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ABSTRACT A
)

Analytical and numerical models are developed to
describe the transport and re-distribution of a highly
diffusible substance in the tissuesﬁof the body, by
the processes of blood flow and diffusion. The models
are applied to analagous problems involving, in one
case, transfer of matter, specifically an inert gas,
and in the other, heat. The specific clinical problems
investigated are the measurement of skin blood flow by
the clearance of a radioactive inert gas, 133xe, and
the temperature distributions produced in tissue during
localised hyperthermia in cancer therapy.'

The models show that significant exchange of both
an i1nert gas and heat can occur; between the blood and
tissue, in blood vessels larger than capillaries.
Traditional models based on capillary exchange are
therefore limited in small regions of tissue andithe
implications of this are discussed for both probiems.

133Xe from the skin, after

The clearance of
epicutaneous application, is shown to be dependent on
the diffusion pr0per£ies of the epiderm;l barrier as
well as the blood flow. The technique is therefore
considered unsultable as a method of measuring skin
blood flow.

The temperature distributions produced during

localised hyperthermia are shown to be greatly

influenced by blood flow and thermal conduction. 1In
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practical situations the interaction between these two
processes can produce complex effects. The possible
biological effects of the resulting temperature

/

non-uniformities are outlined and the implications for

cancer therapy discussed.
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UNITS

Many of the terms used in this thesis, for example
diffusion coefficient, blood flow and density, are
still widely quoted, particularly in clinical usage, in
units which do not adhere strictly to the SI system.
For this reason they are used i1n their common form here
and, to provide consistency, other terms are converted
to the same units, based mainly on g, cm and ml.

Conversion factors to proper SI units are given 1in

Appendix E.
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1.1 INTRODUCTION

If heat i1s produced locally within a tissue of the
body 1t will, over a period of time, be redistributed
both locally to adjacent parts of the tissue and remotely
to other tissues of the body. Likewlise, if an amount of
an l1nert, diffusible material 1s deposited in a tissue it,
too, will undergo redistribution both within and away from
the tissue. The processes‘responsible for this transport
of heat and matter are essential to metabolism 1n tissue.
Exchange of heat between the cells of the tissue and the
blood contained within the blood vessels occurs by way of
thermal conduction; exchange of matter occurs principally
by diffusion. Within the blood vessels bulk transport by
the blood flow becomes the dominant process and accounts
for the transfer of heat and of matter over longer dis-
tances. A description of heat transfer within a tissue
will therefore incorporate both thermal conduction and
blood flow:; a description of matter transfer will in-
corporate diffusion and blood flow.

Thermal conduction and diffusion are, however,
fundamentally similar processes and as such can be de-
scribed by analagous mathematical equations. Consequently
if a mathematical model is constructed to describe the
transfer of heat within a tissue then the same model can
be adopted to describe matter transfer in that tissue
provided, of course, that appropriate substitutlons are
made for the particular constants of conduction and

diffusion.



The aim of this étudy, then, 1s to develop such
analagous mathematical models and to use the resulting
models to investigate two clinical problems, one involv-
ing matter transfer and the other heat transfer. The
three objectives are summarised here. *
Objective A - To develop analytical and numerical
models of the transport and distribution of a highly
diffusible substance in tissues of the body.

Objective B - To use the models to investigate the
roles played by blood flow and diffusion in the clearance
of a radioactive gas, Xenon-133, from the skin: and sub-
sequently to assess the use of the clearance rate as an
index of skin blood flow in plastic surgery.

Objective C -~ To use the models to investigate the
roles playved by blood flow and thermal conduction 1in
modifying temperature distributions produced in localised
hyperthermia; and on the basis of the findings tdlexamine
the useHOf localised hyperthermia in cancer theraby.

This chapter first of all examines the analoéy between
thermal conduction and diffusion (section 1.2) and then
introduces the two clinical problems tc be investigated
by the mathematical models. Section 1.3 describes the
importance of the measurement of skin blood flow 1n plastic
surgery and the method recently proposed to do this. A
brief description of the anatomy of skin and 1ts blood
supply follows in section 1.4. The use of increased
tissue temperatﬁres in cancer therapy is illustrated in

section 1.5 and the importance of the uniformity of such
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temperature distributions 1is described.

1.2 THERMAL CONDUCTION AND THE DIFFUSION OF MATTER
Classically'the conduction of heat i1s explained on
the basis of a simple molecular exchange of kinetic eﬁergy.
The thermal energy of a solid, for example, consists mainly

of the vibrational energy of the molecules about their

‘equilibrium positions. In the course of these oscillations

each molecule i1nteracts or "collides" with each of 1its

‘neighbours and 1n so doing exchanges kinetic energy with

them. In a medium with a uniform temperature no net
exchange of energy occurs over a period of time. However
if one region of a solid is at a higher temperature than
anoéher the kinetic enefgy of these molecules will be
greater. During the molecular interactions, then, more
energy will be transferred from the hot area to the cold
than i1n the opposite direction. This 1is termed thermal
conduction, -
Similarly if molecules of type A within a uniform
temperature medium, B, are free to move (rather than just
vibrate) the continual interactions and collisions result
in each particular molecule following a rather erratic or
random pathway. If the concentration of these molecules
within the medium is uniform there will be no net move-
ment, each molecule which leaves a part of the medium

being just as likely to be replaced by one from another

part. However if there is a larger concentration ot

molecules within one region then more molecules are

likely to leave that region at any specific time than
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~will entex. There will thus bz a net flow away from the
region of high concentration. This 1s termed diffusion.
The above are certainly oversimplifications of both
processes. No single physical mechanism has been shown
to be responsible for either process and in fact there
are radical differences between the mechanisms involved
ih gases, liquids and solids. Despite this each process
has been shown to be descfibed by a rather simple, and
largely empirical, equation.
1.2.1 Fourier's law of heat conduction

This law, which was described by Fourier in 1822,
states that the rate of heat transfer over a unit surface
area;due to a temperature gradient within an isotropic me-

dium, is directly proportional to the size of that gradient
T

Q = -k'é—; 1.1

where é is the heat flux, T the temperature and x the
direction of the gradient.

The constant of proportionality k is the thermal con-
ductivity.

1.2.2 Fick's law of diffusion

Similarly, Fick's law (1855) states that the rate
of transfer of matter is proportional to the concentra-

tion gradient of the particular species within a medium
J = =D = 1.2

where J is the mass flux, C the mass concentration.
In this case the constant of proportionality 1s known as

the diffusion coefficient of the substance in the medium.



In both cases, then, the equations state that the
flux is porportional to the gradient of the driving force
which 1n one case 1s temperature and the other concentration.
By appropriate substitutions of k and D these equations

then become analogous. \

1.3 SKIN BLOOD FLOW IN PLASTIC SURGERY

The raising and transfer of flaps of skin form an
important part of the practice of plastic surgery (Fig.
1.1). Such procedures are employed to restore the pro-
tective laver of skin to a damaged area or to provide an
improved cosmetic appearance. Failure of these operations
results in necrosis of all or part of the flap which 1is
subsequently detrimental to the patient's health, comfort
andexpecta£ions. In almost all cases this failure has
its roots 1n an inadequate blood éupply.

Transplantation of skin from one part of the body to
another is required when a wound 1s too extensive¥to close
by simple suturing. In most cases a skin graft ié sufficient
to cover the area but in many instances, especially when
the recipient bed is poorly vascularised or when padding
bony surfaces, a skin flap is required. A skin flap 1s
a piece of skin and subcutaneous tissue which has a vas-
cular attachment to the body maintained at all times for
nourishment.

Generally flaps are designed, raised, transferred and
divided (Grabb and Smith, 1973) according to rules which

result from the accumulated experience of the surgeons.

what is known of the circulation of the flap at any stage
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1s similarly dependent on the surgeon's expertise and
clinical intuition; his subjective assessment is based

mainly on skin colour and temperature. Since McLure and

Aldrich (1923) introduced the first test based on a

physical measurement a very large number of methods have
been suggested for assessing the circulétion of a flap.
These have included physical measurements such as rate of
hair growth (Douglas and Buchholz, 1943), skin temperature
(Hackett, 1974; Taubenfligel et al, 1965), light trans-
mission (Hertzman et al, 1946: Stranc et al, 1971) and
oxygen tension (Guthrie et al, 1972); inflow methods using
fluorescein (McGregor and Morgan, 1973), vital dyes
(Teich-Alasia, 1971) or microspheres (Reinisch, 1974):
and clearance methods using saline (McLure and Aldrich,
1923), atropine (Hynes, 1948) or radioactive isotopes
(Tauxe et al, 1970; Tsuchida and Tsuvya, 1978). Each of
these methods has added to the knowledge of the general
behaviour of flap circulation but none has provided the
combination of simplicity and accuracy to enable it to be
adopted for routine clinical use. This means that skin
flaps may be unnecessarily limited or they may be too
ambitious; they may be left attached to the donor site
for longer than is necessary or they may be divided too
early; or they may be subject to a reversible but un-
detected insult to their blood supply. What 1is required
then is a simple but accurate method of measuring skin

blood flow which can be used in the clinical setting of

plastic surgery.



Lod.d The aim of the present étudy
In 1966 Sejrsen reported on the use of a radioactive

inert gas, Xenon-133, in the measurement of skin blood

flow and claimed that his technique was both simple and

quantitative. This technigue involved the introduction

of 133

Xe 1nto the skin and subsequent monitoring of its

rate of clearance from the site. Although other radio-

active materials have also been used in this way, even as
early as 1948 (Kety), the exact relationship between the
rate of clearance of the isotope and the skin blood flow
has always been subject to some considerable doubt (Tauxe
et al, 1970; Challoner, 1972). Promptedﬁby Sejrsen's
claims that his technique overcame the previous objections,
this study.set out to re—-examine the clearance of 133Xe
from the skin and in particular to use mathematical

models to assess the relationship.between the clearance

rate and skin blood flow.

|

1.4 ANATOMY OF SKIN AND ITS BLOOD SUPPLY N
| |

The skin 1s a complex, glandular organ which, because

of its.intimate'contaét with the environment, primarily
serves to protect the body from external i1nsults and con-
ditions. In this respect 1t mediates sensation, provides
thermoregulation, resists bacterial and.chemicalpen—
etration by producing a horny covering, affords some
protection from light and radiation and lends mechanical
support to the body structures. One of its most striking
features is its variability, varying not only between races
and individuals but showing considerable differences be-

tween one part of the body and another. This 1s most
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clearly described by Kligman (1965) who constrasts "the

tropical rain forests of the axillae with the oily
tundras of the face and the comparative deserts of the
trunk". Conseduently any investigation of the properties
of skin requires that the particular area of the body be
recorded; applying the results obtained in one area to

the situation 1n another will surely result in serious

erXrxroxr,

The human skin consists of two distinct layers (Fig.

1.2), of different biological origin: these are a) an

avascular surface layer, the epilidermis and b) an underlying

vascular layer, the dermis or true skin. A third layer,

sometimes considered separately but more often as part of

the "whole skin", 1s the subcutaneous fatty tissue lying
beneath the dermis.
1.4.1 The epidermis

The epidermis (Fig. 1.2a) consists of corrugated
layers of cells which are penetrated 1n places by hair
follicles and sweat glands, both of which extend deeper
down into the dermis. It varies in thickness from
40 pum or less on parts of the face and body to 1 mm or
more on the palms of the hands and soles of the feet
(Southwood, 1955). It has no blood supply but the lower
layers derive nutrition, by diffusion, from.theiblood
vessels contained within the ridges of the dermal-epidermal

junction.

The cells of the epidermis arise from the reproductive

basal cell layer adjacent to the dermis. In this layer a
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Figure 1.2 a) The epidermis: 1 - stratum corneum 2 -
stratum lucidum 3 - granular layer 4 -

prickle cell layer 5 - basal cell layer.

b) The whole skin: 1 - collagen and elastin
2 - fat globules 3 - sebaceous gland 4 -
hair follicle and hair 5 - deep arterial

" plexus 6 - middle arterial plexus 7 -
superficial arterial plexus 8 - capillary

9 - sweat gland 10 - sweat duct.
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continual process of division forms new cells which push
against those above them, resulting in a steady upward.
migration. As the cells approach the surface a complex
process of dehydration, polymerisation and compaction of
the i1ntracellular material occurs and finally keratin
filled, metabolically inactive cells are produced, which
are then 1mperceptibly shed.

Histologists have classified the epidermis into five
layers although in some cases these are ill-defined and
“even indistinguishable. These are a) the stratum
germinitavum or basal cell layer, where regeneration
takes place, b) the stratum Malpighi or prickle cell
'laygr, c) the sfratum.granulosumq the final living layer,
d) the stratum.lﬁcidumqiwhich is often indistinct, and
finally at the surface e) the stratum corneum.

The horny cell layers of the stratum corneum un-
doubtedly provide the barrier function of the epidermis
(Scheuplein, 1978) rather than any of the viable layers
as was originally postulated. This is a passive barrier
dependent simply on the dense structure within the stratum
corneum and, while almost impermeablé to large molecules,
allows all small molecules to pass through to some extent.
1.4.2 The dermis

Although the epidermis and dermis are well bound to-
gether to form a single unit they are strikingly different.
In contrast to the cellular structure of the epidermis the
dermis (Fig.l.2b)is mainly a network of collagen and

elastin fibres, packed densely and with relatively few
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‘cells, in a colloidal ground substance. The bulk of the

fibrous material is collagen which makes up about 70% of

the weight of the skin. In addition this tissue contains

numerous appendages

a)

b)

blood vessels, to be described in section 1.4.4 ‘
lymph vessels - which in general parallel the course
of the blood vessels but whose flow is considerably
less (Mayerson, 1963) .

hair follicles and sebaceous glands which form a
single unit and whose root lies in the dermis but
penetrates upwards through the epidermis. The
sebaceous gland secretes sebum which forms a very
thin layer on the surface of the skin (Tregear, 1966).
The distribution of hair follicles varies considerably
with site .

sweat glands - these consist of a coil situated in
the dermis and a long winding duct which aga?n pen-
ettateé the epidermis and opens out onto theisurface.
The rate of secretion of the sweat glands increases
considerably at ambient temperatures higher than
30°¢

muscle fibres

nerve fibres

Also sparsely distributed in the dermis are several

types of cells which have important functions in the pro-

cesses of repair.

1.4.3 Subcutaneous tissue

Lying beneath the dermis and merging almost
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imperceptibly with 1t i1s the subcutaneous tissue which
conslists mainly of fat cells. The thickness of this

layer varies considerably according to anatomical site

and the individual.

1.4.4 Blood supply of the skin and subcutaneous tissue

The blood supply of the skin performs the dual tasks
of fulfilling the nutritional requirements of the tissue
and controlling body temperature. This double functioﬁ
is reflected by the remarkably wide range of blood flow
~which can be achieved. In addition because of its high
proportion of supporting rather than metabolic tissue the
minimum blood flow which is necessary for its survival 1is
extremely smali.

As wifh the structure of the skin, there is a general
‘pattern of the blood vessels which applies to most skin
for most of the time, but again considerable variation from
this pattern has been observed. In particulér this applies
to the changes which are apparent in pathological states
(Ryan, 1976).

A flat network or plexus of small arteries lies just
below the lower surface of the dermis in the subcutaneous
tissue. This network sends branches throughout the sub-
éutaneous tissue and also up into the dermis. These
branches run vertically or obliquely through the dermis
dividing and subdividing many times, producing the
characteristic candelabra pattern (Fig. 1.3). As the
arteries enter the dermis they are about 100 u in dliameter

but this falls to 50 p in the middle of the tissue



Figure 1.3
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(Ryan, 1973). The dermis receives a rather poor capillary
blood supply, as noted above, although a large number of
capillaries are found around the sweat glands and hair
follicles. 1In contrast a much richer capillary supply is
found close to the epidermis in the papillary ridges (Fiq.
1.2b). This arises from a sub-papillary arterial plexus b
and each capillary is made up of a vertical loop, rather
like a hair pin. In most cases only one capillary, about
10-15 p in diameter and 0.2-0.4 mm in length, is found in
each papilla. Venous plexuses are found in the sub-
papillary layer - it is this plexus which governs the
colour of the skin - in the middle‘of the.dermis and in
the area'just below the dermis. Drainage from the sub-
cutaneous tissue occurs into this éubdermal plexus. The
veins of the skin, which are more numerous than the
arteries, are 40-60 p 1n diameter in the middle Qf the

skin rising to 100-400 p in the subdermal region.
' i

1.5 HY_PERTHERMIA IN THE TREATMENT OF CANCER

The ability of héat to alter the course of tumour
progression was first recognised more than 100 years ago
by Busch (1866) who noted spontaneous tumour regression
in patients who had a severe fever caused by bacterial
infection. This finding was adopted by Coley (1893j who
then deliberately induced fever in his patients by 1in-
jecting them with various bacterial toxins and obtained
some cases of remarkable and sustained regression 1n
patients with advanced and inoperable malignant disease.

The most successful results were apparently 1n the patients
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who developed high and sustained fever. Therefore, despite
the fact tﬁat the effects of this treatment were undoubtedly
due to the combination of the bacterial actions and the

role of the body's immune system as well as the increased
temperatures, Westermark in 1927 carried out investigations
into the treatment of cancer using localised hyperthermia.
These studies supported the previous observations and

suggested a differential effect of heat on tumour and ﬁormal

tissue. However, as the effects were rather inconsistent

~and since other new and exciting forms of cancer treatment

were being developed at that point in time (viz., radio-

therapy, chemotherapy and surgical techniques), the use

of hyperthermia was temporarily pushed into the background.

More recently new technical advances in heating techniques

and the failings of conventional treatments to provide a

universal cure for malignant disease have resulted in a

revival of interest in hyperthermia. This stems in par-

ticular from the work of Crile in 1963 and Cavaliere et al 1in
| | | / & Bleehen |

1967. Dickson (1979), Field’(1979), Stehlin (1977) and

many others (Streffer et al, 1977) have since advanced the

studies through scientific research to limited examples

of clinical practice, utilising hyperthermia on 1ts own

and in combination with drugs or radiotherapy.
1.5.1 The effect of heat on body cells and tissues
Increasing the temperature of body cells and tissues

only a few degrees above their normal temperature results

in considerable changes within the cells and eventually

cell death. Although much 1s known of the effects of



hyperthermia the critical target for thermal damage has
not so far been identified (Connor et al, 1977: Dickson

and Calderwood, 1980). It appears that the thermal enerqgy
required for cell killing corresponds to protein de-
naturation (Westra and Dewey, 1971) and this could inhibit
replication of DNA and synthesis of protein (Mondovi et al,
1969b). Inhibition of cellular respiration (Mondovi et al,
1969a) and disruption of cell memoranes (Dicksgh, 1975;
Janliak and Szmigielski, 1978) have also been suggested as
important targets. In addition there are other physical
and physiological factors which must be considered when
evaluating the effect of hyperthermia in vivo. These
ihclude the blood flow, tissue pH, metabolic rate, differ-
ential thermal sensitivity and immﬁne response (Dickson
and Calderwood, 1980). I

The effectiveness of hyperthermia in cancer therapy
depends on a differential effect on tumour tissue}compared
to normél tissue. Despite the fact that there isia lack
of convincing evideﬁce that tumour cells are more sensitive
to heat than normal cells in vitro (Song et al, 1980) it
is clear that most tumours are more heat sensitive 1n vivo
(Kim and Hahn, 1979; Le Veen et al, 1976). Field and
Bleehen (1979) have summarised the possible factors re-
sponsible for this, and these 1include reduced blood flow
in the tumour, lOW'pH and lack of nutrition.
1.5.2 Variation of hyperthermic effect with temperature

The thermal damage produced 1n a tissue will depend

on the temperature obtained within the tissue and the



time of application of the hgat. The higher the temp-
erature the less time 1s required to produce the same
biological effect (Overgaard and Overgaaxrd, 1977).
Figure 1.4 shows a typical thermal response curve of
the heating time required to produce a given biological
effect at various temperatures (from Dickson and
Célderwood, 1980, and Field and Bleehen, 1979). It is
seen that a change of 1OC-in.tissue temperature 1is
equivalent to altering the heating time by a factor of
more than two (Dickson, 1977). Similarly, Field and
Bleehen (1979) show that an increase in heating time of
only 20% or a change 1n temperature of 0.5°C is sufficient

to increase the probability of necrosis in a tissue from

O to 100%, at the critical point.

These results have sewveral i1mportant implications
in the clinical practice ¢f hyperthermia.

a) First of all, and of wvital importance, accurate
monitoring'of the tempefature within the heated
region will be required.

b) Since both normal and tumour tissue may be con-
tained within the heated region then, to avoid
appreciable normal tissug change, a high degree
of uniformity of heating will be required.

c) Only small differences in heat sensitivity or
small differences 1n temperature within a tumour,
caused for example by poor heat dissipation, will
produce a decided therapeutic advantage.

In order to maximise the differences between normal
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~and tumour tissue a temperature of 42°C has been suggested
for clinical hyperthermia (Dickson and Calderwood, 1980)
although specific tumours may require higher temperatures
than this. Such a temperature would reguire a heating
time of 20 hours (Dickson and Caldexrwood, 1980), which,

for practical reasons, would be given in separate treat-

ments of about one hour each.

1.5.3 The aim of localised hyperthermia

The temperature of tissues of the body can be 1n-
creased either as a whole body effect, by use of hot air,
waxXx or space suit technology (Pettigrew, 1975), a regional
effect by perfusion with heated fluid (Cavaliere et al,
1967) or as a local effect using various physical tech-
nigques such as ultrasound (Ter Haar, 1979), high frequency
electromagnetic waves (Guy et al, 1974; Mendeckl et al,
1978), low frequency electric currents (Doss and McCabe,
1976) or by simple conduction of heat (Robinson et al,
1974).

Localised hyperthermia has considerable practical
advantages and with it temperature differentials between
tumour and normal tissues may be produced, unlike whole
body or regional Heating by perfusion. Its application
depends on the ability to direct heat to a particular
volume of tissue while at the same time producing little
or no heat in the surrounding tissues. Ideally the
heating pattern should be uniform within the region of
interest. However, even with this heating pattern, the

temperature distribution produced will depend on the
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physical properties of heat dissipation (conduction)
and also on biological properties such as blood flow.
The biological effect produced by this temperature dis-
tribution will! as previously discussed, depend on many
other factors,
1.5.4 Aim of the present study

Although a large amount of research has been carried
out on the effects of increased temperatures on the célls

and tissues of the body and on the theoretical heating

- patterns delivered by different physical techniques very

little has been undertaken on the true temperature dis-
tributions achieved 1in vivo and 1n particular on the
factors affecting these. In most studies the temperature
at only one point within the heated region is monitored
and the biological effects are related to this one
temperature. Hume et al (1979) have recently illustrated
the existence of non-uniform temperatures within the
treatment volumes and have discussed the significance of
this with regard to the interpretation of the biological
effects.

The aim of the present study is to investigate, with
the aid of mathematical models, the effect of heat trans-
fer processes, viz. thermal conduction and blood flow, 1in
modifying the temperature distributions produced in vi1vo
dufing localised hyperthermia. The roles of these pro-
cesses in producing both beneficial and detrimental
effects will be discussed and the significance of these

effects in relation to cancer therapy examined.
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2.1 INTRODUCTION

Clearly there is an extensive amount of literature
on the ways 1n which materials and heat are transported
and distributed in the human body. In line with the aims
of "the present study this review concentrates primarily
on models of local clearance of a material, as applied

to tissue blood flow measurement, and on models of local-

'ised, as opposed to whole body, heat transfer.

2.2 PHYSICAL PROCESSES INVOLVED IN THE TISSUE CLEARANCE
OF A LOCALLY DEPOSITED MATERIAL I
Interest in the mathematical description and modelling

of the transport of diffusible substances in the body has

developed mainly from three areas of investigation, viz.,

a) the analysis of the uptake of anaesthetic gases
(Morales and Smith, 1948),

b) the analysis of the supply of oxygen to the tissues

(Krogh, 1919), and
c) the measurement of tissue blood flow (Kety, 1951).

It is with this third area of investigation that the present

review concentrates.

In 1923 MclLure and Aldrich injected saline into the
skin, producing a small bleb, and used the sﬁbjective
assessment of the rate of disappearance of this bleb as
a measure of skin blood flow. This was probably the
first attempt to relate the rate of clearance of a locally
deposited substance to the rate of blood flow. Further
development of this technique was slow, however, since the
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