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SUMMARY

This thesis contains details of a series of studies in which
the interrelationship of hyperbaric oxygen, hypothermia and
tissue hypoxia has been examined. The data derive from both

experimental and clinical observatioms.

The early experimental studies were designed to examine the
pathophysiological changes occurring in animals subjected to
various generalised hypoxic insults with a view to subsequent
investigation of the effects of hyperbaric oxygen and hypo-
thermia. The limitations of both techniques were revealed

in later experimental and clinical studies. These investigations,
however, were by no means entirely negative and yielded much
information which proved to be of value in the management of a
number of clinical conditions with an hypoxic basis, e.g.,

cardiac arrest, shock, severe anaemia, fat embolism and

accidental hypothermia.

The introductory chapter includes a summary of the mechanisms
of oxygen transport from the lungs to the tissues followed by

a brief description of the principal physiological and
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biochemical disturbances associated with hypoxia. A review
of the subjects of hyperbaric oxygen and hypothermia serves as

an introduction to more detailed discussion in later chapters.

The ability of hyperbaric oxygen to increase oxygen storage
capacity in the body was demonstrated by means of respiratory
arrest in the anaesthetised dog. In the presence of a normally
functioning circulation asphyxia was tolerated for periods of
over 20 minutes after breathing oxygen at two atmospheres
absolute (2 ATA). 1In the presence of an arrested circulation
the equivalent period was eight minutes - representing only

a modest increase on the duration of safe circulatory arrest
attainable at normal atmospheric pressure. The combination of
hyperbaric oxygem (2 ATA) and moderate hypothermia (28 deg C),
induced by surface cooling techniques, extended the period of
safe circulatory arrest to 30 minutes, approxiﬁately 10 minutes

more than with normobaric oxygen at the same temperature.

The possibility of increasing the protective role of hypothermia
and hyperbaric oxygen by further reduction in body temperature
and increase in oxygen pressure was next considered. Cooling

dogs to 20 deg C without the aid of cardiopulmonary bypass
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presented some initial difficulties which were eventually
overcome. The combination of hyperbaric oxygen (2 ATA)

and deep hypothermia (20 deg C) was compatible with a

maximum period of safe circulatory arrest of about 35 minutes.
Increase in oxygen pressure to 3 ATA did not significantly
improve this figure. The obvious conclusion from these
various experiments was that the predominant factor determining
the duration of safe arrest was the reduction in oxygen
consumption consequent upon hypothermia. The contribution

of hyperbaric oxygen was relatively minor presumably because

the extra oxygen did not gain access to the tissues.

The last three chapters of the Experimental Section are devoted
to studies of myocardial blood flow and metabolism in the intact
dog. Hypoxia was shown to induce a substantial increase in
myocardial blood flow. There was a critical arterial PO2

(35 mm Hg) above which increases in flow did not occur and

there was no evidence that hypoxic vasodilatation was mediated
through vascular pg-adrenoreceptors. The myocardial vascular

and metabolic responses to hypoxia and hypercapnia were

examined at mederate hypothermia (26 deg C) and although certain
differences in these responses as compared with normothermia
were detected, it was concluded that coronary vasuular reactivity

in the normal heart remained unaltered in character at reduced
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temperature. In studies on dogs subjected to moderate and
severe haemorrhage, hyperbaric oxygen (2 ATA) did not improve
myocardial oxygen availability and failed to modify the
changes in cardiac output, work, efficiency and oxygen

consumption of the heart that resulted from blood loss.

In the Clinical Section there are four chapters dealing in

turn with miscellaneous hypoxic conditions, severe anaemia, fat
embolism and accidental hypothermia. The miscellaneous
conditions included coal gas poisoning, pulmonary gas exchange
disturbances, cardiac arrest and cyanotic congenital heart
disease. It was shown that in severe hypoxic hypoxia hyperbaric

oxygen could increase arterial PO, and if the underlying

2
condition was capable of resolution, long-term benefit might

result. In ischaemic conditions, however, the advantages of

hyperbaric oxygen were not so obvious.

The possibility that hyperbaric oxygen (2 ATA) might be of value
in reducing the hazards associated with blood transfusion in

the patient suffering from severe chronic anaemia was explored.
Four patients with haemoglobin values ranging from 1.5 to

3.8 g/100 ml were exposed to hyperbaric oxygen during the acute

phase of their illness. The resulting increase in tissue oxygen
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availability appeared to reduce the related cardiovascular and

metabolic disturbances.

Death from fat embolism has been attributed to a number of factors
but recently it has been stated that the cause of death in

this syndrome is almost invariably the hypoxia secondary to

the effects of pulmonary fat emboli. The aim of a study

in 11 patients with severe fat embolism was to maintain

arterial P02 as near as possible within the normal range and,
otherwise, to apply only routine supportive measures, e.g.,

fluids and drugs to restore normal tissue perfusion. Survival

of all 11 patients seemed to confirm the overriding importance

of eliminating hypoxia in the treatment of the fat embolism

syndrome.

The final chapter in the Clinical Section contains details

of a prospective study of 44 patients suffering from
accidental hypothermia. The aim of the study was to determine
the effect on outcome of an aggressive approach to treatment,
including the use of active external rewarming techniques.

The frequency and severity of hypoxaemia in accidental hypo-
thermia was confirmed together with a number of other
biochemical and haematological disturbances. The main
components of treatment appeared to be restoration and

maintenance of adequate arterial oxygenation and tissue
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perfusion; intermittent positive pressure ventilation was
indicated in half the patients and fluid repletion was almost
always required; vasoactive agents were rarely considered
necessary. Active external rewarming was found to be an
entirely safe procedure. During the past 10 years no patient
in the series died during the phase of rewarming. The overall

mortality was 27%, the lowest in any previously published series.




ChaEter 1

Introduction and Background

30.

This thesis contains details of a series of studies in which the

interrelationship of hyperbaric oxygen, hypothermia and tissue

hypoxia has been examined. The data, which have been collected
over a period of eighteen years, derive from both experimental
and clinical observations. Throughout this period the author
has published extensively on all three topics but much of the
present material has not previously been submitted for

publication.

The early experimental studies were designed to examine the
pathophysiological changes occurring in animals subjected to
various generalised hypoxic insults with a view to subsequent
investigation of the effects of hyperbaric oxygen and hypo-
thermia. The limitations of both techniques were revealed

in later experimental and clinical studies. These investig-
ations, however, were by no means entirely negative and
yielded much information which proved to be of value in the
management of a number of clinical conditions with an hypoxic
basis, e.g., cardiac arrest, shock, severe anaemia, fat

embolism and accidental hypothermia.

This introductory chapter includes a summary of the mechanisms
of oxygen transport from the lungs to the tissues followed by
a brief description of the principal physiological and bio-

chemical disturbances associated with hypoxia. A concise
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review of hyperbaric oxygen and hypothermia serves as an
introduction to more detailed discussion of these topics

in later chapters.

OXYGEN TRANSPORT

An adequate oxygen tension (P02) is essential for normal
metabolism within the cell. 1In the mammalian mitochondrion

the PO, lies between 0.13 and 1.33 kPa (1 and 10 mm Hg)

2
(Chance, 1965) although elsewhere in the cell values up to

3 kPa (22.5 mm Hg) are reported (Numn, 1977a). As long as
intracellular PO2 remains above a critical level substrate
utilisation and oxidative phosphorylation, the aerobic process

by which energy is produced in the form of adenosine tri-

phosphate (ATP), may proceed normally.

The oxygen transport mechanism (Flenley, 1967) has been
likened to a cascade with the partial pressure of oxygen
remaining high as it passes from the inspired air through
the alveoli to the arterial blood but falling substantially
on reaching the capillary blood (Fig. 1.1). The inspired
oxygen pressure is determined by the inspired oxygen
concentration and the barometric pressure. At normal

atmospheric pressure with water vaporised at 37 deg C the
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inspired oxygen pressure is 19.9 kPa (149 mm Hg). Alveolar

PO2 is calculated using the alveolar air equation :

2 f
pressure concentration alveolar ventil
ation

Alveolar PO, = dry barometric (inspired oxygen - oxygen uptake/ >
making allowance, when required for increased accuracy, for

the small difference in volume between the inspired and expired
gas. The alveolar P02 obtained from this equation is an
'ideal' value (Riley et al, 1946), equivalent to the P02 of
pulmonary end-capillary blood from normally perfused alveoli
(about 14 kPa (105 mm Hg)). The alveolar/arterial PO,
difference results from pulmonary venous admixture which is

a combination of (i) frank shunt of deoxygenated blood either
bypassing the alveoli or passing through unventilated alveoli
and (ii) the scatter of ventilation/perfusion ratios from
different parts of the lung. Normally frank or 'true' shunt
constitutes less than 1% of cardiac output (Lenfant, 1964).

.The alveolar/arterial PO2 difference does not exceed 2 kPa

(15 mm Hg) in young healthy adults which, with respect to the
alveolar PO2 indicated above, gives a minimum arterial PO2

of 12 kPa (90 mm Hg), a value which decreases with age to a

mean of about 10.8 kPa (81 mm Hg) in the absence of obvious

cardiorespiratory pathology.
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Oxygen availability

Oxygen transport from the heart to the tissues (otherwise
known as oxygen flux, delivery or availability) is determined
by arterial blood flow and the oxygen content of arterial
blood, which consists predominantly of oxygen in combination
with haemoglobin together with a small amount in physical

solution in plasma.

Arterial oxygen = haemoglobin x arterial oxygen saturation x
content 1.39 + arterial PO2 x X

1.39 is the theoretical value of oxygen (ml) which can

combine with 1g of haemoglobin. =~ 1is the Bunsen solubility
coefficient of oxygen in blood (0.0214 + 0.000108 x vol% 0,
capacity ml/ml/atmosphere) or the Ostwald coefficient (0.003

vol%/mm Hg), at 37 deg C.

The normal value for arterial oxygen content is 19.30 ml/100ml
blood (of which 0.25 ml/100ml is in physical solution) which when
multiplied by a cardiac output of 5000 ml/min gives a figure of
1000 ml/min for oxygen availability. Oxygen consumption is
approximately 250 ml/min which means that 75% of the oxygen
delivered to the tissues is not utilised under resting conditioms.

To a certain extent this reserve can be drawn upon under conditions
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of hypoxic stress (see section on hypoxia).

Oxygen dissociation

The importance of oxygen dissociation from haemoglobin in
determining the adequacy of tissue oxygenation has been
appreciated for many years. Changes in the shape and position
of the oxygen dissociation curve (Fig. 1.2) may result from
alterations in pH, PCOZ, temperature, lonic strength and
haemoglobin concentration (Finch and Lenfant, 1972). Oxygen
affinity for haemoglobin is also influenced by the level of

2.3 diphosphoglycerate (2.3 DPG), one of a group of organic
phosphates contained in the red blood cell (Benesch and Benesch,

1967; Chanutin and Curnish, 1967).

Shifts in the oxyhaemoglobin dissociation curve are con-
veniently described as changes in P50 (the oxygen partial
pressure at which haemoglobin is 50% saturated under standard
conditions of pH and temperature), a fall in P50 indicating

a shift to the left and a rise a shift to the right. Increase
in hydrogen ion concentration causes a shift to the right of
the oxygen dissociation curve (the Bohr effect) which is
generally considered to hinder oxygen uptake in the lungs

and accelerate oxygen exchange in the tissues. Such a shift

in the dissociation curve has a mnegligible effect on arterial
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PO2 unless the shift is extreme but venous PO2 is markedly
affected, rising from a normal of 5.3 kPa (40 mm Hg) to 6.9 kPa
(52 mm Hg) for a fall in pH from 7.4 to 7.0 units. Since
tissue PO2 is related to venous PO2 this effect may be viewed
as compensating for some of the adverse features of acidosis.
Alkalosis produces a shift to the left of the dissociation
curve with the result that blood will not release substantial
quantities of oxygen until the PO2 falls to below normal levels.
2.3 DPG is a haemoglobin ligand, and when its level in the red
blood cell falls, oxygen binding increases resulting in a shift
to the left of the oxygen dissociation curve and consequent
impairment of oxygen release to the tissues. Acidosis reduces
the formation of DPG in the red cell, and in states of
established acidosis the opposing action of these two mechanisms
on oxygen dissociation is balanced. This balance is adversely
disturbed if acidosis is corrected acutely, the increase in

pH adding to the low DPG level and producing a marked reduction
in P50. The reduction in P50 will be corrected only slowly

as new DPG is formed. The oxygen dissociation curve of stored
blood is shifted to the left (Valtis and Kennedy, 1954) because

of its low organic phosphate content and infused red cells may

take as long as 24 to 48 hours to acquire a normal complement
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































