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SUMMARY

Positive pressure breathing with oxygen is a means whereby an acceptable
arterial oxygen tension may be maintained at altitudes in excess of 40000 ft.
The nature of the disturbances induced by raising the intrapulmonary
pressure by between 30 and 140 mmHg has been investigated. It has been
shown that these disturbances may be reduced to within acceptable limits by
applying counterpressure to certain specific regions of the body. Pressure
breathing at these pressures distends the lungs and induces a marked alveolar
hyperventilation. The application of counterpressure to the trunk reduces
these effects and is essential at positive pressures greater than 40 mmHg. The
use of an oronasal mask for pressure breathing allows distension of the mouth
and pharynx, increased activity of the carotid baroreceptors and haemor-
rhages in the conjunctivae and tympanic membrane. Counterpressure to the
head and neck is required at positive pressures above 65 mmHg. Raising the
intrapulmonary pressure reduces the effective blood volume and collapse
occurs when the reduction exceeds 700 to 800 ml. These collapses, which have
all the features of vasovagal syncope, may also be precipitated during pressure
breathing by hypoxia, hypacapnia, discomfort or pain. The magnitude of the
reduction of effective blood volume may be decreased by applying counter-
pressure o the limbs but the cardiovascular disturbances induced by pressure
breathing limit the time for which this manoeuvre may be used at high alti-
tude. It has been shown, however, that provided the duration of an exposure
is less than four minutes, pressure breathing with limited counterpressure will
provide protection against hypoxia at altitudes of up to 70000 ft.
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CHAPTER 1

INTRODUCTION

Although altitude sickness was familiar to the mountaineers and balloonists
of the carly nincteenth century the cause of the condition was not settled unti!
Bert 1878 (34) carried out his experimental studies of the effects of low and
high pressures upon living organisms. He demonstrated in beautifully
designed experiments that the principal symptoms of altitude sickness were
the result of the lowering of the partial pressure of oxygen and not due to the
reduction of total pressure per se. He showed in experiments on himself that
the symptoms induced by reduction of environmental pressure could be pre-
vented by the administration of oxygen. In spite, however, of his clear
demonstration that serious impairment of consciousness developed rapidly at
a pressure of 250 mmHg absolute and of the need for an adequate oxygen
supply at this pressure, two balloonists, Croce-Spinelli and Sivel, perished in
the tragic flight of the Zenith in 1875. These balloonists were the first of many
aviators to dic as a result of oxygen lack occurring in flight. Bert also demon-
strated that if the environmental pressure was reduced to a sufficiently low
level, even 100", oxygen would not maintain consciousness in a variety of
animals. Further, he found that when the total pressure was reduced to about
80 mmHg, death became imminent.

The introduction of a simple and direct method for obtaining in man
samples of alveolar air by Haldane and Priestly 1905 (137) opened the way
to a quantltatwe study of the effects of reduced environmental pressure upon
respiratory gas exchange. Using the normal values for the tensions of carbon
dioxide and water vapour in the alveolar gas, Haldane 1920 (135) calcu-
lated that at an altitude of 35000 ft (barometric pressure — 179 mmHg, the
relationship between altitude and baroinetric pressure is that defined by the
International Civil Aviation Organisation and the United States Standard
Atmosphere) (Fig. 1-6) the alveolar oxygen tension would still be at least
53 mmHg. He concluded that marked symptoms of oxygen lack when
oxygen was breathed would only begin to appear at pressures below 140 mmHg
absolute and that these symptoms would become urgent in an unacclimatized
person at barometric pressures of less than 100 mmHg. Having made these
calculations Haldane 1920 (135) continued:

If it wer e required to go much above 40000 ft and to a barometric pressure
below 130 mm (mercury) it would be necessary to enclose the airman in an
air tight dress, somewhat similar to a diving dress but capable of resisting
an int>rnal pressure of] say, 130 mmHg. This dress would be so arranged
that even in a complete vacuum the contained oxygen would still have a
pressure of 130 mm. There would then be no limit to the physiological
height obtainable.

It would appcar that with this statement Haldane was the first investigator to
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INTRODUCTION

suggest the use of a pressure suit to protect man against hypoxia at altitudes
above goo00 ft.

No attempt was made to follow up the concept of a high-altitude suit until
1933 when Ridge, an American balloonist, approached Haldane to seek
assistance in the development and testing of such a suit. With the help of
Davis of Messrs. Sicbe Gorman and Co. a self-contained diving dress was
modified so that it could be inflated with oxygen to a pressure of 150 mmHg.
Whilst wearing this suit Ridge was exposed in a decompression chamber to an
absolute pressure of 17 mmHg (equivalent to an altitude of 84000 t) without
any untoward effects (138) (72}, In his account of these experiments Haldane
also considered the possibility of the occurrence of decompression sickness and
the protective value of breathing 100, oxygen before an exposure to the low
environmental pressure. A modified version of this suit (Fig. 1-1) was used in
1936 by Squadron Leader Swain, R.AF., who flew to an altitude of 49467 ft,
and by Flight Licutenant Adams, R.AF.,; who reached an aliitude of
53036 ft in 1937 (202).

An alternative method of protecting an individual against the cffects of
exposure to high altitude, the sealed gondola, was successfully put into
practice in 1931 by Piccard 1933 (236). The gondola, which contained the
crew, was sealed and the pressure within it was maintained during flight at
one atmosphere by the vaporization of liquid oxygen. The concept of protect-
ing the occupants of the cabin of an aircraft from the effects of high altitude
by increasing the pressure of the air within the cabin was formulated at the
end of the First World War. The first aircraft successfully fitted with such a
pressurized cabin did not fly, however, until 1937 (7) and the majority of
aircraft were not fitted with pressurized cabins until after 1945.

By 1939 it was generally acceoted that in practice the maximum altitude
to which an individual breathing 100", oxygen could be exposed without
serious impairment of consciousness was 40000 ft (Armstrong, 1930;. During
the Second World War, however, it became necessary for certain military air-
cralt to operate at altitudes above 40000 ft. The cabins of these aircraft were
not pressurized and the full pressure suits available at the time were too
cumbersome to be of any operational use. In December 1941 Gagge, Allen
and Marbarger 1945 (119) showed that it was possible to raise the altitude
at which useful consciousness was maintained above 40000 ft by positive
pressure breathing using a mouthpicce. In his initial experiments, which
were performed at a minimum environmental pressure of 116 mmHg, the
mask pressure was raised above that of the environment by 8 mmHg and he
found that this procedure at a pressure-altitude of 43000 ft increased the
arterial oxygen saturation as measured by an ear oximeter from 71%; to 82°;,.
In later experiments performed in 1942, Gagge showed that it was possible to
breathe oxygen at a positive pressure of 20 mmHg and that pressure breathing
at this level would maintain an arterial oxygen saturation of 829; at a simu-
lated altitude of 50000 ft. In the same year, Bazett independently suggested
the use of pressure breathing with oxygen as a means of increasing the altitude
at which consciousness was unimpaired.

Although Gagge and Bazett’s experiments were the first in which positive
pressure breathing (the difference between the pressure in the respiratory
tract and the pressure of the individual’s immecdiate environment) was
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employed at a low environmental pressure, the manocuvre had been studied
in clinical medicine for many years previously. According to Barach, Martin
and Eckman 1938 (19) the first report of the use of pressure breathing was
that by Oertel who, in 1878, applied intermittent positive pre.sure breathing
at a maximum positive breathing pressure of 8-r5 mmHg in the treatment of
severe asthma. Later, in 1897, Norton used the manocuvre successfully in the
treatment of a case of pulmonary oedema duc to carbolic acid poisoning.
Breathing at a positive breathing pressure of 5-10 mmHg was shown by both
Poulton 1936 (233) and Barach, Martin and Eckman 1938 (19) to provide
some relief in cases of acute pulmonary oedema due to lefs sided heart failure.
Barach, Martin and Eckman 1938 (19) also studied the effects of continuous
breathing at a positive breathing pressure of 2-6 mmHg upon normal
subjects. In clinical medicine positive pressure breathing at these pressures
was used in the treatment of acute pulmonary oedema, asthma and upper
respiratory obstruction (15).

With the recognition of the value of positive pressure breathing as a means
of decreasing hypoxia at aliitudes above goooo ft the physiological distur-
bances induced by this manoeuvre were subjected to iniensive study (i 8). It
was shown that the altitude gained by the use of pressure breathing was that
to be expected from the increase of the partial pressure of oxygen produced by
the manocuvre. It was found that the maximum positive breathing pressure
which healthy young men could tolerate for periods of several hours, using
an oronasal mask alone, was 15 mmHg. The limit to the use of a mask was a
positive breathing pressure of 30 mmHg when circulatory collapse occurred
in twenty to thirty minutes at ground level and in a shorter period when
pressure breathing was combined with hypoxia at reduced environmental
pressure.

In addition to continuous pressure breathing other methods of increasing
intrapulmonary pressure were investigated at this time. Intermittent positive
pressure breathing in which the mask pressure was raised considerably during
inspiration and allowed to fall to a low value during expiration was demon-
strated to reduce the subjective difficulty of expiration which was experienced
with continuous pressure breathing. The gain in oxygenation using inter-
mittent pressure breathing at altitude was shown to be closely related to the
mean mask pressure measured over the whole respiratory cycle and not to
the maximum mask pressure (59). A more serious disadvantage of this
manoeuvre, however, was the marked hyperventilation and hypocapnia
which it induced (88). The value of voluntarily raising the interthoracic
pressure during expiration was studied by Lilienthal and Riley 1943 (188).
They showed that this manoeuvre, when correctly performed, would increase
the maximum altitude at which useful consciousness was maintained when
oxygen was breathed to about 4500 ft. They found, however, that the
improved oxygenation was related to the mean intrathoracic pressure
throughout the respiratory cycle and that in a large proportion of subjects the
manoeuvre produced gross hypocapnia. As a result of these studies only
continuous positive pressure breathing was used in high altitude flight.

During the Second World War continuous pressure breathing with a mask
alone at a maximum positive breathing pressure of 15 mmHg was used for
periods of several hours by the American Air Forces to maintain adequate
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oxygenation at altitudes of up to 45000 ft (119). An important use of pressurc
breathing at a positive breathing pressure of 2 to 4 mmHg was the prevention
of leakage of air into the mask at altitudes abave 33000 ft where admixture
of air with the oxygen dclivered by the breathing cquipment would result in
serious hypoxia.

In his original study of pressure breathing Bazett proposed that counter-
pressure should be applied to the trunk by means of a bag inflated to the
same pressure as that delivered to the respiratory tract (30). He showed that
the use of counterpressure removed the labour of breathing produced by
pressurc breathing with a mask alone. This proposal was rapidly exploited
by the various groups working in this field and it became the basis of the
pressure breathing equipment subsequently introduced to the Royal Air
Force and the Royal Canadian Air Force (115). It was shown that the use of
counterpressure to the trunk raised the positive breathing pressure which
could be used for long periods without collapse to about 30 mmHg. Various
investigators increased the arca of the trunk covered by the counterpressure
vest by extending the bladder to the lower abdomen and preventing it moving
up by a pair of straps passed through the crutch (274). Drury, Henry and
Goodman 1947 (B2) showed that with adequate counterpressure to the
whole trunk positive breathing pressures of up to 45 mmHg could he tolerated
for ten to twenty minutes.

An important limitation to the time for which individuals could be exposed
to altitudes above 30000 ft in addition to that imposed by hypoxia was known
to be decompression sickness. Thus, although pressure breathing with or
without counterpressure applicd to the chest had been shown to be a practical
method of preventing hypoxia at altitudes of up to 45000 fi, an individual
using the equipment might well be forced to descend owing to the develop-
ment of serious decompression sickness. Aircrew flving to these altitudes in
unpressurized aircraft had to e, in fact, a specially selected group of indivi-
duals who had a luw susceptibility to decompression sickness. In certain
circumstances denitrogenation by breathing oxygen before flight was also
emploved to reduce the incidence of decompression sickness at high altitude,

As, after the Second World War, aircraft were developed with pressurized
cabins the circumstances in which pressure breathing might be used during
flight underwent a marked change. Instead of being a method which allowed
an aircraft without a pressure cabin to be flown routinely above 40000 ft,
pressure breathing became an emergency procedure which was used to main-
tain consciousness following failure of the pressure cabin at high altitude. As
the heights to which aircraft could fly increased so the need for emergency
protection against the effects of exposure to very high altitudes also increased,
but the time for which protection was required diminished.

Bazett suggested in his early proposals that the application of counter-
pressure to the lower limbs would be advantageous during pressure breathing
(30). Counterpressure to this region would reduce the amount of blood
displaced by the raising of intrapulmonary pressure and so decrease the
cardiovascular disturbance produced by the manoeuvre. A further disadvan-
tage to raising the positive breathir g pressure to higher than about 30 mmHg
was the severe discomfort which occurred in the face and neck when an
oronasal mask was used to deliver the pressure to the respiratory tract.
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Pressure headpieces, by which the increase of pressure was applied to more
or less of the head, were developed and used in later experiimental procedures,
Using a facepiece in place of a mask together with counterpressure to the
trunk and lower limbs, Bazett (unpublished report, 1943) showed that a
positive breathing pressure of 40 mmHg could be tolerated for long periods
and that it would provide protection against severe hypoxia for an hour at a
simulated altitude of 52 000 ft.

Later, in 1944, Henry and his colleagues, working at the University of
Southern California, demonstrated that when adequate counterpressure was
applied to the trunk and lower limbs subjects could tolerate positive breathing
pressures of up to 60 mmHg for as long as thirty minutes. They exposed
subjects using this equipment to simulated altitudes of up to 55000 ft in a
decompression chamber. By attaching inflatable sleeves to the trunk garment
so that counterpressure was applied to both the upper and lower limbs as
well as to the trunk, Henry, Greeley, Mechan and Drury 1944 (148)
successfully exposed subjects to an absolute pressure of 6o mmHg (equivalent
to an altitude of 58000 ft) in a decompression chamber. The technique of
applying counterpressure to the surface of the body by means of inflatable
bladders was found by Henry to result in a bulky garment which greatly
restricted mobility. An external system of bladders was adopted to apply
counterpressure to the limbs. This emploved the capstan principle which had
been developed by Lamport, Hoff and Herington 1944 {180) as a method
of applying counterpressure to the lower limbs in order to provide protection
against accelerative forces. ‘The limbs were covered by a close fitting layer of
nylon fabric which was tensioned by the inflation of an external bladder
which ran along the length of cach limb and was connected by “figure of
eight” tapes to the fabric.

The prototype suit employing the capstan principle was delivered to the
United States Air Force Aero-Medical Laboratory in 1946 when Henry also
joined the stafl of this organization. The helmet and suit were progressively
improved and it was shown that it would provide protection against hypoxia
at simulated altitudes of up to 100000 ft. The breathing system was designed
so that at altitudes above 42000 ft oxygen was delivered to the respiratory
tract at an absolute pressure of 141 mmHg. The absence of pncumatic
bladders encircling the limbs allowed sweat to pass through the nylon fabric
and thus the heat load imposed by this garment was considerably less than
that associated with the earlier forms of full pressure suit. In the first opera-
tional version of this suit (the capstan partial pressure suit) the trunk bladder
was omitted and counterpressure was applied to the trunk as well as to the
limbs by means of external capstans (162). The counterpressure provided by
the capstan system was not uniform, however, and the suit in this form did
not give full protection against the respiratory and ciri:ulatory stresses asso-
ciated with positive breathing pressures above 50 mmEg (157) (53).

Further improvements were made to the suit in the United Kingdom,
particularly in the pressure headpiece (Fig. 1-2) and it was adopted as an
emergency garment for use in the test flying of aircraft at high altitudes {194).
The experience gained thereby and from a series of sizing trials showed that
the suit imposed serious limitations upon movement even in the uninflated
state. Aircrew also complained of severe discomfort at positive breathing

6
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pressures of the order of 80 mmHg (Ernsting and Holmes, unpublished
observations, 1954). The difficulty of breathing experienced in the inflated
suit was markedly reduced by the use of an inflated waistcoat bencath the
trunk portion of the garment. In the later versions of the suit used opera-
tionally by the United States Air Force the original trunk bladder was
refitted (288).

Although a full pressure suit (a garment which completely encloses the
whole body and by means of which a pressure is applied evenly over the
whole surface) had been used in unpressurized aircraft before 1939 this form
of protective device was not used operationally during the Sccond World
War. Further development of this concept continued, however, and with the
improvements in fabric technology directly after the war, more satisfactory
suits became available. The comfort of the uninflated suit was greatly
improved by the use of lightweight fabrics and the minimum of metal parts
and by the provision of an efficient system of ventilation beneath the imper-
meable layer of the suit. Ventilation was provided by passing dry, cool air
over the surface of the limbs and trunk whilst oxygen was delivered to the
respiratory tract by means of a face mask. A reasonable degree of mobility
was attained in suits of this type when inflated at pressures of up to 150 mmHg
gauge. The absolute pressure within these suits was maintained at between
226 and 180 mmHg when the pressure of the immediate environment fell
below this level.

The improvements in comfort and mobility attained in modern full
pressure suits (Fig. 1-3) led to the adoption of this type of suit by the United
States Navy as an emergency protective device to be worn by the aircrew of
aircraft flying to altitudes above 45000 ft (122). A decade ago there was,
therefore, a wide variety of devices either already available or under develop-
ment for the protection of aircrew in the event of failure of the pressure cabin
at high altitude. Many of these devices, were however, unsatisfactory in
several respects and at that time an attempt was made to develop a rational
philosophy with regard to the use of pressure suits in the Royal Air Force
(255)-

It is possible to divide the conditions in which personal pressure equipment
may be employed in the event of the failure of the pressure cabin of an aircraft
flying at high altitude into two broad categories: It may be used to provide
short term protection to the wearer enabling him to descend to an altitude
where protection is no longer required or to protect him for a long period and
thereby allow the aircraft to remain at high altitude. The time for which
protection is required may vary therefore from less than four minutes, the
time taken to descend in a high performance inierceptor aircraft from an
altitude of 100000 {t to below 40000 ft, to about six hours, the time taken for
a bomber or photographic reconnaissance aircraft to complete its mission.
The nature and intensity of the physiological effects induced by an exposure
to high ahitude varies in an important manner with the duration of the ex-
posure. The variability of these effects must be considered, therefore, in some
detail before a satisfactory philosophy concerning the use of pressure clothing
can be developed.

The physiological effects of failure of a pressure cabin may be divided into
those related to the sudden change of cabin pressure and those produced by
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Fia. 1-3 A U.S. Navy full pressure suit
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Fic. 1-4 The time of uscful consciousness following rapid decompression to various
altitudes whilst breathing 100°, oxygen (Benzinger, 1943)
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the low environmental pressure and temperature to which the crew are
exposed following the failure. The effects of the reduction of pressure itself
are due to the expansion of gas contained within the gastro-intestinal tract,
the middle ear, the nasal sinuses and the lungs. Symptoms arise when the
gas contained in these regions cannot escape freely to the environment. The
commonest site for symptoms is the gastro-intestinal tract and although the
the incidence of symptoms is extremely variable, they almost always arise
immediately the pressure is reduced and are seldom seen at altitudes below
25000 ft. Above 25000 ft the incidence of abdominal symptoms increases as
the altitude to which the subject is exposed increases. The symptoms vary
from mild abdominal discomfort to severe colic which may be associated with
vasovagal syncope (250) (Ernsting, personal observation).

The overall incidence of incapacitating symptoms due to the expansion of
abdominal gas following decompression from 25000 ft to above 40000 ft in a
group of 300 aircrew was 3%, (Ernsting, unpublished observation). The
expansion of the gases contained within the cavities of the skull does not give
rise to any disturbance in normal subjects since the volumes of gas concerned
are small in relation to the size of the passages connecting the cavities to the
external environment. The respiratory tract differs from the other gas cnn-
taining cavities of the body in that it normally contains 4 large volume of gas
in relation to the size of the airways. Further, the lungs are relatively more
susceptible to damage by over-distension than are other organs (144). Over
a very wide range of rates of decompression, provided that the glottis is open,
the alveolar gas can escape as it expands and no lung damage will occur. If,
however, the rate and range of the decompression exceed certain himits the
alveolar pressure will exceed the pressure of the environment to such an
extent that the lungs are damaged by over-distension (279, 8, 195). Several
cases of lung damage produced by rapid decompression have occurred in
decompression chambers. In practical aviation however such decompressions
have not occurred, although certain forms of breathing equipment do impose
a high resistance to the outflow of gas from the respiratory tract during a
decompression and could, in certain circumstances, produce dangerous
overdistension of the lungs (99).

Exposures to the low pressure which characterizes the environment at
high altitude can give rise to three distinct physiological effects, viz. hypoxia,
decompression sickness and vaporization of tissue fluid. When the inspired
gas is 1007, oxygen the alveolar oxygen tension falls below the normal sea
level value on exposure to altitudes above 33700 ft, although very little
impairment of performance due to hypoxia ensues until the altitude of the
exposure exceeds 40000 ft. The intensity of the hypoxia increases markedly
as the altitude exceeds 40000 ft and above 50000 ft unconsciousness ensues
fifteen to sixteen seconds after the beginning of the exposure (Fig. 1-4).
When the altitude exceeds 50000 {t consciousness is impaired if the duration
of the exposure exceeds five seconds (197) (Ernsting, unpublished observa-
tion). Thus in practical aviation even when the duration of an exposure to
an altitude above 40000 ft is short, severe hypoxia will occur unless the absolute
pressure within the respiratory tract is maintained in excess of 130 mmHg,.

A prolonged exposure to an altitude in excess of 25000 ft will, in the majo-
rity of subjects, give rise to one or more of the manifestations of decompression
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sickness. Although the existence of this condition following decompression
from pressures above one atmosphere was clearly recognized by the middle of
the nineteenth century and although Bert 1878 (34), Hill (1912) (156) and
Haldane 1920 (135) described clearly the mechanism of caisson disease the
existence of a similar condition at high altitude was not generally recognized
until 1939 (7). Both Henderson 1917 (143) and Haldane (138), however,
recognized that decompression sickness can occur at low pressure and in fact
Jongbloed 1931 (166) and Barcroft, Douglas, Kendal and Margaria 1931
(35) gave clear descriptions of the “‘bends” occurring at low environmental
pressures. It was not until 1938 that a case of paraplegia occurring at reduced
barometric pressure and cured by recompression to ground level was de-
scribed (41). :

- With the beginning of the Second World War and the ascent of aircraft
routinely to altitudes above 30000 ft decompression sickness was studied
intensely by many groups of investigators (118). The incidence of incapacitat-
ing decompression sickness rises with increase of the altitude and of the dura-
tion of the exposure (Fig. 1~5). Thus in a series of two-hour exposures to
various simulated altitudes, the incidence of serious decompression sickness
increased from 2°, at 30000 ft to 249, at 38000 ft (104). Even moderate
exercise greatly increases the incidence of decompression sickness (106). It is
very rare, however, for decompression sickness to arise immediately on reduc-
tion of the environmental pressure. In practice the incidence of incapacitating
decompressio sickness in the initial five minutes of an exposure to reduced
pressure is negligible ((256), (103), (127), Ernsting, personal observation).
When the duration of the exposure to an altitude greater than 30000 ft
exceeds ten minutes, incapacitating decompression sickness may occur and
when the duration of an exposure is measured in hours, the incidence of
serious symptoms due to this condition is very high.

Apart from maintaining the immediate environmental pressure at a value
greater than 280 mmHg absolute, the incidence of decompression sickness
may be reduced by the selection of relatively unsusceptible subjects or by
removing nitrogen from the tissues by breathing 100?, oxygen before expo-
sure to reduced environmental pressure. Although both these procedures
were used in the Second World War and more recently in test flying, neither
of them is acceptable under modern operational conditions. "Thus, if decom-
pression sickness is to be avoided following failure of the pressure cabin at
high altitude either the duration of the exposure to altitudes greater than
30000 ft must be short, less than five minutes, or the pressure of the aircrew’s
immediate environment must be at least 225 mmHg absolute.

When the total pressure in a tissue is less than the vapour pressure of the
tissue fluid at the local temperature, the fluid will vaporize. Thus animals
exposed to a pressure of 30 mmHg absolute develop vapour-thorax and gas
bubbles within the circulation (50). Such extreme effects do not occur in
practical aviation since protection against hypoxia demands that the absolute
pressure within the respiratory tract and hence the abdomen and circulation
shall be maintained at a value greater than 130 mmHg. Exposure of peri-
pheral parts of the body, for example the hands, to an environmental pressure
of the order of 40 mmHg absolute or less results in vaporization of tissue fluid
in regions such as the dorsal tendon sheaths Ernsting (97). In these experi-
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mental exposures there was no impairment of function during and subsequent
to pressures of the order of 35 mmHg absolute lasting two to three minutes.
Thus although it is undesirable that any portion of the body should be cx-
posed to environmental pressures lower than 47 mmHg absolute, no serious
impairment of performance or damage to a peripheral region such as a hand
or foot has been observed during an exposure limited to a few minutes,
Failure of the pressure cabin of an aircraft is frequently associated with a
reduction of the environmental temperature as well as a fall of pressure.
Further, following escape at high altitude a pilot is directly exposed to the
low temperature of the atmosphere. The temperature of the earth’s atmos-
phere falls progressively with increase of altitude until at a height of about
40000 ft it is of the order of —55°C (Fig. 1~7). From 40000 ft to 80000 ft the
temperature is fairly uniform and, depending upon the season of the year and
the latitude, it varies between —45" and —go C. The degree of cooling of a
body which results on exposure to low temperature depends not only on the
temperature difference between the body and the surrounding air but also
on the degree of air movement. There may be considerable air movement

“around the pilot following the failure of a hatch or window in the wall of the

pressure cabin of his aircraft. Exposure to such low temperatures has both
local and general physiological effects. The local effects which arise primarily
in exposed regions such as the face and hands consist of cooling with impair-
ment of function followed by tissue damage, frostbite. Frostbite of exposed
skin occurs within a few minutes at temperatures of the order of —40°C and
below. The general effects of exposure to low temperature consist of progres-
sive reduction of mental and physical efficiency followed by unconsciousness
and death: These gencral effects only arise when the exposure exceeds several
minutes.

The time course of the physiological effects is influenced markedly by the
clothing which the individual is wearing. Thus an aircrew member wearing
normal flying clothing including an oxygen mask and gloves will not suffer
any serious damage or show any gross loss of efficiency during an exposure to
the lowest temperature conditions which may Le encountered at high altitude
provided that the duration of the exposure is limited to about ten minutes.
Exposure to such conditions beyond this time will, however, result in gross
peripheral cold injurics and a progressive impairment of the ability to per-
form any useful task. Protection against the effects of exposure to a low
temperature environment involves the provision of insulating material
between the skin and the surrounding atmosphere and the supply of heat to
the body from an external source. The heat can be supplied either by means
of electrically heated clothing or by distributing hot air over the surface of
the skin beneath the insulation layer of the clothing. It must be distributed
in such a manner that thcrmal comfort i< maintained and that the face,
hands and feet are adequately protected.

It is apparent from these considerations that the nature of the effects of an
exposure to low barometric pressure and temperature depend not only upon
the absolute nressure and temperature but also upon the duration of the
exposure. However extreme the aiiitude and temperature conditions, pro-
vided that the duration of the exposure is relatively short the only serious
physiological disturbance will be hypoxia. If, however, the exposure is
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prolonged, then both decompression sickness and cold injuries will occur in
addition to hypoxia. The exposure may be considered to be of short duration
if the time spent above 40000 ft does not exceed five minutcs and if descent to
lower altitudes is carried out as rapidly as possible. Even if the exposure to
altitudes above 30000 ft is as long as ten minutes the incidence of decom-
pression sickness and serious tissue damage due to cold will be relatively low.
Thus the physiological requirements for protection following loss of cabin
pressurization vary markedly with the duration of the exposure. When
immediate descent can be carried out following depressurization and the
exposure to altitudes above 30000 ft docs not exceed ten minutes, it is only
necessary to prevent hypoxia. If, however, the duration of the exposure to
high altitude is longer than ten minutes, protection must be provided against
decompression sickness and the effects of extreme cold as well as hypoxia.

Protection against all the physiological hazards which arise following loss
of cabin pressurization at high altitude requires the use of a full pressure suit,
It is only with such a garment that the absolute pressure of the immediate
environment may be kept at such a level that decomnpression sickness will not
occur. Further, it is simpler to provide and distribute the heat which is
required to maintain thermal equilibrium in these conditions when the whole
body is enclosed within a gas tight bag. It is very desirable, however, that the
restriction imposed upon an aircrew member by the equipment which he
wears in order to obtain protection against certain emergency conditions
which are unlikely to occur should be minimal. A full pressure suit which
meets all the physiological requirements for protection against the effects of
exposure to high altitude even if well designed does, however, impose a con-
siderable reduction in mobility and comfort upon the wearer. In practice,
therefore, there is a certain degree of conflict between the need for comfort
and full mobility during routine flight and the restrictions imposed by the
equipment used to provide protection against the effects of failure of the
pressure cabin at high altitude. When the duration of the exposure to high
altitude is long then adequate proicction can only be provided with a full
pressure suit. Although a full prescure suit will obviously also provide
adequate protection against a short exposure to high altitude, the protection
which it gives is actually greater than the situation demands.

Hypoxia, which is the only serious hazard when the duration of the ex-
posure to altitudes above 40000 ft does not exceed five to ten minutes may
be prevented by positive pressure breathing with oxygen. When protection is
required at an altitude at which the positive breathing pressure will exceed
30 mmHg, some form of body counterpressure is also required. These consi-
derations suggest a rational philosophy for the use of pressur : clothing. Thus
when the duration of an exposure to high altitude is prolonged adequate
protection can only be provided by a full pressure suit. If, however, immedi-
ate descent to low altitude can be undertaken following loss of cabin pressure,
then pressure breathing with a limited degree of counterpressure applied to
the body will prevent hypoxia. Further, the restrictions associated with
wearing partial pressure clothing in normal flight are considerably less than
those imposed by a full pressure suit.

Roxburgh, Howard, Dainty and Holmes 1953 (255) advanced the
argument that since the time for which pressure breathing could be used at
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high altitude was severely limited by the hazards of decompiesion sickncess
and cold injury, the degree of counterpressure which was given by, for
example, the capstan partial pressure suit was considerably greater than was
essential during the short period for which the suit could be used. They sug-
gested that since this time was severely restricted the degree of counterpressure
afforded by the pressure clothing could be reduced to the minimum which
would give adequate protection against the respiratnry, and circutatory effects
of the breathing pressures required to prevent hypoxia. Roxburgh. Lioward,
Dainty and Holmes (253) (1953) suggested that the counterpressure applied
by the standard R.A.F. pressuie breathing waistcoat and an anti-g suit which
covered the lower abdomen and most of the lower limbs, used in conjunction
with a pressure helmet, would suflice at positive breathing pressures of up to
8o mmHg for several minutes (Fig. 1-8). Later experimental studies by
Badger, Ernsting and Roxburgh, (1956) (13) showed, however, that the
counterpressure given to the abdomen by this combination was inadequate
and that seven out of ten subjects were unable to complete a seven and a half
minute exposure to a positive breathing pressure of 78 mmHg. Each of the
seven subjects who failed to complete the exposure exhibited a circulatory
collapse which had the clinical features of vasovagal syncope (187). It was
found that, when the effectiveness of the counterpressure applied to the trunk
by this combination was improved by encircling the whole trunk by an
inflatable bladder, none of the experimental subjects collapsed when exposed
to a positive breathing pressure of 78 mmHyg for seven and a half minutes,
This bladder garment which encircled the whole trunk became the basic
garment of a series of partial pressure assemblies.

In 1954 positive pressure breathing with oxygen was adopted by the Royal
Air Force as the method of providing short duration protection against
hypoxia following either loss of cabin pressurization or escape at altitudes
between 40000 ft and 100000 ft. In order to safeguard against hypoxia the
maintenance of a certain minimum absolute intrapulmonary pressure is
essential and previous studies suggested that this minimum lay between 120
and 141 mmHg absolute. To maintain this intrapulmonary pressure above
an altitude of 4oooo ft demands a degree of positive pressure breathing, the
extent of which is a function of the altitude concerned (Fig. 1-g). Thus the
maximum positive breathing pressure required in order to afford protection
to an altitude of 100000 ft lay between 112 and 193 mmHg.

The work deseribed in this thesis was undertaken in order to determine
the physiological disturbances induced by the high positive breathing pres-
sures required at altitudes greater than 50000 ft and to find the degree of
counterpressure necessary to reduce the effect of each of these disturbances
to a level which was thought to be acceptable during a short duration
exposure. For this purpose the problems associated with high pressure breath-
ing were divided into four groups:

Disturbances in the head and neck - The actual application of gas under
pressure to the mouth and nose induced various changes in the head and neck.
The physiological limitations to the use of an oronasal mask for this purpose
were studied in detail and the parts of the head and neck to which counter-
pressure should be applied were determined.

Disturbances of respiration - Pressure breathing, particularly at positive
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Fic. 1-8 A standard R.AF. pressure breathing waistcoat and anti-g suit
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INTRODUCTION

breathing pressures above 30 mmHg, produced gross disturbances of the
mechanics of respiration and of respiratory gas exchange. The efficiency of
various degrees of counterpressure applied to the trunk in overcoming these
disturbances was determined and an efficient trunk counterpressure garment,
the pressure jerkin, was evolved.

Disturbances of circulation — The rise of intrathoracic pressure associated
with pressure breathing produced cardiovascular changes of which the most
important was the displacement of blood from the central part of the circula-
tion into the limbs. The time for which pressure breathing could be performed
at a given positive breathing pressure was limited primarily by these cardio-
vascular disturbances. It was shown that these ¢ffects could be reduced by
the application of counterpressure to the lower limbs by means of an anti-g
suit and virtually eliminated by the appiication of counterpressure to both
ihic upper and lower limbs.

Hypoxia and pressure breathing - The influence of hypoxia upon the
circulatory responses to pressure breathing was investigated since this deter-
mined in part the minimum absolute intrapulmonary pressure which could
be used during pressure breathing at high altitude. The in.eraction between
hypoxia and the circulatory load imposed by pressure breathing was studied
in order to determine the most satisfactory compromise between the positive
breathing pressure and absolute intrapulmonary pressure for adequate pro-
tection at a given altitude above go000 ft.

These physiological studies which were performed in conjunction with a
parallel programme of development of personal equipment resulted in the
formulation of three assemblies, the purpose of which was to provide short
duration protection against hypoxia at reduced environmental pressure. The
protection afforded by each of these assemblies was assessed by exposing a
scrics of subjects wearing the equipment to reduced cavironmental pressure
in a decompression chamber. The assemblies, which were based upon the
pressure jerkin, were:

The pressure breathing mask, pressure jerkin and anti-g suit assembly—
Pressure breathing with ihis assembly was limited to a maximum positive
breathing pressure of 60 mmHg and provided protection against hypoxia at
altitudes of up to 56000 ft.

The partial pressure helmet, pressure jerkin and anti-g suit assembly—
This combination was used at positive breathing pressures of up to 100 mmHg
and provided protection at altitudes of up to 70000 fi.

The partial pressure helmet, pressure jerkin with sleeves (the ‘‘arm
jerkin”) and anti-g suit assembly—This assembly afforded protection against
the effects of pressure breathing at positive breathing pressures of up to
140 mmHg and was used at altitudes of up to 100000 ft.

Each of these partial pressure assemblies has been introduced into the
Royal Air Force as a means of providing short duration protection against the
effects of loss of cabin pressurization at altitudes above 40000 ft.
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CHAPTER 2

EXPERIMENTAL METHODS

PRESSURE BREATHING EQUIPMENT

In the course of many of the cxperiments carried out in this investigation
special equipment was used to deliver gas to the respiratory tract at a pressure
greater than that of the environment and to apply counterpressure to various
parts of the trunk and lower limbs. Some of these items were standard R.A.F.
equipment; other items were, however, developed during the investigation
and have subsequently become standard service equipment.

Pressure Breathing Mask ~ The R.A.F. type P oronasal mask (Fig. 2—-1)
has a reflected edge seal of thin rubber. The line of reflection lies over the
bridge of the nose, in the nasolabial sulci and the mentolabial sulcus. The
body of the mask, which carries the inlet and outlet valves and a microphone
is supported by a rigid exoskeleton to which the harness is attached. The
mask is held against the face by a pair of chains, each of which passes from a
toggle bar attached to the exoskeleton to the side of a flying helmet which is
worn on the head. The length of either chain of the harness may be adjusted
by means of a turn-buckle incrrporated in the attachment point to the helmet.
A special feature of the harness is that the toggle bar has two positions.
Rotating the toggle downwards through approximately 135 decreases the
horizontal distance between the mask exoskeleton and the attachment points
on the helmet by 2 ecm. Thus by downward rotation of the toggle a mask
adjusted for comfort may be forced on to the face so that no gross leak will
occur when the gas pressure within the mask cavity is increased. The mask
harness was normally adjusted with the toggle in the “low” pressure position
so that no leakage occurred when the pressure in the mask was 5 cm of water
greater than that of the environment. After rotation of the toggle harness to
the “high” pressure position, the leakage of gas between the face and the
mask at a positive breathing pressure of 60 mmHg did not usually exceed
10 litre/min.

Pressure Headpiece — The pressure headpieces used in the present study
did not apply pressure to the whole head since, when gas pressure is applied
evenly over the head, some form of downward restraint is required in order to
prevent the helmet rising when it is inflated. In order to avoid this lift the
helmets used in this study are designed so that no pressure is applied to an
arca of the crown of the head which is approximately equal to the cross
sectional area of the neck.

Several forms of partial pressure helmet were used in this investigation.
The basic construction of these helmets is very similar (Fig. 2-2). Each
consists essentia'ly of a double layer rubber bladder which envelops the head
and upper part of the neck. The inner layer of the bladder lies closely against
the skin of the head and neck. This layer has a free edge which is positioned
around the periphery of the face, passing across the forchead about 1 em

21

WA AT el LI WY ey .\ .




|
|
OUTER  FABRIC  ALSIRAINER
|
|
|

Fact
SEAL

GAs  BLADOLR
OVER  BACK
OF  MeAD

FACL
SEAL

FRCL COGE OF
FACL SUAL
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F1i. 2-4 Pressure helmet with movable visor
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EXPERIMENTAL METHODS

above the supraorhital ridges and then down cither side of the face just
posterior to the lateral margin of the orbit and across the chin below the
lower lip. An important feature of this face scal is that when the helmet is
fitted to the head a certain degree of tension must exist in the free edge of the
scal forcing it against the skin. From the free edge of the face seal the inner
layer of the bladder passes back over the sides of the head to the entry slit
where it is reflected off the head to become the outer layer. Upwards the
inner layer is reflected off the crown of the head to become the outer layer so
that an arca of the crown remains uncovered. Similarly the inner layer
covering the upper part of the neck is reflected off the neck and becomes the
outer layer. The outer layer of the bladder is continuous over the head
and neck except for an area in front of the face. Here it is attached to the
margins of the visor aperture in the outer shell. In one type of helmet which
was used in this investigation (the Type D, Fig. 2-3) the visor is per-
manently attached to the margins of this aperture. In the other form of
helmet used the visor aperture is normally open and the visor drops auto-
matically into place when decompression occurs (Fig. 2-4). In the partial
type of headpicce pressure is applied to the mouth and nose and to that area
of the face delineated by the free edge of the face seal directly by the gas in
the helmet. Pressure is applicd to the remainder of the head and neck through
the inner layer of the rubber bladder. There is no direct communication
between the gas within the bladder of the helmet and that in the auditory
meati.

The standard forms of partial pressure helmet used in this investigation
were fitted with oronasal masks. In the fixed visor helmet (T'yvpe D) ihis mask
does not fit the face closely and its purpose is to deflert the moist expired gas
away from the inner surface of the visor. A well fitted oronasal mask is,
however, an essential component of a helmet with an opening visor in order
that the wearer may breathe oxygen enriched gas mixuures whilst the visor is
open. When an open visor helimet is used any leakage of air into the mask
from the visor compartment will give rise to a reduction of the inspired oxygen
tension. Thus it is essential that the mask of the helmet should seal against the
face. The presence of a significant inboard leak was detected in this study
prior to an exposure to reduced barometric pressure by continuously moni-
toring the nitrogen concentration in the gas within the mask compartmnent
whilst oxygen was breathed. The fit of the mask was considered adequate
when the nitrogen concentration in the mask cavity remained at less than 5,
after breathing oxygen for several minutes.

With correct fitting the leakage of gas from a partial pressure helmet when
it was pressurized was generally low. Expericnce showed that it was relatively
easy to achieve a leak of less than 10 litre/min. when the pressure within the
helmet was between 50 and 100 mmHg (gauge). Whilst such a leak was
perfectly acceptable for the normal use of a helmet the leakage amounted to
50—-100"%, of resting respiratory minute volume. Thus a modified helmet was
developed specifically for measurement of respiratory function. The oronasal
mask was removed from a Type D helmet and replaced by a mouthpiece
which was connected by a short length of flexible hose to a 2.5 em diameter
brass pipe scaled into the outer layer of the helmet bladder below the helmet
visor. The appropriate valve system was mounted on this tube outside the
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RAISED INTRAPULMONARY PRESSURE

helmet. The bladder of the helmet was inflated by a systemn separate from
that which supplied the mouthpiece. In this manner, with the subject’s
nostrils occluded by a spring clip, it was possible to obtain a leak-frec con-
nection with the respiratory tract, whilst the appropriate counterpressure was
applied to the face, head and neck.

The Mask and Helmet Valve System - Essentially the same valve system
was fitted to all the standard masks and pressure headpieces used in this study.
This consisted of a simple inlet non-return valve (Fig. 2-5) through which gas
entered the mask cavity during irspiration, and a compensated outlet valve.
The latter maintained in the mask cavity a pressure equal to that existing in
the breathing system upstream of the inlet non-return valve when the latter
pressure was greater than that of the environment. A compensated outlet
valve consists of a valve plate which is held in the closed position by a light
spring. A thin rubber diaphragm lies beneath the valve plate and forms one
boundary of the compensating chamber. This chamber is in communication
with the inlet tube of the mask by way of the compensating tube. In this
manner the pressure existing in the inlet tube of the mask is applied to the
external surface of the outlet valve, acting upon an area equal to that of the
port of the valve. Thus the outlet valve cannot open until the pressure within
the mask cavity exceeds that in the inlet tube. The presence of an inlet non-
return valve is essential to the operation of a compensated outlet valve since,
when the mask is connected to an oxyvgen regulator, an expiratory effort can
only raise the mask cavity pressure above the inlet tube pressure when such a
valve is present. Thus when gas at a pressure greater than that of the environ-
ment is delivered to the inlet tube of the mask or headpiece this pressure is
applied to the gas in the respiratory tract. During inspiration the pressure in
the mask cavity is reduced and gas flows through the inlet valve. The pressure
upstream of the inlet valve is, however, greater than that in the mask cavity
so that the outlet valve remains closed. During expiration the mask cavity
pressure is increased above that in the inlet tube to the mask so that the inlet
valve closes and the outlet valve is opened.

The Pressure Breathing Waistcoat and the Pressure Jerkin - In the
course of the development of a system which would allow the use of breathing
pressures of up to 130 mmHg several forms of respiratory counterpressure were
used. A standard R.AF. garment, the pressure breathing waistcoat, was used
in certain preliminary experiments. ‘The waisteoat (Fig. 1-8) ronsists of a
rubberized fabric bag which covers the thorax. The lower border of this
garment extends to about the lower edge of the rib cage, and when inflated
it applies pressure to most of the thorax. It rapidly became obvious, however,
that more complete respiratory counterpressure than that given by the waist-
coat was necessary. \ bladder garment, the pressure jerkin, which provided
counterpressure to the whole trunk, was therefore developed.

It was decided that a gas-containing bladder encircling the trunk was the
most effective method of applying counterpressure to this region. The gar-
ment consisted of a loese rubberized fabric bag enclosed within a non-
extensible teryiene outer laver. This form of construction ensured that the
pressure applied 1o the surface covered by the inner layer of the garment
was equal to the pressure of the gas within the bladder. A simple garnzent
incorporating such a bladder was made and the efficiency and comfort of it
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was assessed by exposing several experienced subjects to pressure breathing at
ground level whilst wearing the garment and a pressure helmet. As a result
of this assessment several modifications to the basic garment were suggested
and a new sample was manufactured. In this manner a series of garments
were designed and made, cach incorporating features which tests on previous
garments had suggested would improve the comfort and efficiency of the
clothing. Whilst some of those features were dictated primarily by the en-
vironment in which the garment was to be used, an important group of them
was related dircctly to the function of the garment as a means of appl‘,mg
counterpressure to the trunk. The problems associated with the pressurization
provided by a garmcut can be considered on a regional basis;

The Neck - In early prototype garments the bladder was brought close to
the root of the neck in order to ensure that counterpressure was applied to as
much of the surface of the trunk as was possible. During pressure breathing,
however, compression of the neck occurred and gave rise to discomfort or even
frank pain. In later versions of the pressure jerkin the neck line was lowered
and the ballooning of the outer restraining layer of the garment reduced by
using less extensible material in its construction.

The Armhole - The design of the armhole of the pressure jerkin was dictated
by a desire to maintain upper limb mobility when the garment was pres-
surized. The front margin of the armhole was cut away until there was no
significant restriction of abduction at the shoulder joint. In order to ensure
that the hands could be elevated above the head the outer border of the
garment over the top of the shoulder was taken medially to cross the clavicle
at the junction between the outer and middle thirds. Only when the outer
part of the shoulder was uncovered could the upper limbs be elevated freely
whilst the garment was inflated.

The Scrotum - Early versions of the trunk bladder garment were fitted with
a tail piece which, when the garment had been donned was brought forward
between the thighs and attached to the lower end of the front of the trunk
bladder. This tail piece was not inflated and severe testicular pain was com-
mon during pressure breathing with this arrangemnent. Even inflation of the
crutch piece did little to decrease the incidence of testicular pain, When this
version of the garment was inflated it tended to move backwards in relation
to the pelvis and thighs so that the scrotum was forced against the front part
of the crutch piece. This situation arose because, whilst the pressure in the
bladder was distributed evenly over the sacral region and the buttocks, the
holes for the passage of the lower limbs greatly reduced the front arca of the
pelvis to which pressur- was applied. This unequal distribution of pressure
over the pelvic region was eliminated by reducing the area of the posterior
surface of the pelvis to which pressure was applied. The bladder of the gar-
ment was obliterated over a saddle shaped region which lay over the sacrum
centrally and the medial third of each buttock laterally (Fig. 2-6), With this
modification there was no movement of the garment on the pelvic region
when it was inflated and testicular discomfort did not occur during pressure
breathing.

Inguinal and Femoral Canals - In carly forms of the trunk garment the
bladder ended at the level of the groin so that when it was inflated the
inguinal and femoral canals were unsupported. On several occasions subjects

28




e e e Pt e,

F16. 2-6 Pressure jerkin showing uninflated saddle shaped region
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complained of discomfort in the inguinal region during pressure breathing at
80 mmHg with this type of garment. The high intra-abdominal pressure
produced by pressure breathing might induce a herniation of the abdominal
contents through either the inguinal or the femoral canal. Although in the
normal subject the risk of herniation was considered negligible, this procedure
might well induce a hernia in a subject who had a congenital defect such as a
patent processus vaginalis. In order to ensure adequate pressurization of the
inguinal and femoral canals it was found that the lower edge of the bladder
of the garment had to be carried completely around the upper thighs.

These considerations resulted in the nnal form of the pressure jerkin which
was used to apply counterpressure to the whole trunk during pressure breath-
ing. The bladder of the garment extended from the neck and armholes above
to the upper thighs below (Fig. 2-7). In most experiments the bladder of the
waistcoat or jerkin was inflated from the same source as that which supplied
the respiratory tract. The biadder of the garment covering the trunk was
connected by a simple T-piece into the hose passing from the breathing
regulator to the helmet or oronasal mask, Thus the pressure applied to the
surface of the trunk through the bladder equalled that delivered to the
respiratory tract.

In the course of experiments in which the positive breathing pressure
exceeded 100 mmHg, it became apparent that it was necessary to apply
counterpressure to the upper limbs as well as to the trunk and lower limbs.
A garment which consisted of the standard prus. 1re jerkin, to which sleeves
containing bladders were attached, was developed for this purpose (Fig. 2-8).
In order to retain sufficicnt mobility of the upper limb when the garment was
inflated the bladder coverage was omitted from certain regions of the upper
limb. The axilla and the anterior and posterior aspects of the shoulder were
not covered by the bladder so as to prevent serious limitation of movement at
the shoulder. A small arca over the external aspect of the elbow was not
covered by bladder in order to allow flexion at this joint, The arm bladder
ended at the level of the wrist. The bladder was connected to the main jerkin
bladder by a pipe which passed over the top of the shoulder.

The Antigravity Suit — When required, counterpressure was applied to part
of the surface of the lower limbs by means of bladders of a standard Royal
Air Force antigravity suit (Mark 4) (Fig. 2—9). This garment consists of a
series of rubber bladders which lie over the lower anterior part of the
abdomen, the thighs and the calves; the bladders are contained within nylon
bags. Donning is by way of appropriate entry slits which are clesed by sliding
fasteners. The tension in the outer layer of the lower limb portion of the suit
can be adjusted for individual fit by means of external lacing. Inflation of the
bladders applies pressure to the skin of the lower limb both directly through
the inner walls of the bladders and indirectly through the encircling outer
layer of nylon. This antigravity suit applies pressure to a limited area of the
lower limbs only: the middle three-quarters of each thigh and to cach calf.
‘The uppermost pait of each thigh, the knee, ankle and foot are not covered
by the suit. The abdominal bladder of the suii is normally worn beneath the
pressure jerkin. The anti-gravity suit was inflated from the same source and
to the same pressure as the pressure jerkin and the helmet or mask.

Breathing and Inflation Equipment —~ Several methods of supplying gas
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F1¢. 2-7 Final form of pressure jerkin
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Fi1s. 2.8 Pressure jerkin showing bladder coverage of upper limbs
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at a pressure greater than that of the environment to the respiratory tract and
to the bladders of the pressure clothing were used in the course of this investi-
gation. The method employed in any given experiment depended upon
whether the experiments were carried out at ground level or at reduced
environmental pressure and upon the nature of the measurements to be made
in the course of the experiment.

Pressure demand oxygen regulators - I the majority of the experiments
carried out at reduced environmental pressure the standard equipment which
had been developed for use in conjunction with pressure clothing in aircraft
was used. This standard equipment consisted of a high-pressure gaseous
supply of oxygen and a variety of types of pressure demand regulator with the
appropriate hose and connector assemblies. When used with these regulators
a mask or helmet was fitted with the standard compensated outlet valve
system. The delivery of gas by a demand regulator depends primarily upon
the pressure at its outlet which is connected by wide bore hose to the cavity
of the mask. Gas flows from the regulator when the pressure at the outlet is
reduced at the beginning of inspiration and ceases when the regulator outlet
pressure rises at the end of inspiration. The greater the inspiratory demand
the greater is the reduction of the pressure at the outlet of the regulator and
hence the greater the flow given by the regulator, Since with a simple demand
regulator a reduction of the pressure in the mask below that of the environ-
ment is necessary before gas flows from the regulator, an ill-fitting mask, by
allowing air to be drawn in, may well give rise to hypoxia at reduced baro-
metric pressure. At pressure altitudes in excess of 12000 ft the regulators used
in this investigation deliver gas until the pressure at the outlet of the regulator
exceeds that of the environment by 2 to 3 cm of water. By this manoeuvre the
pressure within the cavity of the mask during inspiration is maintained at a

‘value slightly greater than that of the environment (‘“‘safety pressure”) at

least during quiet breathing. These regulators also mix air with oxygen, the
proportion of the two gases depending upon altitude, so that the alveolar
oxygen tension does not fall below that existing at ground level when air is
breathed (Fig. 2-10). At altitudes above 33000 {t the regulators deliver 100",
oxygen. Such a regulator can be set to deliver 100, oxygen under all altitude
conditions,

At altitudes above 40000 ft the regulators employed in this investigation
delivered oxygen at a pressure greater than that of the environment. Three
types of oxygen regulator (Mark 17, 20 and 21), each providing a different
relationship between delivery pressure and environmental pressure, were
used. The nominal relationship between these two variables given by each of
these regulators together with the specification tolerances are depicted in
Fig. 2-11. The Mark 20 and 21 regulators are constructed so that when the
environmental pressure suddenly falls to a value of less than 141 mmHg
absolute oxygen is delivered at a very high flow (greater than 150 litres
N.T.P. per minute). This high flow ensurcs that the required absolute pressure
is attained in the pressure clothing and respiratory tract within three seconds
of a sudden decompression.

The low-pressure oxygen system from the regulator to the oxygen mask or
pressure helmet was designed so that it had the minimum resistance com-
patible with an acceptable installation. The regulator outlet was connected
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Fio. 2-11 The delivery pressures (gauge) of the Mark 17, 20 and 21 regulators at
altitudes above 40000 ft. The shaded band for each regulator represents the tolerance
in the delivery pressure ailowed at a given altitude by the relevant specification
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by 1 to 2 m. of smooth bore hose (internal diameter 2.2 cm), a locking con-
nector and about 1 m. of 1.9 cm internal diameter smooth bore hose to the
oronasal mask or helmet, the pressure jerkin and the antigravity suit (Fig.
2-12). The resistance to flow of gas from the regulator outlet to the mask
cavity of a typical experimental installation is shown in Fig. 2-13. The total
resistance to breathing imposed by such an assembly depends not only on that
of the low-pressure systein but also upon the pressure delivery characteristics
of the regulator and the resistance of the outlet valve of the mask or helmet.
Performance data for a typical breathing system used in this study are given
in Fig. 2-14.

Production of pressure breathing by means of a decompression
chamber — When a breathing system which imposed very little resistance to
respiration was required or gasco 1s exchange studies were being made, an
alternative technique was used to obtain pressure breathing. Although
generally used at ground level this method was also employed on occasions at
reduced barometric pressure. The technique made use of a decompression
chamber in which the subject, weating the pressure breathing equipment,
was seated. The breathing compartment of the helmet or mask was connected
by way of two pieces of smooth-bore hose (internal diameter 3.1 cm) to the
external surface of the chamber. A pair of low-resistance non-return valves
were fitted into the breathing system to ensure the uni-directional flow of
respired gases through the hoses. The pressure clothing and the compartment
of the helmet outside the breathing portion were connected by another hose
to the external surface of the decompression chamber. Pressure breathing was
produced byreducing the pressurein the decompression chamber by the desired
amount. An advantage of this technique was that during pressure breathing
the absolute pressure within the resniratory tract was equal to that at rest,

TECHNIQUE OF EXPERIMENTS AT REDUCED PRESSURE

The experimental exposures of subjects to reduced barometric pressure
were made in one of two decompression chambers (a stardard and a modified
R.AF. mobile decompression chamber Mark I11), The standard de-
compression chamber consists of a cylinder 8 ft in diameter divided by a pair
of doors into two compartments 7 ft and 13 ft long. The pressure within each
compartment can be reduced independently by two rotary vacuum pumps.
The performance of the decompression chamber in terms of the maximum
rate at which air can be removed from and added to each compartment is
shown in Fig. 2-15. In addition the smaller compartment is connected by a
12 in. diameter pipe to a large reservoir cylinder which can also be evacuated.
The pipe between the smaller compartment and the cylinder corntains a large
butterfly valve. The pressure within the small compartmcat of the de-
compression chamber can be reduced suddenly by opening the butterfly
valve after the air in the reservoir cylinder has been removed. The volumes of
the smaller compartment and of the reservoir eylinder are such that when the
latter is evacuated to a pressure of less than 8 mmHg absolute the small com-
partment can be decompressed from a pressure altitude of 27000 ft (258
mmHg) to 56000 ft (66 mmHg; in approximately 0.8 sec. The pipe be-
tween the small compartment of the reservoir also contains a valve plate,
the position of which can be adjusted by an external handle. By means of this
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relationship between minimum and maximum mask pressures aad
and expiratory flows in a typical experimental installation at ground
level (GL.) and at a simulated altitude of 25000 ft
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pressiors chamber (Mark 1171)
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plate the time of decompression in the small compartment may be increased.
In many of the exposures to simulated high altitude a decompression time of
approximately three seconds was employed.

The other decompression chamber used in this investigation was modified
by fitting a metal box (“capsule™) with an internal volume of 22 cu. {t in the
small compartment. This capsule was designed so that it would accommodate
aman in the seated position (Fig. 2-16). Itis attached to the doorway between
the two compartments of the decompression chamber and is entered from the
smaller of the two compartments. The capsule communicates with the large
compartment of the decompression chamber by way of an orifice, the
diameter of which can be varied by fitting a plate in which the desired size
hole has been cut. The capsule was fitted primarily so that very rapid de-
compressions could be performed over wide pressure ranges. Before a rapid
decompression was performed the orifice between the interior of the capsule
and the large compartment of the decompression chamber was occluded by a
sheet of radingraphic film. As a safety precaution this orifice was also covered
by a plate of metal which was removed just before the diaphragm was rup-
tured. The large compartment of the decompression chamber was evacuated
to the desired final pressure whilst the subject was seated in the capsule, the
door of which was closed. The small compartment and the interior of the -
capsule were evacuated together to the absolute pressure from which it was
desired to rapidly decompress the subject. After the communication between
the capsule and the small compartment was closed and the safety plate lying
over the diaphragm was removed, the radiographic film was punctured. The
air within the capsule flowed rapidly into the large compartment until the
pressure of the two parts of the chamber was equal. In many of the experi-
ments carried out in this investigation rapid decompressions were carried out
from asimulated altitude of 25000 fi to 56 000 fi or 60000 ft in about one second.

In all the experiments carried out at reduced barometric pressure in the
decompression chamber a team of experinenters was employed. At a mini-
mum this tcam consisted of a medical officer and a decompression chamber
operator in addition to the subject. The medical officer who was in charge of
the team was also responsible for the medical care of the subject. The majority
of the exper:ments performed at low barometric pressure conformed to the
same pattern. The subject was decompressed from ground level to a pressure
altitude of 25000 ft at a rate simulating a rate of climb between 4000 ft and
10000 {t per minute. After a period at a simulated altitude of 25000 ft to
allow the subject’s respiratory gas exchange to attain a steady state the de-
compression chamber operator carried out the final checks of the pressure in
the chamber and in the decompression reservoir. The subject was then de-
compressed rapidly to the required final pressure. The subject was always
warned that decompression was about to occur and a standard “count down”
procedure was used so that the subject could regulate his respiration and was
breathing out when the rapid decompression occurred. Following the rapid
decompression the subject was kept at the final altitude for the desired time
and then recompressed to ground levei at a rate consistent with his ability to
ventilate his paranasal sinuses and iniddle ear cavitices.

Since the primary purpose of the experimental exposures to reduced baro-
metric pressure performed in this investigation was to study hypoxia and its
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prevention the subject was usually afforded protection against decompression
sickness. A further reason for affording protection against this condition was
that it can lead 1o serious circulatory and neurological disturbances which are
occasionally fatal. This protection was given by removing a large proportion
of the nitrogen normally held in the blood and tissue fluids before an exposure
to low environmental pressure. Breathing 1009, oxygen in an open circuit
removes nitrogen from the alveolar gas and thus from the blood and tissue
fluids. Experience with subjects with varying susceptibilities to decompression
sickness has shown that breathing 100, oxygen for one hour provides
adequate protection against the effects of exposure to a simulated altitude in
excess of 30000 ft provided that the time of exposure does not exceed ten
minutes. As a general rule all subjects exposed to pressure altitudes in excess
of 30000 ft breathed 1007, oxygen for at least one hour at ground level before
decompression was performed. Special precautions were taken to ensure that
no air was drawn into the breathing system during this period. The subject’s
oxygen mask was firmly secured and the pressure demand oxygen regulator
set to deliver oxygen at a pressure between 2 and 4 mmHg greater than that
of the environment. Since, however, the strict adherence to this procedure
was very time consuming, denitrogenation before decompression was omitted
in certain circurnstances. These circumstances were that the susceptibility of
the subject to decompression sickness was known from previous exposures to
reduced barometric pressure without prior denitrogenation and that the
exposure to pressures less than that equivalent to an altitude of 30000 ft did
not exceed five minutes. In practice only the members of the High Altitude
Research Unit of the Institute were exposed without denitrogenation.

Certain safety precautions were routinely practised in these experiments.
The medical officer in charge of the decompression always ensured that the
subject was medically fit to undergo the proposed experiment. One medical
officer checked the subject’s oxygen equipment before the decompression
commenced. As an additional safety precaution the medical officer normally
occupied the lock of the decompression chamber (the large compartment of
the standard Mark I11 decompression chamber and the smaller compartment
of the modified chamber outside the capsule), and was decompressed to a
pressure equivalent to an altitude of 25000 fi. This medical officer kept the
subject under continuous observation. If, following a rapid decompression,
the subject indicated that he was in difficulties or if the medical officer decided
that the subject’s reactions were abnormal the subject was very rapidly re-
compressed to a pressure altitude of 25000 ft (this nornally took between one
and two seconds . The medical officer could then pass into the compartment
containing the subject and render him such aid as might be necessary. The
pressurc-altitude at which the medical officer remained when the subject was
exposed to a lower pressure was chosen as 25000 {t since the subject could be
recompressed at a very high rate to this pressure-altitude with very little risk
of otitic or sinus barotrauma. Further, if th medical officer was decompressed
to a pressurc-altitude greater than 25000 {t he was likely to develop de-
compression sickness,

Facilities were always available for the treatment of any of the emergency
conditions which might occur during the experimental programme. The
serious conditions which it was considered might arise were:
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(a) Unconsciousness

‘b) Airway obstruction by inhalation of vomit

(¢) Circulatory failure due to decompression sickness

(d) Pneumothorax and arterial air emnbolism

(e) Respiratory arrest

(F) Cardiac arrest.

Every instance of circulatory collapse was treated as decompression sick-
ness until the latter diagnosis was excluded by an observation period of a
minimum of four hours following the incident.

In all those experiments in which it was considered that syncope might
arise and in many of the more routine exposures to reduced barometric
pressure in the decotnpression chamber, the electrocardiogram and arterial
blood pressure were recorded throughout the experiment. A second medical
officer observed these recordings and in the event of any suggestion of impend-
ing collapse warned the inedical officer in charge of the experiment who
generally ordered the immediate cessation of the exposure to reduced environ-
mental pressure,

RESPIRATORY TECHNIQUES
Measurement of pulmonrary ventilation and collection of expired
gas ~ Both open and closed circuit techniques were employed in the course of
this investigation. Measurements of respiratory minute volume were made by
means of a recording Tissot spirometer (capacity 150 litres). The circuit was
usually arranged so that thie subject inspired from the spirometer, particularly
when collections of expired gas were made. These were generally taken by
passing the expired gas into a series of Douglas bags of suitable capacity over
timed intervals. Subsequently the contents of each Douglas bag were
thoroughly mixed and the volume of gas collected mcasured by passing the
contents at a steady rate (of less than 15 litre/min.) through a water sealed
gas meter. As the contents of the bag were emptied a sample of the gas was
taken through the side arm of the Douglas bag into a 100 ml capacity gas
sampling tube by allowing the mercury with which it had been previously
filled to Alow out. Before the sample was taken the side arm of the Douglas bag
was flushed by drawing through it and the side arm of the sampling tube
50 m! of the bag contents by means of a suitable syringe. By this technique
the volume of gas drawn from the Douglas bag in the process of taking the
sample was known accurately so that the total volume of the bag contents
could be calculated. In most of the closed circuit experiments a standard
6 litre recording bell type spirometer was used. The circuit contained a carbon
dioxide absorber (soda lime) and a respiratory pump which circulated the
contents at approximately 50 litre/min.

Flow measurement — Various techniques were used to measure the
velocity of flow of gases. When the flow was steady it was measured by means
of a suitable rotameter. Care was taken to maintain the pressure and tempe: a-
ture conditions within the rotameter tube equivalent to those under which the
instrument had been calibrated. The majority of flow measurements, how-
ever, were made during respiration. Two types of pneumotachygraph were
used When only dry gas was to pass through the flowmeter a gauze screen
{400 per in.) instrument based upon that developed by Lilly (1950) {190) was
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used. Steady flow calibrations showed that there was a linear relationship
between the flow of gas and the pressure drop across the screen at flows of up
to 25¢ litre/min. When moist expired gas was to pass through the flowmeter
a Fleisch capillary tube meter (1g60) fitted with a heater was employed. Cali-
bration of this instrument demonstrated that there was a linear relationship
between the flow of gas and the pressure difference hetween the two tappings
of the transducer. The pressure difference created between the pressure tap-
pings of each of the flowmeters by gas flow was recorded by means of a
differential capacitance manometer of suitable sensitivity and an appropriate
amplifier. The output of the amplifier was fed on to the galvanometer of a
photographic recorder. The tubes from the pressure tappings on the flow-
meter to the differential manometer were made as short as possible (generally
about 10 cm) and the lengths of the two tubes were kept equal. Before and
after each series of measurements the experimental record was calibrated by
passing known steady flows through the flowmeter using a rotameter and
recording the corresponding galvanometer deflections.

The adequacy of the overall dynamic response of the flow measuring
equipment was tested using an electrically driven pump which produced
sinusoidal variations in flow. The stroke volume of the pump could be varied
between 0.5 litre and 3.0 litre and its frequency from 8 to 40 strokes/min. The
flowmeter was connecteG directly to the outlet of the pump and the flow
patterns produced by various settings of the pump were recorded. The
frequency and stroke volume of the pump were measured independently of
the flowmeter with a stopwatch and a recording spirometer for each of the
settings used. The peak flow was then calculated for each setting by means of
the equation:

v
V=L
of

where

V == stroke volume
V = peak flow
S = frequency

The relationship between the calibrated peak flow and that recorded by
the Lilly pneumotachygraph is shown in Fig. 2—17, for stroke volumes between
0.5 and 3.0 litre and frequencies between 10 and 40 per minute. It may be
seen that there was excellent agreement between the calibrated and peak
flows. Similar results were obtained with the Fleisch flowmeter. These results
confirmed that the pneumotachygraphs and associated amplifiers and record-
ing equipment used in this investigation faithfully reproduced the actual
changes in the flow which were occurring through the flowmeter.

On some occasions the volume of each breath was obtained by planimetric
integration of the area between the flow curve and the line representing zero
flow. The overall accuracy of this technique was asse.sed by simultaneously
recording the subject’s tidal volume by means of a bell spirometer and the
flow of gas by means of a pneumotachygraph. The areas contained by the
flow curve for the two phases of each breath were measured three times by
means of a suitable planimeter. The volume represented by a unit area of
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F1G. 2-17 The results of the dynamic calibration of the Lilly pneumotachygraph by

means of a sine wave pun.p. The peak flow indicated by the Lilly flowmeter is

plotted against the correspaading peak flow calculated from the stroke volume and
frequency of the pump
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Fic. 2-18 The relationship between the value of the tidal volume cbhtained by
planimetric integration of the output of the Lilly pneumotachygraph and 1he actual
tidal volume measured directly with a recording spirometer
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*
record was determined by measuring the arca contained between the calibra-
tion line produced by a known flow and the zero flow line for a length of
record representing a known time. The tidal volumes calculated in this
manner for twenty-five breaths are compared with the actual spirometrically
determined volumes in Fig. 2-18. The tidal volumes calculated from the
planimetric integration of the flow curve agreed with the corresponding spiro-
metric tidal volumes within 439, of the tidal volume.
Measurement of pressure in breathing equipment — In many circum-
stances it was necessary to measure the difference between the pressure within
a part of the breathing cquipment and that of the environment. When the
velocity of gas flow at the point at which the pressure measurement was to be
made was considerable, care was taken to ensure that only the lateral com-
ponent of the total gas pressure was measured. This requirement was met
when pressvre measurements were made in a tube by inserting a piezometer
ring with the same internal diameter as the pipe. Where the actual velocity
of gas flow was relatively low, such as within the cavity of an oronasal mask,
the pressure was measured by means of a simple tapping through the wall and
an alcohol or rercury manometer depending upon the magnitude of the
pressure. A rapidly changing pressure was measured by means of an un-
bonded strain gauge pressure transducer of the appropriate sensitivity, The
change in the resistance of the strain gauge of the transducer was measured by
means of a Wheatstone bridge circuit and a carrier amplifier, the output of
which was fed on to the galvanometer of a bromide paper photographic
recorder. Before and after each experimental period the output of the trans-
ducer was calibrated using an appropriate manometer. All the pressure
transducers used in this study gave a linear relationship between pressure
change and galvanometer deflection.
Intraoesophageal pressure measurement — The changes in pleural
pressure during respiration were measured by means of an oesophageal
balloon. As pointed out by Mead, Mcllroy, Selverstone and Kriete (1955)
(209) the length of the balloon used to record intraoesophageal pressure is
important, the value of the pulmonary compliance given by a short balloon
depending upon its position in the oesophagus. The thin latex balloons used
in this investigaiion had the dimensions suggested by Mead, Mcllroy,
Selverstone and Kriete (1953) (209), i.e. they were 16 cm long and 0.8 cm
in diameter. The pressure within the balloon was measured by way ofa 75 cm
length of polyethylene catheter (1.4 mm internal diameter) the distal end of
which was sealed within the balloon. The wall of the part of the catheter
within the balloon contained small holes approximately 1 c¢m apart. The
pressure distension characteristics of each balloon used in this study were
determined by introducing known volumes of air into the balloon and record-
ing the corresponding pressure within the balloon by means of an alcohol
manometer. A typical pressure-distension curve is presented in Fig. 2-19. The
pressure within the balloon equalled that of the environment when the volume
of gas within it was between 1 ml and 5 ml. The pressure within the balloon
was recorded by means of a capacitance manometer of the Hansen (1949)
{141) typr with a chamber volume of less than 0.2 ml. Changes in the
capacity of the transducer were amplified and fed on to the galvanometer of
a photographic recorder.
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Fic. 2-19 The pressure-distension curve of a balloon used for the measurement of
intraoesophageal pressure
10 mm, Hg
- R
10 mm. Hg
o
! sec
FiG. 2-20 The response of the intraocsophageal pressure recording system to a
sudden reduction of the pressure around the baltoon. The upper tracing isa r ~ord of
the pressure around the balloon whilst the lower is the output of the ballcon recording
systemn
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The accuracy -with which the balloon-catheter-transducer-amplifier-
recorder system followed the changes in pressure immediately around the
balloon was examined by placing the balloon within a flask. The pressure in
the flask was varied by means of a syringe attached to a side arm of the flask.
Sudden changes in pressure were produced by covering the opening of the
flask with a rubber membrane, increasing the pressure in the flask and then
suddenly rupturing the membrane. The changes in pressure within the flask
were measured directly by means of a second capacitance transducer which
was connected by a short length of rigid pipe to the cavity of the flask. A
typical recording of the response of the balloon recording system to a sudden
change in flask pressure is shown in Fig. 2-20. Further tests demonstrated
that the balloon system recorded the actual pressure changes, both static and
dynamic, up to pressures of =350 cm of water.

In order to measure intracesophageal pressure the balloon was first
swallowed through the mouth into the stomach. The minimum volume of air
necessary to ensurc that the recording system faithfully reproduced the
pressure outside the balloon was introduced by means of a syringe. The
balloon was then withdrawn until the pressure recorded by it fell during
inspiration. In experiments in which the pressure within the stomach was
measured a similar balloon was swallowed until it lay within the stomach.
Frequently the oesophageal and gastric pressures were recorded simulta-
neously. In this case a double balloon was used. The polyethylene catheter
of the distal balloon was carried through the lumen of the proxime! one with-
out communicating with it. The distal ends of the two balloons were separated
by 20 cmr

GAS ANALYSIS

Discrete samples — The concentrations of carbon dioxide and oxygen in
discrcte gas samples were determined by analysis by the standard Haldane
technique (136) using an apparatus with a 21 ml burctte. On every occasion
duplicate analyses were performed and if the pair of analyses differed by more
than 0.02 volumes per cent a third analysis was carried out. On many
occasions the total concentration of absorbable gas exceeded 307, of the
sample and in these circumstances a nitrogen dilution technique was used.
The carbon dioxide and oxygen content of a 20 ml sample of room air was
absorbed and a portion of the residual nitrogen in the apparatus expelled
until a volume of between 15 and 15.5 ml remained. The volume of this
nitrogen was accurately measured and then the gas was transferred in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>