditioning apparatus for hospitals,
including initial and operating costs, is
given in a Report of the American
Hospital Association (86).

SUMMARY

Air conditioning has important ap­
plications in certain hospital wards in
which partial or complete condition­
ing of the air has proved of sufficient
value to justify the expense. These
wards are: nurseries for premature
infants, anesthesia and operating
rooms, oxygen therapy chambers, heat
therapy rooms or cabinets, and allergic
wards.

The objectives of air conditioning
as applied to these five wards, and the
special problems arising in each par­
ticular case, are discussed at some
length in the light of recent literature
on the subject.

For the general hospital wards, the
problem is held to be one of simple
ventilation, rather than air condition­
ing, with some provision for cooling
over-heated wards on unusually warm
summer days by means of room
coolers.

Complete air conditioning of the
whole hospital involves a large capital
investment, depreciation, and running
expense which are not justified on any
evidence that we have.
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A LABORATORY OF INDUSTRIAL TOXICOLOGY*

W. F. von Oettingen

INDUSTRIAL medicine, like the
control of contagious diseases,
forms part of the large field of

preventive medicine. The impressive
success gained in the field of the pre­
vention of infectious diseases which
resulted in the control of such diseases
as cholera, typhoid, typhus, plague
and diphtheria were only possible
after their cause had been discovered
and the mechanism of their action had
been elucidated. Industrial medicine
is still hampered by a considerable lack
of information regarding the causes of
industrial poisoning and especially
with regard to the mechanism of
action of numerous chemical com­
pounds. This handicap becomes more
serious in view of the steadily increas­
ing number of chemicals of the most
diversified nature being produced con­
stantly by chemical industries all
over the world. In order to give the
industrial physician all information
necessary for the prevention, early
detection and the treatment of poison­
ing, it is not sufficient to determine
the toxicity of chemical compounds
and to elucidate the toxicological
symptoms which may be observed
under different conditions; it is more
essential to establish the pathologic
changes in different organs and to
study the effect of such substances on 

* From the Haskell Laboratory of
Industrial Toxicology, Wilmington, Dela­
ware.

the metabolism and their fate in the
organism because it is frequently not
the compound proper but its oxidation
or split products which produces the
deleterious effect. For these reasons
a laboratory of industrial toxicology
has to comprise three departments—
toxicology, pathology and biochem­
istry, which work together in close
collaboration.

In planning a building for a labora­
tory of industrial toxicology it is essen­
tial that the departments of toxicology
and pathology be close together be­
cause it appears important that the
pathologist be thoroughly familiar
with the toxicologic picture, since it is
only this familiarity which enables
him to give the correct interpretation
to his findings. The problems of the
biochemical division are not so closely
linked to the experimental work of the
toxicologist and besides, their study
requires a number of special provisions
and laboratories so that this depart­
ment forms a more isolated unit and
may be located without harm in a
more distant section of the building.
It need not be mentioned that the
animal quarters should form a sepa­
rate unit and that they should be
isolated to a certain extent from the
laboratories. It appears convenient
that the surgical room, the isolation
room, and laboratories for continued
exposure be easily accessible to the 
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animal quarters and for this reason
they should all be located on one
floor.

Arrangement of Haskell

Laboratory

In the following the grouping of
different departments as arranged in
the Haskell Laboratory of Industrial
Toxicology will be discussed.

The department of toxicology which
shares the same floor with pathology
consists of four units,—the toxicolog­
ical laboratory proper, the animal
observation room, the toxicologist’s
office and a small laboratory for organ
analysis.

In the toxicologic laboratory are
studied mainly the acute toxicity of
materials, their toxic symptoms and
the mechanism of their action. The
laboratory is equipped with cabinets
for instruments, laboratory tables,
movable tables, experimental benches,
sinks and hoods. The cabinets are
built in units of two sections. In one
type the lower section contains draw­
ers of various size; in the other it
contains locker space for larger instru­
ments. In both types the upper sec­
tions which serve for the storage of
glassware and small instruments have
doors with glass panes. This arrange­
ment is very flexible and by proper
combination, space for every need
can be provided. The standard lab­
oratory table provides more locker
than drawer space because in our
experience the latter is of limited value
in storing equipment. All tables are
equipped with outlet for gas, electric­
ity, vacuum, air and water and have a
small sink with an overhanging faucet
for suction pumps. The tops are
made of wood coated with an acid 

and alkali proof paint. It is advis­
able to have a groove made along the
lower side of the top to prevent the
draining of spilled liquids from the
table into the drawers. The appli­
ances for water, gas, electricity, vacu­
um and air are mounted on a shelf
behind the table, so that the pipelines
are easily accessible after pulling the
table away. Over these tables are
shelves for reagents; these shelves
vary in shape and height in different
laboratories. Beside these tables the
laboratory contains a number of small
tables, the legs of which consist of two
iron pipes connected by a screw which
allows the top to be raised to different
levels. These tables are very useful
in setting up more complicated ar­
rangements especially in connection
with the experimental benches. These
are tables of the same type but fixed
to the floor and the different appli­
ances, such as gas, electricity, vacuum,
air, water and sewer lines protrude
from the floor, so that the table top
is entirely free for the experimental
set-up. Special attention was paid
to the hoods which are built from alba-
rene stone and provided with vents at
table level and at the top to secure
prompt removal of heavy and light
vapors and gases. The faucets for
gas, electricity, air and vacuum are
at the rear but can be regulated and
turned off from the front, so that
during or at the end of an experiment
the operator does not have to reach
into the hood. Each series of hoods
is ventilated by an electric fan through
a separate flue and the ventilation of
different hoods in one series can be
regulated by valves. By means of
catches at different levels the windows
of these hoods can be arrested in order
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to prevent accidents in case the cables
become corroded. At the end of the
hoods is a chimney for the smoking of
kymograph papers. The sink, also of
albarene stone, is provided with a
draining board on each side and insert
draining tube which permits use of the
sink as receptacle for soapsuds and
water.

Since it is not advisable to keep the
experimental animals that are under
observation continuously in the general
laboratory on account of the exposure
to other contaminants and the activi­
ties going on, the toxicological labora­
tory is joined by an animal observation
room which contains glass hoods on
one side of construction similar to
those described before and which are
provided with special ventilation.
These are used for keeping animals
being treated with compounds of
strong odor or very toxic substances,
the dispersion of which may cause a
serious inconvenience in the general
laboratory. The other side of the
room contains wooden racks, provided
with casters, for the storing of small
animal cages. The animal observa­
tion room is joined by the toxicologist’s
office which contains desk space, book
shelves, glass cabinets and one labora­
tory table which in case of emergency
may be used for experimental work.

A small chemical laboratory equipped
with laboratory table, glass cabinet,
hoods and sink completes the toxi­
cological department. It is separated
from the other rooms in order to
exclude their pollution with acid and
other vapors. It is planned for organ
analysis and for the study of analytical
questions in connection with the
toxicological problems.

The pathological department con­

sists of two pathological laboratories
in which the tissues are prepared for
histological slides. They are furnished
with laboratory tables, cabinets for
the storage of glassware and reagents,
incubators, refrigerator, paraSin oven
and microtomes. The sinks are of
albarene stone, have a drainboard on
each side and are equipped with a
series of six water faucets so that sev­
eral specimens may be washed at a
time. These laboratories contain also
a larger table in the center of the room
and smaller tables for microscopical
work.

The pathological laboratories are
joined by a small serological laboratory
which contains glass hoods and a
modified laboratory table, one section
of which has no lockers, so that one
may sit comfortably close to the
table. This laboratory was included
since we feel that the investigation of
allergic conditions and the study of the
possibility of compounds causing al­
lergic reactions is a very essential part
of industrial toxicology.

The serological laboratory leads to
the pathologist’s office which is equipped
like the toxicologist’s and which may
also be used for experimental purposes
in case of emergency.

The biochemical laboratory forms a
more independent unit. It consists
of a general laboratory, the bio­
chemist’s office and the metabolic
laboratory. The general laboratory is
equipped with standard laboratory
tables, hoods and all accessory appa­
ratus used for biochemical work.
The biochemist’s office is equipped like
the other offices, i.e., it is arranged so
that it may be used as an emergency
laboratory. This is followed by the
metabolic laboratory which is air condi-

LABORATORY

tioned and equipped with standard
laboratory tables, hoods, sinks and
special apparatus for studying the
metabolism of small and large animals

Special Apparatus

For small animals we have accepted
the arrangement of Lewis and Luck
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supply system a constant pressure is main­
tained by a constant head of water fixed by
the position of an overflow tube. As pres­
sure within the system tends to be lowered
by the oxygen consumption by the animal
and the absorption of carbon dioxide by the
cell, water from the side arm flows into the
oxygen unit. The water collects in the
trap until its level rises to the level of the
siphon by means of which it flows into the
reservoir beneath. Within the trap a ball 

OF INDUSTRIAL

Fig. 1.—Metabolism apparatus for small animals
(After Lewis and Luck)

In this arrangement the air is caused to
circulate at a constant rate by means of a
pump. It passes through the animal
chamber and bubbles through an absorption
cell which removes the carbon dioxide.
On leaving the absorption cell it passes a
side tube through which fresh oxygen enters
the system and completes the round by
reentering the pump. The animal chamber
contains a cage which is suspended by
springs from hooks soldered to the inside of
the chamber wall. It rests on a rubber
balloon, over which all its vibrations may
be recorded on a kymograph. In the oxygen 

of very light balsa wood, carrying a bridge
of platinum wire, is set so that the platinum
wires dip into mercury cups which extend
to the outside and which are connected with
an electric recorder. A lifting of the ball
breaks the contacts and the current ceases
to flow through the recorder. A bumper
placed above the ball prevents its rising far
enough to displace the wires from the cups
containing the mercury. After the water
has been discharged through the siphon, the
ball drops in its original position, the con­
tacts through the mercury cups are made
and the marker returns to its original posi­
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tion. At the end of the experiment all the
water collected in the reservoir is weighed,
its volume calculated and the oxygen vol­
ume is calculated after the siphon records
on the kymograph are counted.

For the larger animals we use the
chamber developed by Benedict and
Carpenter (2).

This consists essentially of four parts,
the animal chamber itself, a pump which
circulates air through the chamber and the
rest of the whole system, a device for con­
tinued sampling of the circulating air and

it carries the desired volume of air through
the chamber, and is connected to the outlet
tube of the chamber.

The air leaving the pump passes through
a small tube, the flow being regulated by a
valve to maintain any desired pressure.
From this pipe two tubes with capillary
valves and cocks lead to two counterbal­
anced spirometers of from 3 to 4 liters,
capacity, so that the air pressure in the
common line forces a continuous stream of
air through the capillaries into the spirom­
eters. In this way air is sampled con­
tinuously throughout the whole experiment
and at the end of the experiment the air in 

Fig. 2.—Metabolism apparatus for large animals
(After Benedict and Carpenter)

meters for recording the air flow through the
chamber during the experimental period.

The animal chamber consists of an
airtight container which has a window for
observation on the top and which rests in an
oil seal. Outside air is drawn through the
chamber at a sufficient rate to keep the
carbon dioxide content of the outgoing air
at 0.3-0.5 per cent. It is advisable to agi­
tate the air in the chamber by means of a
fan. Because outside air is used it is not
necessary to determine the oxygen and
carbon dioxide content of the incoming
current since it remains constant.

The pump is adjusted in such a way that 

the spirometers reflects exactly the composi­
tion of the total air in the animal chamber
during the experiment.

The air not disposed of in this way passes
through dry gas meters which record the
total air flow. It is advantageous to place
a hygrometer in the circuit leading to the
meters, which allows the periodic reading of
the moisture of the air and correction of the
final volume.

At the end of the experiment air samples
are removed from the spirometers and
analyzed for oxygen and carbon dioxide and
the total amount of carbon dioxide pro­
duced and oxygen consumed is obtained by 
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multiplication of these values with the
total amount of air recorded by the gas
meters.

In the direct neighborhood of the
biochemical laboratory is the photo­
graphic laboratory, the photographic
darkroom and the darkroom laboratory
which houses the microphotographic
camera, the spectrophotometer and
the quartz spectrograph. The last
two instruments are essential for
studying blood pigments and colori­
metric determinations as well as
excretion of substances especially in
the urine. A constant temperature room
for potentiometric measurements,
blood gas analysis and gasometric
determinations completes this unit;
the rest of this floor is occupied by the
apparatus room, storage room, lab­
oratory, chemical storage room and
a small workshop.

The second floor houses the animal
quarters f or rabbits, dogs, cats, monkeys
and rodents. In the last two rooms
the temperature is maintained uni­
formly at 75°F. The ventilation is
arranged so that the total volume of
each room is renewed 20 times per
hour; this was found to be sufficient
to prevent any marked odor and at
the same time is not rapid enough to
cause the sensation of draught. Be­
tween the two dog quarters is the
dogyard, in which the animals may be
exercised a few hours a day. This
contains also a gassing chamber in
which diseased animals may be killed
by carbon monoxide (illuminating gas).
Next follows the sterilizing room for
cages, on the other side of which is an
isolation room in which new animals,
especially dogs, are kept while they
are dewormed and carefully observed
for infectious diseases. The animals, 

when not kept in large pens, are housed
individually in smaller wire cages
placed on metal shelves suspended
from the ceiling from which they are
separated by means of cups containing
insecticides to prevent the spread of
vermin. On the other side of the
second floor is the kitchen and the
storage room for food and other sup­
plies. These are followed by a small
surgical room for aspetic operations
which is accessible through a prepara­
tion room in which the animals are
prepared for operation. Adjoining
this is a special laboratory for con­
tinued exposure experiments, followed
by a laboratory for experiments with
toxic gases and vapors and by one for
the inhalation of dust. The former
contains a gas chamber similar to that
described by Heubner (3).

This consists of an anteroom and a gas
chamber of 10 cubic meters capacity, both
covered with white glazed tile. This can
be used for experiments with stationary air
mixtures and also for experimentation with
moving air. In the anteroom is the control
mechanism for the experimental air current
consisting of a rotameter which controls the
flow automatically, the switchboard for the
different electric devices, a sink and a small
laboratory table with outlets for gas, air,
vacuum, and electricity. Under the table
is a trap in which the animals are placed so
that they can be released into the gas cham­
ber at a given time without the experimenter
being exposed to toxic vapors. The ante­
room is ventilated both from the floor and
the top and in addition the special outlet
for pure air allows attachment of an open air
mask. This and an electric alarm bell offer
adequate protection for the experimenter.
The walls of the gas chamber are crossed by
a number of capped pipes at different loca­
tions which allow the introduction and
withdrawal of gas-air mixtures over a wide
range. The ventilation of the gas chamber
is arranged in such a way that it can be
completely ventilated within 30 seconds.
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Two fresh air inlets automatically con­
trolled and two outlets connected with a
powerful exhaust fan are provided for this
purpose. For experiments with gas-air
currents sent into the chamber the exhaust
through these vents can be so regulated that
as much is removed as is introduced. The
chamber is provided with a sufficient num­
ber of bullet-proof windows to allow obser­
vation of animals during exposure. Proper
circulation in the chamber during the
experiment is secured by a fan attached to
a water motor which allows the number of
revolutions to be adjusted readily to
different needs.

For inhalation experiments with
vapors of uniform compounds on a 

tile compounds the arrangement of
Gross and Kuss (5) appears to be very-
useful. It consists of three units for
regulation of the air flow and dosage
and volatilization of the test material.
This arrangement allows continued
experimentation over longer periods of
time.

The two cylinders, 1 and 2, are filled with
acetylene tetrabromide and serve as valves
for control of the incoming air current
which is washed and moistened at 3 in order
to secure a uniform humidity of the final
mixture. 4 is a mercury manometer; it is
necessary to refer the quantities of air pass­
ing through the gauges Dr-D« to certain 

WASH LINE

Fig. 3.—Apparatus for inhalation of vapor-air mixtures
(After von Oettingen, Hueper, Deichmann-Gruebler and Wiley)

smaller scale, the arrangement de­
scribed by von Oettingen, Hueper,
Deichmann-Gruebler and Wiley (4)
may be used.

In this the air flow is measured by a gas
meter, passed through a cylinder which
contains the test material in a weighing
bottle, and enters the gas chamber, a glass
jar of 8 liters’ capacity, at the bottom and
leaves it at the top. The concentration is
calculated from the loss of weight of the test
material and is controlled by the diameter
of the opening of the weighing bottle which
can be standardized empirically for different
concentrations and materials.

For the study of the toxicity of
vapors from mixtures of several vola­

barometric pressures in order to secure
exact results. By means of these gauges
the volume of the air current can be adjusted
to the desired rate which is read on the
flowmeter attached to the inlet and outlet
of these tubes.

The arrangement for the dosages (II)
consists of two pear shaped containers, 5
and 6, a communicating vessel, 7, and a
burette, 8, which leads from the container
7 to the evaporator 14, provisions being
made that the pressure in the whole dosage
system is uniform. The burette can be
replaced by others of different bore, so that
they may discharge the desired quantity
(by weight) of the material to be tested.

The evaporator (III) consists of a long
glass coil which passes through the evapora­
tion chamber, 14, and which is in connection
with the heat jacket. The outlet of the
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Fig. 4.—Apparatus for continuous inhalation of vapor-air mixtures
(After Gross and Kuss)
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burette, 8, leads over this coil, so that com­
plete evaporation is secured. These vapors
are mixed and carried away with the air
current entering the chamber at the bottom;
they then pass through the coil, 18, any
condensation in which will indicate over­
saturation, and are reduced to the desired
volume by releasing the excess through the
valve, 19, into the waste line. The rate of
the flow leading to the gas chamber is
measured by flowmeter, 20.

For mixing continuously small quan­
tities of toxic gases with an air current,
the arrangement of Gross (6) may be
very useful. It also consists of three
units like the one described above but
is equipped with a very elaborate
system of gas burettes for continued
and exact addition of small quantities
of toxic gases to the air current.

An exactly measured fresh air current F
is mixed at T with the current of the toxic
gas coming from G. The latter is produced
as follows: Two graduated burettes ai and
a2 of 50 cc. capacity are filled from the gas
generator e through 6 and three-way cock c.
The two burettes end at the bottom in two
S-shaped tubes /i and f2 which are filled
with some levelling fluid. These tubes
branch out at the three-way cocks di and d2.
The open branches gi and g2 immerse into
two wash bottles hi and h2. The two other
branches, connected by the tube i, are
connected by means of j with a large bottle
k. On top of this bottle is a large container
which ends in a fine capillary I which can be
opened and closed by means of the stopcock
in. ki, ji, fi and f2 should be filled with
levelling fluid at least up to the zero mark of
the burettes. The vessel n and the capillary
I contain mercury. At the beginning of the
experiment k should be completely filled
with levelling fluid and should contain no
air.

If the cock m is opened a very fine stream
of mercury displaces the fluid in bottle k
and also replaces, depending upon the posi­
tion of the cocks d, and d2, the gas in the
burettes a, and a2. The burettes are con­
nected over the tubes pt and p2 and the
three-way cock q with G. By using alter- 

natingly the two burettes ai and a2 a con­
tinuous and uniform stream of gas can be
added to the air. From G, respectively T,
the gas air current passes through a mixing
vessel M and from there over a flowmeter
in the gas chamber.

The burettes a, and a2 should be im­
mersed in a constant temperature bath to
secure uniform dosage and the vessels hi and
h2 should be arranged so that no toxic gases
can escape.

For experiments regarding the acute
effects of inhalation of mists the fol­
lowing arrangement as published by
von Oettingen, Hueper and Deich-
mann-Gruebler (7) has been found
useful because it allows continued
administration for several hours with­
out wasting large quantities of
material.

It consists of an oblong chamber MG with
an inlet tube I on the top and a drain tube
D at the bottom, which has a bulb B at the
free end, in which an atomizer A is inserted
in such a way that its opening just protrudes
through a stopper into the mist chamber
MC. The opening of the chamber 0 is
connected with an animal mask M by means
of a T-tube, the open end of which extends
into an exhalation valve. The test material
is filled into the chamber at I until the bulb
of the drain tube is nearly filled. The ato­
mizer is connected with the pressure line
and the pressure is adjusted to give the
desired intensity of the spray. Since only
small quantities of the testing material
which pass through 0 are used up, the re­
mainder being condensed on the walls of the
mist chamber and returned to the atomizer
bulb, this arrangement allows the continued
production of a mist for many hours.

A more elaborate arrangement for
the same purpose is that published
by Lehmann, Saito and Mayima (8).

The main air current is sucked through
the exposure chamber AB and measured
with the gas meter C. This current is
mixed at F with the mist carrying the
material dispersed in E. The larger drop­
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lets are precipitated in H and F and
returned to the container E. The quanti­
tative determination of the mixture is made
at two positions. A measured current is
taken from B through the cotton filter J and
the wash bottle K. The main air current
passes also through a wash bottle and cot­
ton filter. This usually gives lower analyti­

It consists essentially of four parts: (1)
the exactly adjustable air currents I, II and
IIZ; (2) the air colloid generator G; (3) the
diluting chambers MR-1 and MR-2 which
allow the proper dilution of the colloids
produced in G, the excess of which is carried
away through V over the filters GE and Fr,
and (4) the animal room TR with the ex­

Fig. 6.—Apparatus for short inhalation of mists
(After von Oettingen, Hueper, and Deichmann-Gruebler)

Fro. 7.—Apparatus for the inhalation of droplets
(After Lehmann, Saito and Mayima)

cal value than the side current because some
of the material is condensed on the walls of
the chamber.

For the study of the effects of air
colloids, such as lead- and zinc oxide
and others, the arrangement described
by Froboese and Bruckner (9) may be
useful.

haust lines leading through filter F, into the
hood. The air current D, which should
have a constant pressure as indicated by
the mercury manometer Mo, is divided at
I, II and III and regulated by means of the
cocks Ri, R2 and R, after passing over the
flowmeter Sh, St, and Si, and the mercury
manometer Mi, M2 and Ms- Current I
passes through the colloid generator G and
current II directly into the diluting chain-
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ber MR-1, whereas current III goes to the
diluting chamber MR-2.

The air colloid generator G consists of a
glass bulb of 1.5 1. capacity containing two
side tubes of 40-50 mm. diameter on oppo­
site sides. The longer, upper tube has a
side tube a. A metal cap 6 is connected to
the lower tube. It carries a fitting c
through which an arc carbon d of 20 mm.
diameter may be inserted gas tight. A thin
metal tube e is also inserted through the cap
6 to which a manometer may be attached for
measuring the pressure inside the bulb.
The upper end of the carbon is excavated to
form a cup of 10 mm. diameter and depth

bon n of 180 mm. length and 10 mm. di­
ameter. This has a 3 mm. bore, so that the
air passes right into the carbon beaker.
The metal caps b and g are furnished with
clamps for the electric current.

From the generator the “metal fumes"
are carried to the sedimentation and dilut­
ing chamber MRi and MR3 through the tube
IV and VI between which a T-piece is placed
to allow (by adjusting the cock 2?t) the
removal of excessive metal oxide through
the filters EG and F, the details of which are
described by Froboese (10). Tube VI leads
to the mixing chamber MR*  where the metal
oxide fumes are further diluted with air

Fig. 8.—Apparatus for inhalation of “metal fumes”
(After Froboese and Bruckner)

and carries a carbon cup f of 25 mm. di­
ameter and 30 mm. depth made from a piece
of arc carbon of 35 mm. diameter which is
inserted into the cup of 10 mm. diameter by
means of a protruding stem. The material
to be studied is placed into this cup f. The
upper glass tube carries also a cap g with
fittings h through which passes a metal tube
I which has on one side a notched metal
strip, so that by means of the notched wheel
i, which is insulated by the fiber ring h, it
can be moved up and down. The metal
tube I ends in a thinner, bent down copper
tube m, through which the air is carried
into the bulb and on the lower end is a car­

coming through III and finally the oxide-air
mixture passes into the animal chamber TR.
Here the opening of the inlet tube is widened
so that the velocity of the flow is reduced
and at the same time it is directed toward
the wall so that it does not blow directly on
the experimental animal. Before being
released into the hood the air from the ani­
mal chamber passes again through a filter
in order to reduce the toxicity of the waste.

For the study of the effect of toxic
dusts the arrangement of Jotten-
Arnoldi-Kortmann (11, 12) is dis-
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tinguished by its comparative sim-
plicity. It consists of three parts, the

m

yIG_ 9—Generator for “metal fumes
(After Froboese and Bruckner)

compressor for the production of an
intermittent air current, the dusting
arrangement and the dust inhalation
tower.

Instead of the Silten electro-compressor
used by Jotten a simplified arrangement
may be used which consists in rhythmic
compression of a wide rubber tubing
through which the air current passes into
the dusting arrangement. This consists of
three vertical glass tubes of 40 mm. di­
ameter and 80 cm. length. The first tube
contains a measured quantity of dust. The
air current enters this tube on the lower end
through a side tube and leaves it through
another side tube 5 cm. below the top, the
main opening being closed by means of a
rubber stopper. In this way the dust passes
through the two following tubes which
secures a fairly uniform distribution of the
fine dust particles. From here the dust
cloud passes into the dust inhalation tower.
This consists of a cylindrical container of
90 cm. height and 27 cm. diameter with two
rows of screen covered windows in front of
which the animal cages can be attached, so
that the lower series is intermittent with
the upper row. Each of the cages has on
the top an outlet for air which can be
plugged with cotton and another opening
on the funnel shaped floor for the collection
of urine. The tower is closed on top with a
cover containing a glass window and a
tubulated opening for removal of samples
for analysis, and at the bottom by a funnel
through the center of which the air cloud
enters the whole system.

These are only a few of the arrange­
ments which were developed for use in
industrial toxicology. It need not be
pointed out that they may find adapta­
tions for different problems but it
would be too time-consuming to go
into further detail on this subject.

The foregoing discussion shows that
the complexity of problems of indus­
trial toxicology requires their study
from different angles by men who have
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had special training in their lines.
For this reason it does not appear
advisable to set up small units for the
study of such questions because these
would necessarily suffer from lack of
facilities and of the necessary diversi­
fied staff. It appears to be more
reasonable that smaller concerns of
similar interest collaborate in estab­
lishing and maintaining such a labora­
tory, which would result in a more
complete and more detailed knowledge
of the toxicological properties of
chemical compounds and their poten- 

foundations have been laid by the
collaboration of those concerned with
these problems, may it achieve such
impressive results as those obtained
in the field of infectious diseases
control.

Summary

In this paper the special needs of a
laboratory of industrial toxicology are
considered and it is shown how these
needs have been fulfilled at the Haskell
Laboratory. First there is given the
physical plan of the building and then

Fig. 10.—Apparatus for the inhalation of dust
(After Jotten, Arnold! and Kortmann)

tial dangers. Without such knowledge
industrial medicine will be hampered
in its progress and only after these 

there follows a description of some of
the special apparatus used in studying
toxicological problems.
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THE INDUSTRIAL HYGIENE LABORATORY*

Warren A. Cook

THE necessity of measuring the
extent of exposure to injurious
materials in industrial environ­

ments as an essential factor in the
control of occupational diseases has
resulted in the development of the
industrial hygiene laboratory. Such
a laboratory must be specially de­
signed and equipped to determine the
concentration of the great variety of
contaminants found in industrial
atmospheres. These contaminants
are present often in exceedingly minute
amounts and frequently offer special
problems for their collection and
determination.

The nature of the problems under­
taken in the industrial hygiene lab­
oratory gives it a distinct character
from that of other types of laborato­
ries. Even where analysis of the
very same material is to be made in
the industrial hygiene laboratory and
in the general chemical laboratory, the
methods utilized for its determination
may greatly differ. In the analysis
of carbon monoxide, for example, the
general laboratory employs apparatus
which gives negative results for less
than 0.1 per cent. From the industrial
hygiene point-of-view, such results
would seldom be of any value. The
desired information is whether the 

* From the Bureau of Occupational
Diseases, Connecticut State Department of
Health, Hartford, Conn.

concentration of the material is within
safe limits—in this case, 0.01 per cent
of carbon monoxide in air. A well-
equipped industrial hygiene laboratory
would be provided with apparatus
having a sensitivity of 0.005 per cent,
or preferably, 0.001 per cent. This
instrument gives a continuous indica­
tion of the carbon monoxide concentra­
tion in the air on a dial reading directly
in parts per million of carbon monox­
ide; its use is not confined to labora­
tory determinations, as it is easily
portable. Equipment of this type is
required for meeting the demands
placed upon the industrial hygiene
laboratory.

Realization that the industrial hy­
giene laboratory is vital to the control
of occupational diseases is resulting
in the establishment of such labora­
tories in units charged with the control
of this public health problem. At the
present time industrial hygiene lab­
oratories are being operated by federal,
state and municipal departments en­
gaged in the control of industrial
health hazards, by insurance compa­
nies extending industrial group and
compensation coverage, by universi­
ties, and by private consultants in
industrial hygiene and industrial con­
cerns interested in the control of their
own occupational hazards. The utili­
zation of such laboratories by all of
these groups is permitting a more 
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intelligent and effective attack on the
occupational disease problem and is
essential to the solution of this prob­
lem.

It is the purpose of this paper to
present a picture of the industrial
hygiene laboratory, to discuss its
functions and to describe the type of
equipment necessary for accomplish­
ment of these functions. The labora­
tory entity considered is limited to the
determination of injurious materials
and does not include provision for
animal experimentation or toxicolog­
ical research. Its field is essentially
the practical application of standards
of permissible exposures formulated
by such agencies as the United States
Public Health Service, U. S. Bureau
of Mines, universities and toxicological
laboratories. Lists of necessary or
desirable equipment are not included
as they have been prepared by a
number of bureaus operating indus­
trial hygiene laboratories (1, 2) and
by laboratory equipment houses
especially interested in serving this
field.
Physical Lay-out of Laboratory

The design and the equipment of the
industrial hygiene laboratory depend
upon the field which it is to serve.
Three types of laboratories are gen­
erally considered: the completely
equipped, central laboratory for all
types of industrial hygiene determina­
tions, the branch and the plant indus­
trial hygiene laboratories to cover
limited fields or to be partially depend­
ent upon a central laboratory, and a
portable laboratory which may be
mounted in a small truck or on a
trailer.

Complete Central Laboratory

The laboratory of the Bureau of
Occupational Diseases of the Con­
necticut Department of Health may be
taken as an example of a central lab­
oratory designed to conduct the entire
range of industrial hygiene determina­
tions. The great diversity of indus­
tries in Connecticut results in a wide
field of problems which this industrial
hygiene laboratory is called upon to
solve.

As shown in the floor plan (fig. 1),
the Connecticut industrial hygiene
laboratory occupies a room 27 ft. by
30 ft. with a 10-ft. ceiling. A 12 or
even 14 ft. ceiling is preferable to allow
height for the hoods and exhaust
ducts above them. The laboratory
is well lighted by windows extending
along the 30-ft. south side. The
furniture is of standard steel units
with stone tops. The center of this
room is occupied by a flat-top table,
11 ft. by 4 ft. 6 in., and by a chemical
table, 10 ft. by 4 ft. 6 in., the latter
with a deep sink at one end and the
balance table at the other. Both of
these tables are provided with gas,
water, electricity and drains. Pro­
vision is made also for pressure and
vacuum.

Space limitations do not permit
segregation in one room of the chem­
ical table with acids and other corro­
sive materials, although such segrega­
tion is desirable.

Along the east wall adjacent to the
chemical bench are located the four
hoods. These are provided with slid­
ing wire-glass doors. An electric
muffle furnace occupies one of the
hoods, a gas hot-plate another and 
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two electrically heated water-baths,
with six holes each, part of a third
hood. This last one, together with
the fourth hood, are provided with
gas, water and electrical connections
and drain-bowl. The temperature
control for the furnace is also located
along this wall.

A bench extends along the entire 30-
ft. south side of the laboratory under 

A desk and letter file are provided and
also open shelving for books, journals
and special references.

All tables and benches are placed
at standing height, 37 in. above the
floor, excepting the bench along the
windows and the balance table which
are 31 in. above the floor. Cupboards
are located beneath all benches and
tables, excepting where knee-room is 

Fig. 1.—Floor plan of laboratory. Bureau of Occupational Diseases, Connecticut
State Department of Health.

the windows. Along the north wall,
are located cabinets for glassware.
The west wall adjacent to the flat-top
table is occupied by a cabinet, bench­
space and sink. A third sink, placed
at the southeast corner, provides an
excellent distribution of washing faci­
lities which has proved to be most
advantageous for expeditious work.

provided at convenient intervals along
the bench at the south side of the
laboratory. Glass tubing and rodding
are kept in long drawers extending
longitudinally under the center of the
flat-top table and accessible from the
end. Gas and electric outlets are
provided at convenient points along
the benches.
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The western end of the bench along

the windows is reserved for glass­
blowing. A double gas outlet is
placed at the front of the bench to
permit easy access to the gas-cocks and
to obviate the necessity of extending
the rubber tubing for the blast-lamp
across the bench. Since compressed
air is not yet available, a small electric
blower is connected to an air reservoir
under the bench for operating the
blast-lamp. Oxygen is also available
for the blast-lamp.

A number of additional facilities
should be provided for a complete
industrial hygiene laboratory. A
workshop is a most desirable adjunct
since much of the field equipment can
best be designed and constructed by
those who are to use it. If necessary,
the workshop may be limited to a
small carpenter’s bench and a few
hand tools, but any elaboration of
such workshop equipment will be of
real value in the construction of
special field and laboratory apparatus.

Photographs are of much assistance
in presenting the results of industrial
hygiene studies. Where much photo­
graphic work is to be done, a dark
room should be provided for develop­
ing and printing. Photographs of
dust samples for purposes of record or
for inclusion in reports of studies,
photographs of the dust itself in
connection with certain of the dust
determination methods, and photo­
graphs of manufacturing operations
all find a definite use in an industrial
hygiene program. Dark rooms are
also necessary where x-ray diffraction
methods and spectrographic methods
are to be used.

A dust-chamber has a place in the
industrial hygiene laboratory. It

serves a number of purposes. Where
more than one dust determination
method is being employed, the various
instruments can be compared by
sampling dust from the dust-chamber.
Where new workers are to be trained,
the dust-chamber is of value in devel­
oping dust counting technic. Check­
ing dust counting technic is also
desirable where two or more workers
may be making determinations inde­
pendently. As new developments are
suggested in dust determination meth­
ods and instruments, the dust-chamber
affords a means of testing their efficacy.

It has been suggested (3) that a
dust-chamber of about 500 cu. ft.
would be sufficient for general purposes
of an industrial hygiene laboratory.
Its height should be at least 8 ft. to
provide opportunity for settling of the
dust. A dust-chamber recently con­
structed under Brandt’s direction,
measuring 8 ft. 4 in. by 8 ft. 4 in. by
15 ft., giving a volume of about 1,000
cu. ft., is of all-steel construction,
welded to make it dust tight; it cost
approximately 8450. The dust­
chamber of the U. S. Bureau of Mines
Experiment Station at Pittsburgh is
two stories in height, the upper story
providing for introduction of dust and
for ventilation, whereas the lower
chamber is used for sampling.

General Equipment for Central
Laboratory

In addition to equipment for making
special determinations as mentioned
later in this paper, the industrial
hygiene laboratory should be well
equipped for general qualitative and
quantitative analytical work, and be
stocked with the requisite miscellany 
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of chemical reagents, laboratory glass­
ware and incidental equipment.

The analytical balance should pref­
erably be of the chainomatic type,
since this is especially desirable in
weighing activated charcoal tubes in
connection with the determination of
solvent vapors.

A distilled water apparatus of a
capacity of 1 gallon per hour with a
10-gallon storage tank is adequate for
the average laboratory.

Since colorimetric methods are con­
stantly coming into wider usage, a
Duboscq colorimeter should be in­
cluded as general equipment. Nessler
tubes can be used, but when a consid­
erable number of determinations are
to be made, the colorimeter permits a
saving in time and, in addition, permits
greater accuracy in making determina­
tions. Among the injurious materials
found in industry which can be deter­
mined by the colorimetric method, the
following may be mentioned:

Chromium compounds
Lead
Benzene and many other solvents
Chlorine
Mercury
Arsenic
Aniline
Cyanide
Hexamethylenetetramine
Hydrogen sulfide
Hydrochloric acid
Manganese
Phenol
Silica

A spirometer is of value for calibra­
tion of gauges and rate-of-flow equip­
ment in general. If a spirometer is
not included in the laboratory equip­
ment, wet and dry gas meters can be
used for calibration purposes. The
wet gas meter is more accurate for low 

rates of flow and may be used for
flows up to about 12 litres per minute.
The dry gas meter most adaptable for
industrial hygiene laboratory purposes
is the five-light type with a large dial
indicating 1 cu. ft. to a revolution of
the pointer. This meter can be used
for air velocities as high as 4 cu. ft. per
minute. It should be re-calibrated
from time to time.

If physical examinations and x-rays
are contemplated, the necessary stand­
ard equipment should be included.

A camera is necessary both for
laboratory and field purposes. Stand­
ard attachments are available for cer­
tain types of cameras so that they can
be used for taking microphotographs.
A camera for use in manufacturing
plants should be provided with a good
lens since many such interiors are
poorly illuminated. Photoflood lamps
may be used in some cases but there
are several reasons why such auxiliary
equipment may be inadvisable. With
some cameras, many exposures may
be taken on 35 mm. film at a low cost
and only those which are required
need be enlarged. Furthermore, the
35 mm. film may be projected directly
onto a screen. Although photographs
of manufacturing operations should,
of course, be taken only on approval
of the management, a small camera is
advantageous since it more easily per­
mits photographing normal working
conditions instead of the posed pic­
ture often obtained if a larger camera
must be set up.

Since most of the information on
methods of determination of atmos­
pheric contaminants found in indus­
trial environments is found in the
current literature, it is of especial
importance to maintain at the lab­
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oratory a card reference of methods of
determination. Reprints of the more
promising methods should be included
in the reference library kept at the
laboratory. A nucleus for a card
reference system of methods of deter­
mination may be obtained from a list
given in the 1935 report of the Ameri­
can Public Health Association Com­
mittee on Ventilation and Atmospheric
Pollution (4).

Branch and Plant Laboratories

Where an industrial hygiene organ­
ization serves a large territory in
which there may be several industrial
areas somewhat distant from the
central laboratory, it may be expedient
to install branch laboratories. The
layout and equipment of such a
laboratory should be in accordance
with the principal problems to be
undertaken in the local area. Equip­
ment should be provided for conduct­
ing determinations which are to be
made regularly, and which involve
collection of samples which could not
be readily transported to the central
laboratory.

The number of companies conduct­
ing industrial hygiene studies of their
own working conditions is constantly
increasing. The industrial hygiene
laboratory operated by such concerns
is naturally limited to the determina­
tion of injurious materials present in
the plant of that concern. Frequently,
the state industrial hygiene organiza­
tion can be of much value in supple­
menting the industrial unit. Where
the expense factor must be carefully
considered, a laboratory can be started
in a small way and built up as its value
is demonstrated.

Portable Laboratory
The problem of covering an exten­

sive territory may also be met by the
use of a portable laboratory. One
industrial concern with widely distrib­
uted plants (5) employs a commercial
sedan for transporting its special
laboratory equipment from plant to
plant. A trailer was originally used,
but this was found less satisfactorjr
than the use of the commercial sedan
or light delivery truck. A workbench
is being planned which will serve both
as a laboratory table and also for
storage of the special equipment dur­
ing transportation. Only that special
equipment is transported which is not
available at the research and control
laboratories of the individual plants
where the work is to be done.

General Field Equipment

When the industrial hygienist is
making determinations or collecting
samples in manufacturing plants, it is
of great importance that he be pro­
vided with equipment which will
permit him to conduct his operations
with dispatch and with as little inter­
ference as possible to the normal
operations of the workers. When a
chemistry instructor is conducting
lecture experiments, his technic must
not only produce the desired results,
it must display a practiced and fault­
less, yet unobtrusive finesse. When
the industrial hygienist is at work in
the industrial plant, he is under no
less critical and observant an audience.
The plant engineer and chemist, the
workers themselves and probably the
manager of the concern will have an
interest in the proceedings which may
be more discerning than is apparent
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on the surface. The credence which
is accorded the findings is unquestion- ■
ably influenced by the impression
which these plant men receive of the
capabilities of the hygienist and the
adequacy of the equipment. A com­
plicated apparatus of fragile and intri­
cate design brought into the midst of a
bustling factory bespeaks more of
thaumaturgy than of sound scientific
procedure, whereas sturdy, compact
equipment carries with it an impres­
sion of practical common sense, a
valuable aid in gaining the confidence
of the man in the plant in the authen­
ticity of the results obtained.

There are a number of fundamental
requirements which should be met by
equipment which is to be used in the
field. It should be readily portable
and for this reason the weight of
apparatus should be kept at a mini­
mum. For example, an aluminum
base-plate should be used for a motor­
vacuum pump assembly rather than a
cast-iron base. The equipment should
be durable. Where glassware must be
used, provision should be made in the
design of the field equipment for
its protection. Sampling equipment
should be devised so that the collection
of the sample can be conducted rapidly
if this is found to be desirable.

It is often advantageous to provide
one type of equipment which permits
the collection of a sample continuously
over any required period of time, and
another type of equipment which will
permit the collection of a “grab
sample”. The former type of equip­
ment gives the best indication of the
average exposure of the worker to an
injurious material, whereas the latter
type of equipment gives information
concerning just what part of an opera­

tion presents the major hazard or
introduces the greatest amount of the
injurious material into the workroom
air.

Sampling equipment should include
provision for collection of two or more
samples simultaneously. By the col­
lection of multiple samples it is possible
to gain valuable information which
cannot be obtained by taking several
successive samples. As an illustration,
one sample may be taken of the expo­
sure of workers conducting a dust­
producing operation and a simulta­
neous sample of the general workroom
atmosphere to show how much the
operation is contributing to the dust
content of the workroom. Collection
of simultaneous samples also assists in
gaining information on the efficacy of
various dust control measures of a
particular process in a plant during its
normal operation.

Apparatus which will show the
results of the determination without
recourse to the laboratory are, of
course, desirable wherever they can
be used. Equipment has been de­
vised which will give results imme­
diately, in some cases a direct reading
on a dial, as is mentioned elsewhere in
this paper. It is to be hoped that
there may be further development of
such equipment.

Collection of Samples
Equipment to be used for collection

of the air sample depends not only
upon the material to be collected, but
also upon its probable concentration
and the conditions under which it is
found. The sampling device for some
gases can consist simply of a bottle
of water. When it is desired to collect
a sample of the room air, the water is 
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poured from the bottle at the desired
point, the stopper is replaced and the
sample thus obtained. Since minute
quantities of many of the injurious
materials may affect health and so
require determination of exceedingly
small concentrations, the more usual
method of obtaining the sample is to
draw the air through an appropriate
medium which retains the injurious
material. In this manner, the lead
from 100 cu. ft. of air can be trans­
ported to the laboratory for analysis
in an 8-oz. bottle.

Various methods may be utilized
to draw air through the sampling
apparatus. That in most common
and most satisfactory use depends
upon the ejector principle. Com­
pressed air, readily available in most
manufacturing plants, is connected
to the ejector to obtain the necessary
suction. The ejector has the advan­
tages of small size, durability, large
capacity and simplicity of operation.

The ejector is used extensively as a
means of obtaining suction in the
collection of dust samples (6). In­
stead of providing this device with
only one suction nozzle, as described
by Hatch, a T-fitting can be placed
at the suction end of the ejector and
two suction nozzles each with its own
orifice plate attached. By this means,
the one ejector equipment will permit
collection of either one or two samples.
This ejector apparatus can be used for
other purposes than the collection of
dust samples and is convenient wher­
ever it is desired to draw air through a
system. For small rates of air sam­
pling, a water-type ejector such as is
in common laboratory use may be
employed.

Where compressed air is not avail­

able, it may be necessary to utilize an
electric motor connected to an air
pump. The capacity of such an
equipment, as described by Greenburg
and Bloomfield (7), is sufficient for the
operation of two impingers. By a
slight modification of the apparatus
described, simultaneous samples may
be collected. Instead of using a flow­
meter as suggested in the paper cited
above, a calibrated vacuum gauge can
be employed. If a vacuum gauge is
used, it is desirable to introduce an
orifice plate beyond the gauge, so that
the pointer will indicate at least 5 in.
of vacuum. Where the vacuum gauge
is used, the orifice plate need not be
drilled with the precision required
when it is employed in the equipment
described by Hatch (6); its aperture
need merely be such as to increase the
resistance in the line sufficiently to give
a reading on the vacuum gauge.

Where neither compressed air nor
electricity are available, a hand-pump
can be used (7), although drawing 1 cu.
ft. of air through an impinger by means
of such a hand-pump is an exceedingly
laborious and fatiguing operation.

Another means of drawing air
through collection apparatus where no
power is available is by use of aspirator
bottles. The equipment consists of
two bottles, one above the other.
The upper bottle is filled with water
which is allowed to flow into the lower
one. The air which displaces the
water is drawn through the sampling
apparatus. Such a system is adapt­
able to small air volumes and low
rates of sampling.

A number of methods are available
for measuring the rates of flow of air
through the sampling apparatus. The
flowmeter and vacuum gauge, to-
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gether with the method of calibration,
are described by Greenburg and
Bloomfield (7). Wherever a vacuum
gauge can be used, it has a number of
advantages over the flowmeter. It is
more durable and not subject to dis­
ruption in case of sudden changes in
the air-flow. The flowmeter may be
provided with a trap on the low
pressure side of the U-tube to prevent
loss of the liquid, but usually the air­
flow must be stopped momentarily
to permit the liquid to drain back into
the U-tube.

The vacuum gauge (and also the
simple manometer) cannot be used
where the resistance in the line
changes. Consequently, a flowmeter
rather than a vacuum gauge must be
used with such apparatus as activated
charcoal tubes where the resistance
increases as sampling progresses. Such
apparatus as fritted glass bubblers
where the air must pass through
minute orifices also increases its re­
sistance during sampling due to the
presence of dust in the air.

Another device which has the ad­
vantages of the flowmeter without its
disadvantages is the “Rotameter”
(8). This device consists essentially
of a vertical tube having a tapered
bore (with a small end at the bottom)
and a top-shaped rotor placed inside
the tube and held in suspension by the
upward flow of liquid or gas. The
rate of flow is read directly from the
scale etched on the tube.

For the timing of sampling periods,
two types of stop watches are desir­
able. The watch-type permits re­
cording the time of day during which
the sample is collected and will time
as long a period as the sample may run.
Where intermittent operations are to 

be timed, the stop-and-go type of stop
watch is of value. The two stop
watches can be used in conjunction
when it is desired to know how great a
proportion of the total elapsed time
is actually taken up by some inter­
mittent operation, or by intermittent
exposures.

Where laboratory glassware must
be used in the field, a method under
development at the Massachusetts
Bureau of Occupational Hygiene (9)
may well be adopted. The glass
apparatus for a given determination is
attached to an aluminum plate which
can be inserted into a fiber carrying
case. Set-ups are prepared, each on
its individual aluminum plate for
determination of various atmospheric
contaminants found in industrial en­
vironments. A description of such
equipment is to be published by Bow­
ditch and Elkins.

Ventilation instruments for checking
industrial ventilation systems should
include a 4-in. anemometer, Boyle
velometer, pitot-tube with inclined
manometer, glass U-gauge, revolution
counter, sling psychrometer and the
heated thermometer anemometer
(Yaglou).

Equipment for Specific
Determinations

Dust Determinations
A completely equipped laboratory

should preferably have two types of
dust collection equipment: the im­
pinger apparatus where a continuous
sample is to be collected, and one of the
grab sample dust collection devices.

The impinger apparatus and also
some of the grab sample devices are
discussed by Bloomfield in the 1935
Report of the American Public Health 
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Association Committee on Ventilation
and Atmospheric Pollution (10).

Other devices which are available
for determination of dust concentra­
tions over a continuous period are the
electrical precipitator (11), the atmos­
pheric dust recorder (12), and the hot
wire thermal precipitator (13). Of
these, the impinger is by far the most
widely used in this country and should
be standard equipment of all industrial
hygiene laboratories conducting dust
control work.

The konimeter and Owens dust
counters, both described by Bloom­
field (10), have undergone a number
of modifications. The konimeter
manufactured by Zeiss is equipped
with a microscope which permits
counting the sample without recourse
to a laboratory set-up. This konim­
eter is also equipped with stops which
permit the collection of samples either
of 5 cc. or of 2.5 cc. By collecting the
smaller sample, the range of the
instrument may be increased from
about 17 million particles per cubic
foot of air to about 34 million particles
per cubic foot. The konimeter con­
structed by Devers, of South Africa,
has been modified by us so that sam­
ples of 1, 2, 3, 4 or 5 cc. may be col­
lected. By collecting a sample of but
1 cc., the range of the instrument is
increased to about 85 million particles
per cubic foot of air. We have used
this instrument extensively in indus­
trial plants and plan to publish details
of our modifications together with its
application in industrial dust studies.

The Owens dust counter has been
modified by Bausch and Lomb as a
result of suggestions by Beyer and
other members of the Liberty Mutual
Engineering Staff so that a number

of dust samples may be collected on a
circular plate similar to that used in
the konimeter and examined under a
built-in microscope. The dust con­
centration in millions of particles per
cubic foot of air can be obtained di­
rectly from the dark field count by
merely inserting a decimal point.

Other dust determination devices
which collect grab samples are the
electrostatic dust count sampler de­
veloped by Barnes (14); the photo­
graphic dust counter, developed by
Ficklen and Ott (15); and a Tyndall-
meter constructed by Leitz and
described by Matthiass and Land-
wehr (16).

There is a definite need for dust
determination equipment which will
permit the engineer at the plant to
obtain an indication of the dust con­
centration without the necessity of
extensive training and technic, utiliza­
tion of complicated equipment, or
laborious procedure. It is possible
that some of the methods cited, or a
modification of them, may fulfill the
requirements of a rapid, facile means
of determining the dust concentration,
and it is hoped that either these
methods or methods not yet conceived
may be developed to fill this need.

Analysis of Dust for Free Silica
In view of the fact that free silica

is of outstanding importance in the
extent of the hazard presented by a
dust, it is desirable to have equipment
for making this determination. For
certain dusts, petrographic methods
may be preferable; for other dusts,
chemical methods seem more satis­
factory; but for most of these deter­
minations a combination of both
methods is required. The essential 
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equipment for petrographic methods
is a petrographic microscope with
the necessary attachments. General
laboratory equipment is usually ade­
quate for conduct of the chemical
methods.

A method employing x-ray diffrac­
tion has been described by Clark and
Reynolds (17). It is stated that
duplicability of results is within 5 per
cent of the amount of the substance
sought in the case of quartz; this is
sufficiently sensitive for the purposes
of the industrial hygienist. The equip­
ment is expensive, a factor which will
tend to limit its use.

Determination of Metals and Metalloids
Equipment for collection and anal­

ysis of metals and metalloids is gen­
erally included in the usual laboratory
set-up. The impinger is of value for
collection of such materials as lead
and lead compounds. Special equip­
ment may, however, be used for certain
of these materials.

The spectroscope has been used
advantageously for the determination
of mercury by Armstrong (18). As
many as twenty mercury determina­
tions could be made in a day with the
spectroscopic method. The spectro­
scope can also be used for other deter­
minations, though a certain amount
of development work is usually nec­
essary before it is applied to any
specific industrial hygiene problem.
The amount of the element to be
determined is estimated by measuring
with a microphotometer the intensity
of one of its spectrum lines, and on the
same plate the intensity of another line
in the same spectrum due to another
constituent added in constant amount
to all the samples. The ratio of these 

two intensities is referred to standards
for evaluation. The expense of spec­
trographic equipment is a deterrent
to its general use, but where a con­
siderable number of determinations is
to be made, it may be shown to be the
most economical procedure. Spectro­
graphic methods are generally so
sensitive that the samples to be deter­
mined can be much smaller than those
required when chemical determina­
tions are to be conducted. The
sensitivity of spectrographic methods
also permits determination of mercury
and other materials in such biological
fluids as blood where the sample must
necessarily be small.

A convenient method for the deter­
mination of mercury vapor is the Nord-
lander apparatus constructed by the
General Electric Company (19). A
less expensive mercury vapor detector
has been developed by the same
company, but this is hardly a precision
method. It also depends upon the
selenium sulfide reaction discussed
by Nordlander (19).

The determination of radioactive
materials in the workroom atmosphere
and in the bodies of the workers them­
selves requires electroscopic measure­
ments of both gamma and beta-rays.
The equipment for such determina­
tions is described in some detail by
Bloomfield and Knowles (20) and by
Ives, Knowles and Britten (21). Such
equipment need be included in the
industrial hygiene laboratory only
where there is exposure to radioactive
materials in the territory served by the
laboratory.

Organic Solvent Vapors
Equipment for several methods of

determination of organic solvent 
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vapors is discussed by Cook and Cole­
man (22). This paper includes a brief
discussion of the interferometer, the
refractive index and the thermal con­
ductivity equipment, together with a
detailed description of an activated
charcoal apparatus.

In the determination of specific
organic solvent vapors by chemical
methods, the equipment for collection
and analysis of the sample is often
specially designed for use with the
particular method that is being
employed. Where it is desirable to
make specific determinations of an
individual organic solvent vapor, it is
suggested that reference be made to
the literature and any special equip­
ment necessary for determination con­
structed as required.

Spectrographic methods are also
available for certain of the organic
vapors. These methods have the
advantage of sensitivity, but the cost
of the equipment cannot be over­
looked.

An inflammable vapor detector is of
value for certain types of determina­
tions. Where workers may be clean­
ing a gasoline storage tank, it is
desirable to obtain immediate informa­
tion concerning the concentration of
hydrocarbon vapor to which they are
exposed. An inflammable vapor indi­
cator which will show as little as 10
per cent of the lower explosive limit
of the vapor is sensitive to about 0.2
per cent of gasoline vapor in air.

Gases
In addition to the use of such general

apparatus as gas collection tubes and
bubblers for sampling gases, a number
of specific instruments have been
developed for their determination.

The M-S-A Continuous Carbon
Monoxide Indicator, made by Mine
Safety Appliances Company, needs
merely to be connected to a 6-volt
electric current and the carbon monox­
ide concentration may be read direct
on the dial in terms of parts per mil­
lion, the lowest division showing 10
parts per million; the highest, 1,000
parts per million. Since this instru­
ment weighs about 17 pounds, it is
easily portable. Because carbon
monoxide is a potential health hazard
in such a great variety of industries,
an indicator of this type is desirable
equipment for the industrial hygiene
laboratory.

Where it is desired to determine
whether sufficient carbon monoxide is
present to cause loss of consciousness
of a worker who is to remain in the area
for only a brief period, the Hoolamite
detector is of value. The range of
this instrument is from 0.07 to 1 per
cent. The air is drawn through this
detector by means of a rubber bulb,
the readings being made by comparing
the depth of purple color of the indi­
cator with a standard color scale
attached to the instrument.

An instrument similar to the latter
has been developed for the determina­
tion of hydrogen sulfide in air based
on a method described by Littlefield,
Yant and Berger (23). The limit of
sensitivity of this instrument is 25
parts per million. It may be used as a
control instrument or where a quick
method is needed. Other methods
should be employed where smaller
concentrations are to be quantitatively
obtained. These last two pieces of
apparatus are also made by Mine
Safety Appliances Company.
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Illumination Equipment
In making determinations of the

adequacy of illumination, an illumi­
nometer operating on the photoelectric
cell principle is the most desirable
type. The reading is given directly
on the dial in foot candles, no batteries
or auxiliary equipment being required.

Conclusion

The design and equipment of a
laboratory of industrial hygiene must
be well adapted to the function it is to
serve in occupational disease control.
The purpose of the laboratory cannot
be fulfilled, no matter how complete
the physical appointments may be,
unless it is manned by a staff trained
in making the necessary determina­
tions, in conducting field studies and
in interpreting the results. Qualifica­
tions for such personnel are briefly
discussed by Gray (24) in a paper 

which also presents the place occupied
by the laboratory in relation to the
entire occupational disease control
organization. An extensive experience
in coping with occupational disease
problems has conclusively demon­
strated the vital importance of a well
designed and well equipped industrial
hygiene laboratory.

Summary

The essentials in the design of an
industrial hygiene laboratory have
been presented together with a de­
scription of the laboratory from which
this paper is contributed. General
types of equipment for the industrial
hygiene laboratory are discussed, both
for field and laboratory operations.
Equipment for specific determinations
of dust, metals and metalloids, organic
solvents, vapors, gases and illumina­
tion are briefly described.
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