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INTRCDUCTION

In the treatment of certain types of cancer, the technique
of irradiation in an atmosphere of hyperbaric oxygen is of relatively
recent origin and its use is still limited to a number of specially

equipped centres.

Can such a novel technique be made acceptable to patients
and staff, giving it a place in the normal day to day work of a

radiotherapeutic department ?

Can the results of this new mode of treatment be shown to

better those of radiotherapy in air?

If these two questions could be answered in the affirmative,
only then would it be appropriate to introduce this radiotherapeutic

technique on a large scale as an accepted form of treatment.

Over the past seven years, the author has had the privilege

- of working in the Glasgow Institute of Radiotherapeutics where she

has had the opportunity of personally treating 164 patients suffering
from various forms of malignant disease by tﬁe méthod of radiotherapy

in hyperbaric oxygen.



In this thesis, the theoretical and experimental evidence
supporting the use of hyperbaric oxygen in the treatment of
malignant disease is reviewed and the author's own experience in

the treatment of 164 cases is presented.



CHAPTER 1 | | 1.

Historical Review

Today, it is an accepted fact that oxygen must be present in
tumour cells at the time of irradiation if the cytotoxic biochemical
changes subsequently destroying the cells are to take place.
Normal tissue is sufficiently well oxygenated at all times, but
circumstances vary with tumour tissue which, by nature, is ' out
of joint" (Hamiet) with the rest of the body, and which has no

system of checks and balances to maintain normal body homeostasis.

The relationship between oxygen and radiosensitivity was
clearly established in 1953 by L.H, Gray and his colleagueé (1953-1).
Their work, involving the irradiation of Ehrlich Mouse Ascites
* tumour both in vitro and in vivo under varying degrees of oxygen
tension, showed that, as the oxygen concentration increased from
zero, the radiosensitivity of the cells rapidly rose to reach a
plateau where fu1~thér increase in the concentration of oxygen had
almost no further additjve effect on the radiosensitivify of the
cells (Figure 1), Furthermore, in a variety of experiments,

irradiating /
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2.
irradiating Ehrlich tumours in a series of mice breatﬁing either
air at normal atmospheric pressure or oxygen at 1 - 3 atmospheres
absolute (ATA) af the time of irradiation, the subsequent tumour
regression clearly showed the markedly increased response in
the oxygenated mice. At the same time there was little or no
change in the normal tissue response to irradiation, skin damage
being about equal in both sets of animals. To obtain such a
tumour respon‘se in mice breathing air, a dose of 1.5 or 2 times the
quantity of x-rays must be used. Such a dose would have,

moreover, a necrotising effect on surrounding normal tissue.

Gfay observed that oxygen appeared to exert influence by
being present in the cell at the time of attack by ionizing radiation,
~ thus effecting the '""chemical changes which take place'. At the
same time, its presence was not required if chemical agents or
neutrons were used t§ do Similar damage - as was shown by
Thoday and Read (1947--2). These facts suggested that oxygen
dissolved in the tissues modifies the chemical intermediates formed

~along the tracks of ionizing particles with a cytotoxic effect.

Gray's /



Gray's conclusions rested not only on his own experimental
work, but also on radiobiological evidence which had been
accumulating for over 40 years. Experiments with X.-rays to
prevent the hatching of Ascaris eggs were carried out by Holthusen
in 1921 (1921-3). He noted that the aose of X~-rays required to
stop Ascaris eggs from hatching must be increased by 3 times if
the eggs were in an anaerobic state at the time of irradiation.

J.C. Mottram in 1924 (1924-4) published the results of his
experiments showing the effect of irradiation on the tails of rats
subjected to temperbatures between O?C, and 45°C and to blanching
of the skin by stopping the bloodflow with ligatures. There was
no doubt that reduction of temperature to 0°C increased the blood
flow and resulted in a greater radiation effect than at normal

room temperature whereas the ligatured tails showed a definite
reduction in radiosensitivily due to the apparently protective action

of a reduced blood supply.

The first experimental work on tumour cells was carried
out in the early nineteen thirties by Crabtree and Cramer (1933-5)

who /
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who found that radiation damage to fragments of mouse tumour
cells was markedly decreased by exposure in an environment
containing no oxygen., This was proved by bubbling nitrogen
through the cell suspension being exp_osed to radium and showing
the continued viability of the cells on re-inoculation into other
animals. Mottram (1935 -6,7) confirmed these findings with
experiments on Broad Bean roots (Vicia faba) in which cold
rendered the root cells more radiosensitive whereas roots
irradiated in water from which the oxygen had been expelled
showed a striking reduction in radiosensitivity. He then applied
the concept of oxygen as an adjuvant of radiosensitivity to tumour
cells, and, using tar warts in mice (1936-8) suggested that
small tumour-cell masses are more radiosensitive than large
ones because the former cells must all be close to blood vessels

and therefore to a mofe adequate supply of oxygen.

The effect of whole body irradiation in the presence of
anoxia was then shown to be diminished by other workers.
Lacassagne (1942-9) in 1942 noted a reduction in the mortality
of mice while Evans, Goodrich and Slaughter (1942-~10) in the

same /



same year, reported an increased radio-resistance in new-born

rats with marked lessening of skin reactions. All these animals
were deprived of oxygen at the time of irradiation.. Dowdy,

Bennett and Chastain (1950-11) in 1950 confirmed the reduced
mortality in experimental rats, showing at the same time that a
histotoxic anoxia caused by intraperitoneal injections of NaCN

give no protection against irradiation. This finding pointed towards
the vital role in}radiation damage being played by radio-chemical
reactions involving free oxygen. In 1952 Hall Hamilton and Brues
(1952-12) measuring the viability and growth of mouse carcinoma
implants irradiated in vitro, came to the conclusion that a varying
degree of radiosensgitivity in tumours was accounted for by the
amount of free oxygen present in the tissues at the time of irradiation.,
Russell, Russell and Major (1952-13) in 1952 showed that anoxia
during irradiation 1essened the frequency of embryo abnormalities

in pregnant mice. Devik (1952-14) noted a reduction in chromosome
damage in the bone marrow of mice under similar conditions. This
confirmed the work of Thoday and Read (1947-15) who had observed
the increased number of chromosome aberrations produced ﬁzith the

subsequent /
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subsequent inhibition of growth when the Vicia faba root was
exposed to x-rays in an environment of well-oxygenated water.
From further experiments on the Broad Bean root; Read (1952-16)
summarised the importance of the presence of oxygen in enhancing

the effect of ionizing radiations :-

1. The radiosensitivity of the root which normally has
a lower oxygen concentration than the surrounding
water, is unaffected by oxygen given immediately
after irradiation in anaerobic conditions. This
confirmed the results of Riley and Giles (1950-17)
on Tradescantia microspores. They had noted that
the frequency of chromosome aberrations was
unaltered by the addition or absence of oxygen after

irradiation in vacuo.

2. The radiosensitivity of the root can be greatly
increased by raising the surrounding oxygen
concentration within one minute before irradiation.
Deschner and Gray (1957-18) subsequently narrowed
this time interval down to a few seconds when they
irradiated anoxic Ehrlich ascites tumour cells injected
into oxygenated saline solution. Howard Flanders
and Moore (1958-19) using the dysentery bacillus,
showed / '



2. (continued)

showed an increase in its radiosensitivity within

20 mseconds of alteration in the oxygen tension.

3. The presence of oxygen has a multiplying effect
on the radiation dose which would require to be
increased three times to give the sarne inhibitory

effect on mitosis without oxygen.

4, Oxygen does nothing to enhance or subtract from

the effect of alpha rays or neutrons on plant tissues.

Read postulated that the response of animal tissues -
including -human tumour tissue - would be parallel to that of plant
.tissues, and Gray's work (1953-1) mentioned earlier, confirmed
this striking similarity of pattern in the oxygen effect on the
radiosensitivity of different types of cells. But it was clearly
evident that dissolved oxygen affects only the early pathway peculiar
to the lesions produced by ionizing radiation, and not lesions induced
by chemicals or neutrons. It was not, however, until 1956 that

Alper /



Alper and Howard Flanders (1956-20) precisely evaluated the
relation between the radiosensitivity of the cell and the oxygen
concentration in its environment, They did this using
bacteria and yeast cells. Deschner and Gray (1959-18) used
mammalia.n ascites tumour cells with similar results. The
response of these tissues from entirely different sources was

identical (See Figure 2.)

It must be emphasised that cells which make up
mammalian tissues of any kind, exist at oxygen tensions which
will vary according to their distance from the capillary supply of
oxygen, the concentration of oxygen in that capillary, and the
'oxy‘gen requirements of the intervening cells. Thus, in turn, the
radiosensitivity of the cells is altered, a concept already noted by
Mottram (1936-8) and confirmed by the observations of Hall,
Hamilton and Brues (1952~12). They appreciated that there is
‘a falling gradient of oxygen tension from the surface to the centre
of the tumour. It was only on histological examination of poorly
differentiated squamous cell carcinoma of the lung that
Thomlinson and Gray (1955-21) noted the absence of capillaries

among /
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Radiosensitivity
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among the tumour cells which were arranged in cords whose
centres were invariably necrotic if the radius of the cord was
greater than 200pn. Ionizing radiation would therefore kill the
outer cells. but leave unharmed the more central cells in which
there must be a greatly lowered concentration of oxygen. At
the same time, the oxygen concentration in the capillary will
vary with the blood flow. If this is slowed by the sheer
mechanical tis.sue pressure of tumour tissue which has been
shown to be definitely greater than that of normal tissue and
certainly markedly so in the rapidly growing tumours (Young,
Lumsden and Stalker (1950-22), there will be congestion of
capillaries with stagnation 6f blood., Hypoxia of the surrounding
cells with consequent diminished radiosensitivity will be the

- ultimate result. These cells would lie dormant, without losing
their inherent ability to proliferate until their nutrient supply
improved. It seeméd reasonable to suppose that by greatly
increasing the oxygén concentration around the periphery of the
tumour cords, the radiosensitivity of more tumour cells would
be correspondingly increased while surrounding normal

well-oxygenated tissues would not be unduly affected.

Thus /
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Thus radiobiological studies over the years have
conclusively shown that the response of tissues to ionizing
radiation depends on the presence of oxyg‘en within the cells
at the time of irradiation. This, in turn, must Ee determined
by an adequate blood supply sufficient to oxygenate all cells.

Such a blood supply is not available in tumour tissue which has
a defective intrinsic vascular structure. Moreover, the physical
bulk of solid tumour cells inevitably obstructs the extrinsic

blood supply to and from surroﬁnding tissues.
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CHAPTER 2

Techniques of Treatment

From the preceeding data, it is clear that i1.1 order to
achieve the best radiotherapeutic results, all tumour cells
must be thoroughly oxygenated prior to and during treatment.
The biological effect on these tumour cells will be increased
threefold if their oxygen content is raised from around zero
to the level of normal healthy cells. At the same time, normal
cells, already fully oxygenated, are not liable to any increase in

damage.

These experimental conclusions were first tested
‘clinically by Hultborn and Forssberg (1954-23) in 1954,
They studied the effects of irradiation on 4 cases of human
skin tumours in viiro. " The tumours were divided into 2
equal fields. Treatment was given to each one, using 49KV
to 144KV to a dose varying between 700 rads and 3000 rads
to field sizes 5 x 5 cms. to 25 x 25 cms. while the patient
breathed pure oxygen at normal atmospheric pressure. The
other field was treated similarly with the patient breathing air.

on /
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2.

On each occasion, the non-irradiated field was shielded with
2mm lead. Within a few days, there was no doubt that the more
pronounced reaction had occurred in the tumour areas and
surrounding normal skin treated during the inhalation of pure
oxygen. They concluded that the increased effect was, in

fact, due to the increased.forma.tion of deleterious radicals
produced on irr‘adiation in well-oxygenated f:umour cells normally

characterized by an anaerobic metabolism.

They surmised that the effect would be less in (;lder
established tumours whose disordered vascular systems did
not permit the permeation of oxygen. They made no comment
lon the increased reaction of the normal skin., Yet, as the
epidermis has no direct blood supply, presumably borrowing
its oxygen requirements fr.orn the dermal capillaries, increased
oxygen saturation hefe would account for the increased radiation
effect, This was to be confirmed later by Van den Brenk et al
(1965-24) who showed a progressive increase in the
radiosensitivity of the skin when doses above 750 rads were given

in High Pressure Oxygen (HPO).
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To raise the level of oxygenation in tumours of long-
standing, it would seem that oxygen must be forced info the
intracellular tissues, thereby diffusing directly in"co the tumour
cells. This was achieved by Churchill-Davidson, Sanger and
Thomlinson (1955-25) who were the first to irradiate tumours
in patients breathing pure oxygen at 3 atmospheres absolute
(ATA). This atmospheric pressure was chosen because
radiobiological experiments had been successfully carried out
at this high pressure at which the oxygen effect appeared to be
more marked and more consistent. At the same time,
physiological expe.fiments in man by Behnke (1242-26) and
Donald (1947-27) showed 3ATA to be near the upper limits of
-safety. Churchill Davidson used a modified naval recompression
chamber for this purpose. It consisted of a steel cylinder with
internal measurements 7 ft 6 ins, by 2 ft 6 ins and a door at the
head end in which were inset two observation ports. The door
a'lso held the monitoring leads connecting the patient with an
electrocardiograph to show any alterations in cardiac state, an

electromyograph to warn of incipient seizure and a thermistor

to /
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to show any changes in the respiratory rate. At the other
end of the chamber was the connecting inlet from 4 oxygen
cylinders, each holding 120 cu.ft. together with the pressure
gauge, safely and exhaust valves. A standard 250KV x-ray
unit, filtered to give a half-value layer of 1. 7TmmCu, was used
to irradiate the tumour through a recessed window, 25 sq.cm,

in size, made of one inch perspex, on the wall of the chamber,

Prior to treatment the patient was anaesthetised and a
bilateral myfin@tomy was carried out. The patient was then
transferred to the pressure chamber trolley and placed in
position within the chamber. The chamber was flushed through

with oxygen before pressurisation to 3ATA took place.

In the 8 patients treated initially, the tumours were large
enough to be divided into 2 fields, each being given a single dose
of 1000 to 1500 rads, one in air at normal atmospheric pressure,
the other in oxygen at 3ATA.. Lead sheets, 2mm thick, were
used to protect the surrounding skin and the alternate field. The
lWhole procedure took up to 6 hours to complefe. It was for this

reason that only a single dose was given.
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Biopsies from each field were taken up to 3 weeks later
and 7 tumours showed markedly greater histological damage in
the oxygenated tissue. In the sections of the 8th tumour, no
live cells were found in either specimen. Since this initial
treatment, Powers and Tolmach (1964-28) have shown that the
proportion of resistant tumour cells surviving irradiation drops

from 1 in 100 to 1 in 1000 under conditions of hyperbaric oxygen.

Churchill-Davidson's results were sufficient to gain
world-wide interest both in the novelty of his technique and in

the success of the new treatment.

It is now 17 years since hyperbaric oxygen was first used
for patients being treated by radiotherapy. In this period the
Vickers modification of the original hyperbaric chamber, designed
for University College Hospital in 1960 (Emery, Lucas and Williams
1960-29) has become a feature of many radiotherapy departments
throughout the world. Basically, it consists of two concentric
cylinders 6 feet long. They are made of transparent plastic with
metal caps at each end, attached to a chassis 1ﬁountéd on spring
castors. The inner plastic cylinder holds the gas under the

required /
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required pressure, which is generally 3ATA. The outer cy}.inder,'
separated from the inner one by an air space, acts as a fail-safe
mechanism, holding the pressure temporarily if the inner cylinder
should fracture, but not permanently oxygen-tight so that there
would be, under these circumstances, a gradual leak of gas and
fall in pressure. It is also important in that it protects the inner
éylinder from accidental damage by impact with other objects when
the chamber is moved for treatment purposes. One end of the
chamber is permanently sealed by the metal cap. It is to this

end that the oxygen supply and the exhaust duct are connected.

In Glasgow, the Vickers model was used in the treatment of
all patients in the preliminary series (Figure 3A). Before the
- cervix trial was commenced, a trolley, powered by a small
electric motor, was added to the chamber to improve its
manoecuverability. However, the realisation that the danger of fire
was increased by the presence of electrical connections in the
environs of the chamber, made further modification necessary.
This hazard has been eliminated in the new model, inétalled in 1970.
(Figure 3B). It has no connections with an electrical supply.
Instead, it uses the hoverc.raft principle based on an air pressure

system, This not /
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_.The first hyperbaric oxygen chamber in use in
Glasgow from 1964.

J
The second hyperbaric oxygen chamber installed
in Glasgow in 1971. This model moves on the
hovercraft principle.

Figure 3

19
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7.

not only allows the chamber to be moved with ease, but is also
geared to adjust the height of the chamber, bringing the treatment
area on the patient to the correct distance from thé head of the
x-ray unit. The other end of the chamber is secured by 5 screw
handwheels which, when released, pérmit the door to be opened and

the stretcher bed to be pulled out onto a trolley.

Two-way commuhicationAwith the patient, who is slid feet
first into the chamber and can be seen to his or her full length, is
by microphones set on the inner side of the door and by a telephone
receiver attached to the control panel on the side of the chamber,
the electrical supply being from a 10 volt battery fitted onio the
-chassis. There is also a remote control console with communication
for use when the palient is being treated and is, therefore,
inaccessible to the staff in charge. Physiological monitoring can

be carried out through connections on the door of the chamber,.

Oxygen is supplied from a liquid oxygen tank, placed in a safe
position in the grounds of the hospital. Oxygen from it flows in at
a maximum rate of 400 litres per minute, to be piped out through

the /
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the exhaust duct only via the motorized spring-loaded valve.
This valve can alfter the pressure within the chamber by a control
from the operator's console which can increase or decrease the
spring-loading, Safety devices prevent the preséure from rising
higher than 30 lbs. per sq.in. As oxygen is constantly flushing
through the chamber, carbon dioxidé, nitrogen and water vapour
are rapidly removed from the patient's vicinity, and the
temperature does not vary more than 4%¢.

To minimise the dangér of fire and actual injury, patients
are required to change into proban-treated cotton gowns and to
remove all jewellery, dentures, hairpins, etc. before entering

the chamber, Sheets on the stretcher are also proban-treated.

Oxygenation

An essential preliminary to the treatment is the time spent
by the patient - generally about 20 minutes - in the oxygen chamber.
It is not enough to pressurize the patient to 3 ATA - a procedure

which /
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which takes 4 to 5 minutes in the majbrity of cases. The patient
at 3 ATA must then be in the chamber for a minimum period of
time so that all tumour tissue is thoroughly oxygenated. How
long this takes has been a matter for discussion for some time,
owing to the difficulty in measuring the level of oxygen tension in
living cells. A survey of the work done in this field is discussed
in Appendix 1, In fact, it is now generally accepted that the
oxygen soaking time should be a minimum period of 15 minutes.

In Glasgow, the period is between 15 and 20 minutes.

.Beam Direction

Setting up the pﬁtient for radiotherapy is not a problem.

- There is no difficulty in defining the area to be treated through the
transparent walls of .the chamber. The patient lies in the
appropriate position, turning over if required to do so. The
normal light-positioning mechanism in use in the treatment of all
patients by the linear accelera;cor can be used in combination

with the elevating mechanism of the chamber to attain the correct
focus-to-skin distance. For accurate beam direction in the

treatment of tumours of the head and neck, where the patient's head

is /
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is held in a cast, a method has been devised using an extra lens
mounted in front of the treatment head of a linear accelerator
(Sutherland and Griffiths, 1966-30, Sutherland 1968-31).

Curvature of the cylinder wall is too slight to alter the isodose
curves used in planning the treatment; but the thickness of the
double wall must be taken into account and the dose of radiation

to be given increased accordingly to allow for tﬁis. The

actual treatment time must vary with the dose of radiation
prescribed, but is normally between one and four minutes for

each field irradiated., Naturally, during this time, the patient
must lie quite still within the chamber and must be alone in the
treatment room. Many centres use closed-circuit television

to watch the patient during the course of treatment as well as

using the two-way communication system. As soon as the treatment
is completed, the chamber is returned to the preparation room and

the patient is decompressed over 4 to 5 minutes,

Thus /
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11.

Thus the initial complicated andtime consuming technique
has been gradually modified to a simple and straightforward
procedure. Patients may travel daily from their own homes for
treatment which lasts, on average, half an hour. They only
require to be admitted to hospital if their general condition
warrants this. They no longer require general anaesthesia.
Even premedication is rarely called for. In fact, treatment in

hyperbaric oxygen has become an ordinary, everyday exercise.

This technique has been the major one used throughout the
world. But it should be mentioned that two others have been
developed for the administration of hyperbaric oxygen to patients

- receiving radiotherapy.

A chamber designed by Oxygenaire consists of a metal
cylinder with a transparent plastic head cap. This has been used
in Aberdeen for the treatment of head and neck cancer in a way

similar / .



t-’lu ®

12,

similar to that already described.

In Japan hyperbaric oxygen has been used .in association
with the "Ralstron'' technique of treating gynaecological cancer
since 1968 (Wakabayashi, Ohsawa and Sugawara 1969-32). This
combines the administration of pure oxygen by mask within an
air~filled chamber pressurized to SATA, with the insertion of
Cobalt 60 via remotely controlled tubes into applicators which have
" been inserted into the vagina before treatment., There is a five
minute waiting period of oxygen saturation. When the Cobalt 60
sources are in position within the applicators, a dose of 1000 rads
may be given in two or three minutes. The whole procedure

. takes about 40 minutes.
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CHAPTER 3

Hazards of Treatment

Although it is now clear that, in the treatment programme,
the major obstacle can be the non-co-operation of the patient, other

more serious complications may arise. These are :-

1. Fire

2. Barotrauma

3. Oxygen Convulsions
4

Normal Tissue Damage

1. Fire

This is a primary hazard when pure oxygen is being used.
This was demonstrated to the world in a most tragic way when
~American astronauts lost their lives within one minute of their
oxygen chamber catching fire due to an aberrant spark. The
strictest rules regarding the safety precautions against fire must
be observed., Electrical points within the vicinity of the hyperbaric
oxygen apparétus must be kept to a minimum and the oxygen leads
to and from the chamber must be leakproof. Ideally, the exhaust
duct should conduct the oxygen to the outside air. Patients have to

change /
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change into hospital gowns, proofed against fire, and lie within

the chamber on cotton sheets similarly treated.

One accident in the use of hyperbaric oxygen chamber
in radiotherapy has been reported in the U,S,A. (Tobin 1971-33),
The chamber involved was one of the cantilevered type and consisted
of a metal cylinder with a transparent plastic window of single
thickness. The patient was being set up for treatment after the
usual oxygen soaking period of 15 minutes at 3ATA when spontaneous
rupture of the plastic window occurred. The patient, subjected to
instantaneous and explosive decompression, sustained a bilateral
haemopneumothorax but had no serious skin injuries. Multiple
injuries were received by the doctor in charge who was bending over
the plastic portion of the chamber at the time of the explosion and
experienced its full force, However, further catastrophe and the
danger of fire were forestalled by the emergency regulations being
put into immediate action. This meant, first and foremost, the

shutting off of the main oxygen supply. No-one died.

This incident has served to emphasise the importance which

adequate /
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2
-

adequate safety and emergency regulations must have in the

training of staff for this form of treatment.

2. Barotrauma

A frequent but generally minor complication of treatment
under hyperbaric oxygen conditions is the temporary discomfort
in the ears experienced by the patient as the pressure is raised to
2 atmospheres above normal. There is a sensation of tightness
and even pain in the eardrums which disappears when the pressure
has stabilised at the maximum level. In fact, it is worthwhile
taking as long as 15 to 20 minutes to pressurize the patient on the
first occasion so that discomfort is cut to a2 minimum and the patient
learns to adjust to the slowly rising pressure by swallowing,
yawning, coughing and the use of the Valsalva technique., Within
the space of two or three treatments, the adjustment becomes
automatic. Occasionally, a nasal decbngestant, such as 1%
Ephedrine in normal saline, is administered beforehand to clear
the eustachian tubes. Rarely, a myringotomy may bé required and
grommets can be inserted to ensure complete relief during

subsequent treatments.

This /
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This was not required in any of the author's preliminary series of
85 cases, and has in fact only been necessary in 2 out of the
entire survey. . Both of these patients had a long history of chronic

ear disease.

Decompression causes no problems apart from a slight
crackling sensation in the ears. The entire procedure takes an
average of 35 minutes. Because pure oxygen is used, no danger

of nitrogen toxicity can arise during rapid decompression.

3. Oxygen Convulsions

Convulsions have sometimes occurred and appear to be a
true toxic effect of the oxygen, although the mechanism for this
has not been satisfactorily explained. In 1933 Hill (1933-34) had
shown that an accumulation of CO2 in the tissues appeared to increase
the susceptibility tb oxygen poisoning in animals. But Donald's work
(1947-27), during the 1939-45 war, on the oxygen tolerance of men at
3.TATA in dry chambers and under water showed that tﬁe alleged
CO2 factor waé inadequate to explain oxygen poisoning. Bean

(1945-35) suggested that COZ by its acid properties, possibly

enhances /
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enhances the toxic influence of HPQO on the enzyme systems of the
body. Dickens (1946-36) showed that the effect of HPO on rat
brain slices in vitro was progressive poisoning of the respiration
of the cortical tissue which appeared to be much more sengitive
than any other organ. He postulated that the primary effect was
inhibition of the enzyme pyruvic oxidase. This leads to metabolic
block of the pyruvate pathway in carbohydrate oxidation., It seemed
certain that minute impairment of brain tissue regpiration was
enough to cause convulsions,  Certainly, it is impossible to
predict when and in whom the convulsions will occur. There may
be no premonitory aura. In the author's preliminary series there
were 4 patients who had a single attack, 3 during treatment at the
maximum pressure of 30 Ibs. per sq.in. and 1 during decompression.
All recovered completely within 5 minutes of being released from
the chamber by émergency decompression. This was eiffected
within 40 seconds by pressing an emergency button on the end of

the chamber or on the console. All were able to complete their
courses of therapy without further incident or any evidence of

complications.

4. /
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4, Normal Tissue Damage

The increased liability to radiation damage of certain tissues
if included within the treatment area, is the other hazard which has
been noted sporadically. Tissues such as the outer layers of the
skin, cartilage, bone, the cornea and the lens of the eye, have a
poor blood suppl%r and, consequently, oxygen tension is normally
low. It is reasonable to sﬁppose that a state of increased
oxygenation would enhance their response to ionizing radiations and
increase the possibility of damage or necrosis. Nevertheless,; no
cases of severe skin reaction were noted among the author's 164
patients receiving treatment in oxygen at 30 lbs. per sq.in. pressure.
Actual desquamation only occurred if bolus material was applied.
Otherwise, a mild erythema was only occasionally seen. It must
be noted that this was in spite of the liigh energy beam héving to
pass through thé double perspex wall of the cylinder and therefore
losing some of its skin-sparing properties. In the average case,
the dose to the skin was increased to 50-60%, but this varied with

the size of the patient and the size of the field.

No /
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No damage to cartilage was cbserved among the patients
in the author's survey. However, Churchill-Davidson (1964-37)
has reported on 16 cases of laryngeal cartilage necrosis occurring
within @ months of treatment for carcinoma in the neck region.
Tumour dose given in oxygen was 4000-4500 rads in 6 fractions
over 18 days. No such complication occurred in 36 patients
treated similarly in air or in subsequent cases in oxygen when
the tumour dose was dropped to 3750 rads with similar

fractionation.

Bone necrosis has been rare following treatment in HPO,
Bates (1969-3 8) has reported on 3 cases of subcapital fracture
of the femur following treatment for carcinoma of the cervix.
No further cases occurred when the field size was shortened to
exclude the femoral heads. However, the dose and fractionation
of 3500 rads in 6 fractions over 21 days varied from that used for
the cases of carcinoma of the cervix in this survey, none of whom
have had a subsequent fracture of the neck of femur, although the
femoral heads were often, necessarily, within the irradiated zone.

One /
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One case of rib necrosis following irradiation for cancer of the
upper lobe of left lung was reported by Atkins et al (1965-39).
He also noted 3 instances of alveolar ridge necrosis in 8 patients
who had been treated for malignancy in the head and neck region.

All his patients were given radiotherapy in 4ATA oxygen.

No treatment involving the eye has been given to any patients
in the author's series. However, Wildermuth (1968-40) has
described one case in whom complefe vascularisation of the
conjunctiva and destruction of the cornea followed treatment in
hyperbaric oxygen of an area in which the eye was unavoidably

included,

Work has also been carried out in Melbourne (Van den
Brenk 1968-41) to estimate the radiosensitivity of the spinal cord
under conditions of hyperbaric oxygen - vitally important when
attempting to eradicate malignant disease in the head and/or neck
regions without causing radiation myelopathy, it is suggested
that there is a higher incidence of this complication after treatment

in /
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in hyperbaric oxygen than in air, but the data are insufficient
to be finally conclusive. In Atkin's series (1965-39) radiation
myelopathy occurred in 3 patients between 8 and 29‘months after
treatment for carcinoma of the base of tongue, upper lobe of

lung, and oesophagus, respectively, all in 4 ATA oxygen.

Temporary bowel damage does occur in many patients who
receive abdominal or pelvic radiotherapy, in the oxygen chamber,
Generally, symptoms are no more than a transient diarrhoea and
occasional colicky pain which settles on the completion of
treatment. In the author's experience treatment had to be
discontinued in only 1 case (No. 38 preliminary series) because
of the severity of symptoms which settled thereafter, within one
week. Two other patients (Nos. 32 and 39 of the preliminary
series) developed signs of intestinal obstruction during their courses
of treatment and both died, the former having a rectal perforation,
the latter with multiple abdominal metastases but no obvious bowel
lesion on post-mortem examination. A fourth patient (Wo. 51
preliminary series) developed post-radiation necrosis of the small

bowel /



10.

bowel 6 months after completion of treatment. A special note

is made on this patient on page 13, Chapter 5.

Other centres report similar temporary complications
among patients, treated for carcinoma of the bladder and of the
cervix., Churchill-Davidson's (1968-42) 5 cases of intestinal
obstruction had all been treated for bladder carcinoma. Roulston
and Johnson (1968-43) only reported céses of temporary diarrhoea
in their series of Stage IIT and IV carcinoma of cervix, and
commented that there were more cases in their retrospective air
series, treated similarly. Van den Brenk (1968-44) considered
that there was little difference in the sensitivify of the intestine

to irradiation in HPO or air.

It follows, theréfore, that sensible technical precautions
and a careful and constant supervision of the patient will eliminate
most hazards. Normal tissues must be' protected by adequate
shielding, more especially where the blood supply is naturally
poor. If such tissues are unavoidably included in the field of
treatment, modifiéation of the radiation dosage‘is essential if

complications /
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complications are to be minimised and effective treatment secured,
Complications of therapy can make a new technique unacceptable
to the medical world. This has not happened with hyperbaric

oxygen.
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CHAPTER 4

Results of Trials in Other Centres

As already stated in Chapter 2, hyperbaric oxygen has
been in use in radiotherapeutic departments throughout the world
since interest was first aroused by Churchill Davidson and his
associates (1955-25). Results have been published by a number
of these centres and consideration of them does throw light on the

Glasgow project.

In 1966 Churchill Davidson and his colleagues (1966-45)
reviewed the results of radiotherapy treatment in high pressure
oxygen (HPO) of 235 cases. These patients were generally under
65 years of age and had locally advancing disease which could be
treated in a single field of reasonable size. They were regarded
as incurable by conventional therapy. A control series of 81 cases
was made up of patients suitable for HPO but excluded by reason of
an independent medical condition such as coronary insufficiency
or severe hypertension or because of their unwillingﬁess to enter the
specially designed oxygen chamber. Sites of disease all over the
body were treated, the poorest response being in the brain, the best

response /
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response in the mouth and upper air passages and in the uterine
cervix. Clinical assessment of all patients treated before 1lst
April, 1965 showed 56% of those treated in HPO to be tumour-free.
Histological proof of this was obtained in 20% of the oxygen series,
This compared with a tumour -free 40% of those treated in air, of
which 3% showed no signs of tumour on histological examination.
The incidence of distant metastases - 26% in the oxygen series
and 30% in fhe air series was understandably high on account of
the advanced nature of the disease prior to treatment. An even
more striking response was noted in patients who had treatment

of secondary squamous cell carcinoma in lymph nodes, 61 of the
84 oxygen cases (73%) were clinically free of tumour. The same

could be said of only 7 out of 28 air cases (25%).

All these results must be viewed with some caution as the
standard technique of treatment with daily fractionation was not
used. Patients in this series had their course of therapy divided

into /
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into 2, 3 or 6 fractions with the minimum tumour dosage rising
from 2000 rads to 4500 rads accordingly. The authors considered
that the improvement in the results of their oxygen series was due

partly to this fractionation change.

Van den Brenk, Madigan and Kerr (1964-46) in Melbourne
Australia, reported on 203 cases of advanced malignant disease
treated by 4 MEYV irradiation in a specially constructed hyperbaric
oxygen chamber at 4 ATA. Patients received 1 or 2 treatments
weekly over 2 to 4 weeks (2000-3000 rads tumour dose). All
had advanced inoperable or recurrent disease. The Iarg‘esi;
assessable group was 91 cases of head and neck cancer, all of
whom showed marked regression of tumour following treatment,
In fact, 69 of these cases (76%) were freed of neoplasm in the
irradiated zone. Survival rates for 6 and 12 months were 81%

and 40% respectively.

A later survey (1968-44) was on 614 cases. It was
estimated that the rate of eradication of disease at the primary

site /
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site and at the regional lymph nodes in these head and neck cases
should be between60% and 70%. In fact 64% of these cases treated
in HPO showed no recurrence clinically or at autopsy at the
primary site. There was no evidence of disease in treated lymph
node areas in 75%. These figures compared very favourably with

29% and 27% for air cases.

Van den Brenk (1968-4'F) has also published results of a
small randomised series of 16 caées of carcinoma of the urinary
bladder. Eight were treated in oxygen to a tumour dese of 3000
rads in 6 fractions over 22 days; eight were treated in air to a tumour
dose of 3300 rads using the same fractionation ana overall time.

Improvement in survival was significantly better in the oxygen group.

Results published by Atkins and colleagues (1965-39) and,
later, by Chang and colleagues (1968-48) from the same institute in
New York, were also encouraging. They conducted an initial pilot |
study followed by a randomized series in which locally édvancing
cases of maﬁgnant discase of the head and neck were treated by

irradiation /
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irradiation in 4ATA oxygen. Tt was ndted in the pilot study that
the degree of normal tissue radiation damage was much higher in
the oxygen cases. Modification of the radiation doéage schedule
solved this complication. The arrival of a Vickers chamber
altered the conditions of treatment from 4ATA to SATA and from
2 weekly treatments to b or 6 twice weekly sessions within the
chamber. Treatment was given to post-operative cases of
Glioblastoma Multiforme (3600 rads tumour dose in 9 fractions
over 3 weeks). Six of the 12 oxygen cases in the series were
alive and free of disease after 6 months. This was true of only
1 of the 22 air cases in the series. Patients with malignant disease
of the mouth and upper air passages alsoc showed rapid and
impressive tumour response at the primary site and at the
regional lymph nodes, when treated in hyperbaric oxygen. No

exact figures were given,

Wildermuth (1964-49) reported on the first 100 cases
treated in Seattle up to 1964. Patients of all ages tolerated the

hyperbaric /
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hyperbaric oxygen chamber well, even when very debilitated.

Their malignancies varied widely in origin and case reports showed
the markedly improved response of squamous cell carcinoma and
the more anaplastic tumours. Lymph node metastases in cases

of head and neck cancer appeared especially susceptible to the

new technique. However, there was an obvious danger of massive

tumour necrosis if care was not taken to modify the dosage regime.

A report by Emery (1964-50) on 17 cases of carcinoma of
the bronchus compared the survival times of patients treated in
different atmospheres of oxygen. Eight patients treated in 1.5
to 2ATA oxygen survived an average of 8.5 nionths and 6 of them
died of local disease. Seven patients treated in 4ATA oxygen
showed a better initial response, survived an average 12.5 months,

and only 1 died of locai disease.

Cade and McEwen (1967-51) published their experience in
the use of HPO in radiotherapy in 1967. The Vickers chamber

had /
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had been used to treat 96 patients at 3ATA. Of these, 25 had
carcinoma of the bronchus and 20 had carcinoma of‘the urinary
bladder. These two groups were part of a controlled clinical
trial set up to examine the survival time of patients receiving
identical radiotherapy (6000 rads tumour dose in 40 fractions
over 8 weeks) in either air or 3ATA oxygen. In the bronchus
trial, 5 out of 25 oxygen cases and 6 out of 24 air cases survived
2 years. The incidence of metastases was the same in both
series. In the bladder trial, 6 out of 20 oxygen cases and 8
out of 20 air cases survived 2 years. Here, however, the rate
of metastatic disease was higher in the oxygen series - 6 out of
the latter dying with metastases compared with 3 air cases.
This is perhaps not surprising as the oxygen series contained

a larger number of advanced cases.

More recent results of a randomized study of carcinoma
of the urinary bladder, treated with radiotherapy in HPO, comes
from Salt Lake City (Plenk, 1972-52). Using CO®° 19 patients
were treated inHPO, 21 patients were treated in air. However,
the standard technique of 6000 rads tumour dose on 30 fractions

over /
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over 6 weeks used for all "air' patients was modified to 4800
rads in 12 fractions over 32 days for those treated in oxygen.
Results showed a statistically significant higher percentage

survival of patients in the oxygen series over 4 years.

A report from Winnipeg, Canada, comes from Roulston and
Johnson (1968-43) who have conducted a pilot study of 25 cases of
Stage III and IV carcinoma of the uterine cervix treated by
radiotherapy in HPO. They compared this with a retrospective
series as a control group. The Vickers Chamber was used in
combination with whole pelvic cobalt irradiation. All patients
received a tumour dose of 5750 rads in 30 fractions over 6 weeks.
The Stage III results showed 9 out of 18 cases treated in HPO and
5 out of 16 cases treated in air to be alive and free of disease up
to 3 years later. In th‘e stage IV series, 2 out of 7 oxygen cases -
and 2 out of 9 air cases were alive and well at the time of the report.
Distant metastases appeared to occur earlier in the hyperbaric
group - generally within the first 6 months. 1In the control group,

metastases appeared up to 4 years after treatment.

The /
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The Cardiff trial results were réviewed by Henk et al
(1970-53). This was a controlled clinical trial of head and neck
cancer in which 213 patients were treated by radiotherapy, 112
in air and 101 in 3ATA oxygen. All patients were given a tumour
dose of 3500 rads to 4500 rads in 10 fractions over 3 weeks.
Benefit was clearly demonstrated to be greater in the oxygen
group. The survival rate at 3 years was 30% for those treated
in air and over 50% for those treated in oxygen. The
recurrence-free rate was also higher for the latter group. This
was particularly marked in cases of laryngeal carcinoma.
Subsequent salvage laryngectomy was required in only 1 out of
20 patients treated previously in HPO compared with 7 out of
24 patients treated in air. Kunkler (1970-54) also noted that
radical radiotherapy to Iymph node metastases gave similar
results to radical sux'éery and that these results were improved

by the use of HPO as an adjunct to therapy. .

From /
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From all these reports, some indications cf the value

of this form of therapy can be discerned.

1. No deterioration in survival rate has resulted from using
hyperbaric oxygen. On the contrary, there has been some

improvement.

2. This improvement extends also to the localrecurrence-free

rate,

3. Inthe case of squamous cell carcinoma, most authors show
improved results when treating affected regional lymph nodes by

radiotherapy in hyperbaric oxygen.

4. In the results obtained from Melbourne, Salt Lake City and
Cardiff, the oxygen treated series showed a statistically

significant advantage in survival over those patients treated in
air, for carcinoma of the urinary bladder and for carcinoma of

the head and neck region.

N



47,
11.

A cautionary note in the development of this new
technique has been the possibility of an increase in metastatic
disease in cases treated in HPO. This has been more noticeable

in the immediate post-treatment periaod.

It must also be emphasised that fractionation is of even
greater importance in treatment with hyperbaric oxygen due to
an enhanced susceptibility to radiation damage of all cells,
normal and abnormal. A slight modification of fractionation
may make all the difference between cure and massive tumour .

necrosis.
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CHAPTER 5

i, Practical Application

Personal Preliminary Survey

At the Glasgow Institute of Radiotherapeutics, the hyperbaric
oxygen chamber was installed in 1964, Since that time, it has been
used for treatment in conjunction with the 4MEV Linear Accelerator.
More than 160 patients have been treated and over 3, 500 tréatment
sessions have taken place. At its introduction, however, it was
important to see if such a procedure could be accepted daily and
without fear by patients receiving a course of therapy lasting
up to 6 weeks; that there would be no toxic hazard to patients being
treated regularly in this way; and that such an unusual adjuvant to
orthodox radiothérapy technique could be integrated into the normal

routine work of the Linear Accelerator Unit.

Thus, the first 85 patients constituted a preliminary survey
to prove these points at issue. All of them had some form of
malignant disease at an advanced stage. They had either local

recurrence /
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recurrence or dissemination to regional nodes or to other parts

of the body. Inevitably, these patients would be co‘nsi.dered
unrewarding toc treat by orthodox methods. It seemed right that
one should not be doctrinaire inlattempting to arrest such advanced
and usually incurable disease. Many consultants took this view,
and accepted this new method which might provide, atleast, a

glimmer of hope.

No patient was rejected for treatment, with the exception
that, by reason of deformity or of excessive size, he or she was
unable to fit into the chamber and receive irradiation to the tumour

area. There have been altogether 5 such patients :-

1. Male - Ca Oesophagus - marked kyphoscoliosis
2. Male - Ca Bronchus - very broad shoulders,
- unable to turn over within
. the chamber
3. Female - Ca Cervix Too stout - unable to turn
4, Female -~ Ca Cervix [~ over within the chamber
0. Female - Ca Cervix

In /
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In order to allay patients' fears, the entire procedure was
carefully explained in simple terms, This procedure which was
straightforward enough to doctors and technicians, was, for the
patient, a step into the unknown which he or she was most fearful
to take. Most patients were very nervous indeed of the rather
futuristic looking apparatus. In the event, out of 85 patients
offered treatment only 6 rejected it. The vast majority, after
a trial run, accepted the treatment although all required constant
support and reassurance. It must be admitted that the enclosure
of the patient in the chamber generated a feeling of claustrophobia
even in the most self-reliant., Because of this, the doctor made
it a cardinal point to be within sight and sound of the patient
“throughout every treatment. To pass the time, there was
conversation on general topics and the news of the day. Great
interest was taken in the social and family background of each
patient. In one case (No. 24) it was necessary for the l‘(jzloctor to
learn simple Italian conversation in order to estabiish a good
rapport. Other sources of distraction and conversation were

found /
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found in a changing gallery of pictures kindly lent by the Glasgow
Art Galleries. Piped music, both classic and modern, was also
available. One patient always carried a paper-back thriller to
read in the chamber during the preliminary oxygen-saturating
period. Only during the relatively brief period of actual
megavoltage x-ray therapy, when, inevitably, no attendant

could be with the patient in the treatment room, was the visual
contact lost. Then the most was made of the two-way

telephone conversation.

As the author has personally ﬁ*eated every one of the 164
patients assessed in this thesis, she realised that it would be
worthwhile recording some of their comments and opinions, made

spontaneously in the course of this completely new form of treatment.

"I don't mind lying here, Doctor, as long as I know that you are there"
"I feel like a goldfish in a tank"
"It's alright as long as I can talk to you"

"I enjoy the music except when I'm having my actual treatment.
Then I like to lie quietly and think"

"T always feel very hot"

"You know, I cannot bear to stand inside one of Pettigrew's lifts.
I don't know how you manage to persuade me to lie in here"

"It's /
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"It's not uncomfortable for me. I have been to the bottom of
the Clyde in a diving bell on many occasions."

"Don't wory about me. I'm determined to go through with it

"I felt nervous at first, but not now. I can even doze in it"

"I prefer lying on my stomach. It's so much more comfortable
reading my book in that position"

"It's not my cup of tea, but I can thole it"

"The time goes so quickly when we talk about the family"

"It's no bother to me at all now. But, at first, I thought that
I could never bear it"

"I just pretend that I'm an astronaut"
"I just couldn't have done it without you, Doctor"
"I feel every morning as though I am going to my execution"

"I'm not flattering you, Doctor, but you give me confidence, and
I don't worry as long as I know that you are in the room."

The successful integration of hyperbaric oxygen therapy
into the existing daily supervoltage programme was essential if
the ﬁork of the Linear Accelerator was to be carried on smoothly
and without undue strain to patients and staff. For the first year,
due to the limited adjustment of the chamber, it was necessary
to work at an extended focus-~to-gkin distance (F.S,D.) This
prolonged freatment time to nearly twice that of patients treated
in air. It was only after 85 patients had been i;reatéd that a

motorised /
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motorised trolley was added to the chamber. This improved
the manoceuverability of the chamber and made possible its elevation.
The standard F.S.D. of 100 cms. could now be used and thus

freatment time became identical with that of patients in air.

Time taken to move the chamber into and out of the treatment
room and to arrange the field set-up was increased by an average
of one minute. Nevertheless, as many as 9 patients have been

treated daily without additional strain to the staff.

.As is shown in Figure 4, a very wide range of malignant
diseases was covered by the first 85 patients constituting this
preliminary survey. Their common denominator was the
advanced nature of their illnesses, incurable by orthodox methods
of radiation or surgery. There were 33 men and 52 women in
this group and their ages varied from 16 to 84 years, covering all
periods of adult life. The diagnosis in each case had been proved
initially by histological examination following biopsy or operation.

These malignancies arose from many systems. There were :-

2 /
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56.

27 tumours arising from the urinary tract
23 tumours arising from the reproductive tract
13 tumours arising from the gastro-intestinal tract
13 tumours arising from the musculo-skeletal system
6 tumours arising {rom the epidermis
2 tumours arigsing from the respiratory tract

1 tumour arising from the sympathetic nervous system

Radiotherapy was prescribed according to the regular
methods used in the department, Although disease tended to be
advanced, every effort was made to take the radiation dose to
radical levels. A total of 16 out of 85 patients did not complete
treatment. In 8 of these (Nos. 2, 13, 18, 69, 70, 72, 79 and 85)
this was because the patients became too ill to be moved. Only
case No. 85 was able fo complete treatment in air. All died
within 3 months of the beginning of treatment with the exception
of case No. 72, who, having had 70% of his treatment, survived
9 months and had symptomatic relief for 4 months., Case No. 39
suddenly deteriorated with symptoms of a partial intestinal
obstruction from which she died in what would have been her
last week of therapy. Case No. 45 died of a massive pulmonary

embolus when only 4 treatments had been given.

Six /



Six patients refused to be treated in the oxygen chamber
although all entered it (see Figure 5). Cases Nos. 11, 15 and
26 were not treated at all, Cases Nos. 3, 25, and 62 had 6, 3
and 1 treatment respectively before refus.ing to conti<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>