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ABSTRACT 

Analytical and numerical models are developed to 

describe the transport and re-distribution of a highly 

diffusible substance in the tissues of 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 

localise. d hyperthermia in cancer therapY- 

The models show that significant exchange of both 

an inert 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 and, the 

implications of this are discussed for both problems. 

The clearance of 
13 3Xe from the skin, after 

epicutaneous application, is shown to be dependent on 

the diffusion properties of the epidermal barrier as 

well as the blood flow. The technique is therefore 

considered unsuitable as a method of measuring skin 

blood f low. 

The temperature distributions produced during 

localised hyperthermia are shown to be greatly 

influenced by blood flow and thermal conduction. In 



0 iii 

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 I 

V 

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 in their common form here 

and, to provide consistency, other terms are converted 

to the same units, based mainly on g, cm, and m-1. 
I 

Conversion factors to proper SI units are given in 

Appendix E. 
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1.1 INTRODUCTION 

If heat is produced locally within a tissue of the 

body it will, over a period of time, be redistributed 

2 

both locally to adjacent parts of the tissue and remotely 

to other tissues of the body. Likewise, if an amount of 

an inert, diffusible material is 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 in 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 substitutions are 

made for the particular constants of conduction and 

dif f usion. 
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The aim of this study, then, is 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 surnmarised 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'sk-in blood flow in plastic surgery. 

Objective C' - To use the models to investigate the 

roles played by blood flow and thermal conduction in 

modifying temperature distl-ibutions produced in localised 

hyperthermia; and on the basis of the findings to examine 

the use of localised hypertherm-la in cancer therapy. 

This chapter first of all examines the analogy between 

thermal conduction and diffusion (section 1.2) and then 

introduces the two clinical problems to be investigated 

by the mathematical models. Section 1.3 describes the 

importance of the measurement of skin blood flow in plastic 

surgery and the method recently proposed to do this. A 

brief description of the anatormy of skin and its blood 

supply follows in section 1.4. The use of increased 

tissue temperatures in cancer therapy is illustrated in 

section 1.5 and the importance of the uniformity of such 



0 

temperature distributions is described. 

1.2 THERMAL CONDUCTION AND THE DIFFUSION OF MATTER 

ClassicallV the conduction of heat is explained on 

4 

the basis of a simple molecular exchange of kinetic energy. 

The thermal energy of a solid, f or example, consists mainly 

of the vibrational energy of the molecules about their 

-equilibrium positions. In the course of these oscillations 

each molecule interacts or "Collides" with each of its 

neighbours and in 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 

another the kinetic energy of these molecules will be 

greater. During the molecular interactions, then, more 

energy will be transferred from the hot area to the cold 

than in the opposite direction. This is 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 of 

molecules within one region then more molecules are 

likely to leave that region at any specific time than 
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will enter. There will thus be a net flow away from -the 

region of high concentration. This is 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 

in gases, liquids and solids. Despite this each process 

has been shown to be described 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, 
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states that the rate of heat transfer over a unit surface 

area, due to a temperature gradient within an isotropic me- 

diun-4 is directly proportional to the size of that gradient 

0ST 
Q 1.1 

0 
where Q 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 dif fusion 

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 

bx 
1.2 

where J is the mass flux, C the mass concentration. 

In this case the constant of proportionality is known as 

the diffusion coefficient of the substance in the medium. 
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In both cases, then, the equations state that the 

flux is porportional to the gradient of the driving force 

which in one case is 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 layer 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 is 

subsequently detrimental to the patient's health, comfort 

and expectations. In almost all. cases this failure has 

its roots in an inadequate blood supply. 

Transplantation of skin from one part of the body to 

another-is required when a wound is too extensive to close 

by simple suturing. In most cases a skin graft is 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 is 

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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direct cutaneous 
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3. FREE 

direct cutaneous 
artery 
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Figure 1.1 Types of skin flaps. 
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is similarly dependent on the surgeon's expertise and 
I 

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 circulation of a flap. 

These have included physical measurements such as rate of 
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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 

(Tei6h-Alasia, 1971) or microspheres (Reinisch, 1974)7 

and clearance methods using saline (McLure and Aldrich, 

1923), atropine (Hynes, 1948) or radioactive isotopes 

(Tauxe et al, 19707 Tsuchida and Tsuya, 1978). Each of 

these methods has added to the knowledge of the general 

behaviour of flap circulation but none has provided the 

combination of simplipity 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 is required 

then is a simple but accurate method of measuring skin 

blood flow which can be used in the clinical setting of 
I 

plastic surgery. 
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The aim of the present study 
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In 1966 Sejrsen reported on the use of a radioactive 

iner gas, Xenon-133, in the measurement. of skin blood 

flow and claimed that his technique was both simple and 

quantitative. This technique involved the introduction 

of 
133 

Xe into 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). Prompted by Sejrsen's 

claims that his technique overcame the previous objections, 
133 this study set out to re-examine the clearance of Xe 

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 

The skin is a complex, glandular organ which, because 

of its intimate contadt with the environment, primarily 

serves to protect the body from external insults and con- 

ditions. In this respect it mediates sensation, provides 

thermoregulation, resists bacterial and chemical pen- 

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. Thi. s is most 
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clearly described by Kligman (1965) who constrasts "the I 
tropical rain forests of the axillae with the oily 

tundras of the face and the comparative deserts of the 

trunk". Consequently 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 in another will surely result in serious 

error. 

The human skin consists of two distinct layers (Fig. 

of different biological origin: these are a) an 
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avascular surface layer, the epidermis and b) an underlying 

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

som(? time-s considered separately but more often as part of 

the "whole skin", is 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 in places by hair 

follicles and sweat glands, both of which extend deeper 

down into the dermis. It varies in thickness from 

40 ýLm 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, 19 55). It has no blood supply but the lower 

layers derive nutrition, by diffusion, from the blood 
I 

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 

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 surf ace a complex 

process of deh9dration, polymerisation and compaction of 

the intracellular material occurs and finally keratin 

filled, metabolically inactive cells are -produced, which 

are then imperceptibly 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 

layer, c) the stratum granulosum, the final living layer, 

the stratum lucidum, which 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 impermeable 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. 1.2b)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) blood vessels, to be described in section 1.4.4 

b) lymph vessels - which in general parallel the course 

of the blood vessels but whose flow is considerably 

less (Mayerson, 1963) 

c) 

d) 

I 

e) 

f) 

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)o 

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 again pen- 

etrates the epidermis and'opens out onto the! surface. 

The rate of secretion of the sweat glands increases 

considerably at ambient temperatures higher than 

30 0c 

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 



0 

imperceptibly with it is the subcutaneous tissue which 

consists mainly of fat cells. The thickness of this 

layer varies considerably according to anatomical site 

and the indivijual. 

1.4.4 Blood supply of the skin and subcutaneous tissue 

14 

The blood supply of the skin performs the dual tasks 

of fulfilling the nutritional requirements of the tissue 

and controlling body temperature. This double function 

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 is 

extremely small, 

As with 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 particular 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 surf ace of -the dermis in the subcutaneous 

tissue. This network sends branches throughout the sub- 

cutaneous tissue and also up into the dermis. These 

branches run vertically or obliquely through th, e dermis 

dividing and subdividing many times, producing the 

characteristic candelabra pattern (Fig. 1.3). As the 

arteries enter the dermis they are about 100 ýL in diameter 

but this falls to 50 ýi in the middle of the tissue 
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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. In contrast a much richer capillary supply is 

found close to the epidermis in the papillary ridges (Fig 

This arises from a sub-papillary arterial plexus 

and each papillary is made up of a vertical loop, rather 

like a hair pin. In most cases only one capillary, about 

10-15 V 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 subdermal plexus. The 

veins of the skin, which are more numerous than the 

arteries, are 40-60 [1 in diameter in the middle of the 

skin rising to 100-400 ýi in the subdermal region. ý 

1.5 HYPERTHERMIA IN THE TREATMENT OF CANCER 

The ability of heat 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 (1893) who 

then deliberately induced fever in his patients by in- 

jecting them with various bacterial toxins and obtained 

some cases of remarkable and sustained regression in 

patients with advanced and inoperable malignant disease. 

The most successful results were apparently in the patients 
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who developed high and sustained fever. Therefore, despite 

the fact that 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 normal 

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 byperthermia was temporarily pushed into the bacl, '-.. g round. 

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 in 
& 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 
I 

of clinical practice, utilising hYPerthermia on its 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 is known of the effects of 
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hyperthermia the critical target for thermal damage has 

not so far been identified (Connor et al, 1977o, Dickson 

and Calderwood, 1980). It appears that the thermal energy 

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 merwranes (Dickson, 1975; 

Jania 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 

include the blood flow, tissue pH, metabolic rate, differ- 

ential thermal sensitivity and immune response (Dickson 

and Calderwood, 1980). 

The effectiveness of hyperthermia in cancer therapy 

depends on a differential effect on tumour tissue-compared 

to normal tissue. Despite the fact that there i-s, a lack 

of convincing evidence 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 in vivo 

(Kim and Hahn, 19797 Le Veen et al, 197&). Field and 

Bleehen (1979) have summarised the possible factors re- 

sponsible for this, and these include 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 in a tissue will depend 

on the temperature obtained within the tissue and the 
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time of application of the heat. The higher the temp- 
I 

erature the less time is required to produce the same 

biological effect (Overgaard and Overgaard, 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 

Calderwood, 1980, and Field and Bleehen, 1979). It is 

seen that a change of 10C in. tissue temperature is 

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 

19 

only 20% or a change in temperature of 0.5 0C is sufficient 

to increase the probability of necrosis in a tissue from 

0 to 100%, at the critical point. 

These results have several important implications 

in the clinical practice of hyperthermia. 

a) First of all, and of vital importance, accurate 

monitoring of the temperature 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 tissue change, a high degree 

of uniformity of heating will be required. 

only small differences in heat sensitivity or 

small differences in 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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Figure 1.4 Thermal response curves - the relationship 
between heating time and temperature for the 

follcLwing effects (a) the probability of 

producing necrosis in rat tails is 100% (b) 

the probability of producing necrosis in rat 
tails is zero (c) the thermal death times 

for human skin. 
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. 
and tumour tissue a temperat, ure of 42 0C has been suggested 

for clinical hyperthermia (Dickson and Calderwood, 1980) 

although specific tumours may require higher temperatures 

than this. Such a temperature would require a heating 

time of 20 hours (Dickson and Calderwood, 1980), which, 

for practical reasons, would be given in separate treat- 
I 
ments of about one hour each. 

1.5.3 The aim of localised hyperthermia 

The temperature of tissues of the body can be in- 

creased either as a whole body effect, by use of hot air, 

wax 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- 

niques such as ultrasound (Ter Haar, 1979), high frequency 

electromagnetic waves (Guy et al, 1974; Mendecki 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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-- I- physical properties of heat dissipation (conduction) 

and also on biological properties such as blood flow. 

The biological effect produced by this temperature dis- 

tribution willt, as previously discussed, depend on many 

other factors. 

l. '5.4 Aim of the present study 

22 

Although a large amount of research has been carried 

out on the effects of increased temperatures on the cells 

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 in vivo and in particular on the 

fac: tors affectLng these. In most studies the temperature 2 

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, in 

modifying the temperature distributions produced in vivo 
I 

during 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 in which materials and heat are transported 
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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 

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 McLure and Aldrich injected saline into the 

skin, producing a small bleb, and used the subjective 

assessment of the rate of disappearance of this bleb as 

a measure of skin blood f low. 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 

only tissue open to this visual assessment was, of course, 
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the skin. Hynes (1948) reported a modification of this 

technique whereby atropine was injected into a tissue. 

Since atropine produces blurring of the vision when it 

reaches the eyes the time taken for this to occur was. 

25 

adopted as a measure of its clearance time from the in- 

jected area and subsequently of the blood flow. The time' 

taken to travel from the local injection site to the eyes 

was assumed to )De relatively small. 

In both of the above cases a proper objective 

measurement of the rate of clearance was not possible. 

This awaited the development of tracer substances which 

could be-quantitatively monitored from outside the body 

- artificially produced radioactive isotopes. 

In 1951 Kety, prompted by the emergence of these 

radioisotopes, gave a comprehensive review of the exchange 

of inert gases at the lungs and tissues. He defined an 

inert gas as a substance which dissolves in the blood and 

tissues of the body according to Henry's Law and iýinder- 

goes no chemical change within it. Inherent in his 

assumptions was also the fact that exchange between blood 

and tissue occurs only by a passive diffusion process with 

no active transport mechanism involved.. All of these 

characteristics relate directly to the present study. 

Kety (1951) proposed that, in a homogeneous tissue, 

in order for a substance to be cleared from it two distinct 

steps are involved 

the material has to pass from the intracellular and 

extracellular spaces of the tissue through the 



capillary walls to the blood, and this occurs by 

dif f usion 
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b) - the material is then transported away from the tissue 

by the bl6od f low. 

He then showed that, for capillaries, the time taken to, 

achieve complete diffusion equilibrium, between the blood 

and the cylinder of tissue served by each capillary, is 

much less than one second. In these calculations the 

value of the diffusion coefficient of oxygen was used, 

and this is similar to most other gases. Since this 

diffusion time is less than the time taken for blood to 

pass through a typical capillary he suggested that the 

cle. arance rate from tissue is therefore dominated by the 

rate of blood flow and not by the time taken to diffuse 

to the capillaries. Furthermore, he demonstrated that in 

such a homogeneous tissue, the blood flow would remove a 

constant fraction of the deposited material in each time 

interval. Mathematically the rate of clearance is then 

represented by a single exponential function whose rate- 

constant is proportional to the blood flow. 

This analysis was in direct contrast to that of 

Teorell (1937) who considered the clearance rate to be 

diffusion limited, although he gave no justification for 

this. More recently Hills (1967) has expressed support 
I 

for this "diffusion limited" approach. He investigated 

the diffusion of inert gases 
85 

Krypton and acetylene in 

muscle tissue and reported intracellular diffusion co- 

efficients which were several orders of magnitude less 



0 

than previously accepted values for the bulk diffusion 

coefficients. Using a detailed mathematical model he 

then deduced that diffusion to the capillaries played a 

much more significant role than previously imagined and 
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that much of the experimental data could be equally well' 

explained by a diffusion or perfusion limited theory. 

Subsequently Hennessy (1971,1974) produced even more 

elaborate models based on this approach. 

Hills' theory, however, is inconsistent with a large 

amount of the experimental findings. Jones (1950), for 

example, showed that the rate of clearance of two gases 

of widely different diffusion coefficients was identical. 

Betz et*al (1966) have shown similar results when compar- 

ing the clearance of an inert gas and heat, whose diff- 

usion coefficients are two orders of magnitude different. 

Larsen and Lassen (1967), in subcutaneous tissue and 

Haggendal et al (1965), in white matter of the brain, 

have shown that the clearance rate in these tissues 

follows a single expopential course for a considerable 

time contrary to what would be expected if a diffusion 

limitation was present. Above all, however, Unsworth 

and Gillespie (1971) and Evans et al (1974) have also 

measured diffusion coefficients in tissue and have not 

been able to demonstrate the very low values reported by 

Hills for intracellular diffusion coefficients. Accord- 

ingly they have Pointed out several potential sources of 

uncertainty in Hills' experimental methods. 

In the present study Ketv's original assumption has 
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therefore been adopted, i. e. that the diffusion coefficient 

of an inert gas is high enough to ensure that a complete 
diffusion equilibrium is achieved between the tissue and 

the blood in the capillaries. In addition it has been 

assumed that each tissue is represented by a single, bulk 

diffusion coefficient. Paradoxically this relatively 

high diffusion coefficient of an inert gas introduces two 

further Lmportant factors in the modelling of tissue 

clearance which Kety neglected. Indeed, although these 

factors have since received limited investigations they 

are, with few exceptions, ignored in practical applications 

of the clearance techniques. 

Firstly the size, total surface area, linear velocity 

of blood flow, etc., of capillaries combine to maximise 

the exchange of nutrients within these vessels (Folkow 

and Neil, 1971). For this reason they are often known as 

the exchange vessels. However several studies have in- 

dicated that exchange of highly diffusible substances 

such as heat (Bazett e. t al, 1948) and inert gases (Stosseck, 

1970-, Broderson et al, 1973; Sejrsen and Tonnessen, 1972; 

Sejrsen, 1970) occurs through the walls of blood vessels 
j 

larger than capillaries. In essence this simply indicates 

that there is not a step change in the properties of the 

blood vessels going from capillaries to larger vessels. 

Complete diffusion equilibrium occurs in the capillaries 

themselves while small arteries and veins presumably allow 

limited diffusion and large arteries and veins virtually 

no diffusion. The exchange properties, in relation to 
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inert gases, of the various branches of the circulatory 
I 

network have never been properly defined. There are 

several consequences of this limited exchange. Sejrsen 

(1967) has shown that, with an intra-arterial bolus input 

of inert gas to a tissue some of the gas is lost from the 

arterial vessels and then picked up again as the arterial 

bolus passes. This produces an extension of the bolus. 

Similarly with this technique, the often close proximity 

of arteries and veins allows the gas to diffuse from one 

vessel to the other producing a diffusion shunt and allow- 

ing gas to bypass the capillary bed of the tissue (Gilles- 

pie, . 
1967c, Broderson et al, 1973). This led Broderson et al 

133- to claim that "at low blood flow the Xe clearance 

method becomes ambiguous as an indicator of brain blood 

flow". No account of this is taken, however, in present 

day use of the technique. More important for a local 

clearance technique Sejrsen (1971) and Challoner (1973) 

have demonstrated, in skin, that inert gas may be lost 

from venous vessels as they pass through other tissues 

which have a lower partial pressure of the gas. In this 

way a considerable amount of 
133Xe is deposited in the 

fatty tissue below the skin, leading Challoner (1973) to 

claim that this method is therefore unsuitable for skin 

blood flow measurements. 

The second factor of importance, because of the 

high diffusion coefficient of the inert gases, is that 

they will not only be able to diffuse rapidly from tissue 

to the capillary blood but will also be able to diffuse 
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from one tissue to another (Gillespie, 1967). This, of 
I 

course, will occur where two tissues have different 

partial pressures of the gas and this may be due to the 

initial labelling of the tissue, different solubilities 
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of the tissues or to different blood flows in them causing 

one tissue to clear more rapidly than another. Despite 
II the fact that Gillespie (1967) illustrated the importance 

of this problem in the brain, again no account of it is 

taken in present day use of the technique, even though it 

was experimentally verified by Espagno and Lazorthes 

(1965) and Nilsson (1965). This effect will be greatest 

in thin tissues and this has been ably demonstrated by 
/et al 

Strang'(1979) who found intertissue dif. Lasion to be a 

major factor in measuring blood flow in the eye. Sejrsen 

(1967,1971) likewise notes that intertissue diffusion 

takes place in the skin but does not include it - in his 

final model, even-though its relative importance increases 

considerably at low blood flows. 

2.3 MEASUREMENT OF SKIN BLOOD FLOW USING XENON-133 

In a series of papers from 1966 Sejrsen (1966,1968, 

1969,1971) described the processes involved in the 

clearance of a local deposit of the radioactive inert 

gas, Xenon-133, from the skin. By then neglecting what 

he considered to be the least important processes he 

produced a mathematical function describing the clearance 

curve and using this he showed how a value for the dermal 

blood flow could be obtained. Later Challoner (1973) 

repeated some of the. basic investigations and, in a much 
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less detailed fashion, produced support for Sejrsen's 
I 

model. The accuracy of this technique, in measuring skin 

blood flow, has never been determined due solely to the 

lack of a direct method with which to compare it. Despite 

this it has subsequently been adopted in a large number 

of clinical and research investigations (Nyfors and 

Rothenborg, 19707 LeRoy et al, 1971; Fox et al, 19727 

Greeson et al, 1973-, Moore, 1973; Kostuick et al, 1976; 

Handel et al, 1976; Kristensen and Wadskov, 1977; Tsuchida 

and Tsuya, 1978; Prather et al, 1979; Daly and Henry, 1980). 

Doubts about the validity of Sejrsen's model have been 

raised only once before (Chimoskey, 1972) and therefore 

because of this almost complete acceptarce of his model 

a detailed description is left to chapter 4 and only a 

brief summary given here. 

Two ways of introducing the 133 Xe into the skin were 

presented (Sejrsen, 1971), one by a direct dermal injection 

and the other by diffusing it through the epidermis (known 

as the epicutaneous diffusion method). Clearance from 

the dermis was then said to occur almost entirely by the 

dermal blood flow. A proportion of the 133 Xe removed 
I 

from the dermis then travelled to the lungs where it was 

lost to the air while the rest of it was transferred from 

the dermal venous blood to the subcutaneous fatty tissue. 

This was then removed in a similar way by the subcutaneous 

blood flow. Sejrsen presented evidence to show that both 

the dermis and subcutaneous tissue act like Kety's simple 

homogeneous tissue, as described in the previous section, 
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each of them producing a single exponential clearance 

rate. Because of the high solubility of 
133 

Xe in fatty 

tissue the rate of clearance from the subcutaneous tissue 

was considerabYy slower than from the dermis. The com- 

posite clearance curve, obtained by radiation detectors 

positioned over the skin, was therefore made up of two 

different exponentials, a fast one representing the 133 
Xe 

removed by the dermal blood flow and a slow one due to 

the 133 
Xe transferred to the fatty tissue and removed by 

the subcutaneous blood flow. Challoner (1973), using, 

only the injection technique, suggested that the fatty 

tissue accumulation was considerable-and that this re- 

duced the sensitivity o', f-' the technique for measuring 

dermal blood flow. Sejrsen, however, felt that this 

was only true at very low values of blood flow. 

Both Sejrsen and Challoner claimed that the process 

of injecting the skin increased the skin blood flow, in a 

variable way. Therefore, although the injection technique 

was theoretically capaýble of measuring the dermal flow it 

was in fact reflecting a disturbed situation and not the 

resting blood flow. Sejrsen concluded that in order to 

obtain a true measure of the resting skin blood flow the 

epicutaneous diffusion technique must be used. 

Chimoskey (1972) attempted to validate the technique 

by comparing it with venous-occlusion plethysmography 

(VOP), a procedure which can be used only on the limbs 

and which reflects skin hlood flow only when used on the 

fingers. Unfortunately he chose to assess only the direct 

injection of 
133Xe 

and to ignore the epicutaneous diffusion 
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method. Since he obtained a direct relationship between 

the flow values measured by 133 
Xe clearance and by VOP 

he concluded a) that the direct injection method is an 

accurate measure of skin blood flow b) that there was 

therefore no evidence for injection trauma and c) that 

since, according to Sejrsen, the epicutaneous method gave 
lower values of flow than the injection method then the 

former must label structures other than dermis to produce 

this low clearance rate. In his study, however, Chimoskey 

used the initial slope of the clearance curve to determine 

skin blood flow but failed to acknowledge that this would 

underestimate the fast exponential component representing 

the dermis (Kristensen and Wadskov, 1977). This would 

therefore tend to cancel out any overestimation of flow 

caused by injection trauma. He may, of course, have con- 

sidered (although he did not mention it) that since the 

VOP essentially measured a mean value of the flow, between 

dermis and subcutaneous tissue then the use of th Ie initial 

slope of the clearance curve was therefore more appropriate. 

However, in an in-series system such as this the initial 

slope will be as greatly affected by the relative ampli- 

tude of the two components as by their dlearance rates. 

As already indicated by Sejrsen (1971) the relative 

amplitude depends on the amount of 
133 Xe transferred from 

the dermal venous blood to the subcutaneous tissue and so 

the initial slope is not necessarily well correlated with 

a mean blood flow. 

Without exception the papers which have appeared 
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using Xenon-133 in skin blood flow measurements have 

referred to Sejrsen's original work. It is surprising, 

however, that very few of them have accepted his advice 
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concerning the method of introduction of 
133 

Xe and the 

analysis of the clearance curve. Most have preferred toý 

use the injection technique, calculating the blood flow 

from the initial slope of the curve, although they do 

not 3ustifY these modifications to Sejrsen's technique. 

Kristensen and Wadskov (1977) showed that the use of the 

initial slope failed to demonstrate the reduction in skin 

blood flow caused by application of corticosteroids and 

clearly evident from a more complete, analysis of the 

clearance curve. By using the initial slope after 

injection, Greeson et al (1973) in a drug study, Nyfors 

and Rothenborg (1970) in psoriasis, and LeRoy et al (1971) 

in scleroderma leave doubts as to whether the chanaes in 

flow they reported were true changes or whether they were 

due to a difference in reactivity of the vesselsbr to a 

difference in the transfer processes occuring between 

the blood and subcutaneous tissue. 

In some papers the technique has been accorded 

quite unrealistic capabilities. For example, Moore (1973), 

in assessing the level at which a leg may be amputatEed, 

presented a value, 0.60 ml/100g/min, for the skin blood 

flow below which the skin would not survive. In his 

study the three patients who had flows lower than this 

level all developed necrotic wounds, while all others, 

with higher flows, healed well. Since he used only the 
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initial 10 minutes Of the clearance curve it can be cal- 

culated from his results that, in order to differentiate 

between the two groups of patients, an accuracy of bet- 

ter than 0.5% tvould have to be attributed to the 

technique. Clearly this is an impossible level to 

achieve in measurements of this kind and a more realistic 

assessment of the reproducibility, of 20%, was given by 

Challoner (1972). Kostuik et al (1976) assumed similar 

levels of accuracy to that of Moore but their clinical 

results reflected the. inability to achieve this. 

The most thorough use of Sejrsen's technique has 

been made by Handel et al (1976), appropriately, for the 

prepeent study, using the epicutaneous technique on skin 

flaps. They not only split the clearance curve into its 

component parts, but also used a computerised method of 

assessing the goodness of fit to the experimental curve. 

In this way they attempted to show in each situation 

that only two exponential components were present and 

where this was not trýie the data was rejected. However, 

as has been emphasised before (Riggs, 1963) the ability 

to provide a good fit to a clearance curve by using a 

number of components does not prove that these com- 

ponents exist. Handel et al did not investigate the 

effect of further components on the adequacy of fit of 
I 

the curves. The importance of this will be discussed 

in chapter 6. 

2.4 GENERAL MODELS OF HEAT TRANSFER IN BIOLOGICAL TISSUES 

The many studies devoted to the modelling of heat 
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transfer in tissues of the human body can be classified 

into three categories. 

(a) those dealing with the thermal behaviour of the 

body as a whole and concerned in particular with therm- 

al regulation and comfort (Hardy et al, 1970). 

(b) those dealing with the temperature profiles pro- 

duced over relatively long distances and related mainly 

to studies of the limbs (Pennes, 1948; Mitchell et 

al, 1970). 

(c) those dealing with heat transfer and temperature 

distributions in a localised region of the body, over 

distances of a few centimetres or even millimetres, and 
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concerned primarily with the therapeutic aspects of heat 

and the use'of heat in tissue blood flow studies (Perl, 

1962; Klinger, 1974). 

It is on this third category that the present re- 

view concentrates. 

Any model of a physical or biological systeMý must, 

of necessity, simplify it. The large number of models 

developed to describe heat transfer in a biological 

tissue differ mainly in the extent to which each of 

them introduce simplifying assumptions, -in the complexity 

of the geometrical arrangement of tissues and in the 

boundary conditions which are required in each part- 

icular investigation. Most of the fundamentals of the 

physical processes are understood; the problem is often 

one of applying the knowledge to a particular practical 

situation. 



37 

The most basic model of heat transfer in a tissue 

is to assume that the tissue is homogeneous and iso- 

tropic and that heat is transferred within the tissue 

solely by the process of conduction. Fourier's equations 

can then be used to determine the temperature distri- 

bution at any time and solutions for almost every con- 

ceivable physical situation of this kind have been 

reported (Crank, 1975). Although this simple description 

forms the basis of all heat transfer models and is some- 

times even the only process taken into account (Lin, 

1972; Draper and Boag, 1971), it neglects one very im- 

portant parameter. Pennes, in 1948, recognised the 

significant role played by the circulation in transport- 

ing heat within the body. In developing what has come 
et a], 

to be known as the "bio-heat transfer equation" (Cravalho 

1980) Pennes, and later Perl (1962), aFsumed the blood 

flow to act in the following way: the blood enters the 

tissue at arterial temperature, attains the local tissue 

temperature and is then immediately lost in the venous 

part of the circulation without further heat exchange 

taking place. The blood flow in each blood vessel can 

therefore be considered as a heat sink and represented 

by a simple Fick's equation (see Chapter 3). It was 

assumed in this description that complete thermal equi- 

libration between the tissue and blood 
--Ls attained during 

the passage of the blood through each of the small, heat 

exchanging blood vessels. 

Perl (1962) further showed that, by considering 
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only the collective effect of the large number of small 

blood vessels, it was possible to obtain an expression 

which described the total heat transfer in tissue due to 

the total bloo& supply. This model of the blood supply, 

which has been adopted extensively in recent studies and 

has been shown to provide fairly good agreement with ex- 

perimental results (Shitzer and Kleiner, 19767 'Chan et al, 

1973; Cravalho et al, 1980) has, however, some deficien- 

cies. As has begn mentioned already in section 2.2 this 

type of model is reasonable only if heat exchange occurs 

in the capillary region alone and if temperature dis- 

tributions are being assessed over distances much greater 

than the capillary size. The fact that heat exchange 

occurs in vessels much larger than capillaries has been 

shown previously (Bazett et al, 19487 Betz et al, 1966). 

Only Klinger (1974) and, very recently, Chen and Holmes 

(1980), have attempted to introduce this large vessel 

exchange into models of local heat distribution. The 

difficulty in modelling such a phenomenon is that the 

circulatory architecture is both extremely complex and 

variable with the blood vessels varying greatly in size 

both spatially and temporally. Although there is com- 

plete heat equilibrium between the tissue and blood at 

the capillary level this exchange becomes less 
I 
and less 

complete as the vessel size increases. 

Klinger (1974) attempted to produce a general an- 

alysis of this situation by invoking a complicated 

model involving a vector field of convection of the 
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blood. Although this in theory may provide more com- 

plete solutions to the problem it appears in practice 

that only very simple physical situations can be in- 

vestigated witti it. 

/& Holmes 
An alternative approach is that of Chen (1980) who 

has preferred to investigate each part of the problem 

by a separate model. He investigated the loss of heat 

along the length of a cylindrical blood vessel and has 

shown the relative importance of blood vessels of vary- 
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ing sizes, stressing once again that heat exchange occurs 

also at vessels larger than capillaries. 

In addition to conduction and blood flow several 

otber f actors must always be taken into account when 

modelling heat transfer in vivo (Bowman et al, 1975). 

In particular metabolic heat production (Bazett, 1948; 

%.: 3uy et al, 1974), the variation in blood flow in response G 

to thermal regulation (Yang and Wang, 19797 Chan et ai, 

1973) and various boundary conditions on the skin sur- 

face such as radiation and convection have been described 

in the literature. These will be considered more fully 

in later chapters. 

2.5 HEAT TRANSFER MODELS IN HYPERTHERMIA 

The extensive interest in the effects of increased 

temperatures on biological tissues and the application 

of hyperthermia -in clinical practice has been accomp- 

anied by surprisingly few studies of the temperature 

distributions produced in vivo and the factors affecting 

these distributions. This is in spite of evidence that 
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they may differ greatly from those previously expected 

(Hume et al, 1979). 

Of the few papers which have attempted to model the 

temperature diptributions more emphasis has been placed 

on the patterns produced by particular physical tech- 

niques than on the fundamental factors of heat transfer 

which may affect even an ideal heating modality (Chan et 

al, 1973; Guy et al, 1974; Yang and Wang, 1979; Hand et al, 

1979). 

Chan et al (1973) described a model based on the 

finite difference technique, which showed the temp- 

erature patterns obtained with both ultrasound and 

microwave heating. The model consisted of tissue layers, 

representing a pig thigh, and a cooling function described 

the collective effect of the capillary blood supply. 

Although variations in this function, reflecting vari- 

ations in blood flow, were demonstrated the'effect of 

each of the individual physical processes was lost in 

the complexity of the. diagrams. A comparison with ex- 

perimental results in a human thigh showed fairly good 

agreement indicating that such a model undoubtedly forms 

the basis for such investigations. No account, however, 

was taken of the effect of large blood vessels. 

Yang and Wang (1979) presented a similar model of 
I 

tissue layers heated by shortwave and microwave dia- 

thermy. They attempted to show the location of the 

maximum and minimum temperatures within the tissue lay- 

ers but although the effect of blood flow was included 
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as part of the model it was not discussed in the results. 

The effect of changing the thickness of the tissue lay- 

ers and hence showing the importance of conduction was 

similarly omitted. Therefore, although this paper is 

again of use in assessing a particular heating modality 

it did not treat the fundamental processes which may 

alter the heating patterns produced by these techniques. 

Cravalho et al (1980) used a different approach and I 
tried to calculate the heating pattern which would be 

required to produce a uniform temperature distribution 

within a circular tumour which had concentric shells of 

differing characteristics. Both the thickness of these 

shells and the blood fl. ow, represented again by a single 

Fick's equation, within them was varied. In particular 

iý was assumed that as a tumour grew it developed a 

larger area in the central core which had little or no 

blood flow. The paper showed that to produce uniform 

heating in such a solid tumour the heating pattern would 

have to be moulded to. suit each particular tumour. 

serious omission, however, was a consideration of the 

change in temperature profile with time caused by con- 

duction of the heat. No indication of the time at which 

the profiles were obtained was given and therefore again 

they failed to demonstrate the relative importzýnce of 

conduction and blood flow. 

The first paper introducing the possible role of 

large blood vessels in hyperthermia has only recently 

been published (Chen and Holmes, 1980). By assuming a 
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blood vessel to be a simple long cylinder the authors 

show the relative heat exchange which occurs through 

the walls of blood vessels of -N. 7arious sizes. They show 

that even fairl-y large arterioles and venules will be 

involved in such exchange. However, although Hume et 
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al (1979) have shown experimentally that. there are 

localised reduced temperatures around large blood vessels 

this feature is not considered in Chen and Holmes' paper. 
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3.1 INTRODUCTION 
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The complexity of living biological tissue presents 

a challenge to any attempt to model its behaviour. 

Clearly the onty true model of tissue is tissue itself. 

In developing the mathematical models of heat and matter 

transfer in this chapter simplifying assumptions, as to 

the composition and properties of tissue and the geo- 

metrical arrangement of different tissues, are necessary. 

Such simplifications do, of course, restrict the scope 

of the model but it is clear that while a complex model 

will produce more accurate results, in contrast a simple 

model is more likely to allow practical solutions to be 

obtained. The general mathematical formulation of heat 

and matter transfer is outlined in section 3.2 together 

with some of the simplifying assumptions required to 

develop the model further. The theory is based on the 

laws of conservation of energy and mass and involves 

transport both by blood flow and the conduction/diffusion 

process. Each of these is then treated separately and 

in more detail in sections 3.3 and 3.4 and simple an- 

alytical solutions discussed. In section 3.4 blood 

flow is considered at two levels - one in which it is 

considered as a diffuse process describable by Fick's 

principle and the other on a larger scale where the 
I 

effects of single blood vessels are evaluated. However 

only some of the characteristics of blood flow and the 

conduction/diffusion process can be examined separately 

and by analytical means and section 3.5 introduces a 
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flexible numerical computer technique, which allows more 

difference technique is described fully in this section 

and a comparis6n with known analytical solutions, to 

assess the accuracy of the nwTierical technique, is 

outlined. 

3.2 GENERAL THEORY 

Consider a representative volume of a single tissue 
I 

as shown in. Figure 3.1. To satisfy the laws of con- 

servation of energy or mass within this volume the 

following equation can be formulated. 

inc. rease in 
heat energy 
(or mass) 

within the 

tissue 

volume 

net amount of 
heat energy 
(or mass) 

entering the 

volume across 
its surface 
due to con- 
duction (or 

diffusion) 

heat energy (or mass) 
deposited in the 

tissue by other 

physical processes 

a 

heat energy (or mass) 
- 

generated in the 

tissue volume by 

metabolism L 

net amount of heat energy 
(or mass) entering the 

volume across I its surface 

via the blood flow 
L 

The term on the left hand side of the equation, represents 

the rate at which energy (or mass) accumulates within the 

volume as a result of the physical processes on the right 

hand side. This manifests itself in the case of heat as 

an increase in temperature within the volume and in the 
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b 

C 

b 

volume V 

C! 

c 

b 

Figure 3.1 Heat and matter transfer processes in a 

representative volume of a tissue 

c- conduction or diffusion process 
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b transport by blood f low 
ým metabolism 
ýP other physical processes as discussed 

in text. 

Cb 
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case of matter as an increase in concentration7 or more 

correctly, in the case of an inert gas, as an increase 

in the partial pressure of the gas. The first term on 

the right hand side represents the net rate at which 

heat energy or mass is entering the volume through the 

whole of its surface due to conduction or diffusion and 

can be obtained from Fourier's law (equation 1.1) or 

Fick's law (equation 1.2) as (Luikov, 1968) 

, S, Sr l> 1'? ; ý. 
3l P- 

for heat and 

for an inert gas 

where the integration is performed over the surface S 

and k is the thermal conductivity-of the tissue 

is the temperature at the surface 

ST is the solubility of the inert gas in the tissue 

D is the diffusion coefficient of the inert gas in 

the tissue 

P is the partial pressure of the inert gas at the 

surface 

n0 is the unit vector normal to the surface in the 

direction of decreasing temperature or partial 

pressure 
IT 

and 
ýP 

axe the . temperature derivative and partial 4n an 

pressure derivative, respectively, 

along the normal to the surface. 

The second and third terms in the equation represent 



a direct input to the volume. 
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These are due to metabo- 

lism, which can be omitted in the inert gas case, or 

some other physical process such as ultrasound or micro- 

wc-ýve heating ih the heat equation and direct injection 

in the case of the inert gas equation. It may also 

include loss of heat energy by radiation . or convection. 

These terms will be discussed in more detail in the 

specific models described in later chapters. 

Transport of heat or inert gas by the blood flow 

is included in the fourth term. For heat, the total 

energy deposited in the volume is equal to the heat en- 

ergy brought to the volume minus the heat taken away 

from it. This can be summed up most easily as 

/O&ch bý is for heat -r 

where ?b is the density of blood 

cb is the specif ic heat of blood 

Tb is the tempprature of the blood crossing 

the surface 

and f is the blood flow rate at each point of the 

surface. 

Again the integral is taken over the whole surface and 

i is positive when flow is into the volume and'negative 

when out of the volume. When the tissue temperature 

equals the arterial blood temperature the above expression 

will, of course, be zero. A similar expression is used 
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for transport of an inert gas 

S 
Sý -Pb ýAS 

where Sb is the solubility of the inert gas in blood 

and Pb is th6 partial pressure of the inert gas in 

blood. 

Taking volume integrals of the other terms the two 

general equations can be summarised as follows 

r4 vktv 
4 
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s 
4s (3.1) 

for heat and 

s, -p, j* 
(3.2) 

for an inert gas 

where Q 
MI 

QP and QP are input rates as discussed above. 

These equations give a general formulation of the 

rate of change of temperature and partial pressure, re- 

spectively, within the representative volume of tissue. 

These will be expanded in the following sections but 

before doing so it is worth considering the simpli- 

fications which can be included in the analysis by 

examining the size of the volumes involved. F6r example, 

in the investigation of temperature distributions in 

hyperthermia, tissues of the order of 10 cm in length 

are involved. In much the same way that the individual 

effects of atoms can be ignored, it is therefore possible 

a 
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to consider only the collective effects of other struc- 

tures whose dimensions are small compared to the tissues 

involved - viz. cells and blood vessels. In this respect, 

then, the tissue can be considered homogeneous and only 

a bulk term used to describe any particular character- 

istic. A bulk value of the thermal conductivity and 

diffusion coefficient of 
133 

Xe in each tissue is there- 

fore adopted. In addition for some of the investigations 

it will be shown that the blood supply can be treated in 

this way, and the effects of individual blood vessels 

ignored. Of course in other cases, where effects over 

smaller distances are being examined this is not the 

case and'individual blood vessels assume greater im- 

portance. , 

It is also assumed that the tissue is isotropic, 

except in one case with respect to blood flow as will 

be detailed later, although anisotropy even over-a 

large scale has been reported with respect to thermal 

conductivity of a tissue (Bowman et al, 1975). 

3.3 THERMAL CONDUCTION AND DIFFUSION 

By ignoring the effects of blood flow the trans- 

port of heat or matter through a tissue reduces, of 

course, to a problem of conduction or diffusion. The 

basis of the solution is then given by the first terms 

in equations 3.1 and 3.2 as, 

0, -T-, t V ;,, 4s for heat 
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and similarly for an inert gas. These equations can 

then be simplified (Luikov, 1968) to give 

ý_r 
dt 17 1 -r Ab t (3.3) 

for heat 

I- 

and %l) Z -b VP2 r 

it 
(3.4) 

for an inert gas 
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I 
in Cartesian co-ordinates where 7 := 

(ýý 
+ )22 

) 

and a is the thermal diffusivity given by 

These equations are known as the partial differential 

heat conduction or diffusion equations (3.4 is known 

as Fick's second law) and their solution allows the 

variation in temperature or partial pressure throughout 

the tissue at any time to be obtained. 

3.3.1 Boundaryconditions 

Where more than one tissue is present, with diff- 

erent conduction or diffusion properties, then although 

equations 3.3 and 3.4 will hold within each of the media 

further conditions are necessary at the boundary between 

them. There are two of these boundary conditions. 

(a) In order to satisfy the conservation laws at the 

boundary the flux on one side must equal the fiux on the 

other side. This is expressed as 

Ic = 6r'IS 
YPI 

for heat 

for an inert gas 
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where the subscripts 1 and 2 refer to the two tissues 

n is the direction normal to the boundary 

and each expression is assessed at the boundary B. 

(b) Both temperature and partial pressure must be con- 

tinuous functions and therefore 

for heat 

for an inert gas 

where the expressions are again evaluated at the boundary. 

3.3.2 Analytical solutions to conduction and diffusion 

e_quations 

Exact analytical solutions to equations 3.3 and 

3.4 for an enormous number of albeit fairly simple geo- 

metrical arrangements, obtained using a variety of 

mathematical techniques, have been reported (Crank, 1975; 

Jost, 1960; Carslaw and Jaeger, 1959; Luikov, 1968). No 

attempt has been made in the present study to de-ýelop a 

new analytical solutign to any of the problems to be 

Investigated since it would appear from the massive 

literature that if no solution has been previously re- 

ported then the problem is too complex to obtain such a 

solution. Where necessary in the present study analytical 

solutions are simply quoted and the appropriate reference 

should be consulted for details of its derivation. 

3.4 TRANSPORT BY BLOOD FLOW 

The terms in equations 3.1 and 3.2 describing trans- 

port by blood flow are essentially a restatement of a 
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principle first attributed to Fick in 1870. Traditionally 

this principle has come to be regarded in the following 

way (Kety, 1951; Perl, 1962)7 heat or matter transporte(-' 

by the blood enters a tissue within the arterial blood 

vessels. Branching of these vessels occurs several 

times until small capillary vessels are reached after 

which rejoining occurs and the venous side of the vas- 

cular network is formed. The structure and function of 

this vascular tree is assumed to be such that perfect 

exchange occurs between the tissue and the blood in the 

capillaries, and within all other vessels the blood has 

no interaction whatsoever with the tissue. In addition 

thelength of these capillaries i- assumed to be small 

compared to the dimensions of the representative tissue 

volume. This representation of transport via the blood 

will be termed the capillary model and a detailed ex- 

amination of it follows in section 3.4.1. 

Both Fick's original principle and the reality of 

the situation are, however, more subtle than this. 

more general description is obtained by reference to 

Figure 3.2. Within the tissue volume several different 

parts of the blood vessel architecture are present, the 

most numerous clearly being where the blood enters in 

an artery, passes through a capillary bed and leaves in 

the venous system. However, there are also arterial 

and venous vessels of various sizes which do not ter- 

minate in a capillary bed within the tissue volume. If 

passive exchange is possible between these vessels and 
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vo[ume V 

Figure 3.2 Schemati. c representation of blood vessels in 

a tissue volume. The ability to exchange 
heat or matter is depicted by the number of 

gaps in the vessel walls. 1- ideal blood 

vessel with exchange confined to capillary, 

c, which is small compared to tissue 

dimension. 2- more realistic picture with 

gradual change in exchange properties. 
3,4 - exchange occurs within tissue volume 
but capillary lies outside it. 5- only 
limited exchange occurs in vessels much 
larger than capillaries. 



6 55 

the tissue then they will be capable of depositing or 

picking up heat or matter as they pass through the 

tissue. A more realistic, gradual change in the passive 

exchange propetties of vessels larger than capillaries 

(see chapter 2), compared with the abrupt change postu- 

lated in the capillary model, means that'there will be 

circumstances where the effect of large vessels will be 

of some importance. The description of the exchange of 

heat and matter between large blood vessels and tissue 

is examined in section 3.4.2. 

3.4.1 The cal2illary model 

Making the assumptions mentioned above, and deriv- 

ing. the equation for an inert gas first, the change in 

the amount of an inert gas in a tissue with time is 

proportional to the amount flowing in to the tissue in 

the arterial blood minus the amount flowing out in the 

venous blood, or, 

dQ 

dt aavv 

where Qi is the amount in the tissue 

F and Fv are the arterial and venous blood flows, 

respectively 

and Ca and Cv are the concentrations in the arterial 

and venous blood, respectively 

which, if the arterial and venous blood flows are equal, 

gives 

dQ 

dt 
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FI is the tissue blood flow. 

Now if the amount of the inert gas which recirculates 

to the area under investigation is negligible, which is 
I 

true in the present study due to the removal of 
133 

Xe 

in the lungs, and if there is no other input in the 

arterial blood, then 

c0 and a 
dQ i- 
dt Iv 

Because there is complete diffusion equilibrium between 

blood and tissue at the capillaries and no further ex- 

change takes pi-ace within the venous vessels, the 

concentration in the venous blood draining the tissue, 

Cv, is proportional to the concentration in the tissue 

itself, 
I 

ci 
xi 

whe re ;ýi is a constant, for a particular tissue, known 

as the partition coefficient and is the ratio of the 

solubility of the nert gas in tissue to the solubility 

in blood when these are in complete equilibrium. 

Thus 

dQ FIC 

dt 

which since C 
Qi 

where V is the tissue volume, i Vi i 

gives 
dQ i=-FIQ. (3.5) 
dt ;ý 

IVI -1 
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Equation 3.5 shows that the rate of change of the amount 

of an inert gas in a tissue is proportional to the amount 
in the tissue at that time, the constant of proportion- 

ality being dependent on the tissue blood flow. of 

course it should be noted that in the present study the 

amount detected by the radiation detectors equals the 

amount in the tissue plus the amount in the blood within 

the tissue. Although the'volume of blood in skin is 

negligibly small (Mapleson, 1963), and therefore equation 

3.5 can be used to describe the detected signal, this is 

not always so. 

Equation 3.5 is the differential form of an exponen- 

tial function 

Qj Q exp 
(i 

0(-xiv 

where Q0 is the amount in the tissue at time t=0. 

A similar expression can be used to describe the partial 

pressure of the gas 

F 

i(t) p0 exp (3.6) (- 7ivi 

This means that if a single homogeneous tissue with a 

blood f low, Fi 1 has a partial pressure, PO 1 of an inert 

gas at time zero then, assuming that the inert gas is 

removed from the tissue only by the capillary blood flow, 

the clearance is characterised by a single exponential 

function. The rate constant, ki, of this exponential 

function is related to the tissue blood flow by 

k. 
Fi 

Ixivi 
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It is the usual practice to express tissue blood flow, 

f,, in ml of blood per 100g of tissue per minute. 

Thus 

100 
/*iv i 

where /oi is the density of the tissue g ml- 
1 

and f rom above this gives 

f 100 x ki x 

,pi 
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If the partition coefficient, 0 
il is then expressed in 

133 terms of the amount of Xe per g of tissue relative to 

the amount of 
133 

Xe per ml of blood (see section 5.4) then 

fi= 100 xkxx0i (3.7) 

In other words, if the partition coefficient is 

known, the blood flow within a tissue can be determined 

from the exponential rate constant of the clearance of 
133 

Xe from the tissue. 

The corresponding equation for the change in temp- 

erature of a tissue with time due to the capillary blood 

f low is given by 

(Ti (t) -T b) ": (TO -Tb) ex ( Äf i ?,. lvi 
(3.8) 

where Tb is the arterial blood temperature = 370C 

and in this case X' i is the ratio of specific heats 

of tissue: blood 

., 
A' i is the ratio of densities of 

tissue: blood. 
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Equation 3.8 describes the change in "excess 

temperature" of the tissue with time if the tissue has 

been raised to a temperature T0 at time zero. 

3.4.2 Large vessel exchange 

The basis of the problem here is to calculate the 

heat or matter transfer which occurs when blood in a 

single blood vessel enters a volume of tissue which is 

at a different temperature or has a different partial 

pressure of a gas. This type of problem was originally 

tackled, for heat, by Graetz in 1885 and the solution 

rediscovered by Nusselt in 1910 (Jakob, 1959). It has 

since been used by Teorrel and Nilsson (1978) to evaluate 

the influence of large veins on temperatures at the skin 

surface in ýhermograplay. 

Fluid of specific heat cb and thermal conductivity 

kb enters a pipe, of length L, at a temperature T 
in and 

leaves at a temperature T. The flow in the pipe is 
out 

assumed laminar so that the velocity distribution is 

parabolic, with zero velocity at the wall and maximum 

at the centre. The thermal conductivity is assumed 

uniform and heat is transferred by conduction in the 

radial direction only. As in most analytical solutions 

a fairly simple boundary condition must be used and 

Graetz assumed that the temperature at the inner surface 

of the pipe wall, Ts, was uniform and constant. With 

these assumptions Graetz obtained the following 

solution 
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T 
out 

T 
in 

T T. 
s in 

1- qf (3.9) 

in which O(n) represents the convergent infinite series 
(Drew, 1931; Teorrel and Nilsson, 1978). 

60 

qf(n) = 0.10238 exp(-14.6272 n) + 0.01220 exp(-89.22 
ýn) 

0.00237 exp(-212 n) 

and n is given by 

kbL 

4r 2 
bcb 

where v is the mean flow velocity 

r is the radius of the pipe 

kb is the thermal conductivity of blood 

Substituting the appropriate values of L, v and r, 

equation 3.9 can therefore be used to predict the axial 

variation in temperature for pipes of different sizes 

and different velocities of flow. A plot of this, with 
L 

2 as one axis is given in Figure 3.3, for a value of 

-1o k 0.49 Wm C 

Teorrel and Nilsson (1978) discussed the validity 

of the assumptions used in obtaining equation 3.9 and 

concluded that by far the most important was that of 

uniform wall temperature. Since this clearly does not 

hold in a biological-system they estimated the effect 

of this using an experimental model. Instead of plotting 

the data using Ts they used the value of the tissue 

temperature some distance from the pipe, a value which 

is more likely to be known in practice. They showed that, 
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Figure 3.3 Graphical representation of Graetz 

equation. The ratio of temperature 

differences is plotted as a function of -L2 
- vr 

where L is the length of the vessel, v 

the flow velocity and r the vessel radius. 

lu- lu lu 

LIv r2 (s cm-2) 
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while the experimental data did not coincide exactly 

with Graetz's theory, the signoid form of the graph was 

the same. In other words they found that their experi- 

mental data could be expressed in the same way as 

equation 3.9 but with a correction factor, i. e. 

T 
out -T in 

-1-8 gf(n) (3.10) T tissue -T in 

where T tissue is now the temperature in the tissue away 

from the vessel 

and n is now given by 

n 
PkL 

2- 4r v/obcb 

where Pis a correction factor which allows for the use 

of Ttissue tather than Ts. 

From Teorrel and Nilsson's data, allowing for differences 

in thermal conductivity, it is estimated that 

0.05 

The corresponding equation for inert gas diffusion will 

be of a similar form, 

i. e. 

where 

p 
Out 

p in 
p tissue p 

in 

n _PDL 2- 4r v 

D is the diffusion coefficient of the inert gas. 

Equations 3.10 and 3.11 are clearly apprcxlmate 

=1- V(n) (3.11) 

solutions to a very complex problem. They were derived 

assuming conduction in the radial direction only and are 

therefore strictly applicable only when ---xial conduction 



# 63 

or diffusion can be neglected, i. e. where the length of 
i 

a vessel is large compared to its radius, and where the 

gradient in the tissue in the direction of the vessel i3 

small. In addition the use of the temperature or partial 
I 

pressure value at some distance from the vessel assumes 

that the tissue has similar characteristics to the blood. 

In one case in particular this is not true and the sig- 

nificance of this will be-discussed (section 6.2). 

However equations 3.10 and 3.11 have been used to provide 

an estimate of the relative importance of the blood ves- 

sels in exchanging heat or matter with a tissue. Numerical 

evaluation is carried out in chapters 6 and 8. 

The above solutions give only the ax-4al temperature 

or partial pressure distributions but it is possible to 

obtain the radial distributions by remembering that these 

are, in fact, steady state solutions. in other words a 

situation has been achieved where, at any section of the 

pipe, there is a cylindrical source or sink whose surface 

temperature or partiaý pressure is constant with time. 

By making use of the finite difference numerical method, 

to be described in the next section, the radial dis- 

tribution can be obtained for such a situation. The 

particular models used are described in later chapters. 

For a specific situation, where the temperature or 

partial pressure is also held constant at a radius R0 

from the blood vessel, and where no other processes, 

e. g. heat generation, involved then analytical solutions 

have been described (Luikov, 1968 p. 153). The radial 
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distribution is then given by 

Tb ln 
(RO) 

+T ln(E) 
T (R) R tissue (r) (3.12) 

ln (RO) 
(y) 

Pb ln 
(RO) 

+p ln 
(R) 

or P (R) R tissue (r) 
(3.13) 

ln 
(RO) 
(r) 

where r is the radius of the blood vessel 

Tb and Pb 
_ýare 

the temperature and partial pressure 

of the blood 

and T tissue and P tissue are the constant values at a 

distance 

3.5 NUMERICAL SOLUTION OF THE HEAT AND MATTER 

TRANSFER EQUATIONS 

Where possible analytical solutions to the diffusion/ 

conduction processes and to the equations representing 

blood flow have been used. However in most situations, 

particularly where the boundary conditions are other 

than very simple, it is not possible to obtain an exact 

solution to a differential equation by analytical methods. 

It is therefore necessary to resort to an approximate 

numerical method to provide a solution and in the present 

study a finite difference method has been adopted 

(Luikov, 1968). This method is based on the r6placement 

of the derivatives of a continuous function by their 

approximate values at discrete points in time and space 

known as nodal points. 
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3.5.1 The finite difference approximations 

Consider a continuous function y= f(x) as plotted 

in Figure 3.4 and which in the present study may be 

related to either the one dimensional temperature dis- 

tribution or partial pressure distribution in a tissue. 

An approximate value of the first derivative-qy at the dx 

point M, whose co-ordinates are xI and yi, is given by 

jýy Yl+l - Yi 
dx h 

In other words the derivative has been replaced by the 

gradient of the chord through the point M and another 

adjacent point P whose co-ordinates are (x 

The distance between the two points, kncwn as the dis- 
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tance step, h is equal to x i+1 - Xi- Clearly the smaller 

the value of h the more closely will the finite differ- 

ence expression relate to the exact derivative. The 

above expression is known as the forward difference 

operator and alternative expressions representing the 

backward, central or average difference may also be 

used (Croft and Lilley, 1977). 

in a similar way the second derivative can be 

obtained by subtracting the finite difference approx- 

imations of the derivative on each side of point M and 

is given by 

d2y Yi+l - 2yi + yi_l 

dx 2h2 

Both temperature and partial pressure are, of course, 

functions of both time and space and an approximation of 
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Y 

Yl+l 
Yl 

0 i 

Figure 3.4 Determination of the finite difference 

relationship. 
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the time derivative is given by 

dv Yk+ 1 Yk 
dt 

where k now relates to the time axis and 1 is the time 
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step. 

The function can thus be represented by a rectangular 

network of nodal points with the time axis being the 

ordinate and the spacial dimension the abscissa (Figure 

3.5), the axes being divided into equal steps of 1 units 

and h units respectively. Substituting the above ex- 

pressions, for the appropriate derivatives in a partial 

differential equation, then allows the value of the 

function at a time t+ Ito be obtained. For the partic- 

ular finite, difference formulae used here, the value at 

a point x and time t+1 is completely def ined by the 

values at points x-h, x and x+h at a time t. This 

is known as an explicit method (Cross and Lilley, 111177). 

An alternative scheme, known a's an implicit method, 

involves defining the second derivative in terms of the 

values at the time t+1. The result of this is that the 

value of the function at time t+1 must be obtained from 

the solution of three simultaneous equations and therefore 

the computational procedure is much more complicated. 

Explicit methods are normally associated with speed and 

simplicity while implicit methods are associated with 

accuracy and stability (see section 3.5.3). In the 

present study the accuracy of the explicit method has 

been found to be acceptable (see section 3.5.6) and 

has been adopted here. 
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boundary 

t=kl 
CD E 
i- 

t=OL- 
X=O x=ih 

Pistance 

Figure 3.5 The finite difference network of nodal 

points. Each nodal point occurs at a value 

of x= ih and t= k1 where h is the distance 

step and 1 the time step. A boundary is 

shown lying between the nodal points. 
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3.5.2 Finite difference approximation of the heat and 

matter transfer eSluations 

Each process involved in the transfer of heat or 

matter in a titsue can now be described in terms of a 

finite difference approximation. First of all, the 

69 

partial differential equations 3.3 and 3A, representing 

diffusion and conduction, can be written as (using the 

diffusion coefficient D) 

Yi, k+l Yijk k- 2yi k_+ Yi-l, k 
2 h 

which on rearranging gives 

Yi = 
(1 

_ 
21D) 

Yi + _jD 
(+ 

yi 
- 

(3. 
, k+l h2), kh2 (yi+l, k 1, k) 

Thus the values of temperature and partial pressure at a 

specific time, due to conduction or diffusion, can be 

obtained from the values at a preceding time step and 

therefore by successive application of equation 3.14 the 

full distribution at any time can be calculated. 

The effects of other terms in the heat and matter 

transfer equations are also to be included in the finite 

difference computation. In all cases, however, it is 

sufficient to make a constant correction for these effects 

at each time step. For example a particular heating 

modality can be allowed for by increasing the temperature 
I 

at each point by a constant amount each time interval, 

the value of this constant varying throughout the tissue 

according to the particular characteristics of the heat- 

ing modality. Similarly it will be seen that blood flow 
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can be allowed for by decreasing the temperature by a 

constant fraction each time step. These terms will be 

described more fully in each particular model. 

3.5.3 Choice of distance and time steps 

It is a peculiaritY Of the explicit method that in 

order to produce a solution to the equations the value 

of R which is given by 

1D/h 2 (3.15) 

must be less than one-half. This is known as the 

stability condition (Luikov, 1968). The choice of dis- 

tance and time steps is therefore limited by this and also 

by the practical limit of the time taken to compute a 

solution, which increases greatly as the time step or 

distance step is reduced. The smaller the distance step 

used, the more closely the finite difference solution 

will relate to the exact value and therefore for a 

particular value of h the maximum allowable time step 

can be obtained from (3.15). 

3.5.4 Finite difference form of the boundary conditions 

for conduction and diffusion 

As detailed in section 3.3.1, where two or more 

tissues are involved two conditions must be satisfied 

at the interface between them. These conditions are 

D1PD2 IP 
2 

p=p and for diffusion 2Si Ix S2 ýx 
2 

T=T and kk2 for conduction 21 ýx 2 ýx 2 
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where all the expressions are evaluated at the boundary 

point. 

For diffusion, substituting the finite difference relation 

for the partial derivative gives 

D1pD1p i-l, k D2 XP 
i+l, k D2 /%P i, k 

hh11 

S4 The P i, k on the left de of this equation is the value 

on one side of the boundary while the P i, k on the right 

side of the equation is the value at the other side of 

the boundary. The first boundary condition, however, 

requires that these are equal, and so further rearrange- 

ment leads to 

D2 XP i+l, k 
h'+ D1p i-l, k 1 

(3.16) 
i, k D11+D2 hX 

For thermal conduction the corresponding expression is 

Tk2T 
i+l, k h+k1T 

i-1, k 1 

i, k D11+D2h 

Note that the values at the boundary are therefore 

evaluated after all the other points within the tissue 

at at ime t. 

3.5.5 Calculation of points near the boundary 

An improvement in the accuracy of the boundary 

values is obtained by assuring that the boundary lies, 

not at one of the nodal points, but between two nodal 

points as shown in Figure 3.5. With this arrangement 

the values of temperature and partial pressure at the 

points adjacent to the boundary must be calculated from 

modified expressions which take account of the reduced 
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distance between them and the boundary. 

3.5.6 Evaluation of the accuracy of finite difference 

solutions 

The finite difference method, by definition, pro- 

vides only an approximate solution to a differential 

equation. The accuracy of this solution depends on a 

large number of factors including the thermal conduct- 

ivity or diffusion coefficient values being used, the 

distance step, time step and total time fo., 
- --- which the 

solution is evaluated. It is important, of course, to 

estimate the magnitude of the error in any specific 

model in-order to assess whether it affects the conclusion 

obtained from the model. ' The simplest way to achieve 

this is by tsing a set of initial conditions and a geo- 

metric arrangement for which an aýnalytical solution is 

known and comparing this solution with the one obta-ii-ned 

using the finite difference method. This is carried out 

under the same conditions of distance step, etc., ' as is 

used in the model being assessed. 

The results of such an assessment are presented in 

later chapters for each of the models used. 
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4.1 INTRODUCTION 

Although McLure and Aldrich recognised in 1923 that 

skin blood flow could be assessed by observing the rate 
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of disappearance of a locally injected substance from the 

skin their method was completely subjective. No quanti- 

tative technique was available to monitor the amount of 

a substance within a tissue. It was not until 1948 that 

Kety reported the use of a radioactive isotope of sodium, 
24 

Na, which, after injection into the skin, could be de- 

tected by external radiation counters. This provided 

not only a convenient but also a highly sensitive way of 

measuring the clearance rate. Since then radioactive 

isotopes*have been used 6xtensively in blood flow meas=e- 

ments in almost all organs and tissues of the body (Bain 

and Harper, 1968; Belcher and Vetter, 1969; Freeman and 

Blaufox, 1976; Woodcock, 1976). The theory behind such 

measurements has already been outlined in chapters 2 and 

3. 

This chapter desqribes the techniques involved in 

assessing skin blood flow using a radioactive inert gas, 

Xenon-133, whose favourable characteristics, described in 

section 4.2, have led to it being adopted almost universally 

for tissue blood flow measurements (Lassen, 1964; Hoedt- 

Rasmussen, 1966; Sejrsen, 1966; Nielsen, 1972). The 
133 

Xe 

is introduced into the skin as described in section 4.3 

and on being removed by the blood flow is carried through 

the vascular system to the lungs. There, greater than 

90% of the 
133 Xe is transferred to the air in the alveoli 
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(Ladefoged, 1964) and is removed from the body. This 

results in little build up of 
133 

Xe within the 'body. 
The 

detection of the 133 
Xe retnaining in the skin is outlined 

in section 4.4. A typical clearance curve and its math- 

ematical description and analysis are then described in 

sections 4.5 and 4.6. Finally, in all investigations 

aI _nvolving the administration of radioactive substances a 

radiation dose is delivered to the tissues and this is 

discussed in section 4.7. 

4.2 CHOICE OF TRACER 

Kety's (1951) original analysis of tissue clearance 

assumed the use of an inert gas, whose properties were 

discussed in chapter 3. The use of an inert gas also 

allows the analogy between heat and matter transfer to be 

conserved. However, for mainly practical reasons, other 

radioactive materials have been used in tissue blood flow 

measurements and it is worthwhile to consider them here 

as well as the properties of Xenon-133 which was used in 

the present study. 

The radioisotopes which have previously been used in 

tissue blood flow measurements can be separated into two 

groups, those that are hydrophilic or water soluble and 

those that are lipophilic or lipid soluble. Hydrophilic 

molecules, using, for example, isotopes of sodium, iodine 

and technetium, are generally chemically active substances, 

charged, and pass through the capillary endothelium mainly 

by the narrow clefts or pores between the endothelial 

cells (Renkin, 1964). Because of this it has been 
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Tab le 4.1 

Characteristics of Xenon-133 

Type of decay 

Half-life 

Emission 

6 

P- 

decay 

days 

Abundance 

35% 

100% 

conversion electrons 65% 

particle range in tissue 

ray half distance in tissue 

EnercfV 

0.081 MeV 

0.34 MeV 

- 1. mm 

- cm 

76 
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suggested that their rate of clearance from a tissue is 

determined mainly by their rate of passage through these 

pores (Braithwaite et al, 1951). It has, however, been 

claimed that this limitation to tracer transport is only 
important at high rates of blood flow (Trap-Jensen et al, ' 

1967). In contrast, lipophilic molecules such as 
133 

Xe, 
85 

Kr and antipyrene readily dissolve in the capillary 

endothelium and thereby pass through by diffusion (Renkin, 

1952). Their rate of transport across the capillary 

endothelium will therefore be proportional to the con- 

centration difference across it. This property also 

means that lipophilic molecules can pass easily through 

capillary endothelium and can even pass through cell layers 

in which nopores exist - for example in the brain and the 

layers of cells making up the epidermis, in the latter 

case, however, with some difficulty (see section 4.4.3). 

The radioactive inert gas, Xenon-133, fulfils Kety's 

original assumptions of not being metabolised andnot 

being limited by difftýsion, while at the same time possess- 

ing suitable radiation characteristics (Table 4.1). Its 

five day half-life means that no significant decay of 

the isotope occurs during the course of-an investigation. 

Its 81 keV gamma ray has a tissue half-distance of 4 cm 

which means that there will be little effect on the detected 

133 
signal due to small movements (diffusion) of the Xe in 

the skin and the signal will only reflect complete clear- 

ance of the isotope from the detector field of view. Its 

340 keV P particle is easily stopped in tissue and particu- 
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larly in the aluminium cover of the scintillation crystal 

preventing contamination of the gamma ray signal. In 

addition 
133 

Xe is commercially available and relatively 

cheap. 

4.3 INTRODUCING 
133Xe 

INTO THE SKIN 

Sejrsen (1966) suggested three ways of introducing 

133 
Xe into the skin, each of which has its own advantages 

and disadvantages in specific situations. These will be 

discussed in relation to their use, clinically, in 

plastic surgery. 

4.3.1 Intra-arterial injection 

133 In this method the Xe is injected into a local 
I 

artery supplying the area of skin. Both clinically and 

theoretically this method is unsuitable - clinically 

because the artery must first be surgically exposed and 

theoretically because it is not always possible to 

identify an artery which supplies only the skin (McGregor, 

1970). The detected gamma ray signal may then be a 

composite of the clearance rate from underlying muscle, 

and possibly other organs, as well as skin. 

4.3.2 Intra-dermal injection 

In this method the 
133 Xe, which is supplied dissolved 

in isotonic saline, is introduced into the skin via a fine 

needle. A volume of about 0.02 ml (0.7-2.1 MBq of 
133 Xe) 

is used, the needle being inserted a distance of about 

1 cm along the skin parallel to the surface to prevent 

133Xe 
passing back along the needle track. 

The main problem with this method is that of trauma 
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due to the injection, which has been shown to increase 

blood flow in an apparently unpredictable manner (Sejrsen, 

1971; Challoner, 1973), a finding which has been contested 

lby- Veall (1968), who claims that if sufficient care is 

taken with the injection this will not happen. Veall did, 

however, report previously an initial interfering factor 

after injection into the skin of radioactive sodium 

(Barron, Veall and Arnott, 1951). This was, he felt, due 

to an increase in blood pressure attributable to psycho- 

logical factors. The real cause of this initial reaction 

will, in most cases, be academic, since whatever the cause 

it will be difficult or impossible to control. 

In an attempt to overcome this problem of variable 

injection response Sejrsen (1971) proposed adding 20 ýg 

of histamine per 1 ml. of injected solution which, it was 

postulated, would produce a maximal hyperaemic reaction 

in the skin. This modification is therefore based on two 

assumptions7 that the reaction to histamine is directly 

proportional to the resting blood flow, and that the re- 

action alters the steady state conditions for only the 

short time it takes to complete the test and any further 

tests are not influenced by a previous dose of histamine. 

Any measurement technique which radically alters the 

variable in question must obviously be viewed with sus- 

picion and this is certainly true in this case. Lindbjerg 

(1965) has shown, in muscle, that the magnitude and duration 

of the reaction to the same histamine dose shows con- 

siderable variation although Amery et al (1973) claimed 
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that only by using histamine could he obtain reproducible 

results in skin. He did not, however, give results of 

this reproducibility. The duration of the effect of his- 

tamine was investigated by Holti (1955) who showed that 

the return to normal vascular responses takes about 20 

days. Conway et al (1951) demonstrated that the flare 

reaction is dependent on an intact sympathetic nerve 

supply. This is an important fact in the study of skin 

flaps which, after raising, may contain areas of com- 

plete denervation (Grabb and Smith, 1973). Any test with 

histamine may then be a measure of the degree of in- 

nervation of the flap as well as its resting vascular state. 

FroM a clinical poirk of view the intra-dermal 

injection method is unsuitable because of the dangers 

involved in direct injection into'a delicate piece of 

skin, with the resultant hazard of introducing in. Lection. 

Anything which may further compromise an already reduced 

blood supply must be viewed with caution. 

Finally, from a practical point of view it is dif- 

ficult to give an intra-dermal injection due to the 

mobility of the skin. Because of this, and the fact that 

the needle has to pass along the dermis-for some distance, 

it is difficult to deposit the 
133 

Xe at the same depth 

every time, especially since the dermis varies greatly in 

thickness from one area of the body to another (Southwood, 

1955). Challoner (1973) emphasised the importance of 

constant injection depth and demonstrated that injections 

deposited at the base of the dermis gave a considerably 
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slower clearance of 
133 

Xe. 

4.3.3 E]2icutaneous diffusion 

81 

To combat the artefacts detailed above Sejrsen (1971) 

suggested a method whereby 
133 

Xe is allowed to diffuse 

through the epidermis and into the dermis. This is 

achieved by forming a small chamber on the surface of the 

skin which is then filled with 
133 

Xe, dissolved in saline. 

By leaving this on the skin for a period of three minutes 

a small fraction__(approximately 1%) of the 
133 

Xe is able, 

by diffusion, to enter the epidermis and pass through 

into the dermis-. In the present study the chamber is 

formed in one of two different ways (Fig. 4.1). 

a) A small ring is cut from double sided adhesive 

skin tape (Stomaseal, 3M Company) and a piece of 

melinex membrane is applied to one side of it. 

Using the other adhesive side the ring is stuck 

to the skin surface. 

b) A syringe, filled with Vaseline, is used to form a 

ring of Vaseline on the skin surface much the same 

way as decorating a cake. The melinex membrane is 

applied to the top of this. 

In both cases 
133 Xe, in a concentration of 35-100 

MBq/ml, is injected into the chamber, which is normally 

between one and two cm in diameter but can be larger if 
I 

required. After the three minute diffusion period the 

133 Xe is sucked back out, the chamber removed and any 

133 
ZN C= C2 exc, --.,,, Xe wiped away. After a further 30 seconds 

monitoring of the activity left in the skin is begun, 
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133 
Figure 4.1 Epicutaneous application of Xe. 
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and the start of the clearance curve is taken 30 seconds 

later. 

This technique is completely atraumatic and because 

of this consiArable advantage in the clinical situation 

it was adopted for use in assessing skin blood flow in 

the present study. A model representing the transport 

processes involved in this technique is presented in 

later chapters. 

-1 
4.4 RADIATION_D. 'EjTECTION 

The purpose of the radiation detection system is to 

133 
accurately reflect the rate of clearance of the Xe 

from the skin. To do this it must not only be able to 

133 detect the Xe within the skin but also to reject any 

unwanted radiation and must not be influenced by any 

factors such as movement of the 
133 Xe source. 

4.4.1 Instrumentation 

A block diagram of the equipment used to detect 

133 
Xe is given in Figure 4.2. It comprises four units 

- the detector, the amplifier and energy analyser, the 

ratemeter and the chart recorder. The detector consists 

of a 1" diameter sodium iodide (T1) scintillation 

crystal with a photomultiplier tube mounted behind it 

(P1062 Rank Precision Industries). The signals from 

this are fed into an amplifier/energy analyser/ratemeter 

unit (Nuclear Enterprises SR3). The energy d]-scriminator 

of the analyser is set to detect only the photopeak of 

the 
133 Xe spectrum and all radiation of a higher or low- 

er radiation is rejected. In this way the amount of 
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Figure 4.2 Block diagram of radiation detection 

system. 
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background radiation within the signal is reduced to a 

minimum. The accepted pulses from the energy analyser 

are then passed to the ratemeter to be counted. The 

ratemeter prodtces a signal of the number of counts per 

second which is then displayed on the chart recorder. 

4.4.2 Coll-imation 

The purpose of collimation of a radiation detector 
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is to define the area from which the detector will accept 

radiation, i. e. its field of view. In the present study 
133 

Xe is deposited in a small area of skin about 1 cm 
I in 

4 

diameter. As will be discussed later it can then be 

transported locally over distances of a few millimetres 

or else be carried by the blood stream to the lungs. 

The diffusion over small distances requires that the de- 

tector's field of view be greater than the size of the 

original deposit, to ensure that this 133 
Xe still forms 

part of the signal. The 133 Xe transported by the blood 

stream to the lungs should be shielded from the detector 

after it leaves the skin. This, in theory, sets a max- 

imum limit on the detector's field of view. In the 

present case, however, since most of the 133 Xe is re- 

moved from the lungs to the atmosphere, where it is 

quickly dispersed, and the small fraction recirculated 

is, of course, redistributed to the whole body, very 

little of the removed 
133 Xe will be seen even with very 

wide collimation. The lead collimator used in the pre- 

sent study is shown in Figure 4.3. It is unnecessarily 

heavy, since the half thickness of 
133 Xe is only 0.17 mm 
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Figure 4.3 Radiation detector and lead collimator. 
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in lead and is unnecessarily narrow (Fig. 4.4), having 

an effective width of about 4 cm at a distance of 10 cm 

from the collimator face, in situations where a single 
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area of skin is being tested. It is, however, necessary 

to have such collimation where two or more areas of skin 

close together are being tested simultaneously. 

4. '4.3 Distance of detector from skin 

Because of patient respiration or restlessness it 

is possible that small movements of the 133 
Xe deposit 

will occur relative to the detector. In addition the 
133 

Xe diffuses down into the subcutaneous tissue from the 

dermis (section 4.5) resulting in a change in geometry 

of the 133 
Xe source. It is important that both of these 

processes have as little effect on the detected signal 

as possible. It is well known from the inverse-square 

law that small changes in distance have a greater effect 

the closer the source is to the detector. This is con- 

firmed by the response of the present detector to a1 cm 

diameter 133 Xe source, shown in Figure 4.5. As a result 

of this it was decided that the skin-detector distance. 

should always be 10 cm which reduced the possible error 

in the signal to between 1-2% for a change in distance 

of2 mm. 

4.5 DESCRIPTION OF 
133 

Xe CLEARANCE CURVE 

A typical clearance curve obtained from skin of the 

forearm is given in Figure 4.6. When replotted on a 

logarithmic scale (Fig. 4-7) it can be seen that the 

curve is characterised by a continually decreasing rate 
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Figure 4.5 Response of radiation detector to a1 cm 
diameter source of 

133 
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Figure 4.6 Typical clearance curve obtained after 
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epicutaneous application of Xe to the 

skin of the forearm. 
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Figure 4.7 Typical clearance curve w#h the count 

rate plotted on a logarithmic scale. 
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of clearance, i. e. the beginning of the curve represents 

a fast exponential decrease in activity and the end of 

a slower rate of decrease. This, in itself, can give no 

indication of blood flow. Before this can be attempted 

all of the important processes contributing to clearance 

of 
133 

Xe from the skin must be known and, their relative 

magnitudes in various situations assessed. 

Sejrsen (1966) and, to a lesser degree, Challoner 

(1973) attributed the shape of the curve to the follow- 

ing factors', summarised in Figure 4.8. When the 133 
Xe 

is introduced into the dermis it can be removed by the 

dermal blood flow, the lymph flow, sweating, diffusion 

into the subcutaneous fatty tissue and diffusion through 

the epidermis. Some of the 133 Xe removed by the dermal 

blood flow is deposited in the subcutaneous fatty tissue 

as the venous blood from the dermis passes through it. 

Together with this, the 133Xe 
which diffuses down into 

the subcutaneous tissue is then removed by the sub- 

cutaneous blood flow. The relative importance of each 

of these, according to the previous literature, will 

now be discussed. 

Removal of_ 
133 Xe by blood flow through the dermis 

Sejrsen (1966) indicated that, except in cases of 

low blood flow, this is undoubtedly the major process 
I 

of clearance from the dermis. In addition he showed 

that, by shielding the activity coming from the fatty 

tissue, the resulting clearance curve could be described 

by a single exponential. He attributed this to the fact 
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Figure 4.8 Summary of the processes involved in the 

clearance of 
133 Xe from the ski n. 
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that dermis above must behave like a single, homogeneous 

tissue and can therefore be characterised by the simple 

equations of section 3.4.1, producing a mono-exponential 

clearance rate. 

Removal by__l=h I 

The flow of lymph is several orders of magnitude 

--less than that of blood flow (Mayerson, 1963) and is there- 

fore neglected in the clearance models. 

(c) Removal by sweat 

The rate of sweat production is also several orders 

of magnitude less than the rate of blood flow (Morimoto, 

1978) at. ambient temperatures less than 30 0 C. The effect 

of sweating can therefore be neglected for temperatures 

below 30 0C but above 30 0 C, when sweating increases con- 

siderably, and particularly on areas of the skin such 

as forehead and palms, it may be necessary to consider 

this factor especially at low blood flows. In addition 

with regard to the present study it should be noted 

that sweating depends, on an intact nerve supply which 

is present in a skin flap only to a variable degree. 

(d) Diffusion into the subcutaneous tissue 

In the absence of blood flow Se3rsen (1966) showed, 

qualitatively, that only a small proportion of the 133 Xe 

had entered the subcutaneous tissue after one hour. 

When compared to the rate of clearance by blood flow he 

felt that this was insignificant and did not include it 

in his model of clearance. 

(e) Diffusion throuqh the epidermis 

When the surface of the skin is intact the loss of 

0 
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133 
Xe, from an intradermal deposit, by diffusion through 

the epidermis is only of the order of 0.1% per minute 

(Sejrsen, 1968). This is due to the diffusion resistance 

existing in the compact, keratinised layer of the stratum 

corneum. Again, this was not considered a significant 

effect. 
I. 133 (f) Transfer of Xe from effluent cutaneous blood 

to subcutaneous tissue 

Although, as already discussed, only a very small 

amount of 
133 

Xe entered the subcutaneous tissue when 

there was no blood flow, it was also found (Sejrsen, 

1966-, Challoner, 1973) that a considerable proportion 

entered this tissue when blood flow was present. It 

was postulated that this occurred due to a transfer of 

133 
Xe from the venous blood, clearing the cutaneous 

tissue, as it passed ihrough the subcutaneous tissue. 

Due to the size of these venous blood vessels a complete 

equilibrium would not, of course, be achieved between 

the blood and tissue and only a fraction of the 133 Xe 

would therefore leave these small veins. 

Blood flow through the subcutaneous tissue 

The 
133 Xe which enters the subcutaneous tissue due 

to the transfer process described above will then be re- 

moved by the subcutaneous capillary blood flow. Similar 

to the dermis, it has been shown (Larsen and Lassen, 1967) 

that the subcutaneous tissue also behaves as a single, 

homogeneous tissue which produces a clearance curve for 

this tissue alone which can be described by a single 
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exponential. However, because of the high solubility 

of 
133 

Xe in fat (see Chapter 5) this exponential is con- 

siderably slower than that characterising the dermis. 

From the above processes Sejrsen produced a model 

containing the most significant factors, which describes' 

the clearance of 
133 

Xe from the skin using the epi- 

cutaneous diffusion technique. This simplified model is 

illustrated in Figure 4.9. The resulting clearance 

curve is made up of an initially fast exponential, rep- 

resenting blood flow in the dermis, plus a second, slower 

exponential representing blood flow in the subcutaneous 

tissue and is therefore similar to the typical experi- 

mental curve shown in Fiýures 4.6 and 4.7. The relative 

amplitudes of these component exponentials depend on the 

133 
amount of Xe transferred to the subcutaneous tissue 

due to process (f) above. 

Sejrsen (1969) was able to formulate a mathematical 

equation describing this clearance curve. This was a 

two exponential functýon given by 

E. kc 
-) exp (-k t) + 

E. k 
c- exp (-k t) 

0kc-k 
S) ckc-kss 

where 

QO 

k and ks 

and 

is the amount of 
133 Xe remaining in the 

detected field of view at time t 

133 is the amount of , Xe at time zero 

are the exponential rate constants for the 

cutaneous and subcutaneous tissues respectively 

is the fraction of 
133 Xe extracted from the 

dermal venous blood as it passes through the 

subcutaneous tissue. 



a 

d iff us ion 

epidermis 

dermis I blood f low 
transfer 

via 
blood 
f low 

subcutaneous 
fat 

blood f low 

97 

Figure 4.9 Summary of the processes adopted by previous 

authors to describe the clearance of 
133 Xe 

from the skin, after epicutaneous application. 
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The above double exponential function is undoubtedly 

a possible fit to the experimental clearance curves. 

However, although this is a necessary condition for the 

use of this mo6el it is not a sufficient one and does 

not necessarily prove that the model is the correct one. 

It is possible to invent almost any number of equations 

to fit a given curve (Zierler, 1965), but without direct 

con irmation of the validity of the results such models 

must always be open to doubt. No such direct met -hod of 

measuring skin blood flow and hence of validating 

Sejrsen's model exists. 

Undoubtedly the major failure of the above model 

whých was found in the present study (Chapter 6) is the 

inability to produce a zero rate of clearance in the 

-1ý absence of skin blood f low either in vivo or in excised 

tissue specimens. In addition although Sejrsen largely 

133 ignores the role of diffusion of Xe in the tissues 

he has previously noted that dif fusion from dermis to 

subcutaneous tissue does in fact occur. By neglecting 

this he immediately introduces doubt as to the applica- 

bility of the technique in situations where the dermal 

flow is low, as in the present study, and thus where 

diffusion may be more significant. No consideration is 

given to the fact that, since 
133 

Xe is introduced into 

the dermis by diffusing it through the dermis, then some 

of it must still be within this, albeit thin, avascular 

tissue at the end of the three minute epicutaneous diff- 

usion period. Finally although the transfer from venous 
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blood to subcutaneous tissue forms an important part of 
the model the possibility that the same form of transfer 

occurs within the dermis itself is not considered. 

The present study, using the epicutaneous diffusion 

method as an experimental base, provides a flexible mod-ý 

el with which to assess the importance of all the above 

factors in different flow situations. 

4.6 ANALYSIS OF THE 
133 

Xe CLEARANCE CURVES 

Most inert gas clearance techniques for the measure- 

ment of tissue blood flow result in a clearance curve 

which can be describeýd by a series of exponential 

functions. In order to obtain information on the blood 

flow within a particular tissue component it is necessary 

to resolve the composite clearance curve into its com- 

ponent parts and obtain the values of the exponential 

rate constants. Although the model to be described in 

the present study results in a. much more complicated 
I 

mathematical function, the method of analysing multi- 

exponential clearance curves is included here so that 

a comparison with Sejrsen's work is possible. 

4.6.1 Monoexponential clearance curve 

The simplest exponential function is, of course, 

the one in which only a single exponential is present. 

Although in practice. this is rarely found to be an ad- 

equate description of a tissue it is often used, mainly 

for practical reasons, to provide a value of the blood 

flow which is a weighted mean value of all the tissues 

within the field of view (Paulson et al, 1969; Olesen 
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et al, 1971). 
i 

The exponential rate constant is most easily ob- 

tained by replotting the data on a semi-logarithmic 

scale (Fig. 4.10). A straight line can then be fitted 

to the initial part of the curve as shown. The rate 

constant is given by 

ln2 
T 3" 2, 

4.1 

where T 
-' 

is the time taken for the fitted line to fall 
2 

to half its value at time zero. 

This is then related to the flow by equation 3.7. 

If the clearance curve is composed of only one ex- 

ponential the straight line will providt:, - a good fit to 

the plot for the full course of the curve. If it is not 

the data points and fitted line will gradually diverge. 

4.6.2 Multiexponenti. a-, clearance curve 

In most situations more than one exponential com- 

ponent is present in a clearance curve. Many different 

techniques are available to separate the curve into 

these components but it should be noted that unless 

monitoring of a clearance curve is continued until each 

of the components has provided a substantial effect on 

the shape of the curve then it will always be very diff- 

icult to obtain some of these components. For example 

the initial part of a curve will be most affected by 

the fastest exponential and only minimally affected by 

very slow components. It will therefore be difficult 

to recognise these slow components at this stage and 

monitoring must be continued until they dominate the 
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Figure 4.10 Fitting a straight line to the initial 

part of a clearance curve which is plotted 

on a logarithmic scale. 
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shape of the curve. This facet of exponential curve 

analysis and the errors involved in attempting to fit 

data from biological systems have been discussed by 

Glass and de Arreta (1971). 

Two methods of curve fitting have been used in the 

present study. 

(a) Graphical strippin2of multiexponentials 

This is the most popular method of separating ex- 

ponential components and is illustrated in Figure 4.11. 

Again the data is first plotted on a semi-logarithmic 

scale, a straight line is drawn through the points at 

the end of the clearance curve and this then represents 

the, slowest COMponent. 
. 

By extrapolating it back to time 

zero and subtracting from the original data a new set of 

data is formed. The process is repeated, by drawing a 

straight line through the slow component of the new set 

of data, until all components are obtained and the ex- 

ponential rate constants calculated as in equation 4.1. 

(b) Computer fitting_, of exponential functions 

Many different methods of fitting a series of ex- 

ponentials by computer techniques are available ranging 

from a computer version of the graphical stripping 

method (Perl, 1960) to analogue simulation (Abrams et 

al, 1969) to digital techniques by a least squares 
I 

method (van Mastrigt, 1977). In the present study van 

Mastrigt's method has been used, providing an alternative 

to the graphical stripping method and also being similar 

to that used by Handel et al (1976) and therefore 
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Figure 4.11 Graphical stripping of a clearance curve. 
A straight line is drawn through the tail 

of the curve, which is plotted on a log- 

arithmic scale. This is extrapolated back 

to time zero and subtracted from the 

original curve, forming a second line which 

represents the faster exponential component. 
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suitable for direct comparison with their data. 

The computer program is detailed in Appendix A but 

essentially it uses an iterative technique whereby an 

initial guess of the exponential rate constants is made, 

the sum of the square of the deviations of the data 

points from this function are calculated and then a new 

value of the rate constants is tried. This process is 

continued until the sum of squares is a minimum. The rate 

constants at this point are then the "least-squares" fit 

to the data points. 

4.7 RADIATION DOSE IN THE USE OF 
133 

Xe 

The fact that 
133 

Xe is generally listed as a low 

toxicity radionuclide (ITIMSO 1972) does not preclude the 

possibility of its posing a significant radiation hazard 

in any specific situation. It is important in any tech- 

nique involving the administration of radioactive 

materials that prior assessment of the radiation dose 

133 
delivered is made. Despite the fact that Xe has been 

used in a very large number of studies of the skin cir- 

culation no proper estimate of the radiation dose has 

been made. A detailed assessment of the dose was there- 

fore considered essential in this study. 

Generally the radiation hazard from an isotope like 

133 
Xe which emits both P- particles and gamma rays can 

be considered in three parts: - 

(a) When the source is some distance from the body the 

main hazard is due to the gamma rays. 

(b) As the source is moved closer to the body, or is in 
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direct contact with it, the role of the P- part- 
icles, low energy photons and conversion electrons 

becomes more important. All of these are absorbed 

within a ýelatively short distance in tissue. 

(c) When the source is introduced into the body a 

10-1-5 

localised radiation dose is produced at the site of 

entry. Thereafter as the source is circulated to 

other parts of the body the chemical and physio- 

logical properties of the radionuclide become 

important. 

Normal precautions of providing lead shielding for 

the 133 
Xe stock bottle are sufficient to prevent a sig- 

nificant dose cýccurring in the present application due 

to (a). In addition since Xenon transfers readily from 

blood to air in the lungs the radiation dose to the 

internal organs caused by the circulation of 
133 

xe is 

small (ICRP 1966, ICRP 1971) - typically 0.007 mGy to 

the lungs in the present case. 

However where a significant radiation hazard does 

exist it is due to the P- particles and conversion elec- 

trons when the 
13 3Xe, is in close contact with the skin. 

This will occur when the chamber is on the surface of 

the skin in the epicutaneous diffusion technique or when 

the 
133 Xe is injected intradermally. Calculations of the 

I 
dose in each of these cases are detailed in Appendix 

To assess the significance of the radiation dose 

delivered in these techniques two questions must be 

answered (i) what is considered to be the critical layer 
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in the skin? and (ii) what level of radiation dose is 

considered to constitute a hazard? At the present time 

the critical layer of the skin is usually considered to 

be the reprodubtive basal cell layer of the epidermis. 
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According to Whitten and Everall (1972) it has generally 

been agreed that this layer lies at an average distance 

of 0.04 mm below the surface of the skin, although this 

varies greatly from one site to another. With regard to 

question (ii) several organisations have published data 

on maximum permissible doses for workers occupationally 

exposed to radiation (FRC 1960, NCRP 1960, ICRP 1966) 

although no such recommendations exist in the case of 

pat. ients and mcire particularly in the case of volunteer 

subjects. Although only very small areas are being ir- 

radiated in this study it is probably useful to compare 

the doses with that recommended by ICRP (1966) for 

occupationally exposed persons of 0.5 Gy to a small area 

of skin in 3 months. 

From Figure A2 the dose rate to the basal layer of 

the' epidermis using the epicutaneous dif usion technique 

with a 
133 Xe concentration of 120 MBq/ml and a chamber 

thickness of 0.2 mm is 0.1 Gy/3 mins. Using the above 

criteria it would therefore seem acceptable to adopt 

such a technique for routine clinical use if useful 
I 

information was being obtained from the investigation. 

I 110wever considerable repetition of such a test on the 

same area should always be avoided if possible. 

It is interesting to note that if 133 Xe is intro- 
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duced into the chamber in the gaseous form rather than 

dissolved in saline then a different calculation is 

required. The reason for this is that since there is 

less absorption of the P- particles by air then the 133 
Xe 

can instead be represented as a very thin surface source. 

In this case data taken from Henson (1972,1973), Figure 
11 4.12, shows an increased dose rate within the skin. For 

example for the case quote d above the dose for a three 

minute period is now 0.5 Gy. It is important then, if 

practically acceptable, to use 
133Xe in saline rather 

than in the gaseous form since this will produce a lower 

radiation dose. 

For comparison Figure A3 shows the dose obtained 

with the intradermal injection technique. In this case 

the radiation dose is entirely dependent on the blood flow 

within the tissue. This is unfortunatc s--*Lnce it means 

that a prior assessment of dose is not possible because 

the test is designed to measure the blood flow. However 

a review of the literature shows that effective half- 

lives of 
133 Xe in skin of greater'than 30 minutes have 

been commonly quoted (Moore, 19737 Chimoskey, 1972; 

LeRoy, 1971). Reference to Figure A3 shows that doses 

of about 0.7 Gy for 40 MBq/ml 
133 Xe and greater than 2 Gy 

for 120 MBq/ml 
1-33 Xe are applicable in these circumstances. 

Repetition of tests in such low blood flow situations is 

clearly undesirable and the possible information to be 

gained from the test must be weighed against the possible 

radiation dose delivered. 
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5.1 INTRODUCTION 
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In the preceding chapters the mathematical equations 

describing heat and matter transfer and the practical 

technqiues involved in the assessment of skin blood flow 

were presented. The present chapter now deals with the 

particular model used to represent the clearance of 

Xenon-133 from the skin. The tissue layers and their 

geome rical arrangement are outlined in section 5.2 and 

the derivation of the various parameters required to 

characterise each tissue follows in sections 5.3 to 5.5. 

These parameters, tissue thickness, solubility and diff- 

usion coefficient of Xenon-133 are not, of course, 

constant's but may vary býetween sites ofthe body and in 

particular in pathological conditions. The computer 

program into which these are introduced is detailed in 

section 5.6 and finally an assessment of the accuracy 

of the program is made. 

5.2 MODEL GEOMETRY AND TISSUE LAYERS 

Although it is possible to produce a three dimension- 

al model of the skin it is, of course, preferable to use 

a simpler model if this will suffice. In the present con- 

text the skin is essentially made up of very thin layers. 

In addition in the application of 
133 

Xe by the epi- 

cutaneous diffusion technique a labelled region is 

produced which is also very thin compared to its diameter. 

Therefore, assuming that the skin is not highly an- 

isotropic, diffusion in the direction normal to the skin 

surface will be the dominant process and a one dimensional 
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model, using the simple finite difference formulae of 

section 3.5, will be acceptable. 

For application of the model four distinctly diff- 

erent layers can be identified (Figure 5.1)7 the 

external environment, the epidermal diffusion barrier, 

the dermis and the subcutaneous fatty tissue. 

(a) the external environment - During application of 

the chamber to the surface of the skin this layer rep- 

resents a saline solution, in which the 133 
Xe is initially 

dissolved. After the chamber is removed this layer has 
I 

the characteristics of air. 

the barrier layer of the epidermis - It is known 

I (Berenson' and Burch, 1951; Blank, 1953; Scheuplein and 

Blank, 1971) that a considerable resistance to the pass- 

age of materials exists within the epidermis. The 

location of this barrier layer has been shown to be the 

stratum corneum (Scheuplein and Blank, 1971), although 

'hat this was disputed by Sejrsen (1968) who claimed t 

the resistance to 133 
Xe existed within the middle third 

of the epidermis. This claim was based on his observ- 

ations that, on successive removal of thin layers of 

the epidermis, its permeability remained almost con- 

stant until the middle one-third was removed. The same 

result has previously been reported by Blank (1951) but, 

as will be seen in the next chapter, such a conclusion 

is based on a misunderstanding of the mathematics of 

diffusion. In fact the barrier layer appears to be 

the stratum corneum and this is a uniformly good barrier. 
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the dermis - This layer includes not only the derm- 

is but also the lower, viable part of the epidermis which 

has diffusion properties similar to dermis (Scheuplein, 

1978). Although this part of the epidermis is avascular, 

its role will be minimal due to its small thickness and 

relatively high diffusion coefficient. The whole layer 

is therefore assumed to have uniform vascularity, as 

proposed by Sejrsen (1971). 

(d) the subcutaneous fatty tissue - Although generally 

made up of fatty globules this layer is assumed to be 

homogeneous and credited with a uniform capillary blood 

flow as reported by Larsen and Lassen (1967). 

5.3 THICKNESS OF THE TISSUE LAYERS 

The thickness of each of the layers making up the 

skin varies according to age, sex, site of the body and 

from one individual to another (Southwood, 1955). In 

general, however, the values obtained from normal skin 

at a particular site fall within a particular range and 

the means of these are shown in Figure 5.1. The figures 

have been taken from several publications (Southwood, 

1955-, Whitton and Everall, 1972; Holbrook and Odland, 

1974-, Scheuplein, 1978c). only normal skin is con- 

sidered in the present study but a direct result of some 

pathological conditions is an alteration in the skin 

thickness (Rook et al, 1972) and this would need to be 

taken into account in the investigation of such situations. 

By far the greatest thickness of the epidermal bar- 

rier occurs on the surfaces of the hands, fingers and 

a 
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soles of the feet with regional variation in other areas 

being minor in comparison. In contrast, the dermis is 

thickest on the trunk, particularly the back but the 

range of variakion is less than that found in the epi- 

dermis. The mean values quoted conceal a range of 

thicknesses, for example in the leg, of -from one to two 

millimetres. The dermis is thicker in men than in women 

and the maximum value is achieved in middle age. 

The subcutaneous fatty tissue is fairly evenly dis- 

tributed in men but in women tends to be concentrated 

more in specific areas. For the purposes of the present 
I 

model, however, a thickness in excess of two millimetres 

is presumed since variation in this has little effect on 

the overall result. 

The solution of 
13 3Xe in saline is applied to the 

skin inside the chamber, the depth of which is two milli- 

metres. After removal of this the surface of the epidermis 

is then in contact with the air which is effectively of 

infinite thickness. 

5.4 SOLUBILITY AND PARTITION COEFFICIENTS 

The Ostwald solubility coefficient of a gas is 

defined as 

"the ratio of the volume of the gas absorbed 

to the volume of the absorbing material, 'at 

any specified temperature and pressure". 

This is in reality an equilibrium constant and a com- 

prehensive review for most biological gases has been 

published by Steward et al (1973). Its value for Xenon 
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has been measured for a variety of tissues and biological 

materials (Conn, 19617 Yeh and Peterson, 1963; Veall and 

Mallett, 1965; Ladefoged and Andersen, 1967; Andersen and 

Ladefoged, 190) but it has not been determined for any 

of the layers of the skin. An alternative to direct 

measurement was described by Yeh and Peterson (1965) who 

showed that the solubility coefficient could be cal- 

culated from the amount of protein, lipid and water in 

the tissue and the solubility of Xenon in each of these 
I 

components or, in equation form. 

(solubility coefficient of 
133 Xe in tissue) 

(solubility coefficient fraction) 
x of 

(of protein protein 

(solubility coefficient fraction) 
x of 

(of lipid lipid 

(solubility coefficient fraction) 
x of 

(of saline saline 

The values of the solbuility coefficients for each 

of these components, obtained from the above papers, are 

shown in Table 5.1. The composition of most tissues of 

the body has also been well documented (Spector, 1956), 

and the constituents of the layers of the skin are shown 

in Table 5.2. Although only a single set of figures is 
I 

quoted for the epidermal barrier, the water content of 

this layer decreases gradually towards the surface, while 

at the same time the lipid contant increases (Schmidt- 

Nielsen, 1952; Reinerstron and Wheatley, 1959). Some 

variation in the fat content of the subcutaneous tissue 
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Table 5.1 

Solubility coefficients of tissue components 

Saline Blood Lipid Protein 

Ostwald 
polubility 0.078 0.14 1.8 0.15 
coefficient 

Table 5.2 

CmPosition of the skin 

_E2idermal barrier Dermis 

% protein 45 27 

% lipid 15 1 

% water 40 72 

Subcutaneous 
f at 

1 

80 

19 

116 
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from one site of the body to another has also been 

suggested (Sejrsen, 1971) with the greatest amount being 

found on the abdomen. The figures shown are considered 

representativetof most areas (Schmidt-Nielsen, 1952; 

Martinsson, 1967). 

The resulting solubility coefficients for each layer 

of the skin, calculated from Yeh and Peterson's equation, 

are given in Table 5.3. Obviously the subcutaneous tis- 

sue, with its very high lipid content, has a much greater 

solubility than the other tissues. The reduced water 

content and increased lipid in the epidermal barrier 

means that this, too, has a higher solubility than the 

deiýmis. 

The ability of blood, flowing through a tissue, to 

extract 
1,33 Xe from it depends on the relative solubil- 

ities of 
133 

Xe in blood and tissue. In section 3.4.1 

the partition coefficient XI was defined as "the ratio 

of the solubility of the inert gas in tissue to the 

solubility in blood when these are in equilibrium". 

other words 

sT 

sb 

This produces the values shown in Table 5.4 and these 

In 

are in close agreement with previously reported figures 
I 

(Sejrsen, 1971). Since the epidermal barrier is avascu- 

lar this term is not, of course, applicable to it. The 

partition coefficient is often modified in order to ex- 

press the blood flow in ml/100g tissue/min (see equation 
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Table 5.3 

Solubility coefficients in the skin 

Epidermal Subcutaneous 
barrier Dermis fat 

Ostwald 
solubility 0.37 0.11 1.4 
coefficient 

Table 5.4 

Partition coefficients ih the skin 

Epidermal barrier Dermis Subcutaneous fat 

not applicable 0.78.10.10 
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4.2) and strictly this requires that 

sT 

"*TSb 

where /'OT is the density of the tissue. 

In the present study, however, ýOT will be assumed to be 

equal to one, which introduces a negligible error into 

the calculations (Spector, 1956). 

5.5 DIFFUSION COEFFICIENTS 

Although Scheuplein and Blank (1971) have shown 

that simple diffusion equations can be used to describe 

the passage of materials through the skin it is sur- 

prising how few direct measurements of dikfusion 

coefficients in the skin have been made. Indeed despite 

the importance of diffusion of gases to the understanding 

of many biological processes, including tissue blood flow 

measurements, data on diffusion coefficients in any organ 
133 is rather sparse. The values,. for Xe, for af ew 

tissues have been measured by a technique first described 

by Unsworth and Gillespie (19717 Evans et al, 19747 

Strang, 1977). In this method a thin excised specimen 
133 

of the tissue is firstly exposed to Xe until it is 

saturated and then on exposure to fresh air the rate of 

clearance of the 133 Xe is monitored. From previously 

published diffusion equations describing such a situation, 

Unsworth and Gillespie showed how the diffusion co- 

efficient could be obtained from the final steady 

exponential rate of clearance of the 133 
Xe. However no 

studies of the diffusion of 
133 

Xe in skin have been re- 
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ported. 
I 

In the present study then it has been necessary to 
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compute diffusion coefficients for each of the layers of 

the skin. In the case of the fatty tissue this has been 

extrapolated from previously published data on other 

inert gas systems and for the dermis and epidermal bar- 

rier these have been measured by an initial transient 

method. A summary of the diffusion coefficients is 

given in Table 5.5. The coefficients for water (1.5xlO- 5 

CM2 S-1) and air (0.07 cm 
2s -1 ) have been taken from pub- 

lished results (Unsworth and Gillespie, 19717 CRC Handbook 

of Chemistry and Physics, 1972). 

5.5.1 Method of measurement of diffusion coefficients 

The method of Unsworth and Gillespie (1971) was 

unsuitable in the present study for two reasons. Firstly 

it requires an excised specimen of only a single tissue. 

Unfortunately the stratum corneum is both extremely thin 

and ridged and special chemical techniques are required 

in order to separate it from the dermis (Holbrook and 

Odland, 1974). It is doubtful whether the structural 

and functional integrity of this layer, particularly 

its diffusion properties, would be preserved following 

this separation process. Secondly Unsworth and Gillespie's 
f 133 (1971) method uses the rate/Oclearance of Xe from the 

tissue once this has reached a steadily falling mono- 

exponential phase. However Scheuplein (1978) has shown 

that although the appendages of the skin, i. e. hair 

follicles, sweat glands, etc., have little effect on the 

overall rate of diffusion through the epidermis once a 



0 

0 TABLE 5.5 

Diffusion Coefficients of 
133 

Xe in the Skin 

Air 

Water 

Epidermal barrier 

"thin" epidermis 

"thick" epidermis 

Dermis 

Subcutaneous fat 

Diffusion Coefficient 
2 -1 cm s 

0.07 

1.5x10- 

1.3x 0 -9 

1. ox10- 8 

0.4x10- 5 

0.4x10- 
5 

121 
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steady state has been reached, in the initial stages 
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their role is more significant. The time taken to reach 

a steady state for the epidermis is of the order of 

several minutes and since the epicutaneous application 

of 
133Xe 

takes only three minutes it was felt that per- 

haps a diffusion coefficient which was measured over 

this short time scale would be more relevant. 

Thus, using the technique oj_* the epicutaneous ap- 

plication of 
133 

Xe, with the gas dissolved in saline and 

contained in a chamber attached to the surface of the 

tissue, the solution was left in contact with either the 

epidermis or the dermis for periods of three minutes 

and fI ive'minutes. Afterýthese times the 133 
Xe was suCked 

back out of'the chamber and any excess wiped away. The 

activity remaining was measured and expressed as a per- 

centage of the original depot. This was car. -A-ied out on 

different skin areas using either excised full thickness 

skin samples or in vivo in lim]Ds with the b1cod flow 

occluded by means of a tourniquet. The measurements on 

the dermis were, of course, carried out on excised 

samples. with the epidermis stripped off. The finite 

difference computer model was then used-to calculate 

the expected rate of transfer Of 
133 Xe into tissues for 

different values of the diffusion coefficient, using 

the same chamber thicknesses as in the experimental 

situation. A plot of this was produced and by compar- 

ing the experimental results with it, the true diff- 

usion coefficient of the tissue was obtained. 
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5.5.2 Diffusion coefficient in the e, 2idermal barrier 

Figure 5.2 shows the percentage of 
133 

Xe which in 

theory will enter the skin from the 133 
Xe solution for 

different thictnesses of the epidermis corresponding to 

the "thick" epidermis of the fingers (100 jim) and the 
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"thin" epidermis (15 ýLm) found on most areas of the body 

(Fig. 5.1). For each of these areas five measurements 

were carried out and, for 3 minutes of diffusion from 

0.9% to 1.6%, average 1.1%, was found to be retained in 

the skin in "thin" areas after removal of the chamber 

and from 2.8% to 3.5%, average 3.0%, in "thick" areas. 

This therefore corresponds to diffusion coefficients 

oi-, 1.3xlO -9 cm 
2 

s- 
1 for areas covered by epidermis 15 ýLm 

thick and 1. Ox1O -8 cm 
2 

s- 
1 for the thicker epidermal bar- 

rier found in the hands, fingers and soles. Thus the 

increased thi(-kness of the barrier found in some areas 

is partly offset by a reduction in diffusion coefficient, 

which agrees with the observations of Scheuplein and 

Blank (1971) on the permeability of the epidermis to 

water. 

Because the epidermis does not have a flat surface, 

particularly on the fingers, it might be expected that 

some of the 133 Xe left after the three minute labelling 

period was simply retained in the "grooves" and had not, 
I 

in fact, diffused into the tissue. Such a process 

would result in a relatively large amount Of 
133 Xe 

being detected after very short labelling periods of 

only a few seconds. In addition such a background would 
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Figure 5.2 The amount of 
133 

Xe which enters the skin 
by diffusion as a percentage of the amount 
in a2 mm thick chamber of 

133 
Xe in saline 

placed on the surface of the epidermis. 
The upper curves represent 5 mins. of 

application and the lower, 3 mins. The data 

is calculated for two thicknesses of 

epidermis, 15 ýLm and 200 ýLm. The diffusion 

coefficient of the epidermis is plotted on 

a log scale. 



4 

produce a higher value for the diffusion coefficient 

assessed at three minutes compared to that assessed at 

five minutes. That neither of the above are found in 

practice sugget-ts that this retention of 
133 

Xe in the 

grooves of the skin is not significant. Even if it did 
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occur it would result in an overestimate of the diffusion 

coefficient for the epidermis which, as will be seen in 
the 

chapter 6, could only lead to conclusions obtained in 

this study being an underestimate of the true effects. 

An apparent anomaly was found when the amount of 

133 
Xe which enters the skin after five minutes of diff- 

usion was considered. In this case 1.8% and 4.5% of the 

133 
Xe respectively was retained, which now corresponds 

to diffusion coefficients of 1.75xlO -9 cm 
2 

s- 
1 for "thin" 

areas and 2. OxlO -8 cm 
2s -1 for "thick" areas. This 

apparent increase in the diffusion coefficient is most 

likely to be due to the fact that the 
133 

Xe was dis- 

solved in saline and therefore not only the gas but also 

water was diffusing into the dermis. Although the diff- 

usion coefficient of water is at least an order of 

magnitude lower than that of Xenon (Scheuplein and Blank, 

1971) this will still lead to increased hydration of 

the upper parts of the stratum corneum. This increased 

hydration in turn results in an increased diffusion co- 
I 

efficient (Blank et al, 1967). 

Since a diffusion time of three minutes has been 

adopted in the present study as a compromise between the 

amount which enters the skin and radiation dose delivered 
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to it, the diffusion coefficients corresponding to this 

time have also been adopted. 
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5.5.3 Diffusion coefficient in dermis 

Bdcause of the greater thickness of the dermis the 

amount of 
133 

Xe which enters it in a three minute period 

is independent of any variation in this thickness over 

the typical range reported in section 5.3. Thus Figwtýe 

5.3 shows the percentage retained against diffusion co- 

efficient for only one thickness of the dermis and 

therefore only a single value of the diffusion coefficient 

is used for all areas of the body. It was found that for 

the excised specimens, taken mainly from the groin and 

bre'ast, on average 12% 'of the 133Xýe depot entered the 

dermis during the diffusion period. This corresponds 

to a diffusion coefficient of 0.4xlo-5 cm 
2s -1 

9 This is 

in close agreement with the values obtained in other 

tissues of the body such as muscle (Unsworth and Gillespie, 

1971; Sejrsen and Tonnessen, 1968). 

5.5.4 Diffusion coefficient in subcutaneous fat 

The measurement of this coefficient by the fore- 

going method is more difficult due to the globular 

nature of f at. However, Yeh and Peterson have shown that, 

for temperatures near body temperatures, the physical 
I 

properties such as viscosity, density and solubility of 

animal fat are essentially the same as vegetable fats. 

Thus it is common practice to obtain data from a rep- 

resentative substance and to consider this applicable to 
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Figure 5.3 The percentage of 
133 

Xe which enters the 

dermis from a2 mm depot placed on its 

surface for a diffusion time of 3 minutes, 

plotted against the diffusion coefficient 

of the dermis. 
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the corresponding fatty tissue material within the 

body. In studies of the inert gas system olive oil 

has been used almost exclusively (Osburn et al, 1969). 

For this reason Davidson et al (1952) measured the 
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diffusion coefficient of several gases in this substanceý 

and for nitrogen, for example, found a value of 7.6xlO- 6ý 

cm 
2 

S_ 
1 

at 37 0 C. For inert, non-polar gases Unsworth and 

Gillespie (1971) have shown in t4ssue that Graham's Law, 

which states that the diffusion coefficient is pro- 

portional to the inverse square root of the molecular 

weight of the gas, is valid. On this basis a value of 

0.37xlO -5 cm 
2S -1 for the diffusion coefficient of 

133 
Xe 

in olive-oil can be obtained and hence in subcutaneous 

fatty tissue the same value as that of the dermis, i. e. 

-5 2-1 0.4x1O cm s has been adoiDted. - This value is con- 

sistent with the results of Perl et al (1965). 

It is again stressed that all of the above values 

are bulk diffusion coefficients for the tissues dnd no 

attempt has been made. to distinguish between intra- and 

extra-cellular diffusion. There have been widely con- 

flicting reports concerning the magnitude of the diffusion 

coefficient of substances within cells as mentioned in 

section 2.2 but there is no doubt that such bulk diff- 

usion coefficients adequately describe the diffusion of 

a gas in a tissue on a scale above the cellular level 

(Unsworth and Gillespie, 1971). 

5.6 BLOOD FLOW TERM 

The simulation of the removal of 
133Xe from the 
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dermis and subcutaneous tissue by their capillary blood 

flows is achieved using equation 3.6, which shows that 
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at any time the rate of removal is proportional to the 

amount of 
133 

Xe remaining in the tissue. In other words 

at the end of each time step in the finite difference 

model the partial pressure is reduced by a constant 

fraction given by 

k. At 
I 

which is equal to 

-fi1 100A. 

where 1 is the time step 

fi is the blood flow in, ml/100g/min. 

and Xi is the partition coefficient taken from Table 5.4. 

I 

In terms of the finite difference formulae the partial 

pressure is then written as 

p ik 

f1 
p 100A i, k 

(5. ') 

Additionally in order to take account of the trans- 

fer of 
133 Xe which it was suggested occýirred between the 

venous blood, draining the dermis, and the subcutaneous 

tissue the partial pressure of the latter is increased 

at the end of each time step by an amount proportional 

to that removed from the dermis, i. e. 

p+EsDhDp i, k+l) sc 
Pi, k) sc S 

sc 
h 

sc 
i, k 
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where E is the fraction of 
133 

Xe transferred 

sc and D relate to subcutaneous and dermis 

respectively 

h is theO thickness of the tissue 

s is its solubility 

and AP is as described in the previous . equation. 

- 
5.7 SUMMARY OF THE COMPUTER PROGRAM 

With the characteristics of the tissue layers thus 

defined, substitution of the values into the computerý 

program, based on the finite difference approximations, 

allowed the calculation of the partial pressure of 
133 

Xe at any time throughout the tissue. The steps in- 

volved in the computer'program are summarised here. 

(a) After input of the characteristic constants the 

initial values of the partial pressure of 
133 Xe were 

attributed to each nodal point.. In general. the partial 

pressure was zero throughout except in one layer where 

the 133 
Xe was initially deposited. For each situation 

investigated the part icular initial conditions will be 

indicated. 

At a time equal to one time step later the partial 
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pressure at each point was altered by a certain fraction 

corresponding to the effect of the capillary blood flow 

(equation 5.2). 

Using the finite difference approximations of the 

diffusion equation (equation 3.14) and boundary con- 

ditions (equation 3.16) the new partial pressure, due 



a 131 

to diffusion, at the points within each tissue, at 

points near the boundary and then at the boundary points 

were calculated in turn. 

(d) The totallamount of 
133 

Xe within each tissue was 

then computed and the amount detected by the radiation 

detector calculated. 

(e) The above processes were then repeated for each time 

step until the required total time was reached. 

A full listing of the program, which was written 

in FORTRAN, and run on PDP 11 and Data General NOVA mini- 

computers, is given in Appendix C. 

5.7.1 Evaluation of the accuracy of the proqra-m 

As mentioned in section 3.5.5 an evaluation of the 

accuracy of the finite difference approximation is de- 

sirable and this can be carried out by comparison with 

a known analytical solution. In the present case the 

following initial conditions were used 

p0 for x<0 

0 for x>0 

For x<0 medium 1 had a solubility of 0.1 and 

diffusion coefficient 0.4x, 0-5 cm2s-1 while for x>0 

medium 2 had a solubility of 0.3 and diffusion coefficient 

1.0X10 -9 cm 
2S -1 

. These values were similar to'those 

used in the model of skin as were the distancen and time 

steps. The solution to this has been given by Crank 

(1975 p37) as 

C2 = 

S2 
k Co 

Sl 
S2 
g-, x (D2/D1)3'2 

erf c 
i ,I ý-D2t 

(5.2) 
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where C2 is the concentration in medium 2 

C0 is the concentration in medium 1 at time zero. 

This function is plotted in Figure 5.5 for a total time 
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of 60 minutes. The percentage error in individual points 

was assessed from 

analytical value - finite difference value x 100 
analytical value 

and was found to be about 4% for points close to the 

boundary and less than 1% for points further away, but 

still within diffusion distance. Similarly, by differ- 

entiating equation 5.2 the flux over the boundary was 

calculated and the total amount which passed from med- 

ium. 1 to medium 2 obtained. Comparison with the exact 

values showed the finite difference method to be in 

error by less than 1% after 30 minutes of diffusion 

and by 1.6% at 60 minutes. 

It is unlikely in any biological investigation to 

be able to obtain data with uncertainty less than the 

above figures (Glass -and de Garreta, 1967) and in the 

present study the statistical uncertainty of the data 

points of a clearance curve were at least this order 

of magnitude. It was therefore considered that the 

error introduced by the finite difference approximations 

was not sufficiently great to affect the results of the 
I 

study. 

6 
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Figure 5.4 Model used to assess the accuracy of the 

finite difference computer prograla. The 

relative partial pressure is plotted 

against distance from the boundary between 

the two media, for the initial distribution 

and for 10 mins. and 60 mins. later. 
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CHAPTER 6 

SKIN BLOOD FLOW - RESULTS AND DISCUSSION 
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6.4.2 Relationship between blood flow and clearance 

rate - epicutaneous labelling 

6.5 CONCLUSIONS 
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INTRODUCTION 
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In this chapter the predictions of the mathematical 

models of 
133 

Xe transport within and out of skin are 

presented and tre compared with the corresponding experi- 

mental results. The profiles of partial pressure in the 

skin layers are illustrated for various situations and, 

where necessary, the concentration profiles are also 

given. The concentration profiles are discontinuous at 

the boundaries between the layers, due to the different 

solubilities, but give a clearer picture of the relative 
133 

amounts of Xe in each layer. The predicted clearance 

curves, obtained by summing the amount of 
133 Xe within 

all, of the skin layers at each time, are also presented. 

First of all, section 6.2 looks at the exchange of 

133 
Xe between the blood vessels and tissue and attempts 

to identify which blood vessels play an active part in 

the clearance of 
133 

Xe from the skin. In particular the 

role of blood vessels larger than capillaries is invest- 

igated. Various aspeqts of the bulk diffusion of 
133 Xe 

within the skin layers are then considered, in the 

absence of blood flow, in section 6.3. In section 6.4 

an overall model, including blood flow, is presented 

and an assessment of the relationship between clearance 

rate and blood flow is made. A discussion of the sig- 
I 

nificance of the results is given as each model is 

presented and finally a summary of the findings is 

given in section 6.5. 
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6.2 EXCHANGE OF_133Xe BETWEEN BLOOD VESSELS AM TISSUE 

Both Sejrsen (1971) and Challoner (1973) have 
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demonstrated that, after depositing 133 
Xe in the dermis, 

the amount found within the subcutaneous fatty tissue at 

subsequent timeg is greater in the presence of blood 

flow than without it. They have postulated that this is 

due to the loss of 
133 

Xe from the venous blood draining 

out of the dermis and passing through the subcutaneous 

tissue. While this is compatible with the experimental 

findings of other workers in other tissues, as detailed 

in section 2.2, neither Sejrsen nor Challoner discussed 

the full. implications of this transfer. In particular 

it is cettainly conceivable that if this happens in the 

subcutaneous tissue then it might also take place in the 

133 
small veins of the dermis. Thus -any Xe deposited in 

the upper layers of the derrais could be cleared f rom 

this area by the blood flow only to re-enter the, 
I 
dermis 

at a lo . 
wer level. The rate of'clearance of the 

133 Xe 

monitored by a radiation detector would not then be 

related to the blood flow in the normal way since the 

133 
Xe would effectively be counted more than once. Since 

no mathematical treatment of this problem has been 

previously reported it was therefore felt necessary to 

attempt an assessment of the relative importance of 
133 

different blood vessels in exchanging Xe. 

6.2.1 Model and results 

The mathematical description of the exchange of 

133 Xe between a blood vessel and tissue has been 
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discussed in section 3.4.2 and can be described by 

equation 3.10. In the present case P tissue' which is the 

partial pressure away from the blood vessel, is assumed 

to be zero, whkch reflects the situation when blood 

draining from a labelled region passes through a tissue 

which is not initially labelled. It is 'evident that the 

assumption is also being made that the effect of other 

draining veins on the tissue concentration is negligible. 

In addition to this the model is applicable only to 

tissues whose characteristics are similar to those of 

blood, which is true for the dermis but not for fat, and 

this will be discussed later. Thus the ratio of Pin Is 

plotted in Figure 6.1 against 
L2 Alternatively the 

Vr 
ordinate is labelled to show the percentage loss of 

133 
Xe 

from blood as it passes down a blood vessel of radius 

r cm and length L cm at a mean velocity v cm s The 

loss is 100% when the vascular parameters combine to 

L7 -2 produce a value for -2 greater than 10 s cm and there- 
Vr 

fore for all such vessels complete exchange will take 

place between the blood and tissue. For values lower 

than this the loss drops gradually to zero. 

In order to assess the significance of these results, 

typical blood vessel characteristics have been obtained 

from the literature (Whitmore, 1968; Folkow and Neil, 

1971; BurtoA 1972) and are shown in Table 6.1 along with 

the respective values of 
L 

and hence the calculated Vr2 

loss of 
133 Xe from such vessels. The reported character- 

istics of the small arteries and veins at the base of the 
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Figure 6.1 The ratio of the partial p: ýessure of. 
133Xe 

in the blood flowing out of a blood vessel 

to that flowing into the vessel plotted 

against LTvr 
2 

where L is the length of the 

vessel, *r the radius and v the flow velocity. 

Alternatively the percentage loss of 
133 

Xe 

while passing through such a blood vessel 
is also shown. The tissue partial pressure 

is assumed to be zero. 



dermis are also included (see section 1.4.4). It is 
I 

emphasised that the values quoted are by no means an 

accurate representation of all tissues at all times but 

are simply average values taken from the literature and 
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are an attempt to give a general impression of the rela- 
tive sizes of the vessels. In particular, variation in 

the values is caused by changes in the blood flow. For 

example as the velocity of the blood, and hence the flow, 

decreases the loss of 
133 Xe will consequently increase. 

In addition the length of the smaller blood vessels 

(arterioles$ capillaries and venules) does not necess- 

arily represent the thickness of the tissue through 

which they pass, since these vessels artýý often very 

tortuous. For instance, most of the capillaries in the 

skin are formed into loops with the two arms of the loop 

travelling at ISO 0 to each other. 

6.2.2 Discussion 

As expected the model predicts that, during passage 

of blood through a capillary, complete exchange of 
133Xe 

between the blood and the tissue will occur. This means 

that the concentration of 
133 Xe in the blood, as it 

leaves the capillary, will be related to the concentration 

in the tissue by the partition coefficient, as detailed 

in section 3.4.1. However it is also seen that some 

exchange takes place in the arterioles and venules and, 

to a very limited extent, in vessels of a size corres- 

ponding to those found in the lower part of the dermis 

and the subdermal plexus. Each of these therefore 



requires consideration in the overall analysis of the 

effects of blood flow. 

Firstly considering the "sink" function of the 

blood vessels. The contribution of each type of blood 

vessel to the removal of 
133 

Xe from a labelled region 

depends on the exchange which can occur in each indi- 

Vidual vessel multiplied by the total flow in vessels 

of that type within the region. To conserve matter the 

total flow in capillaries must obviously be equal to 

the total flow in arteries or any other vessels. The 

figures in Table 6.1 are therefore representative of 

the relative importance of each type of blood vessel in 

removing 
133 

Xe. This means that in a large, uniformly 

labelled region the exchange vessels are not just the 

capillaries, although the mathematical description of 

the clearance will still essentially be tl-. E-- same. The 

major significance of the above findings is in smaller, 

non-uniformly labelled regions where, for example, an 

arteriole may pick up some 
133 

Xe. This would then be 

deposited further along in the capillary bed, which may 

lie outside the original labelled region. A similar 

problem occurs when 
133 

Xe has entered the blood at the 

capillary level and the subsequent venous blood vessels 

now become potential "sources". 

The magnitude of the above effects is dependent on 

the size of the labelled region but before discussing 

this it is worth reflecting on the particular arrange- 

140 

ment of the blood supply in the skin (section 1.4.4), 
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TABLE 6.1 

CHARACTERISTICS OF BLOOD VESSEL EXCHANGE 

I% loss of 133Xe over 
Internal L length of 

Vessel Length Radius Velocity vr vessel 
' 

-1 -2 cm cm cm s s cm 

Aorta 60 1 25 2.4 0 

Large 
Arterv 20 0.15 20 44 0 

Small 
Artery 1 

Dermal 
Artery 0.2 

Arteriole <0.2 

Capillary <0.05 

Venule <0.2 

Dermal 
Vein 0.2 

Small 
Vein 1 

Large 
Vein 20 

Vena 
Cava 60 

0.02 15 166 0 

0.005 5 1600 1 

0.001 1 5 
Z-Xlo 25 

0.0004 0.05 0.6x10 7 100 

0.0015 o. 5 1.7x10 5 25 

0.006 1 5.5x10 3 5 

0.05 2 200 0 

0. '25 5 64 0 

1.2 10 4.2 0 
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in which most of the small arteries, etc., lie at 900 

to the surface except in well defined horizontal plexuses 
found at certain levels. This means that, with the 

1ýbelling techniques used in the present study, it is 

unlikely that an arteriole or small artery will pass 

through a high partial pressure region, and then enter 

one with a lower partial pressure, at least in the initial 

stages. This however may'be a possibility in the later 

stages of clearance when most of the 133 
Xe is in the 

subcutaneous fatty tissue. For this reason the transfer 

by small arterial vessels has been neglected. In con- 

trast the venous blood vessels will tend to pass from 

regions of high to those of low partial pressures. 

The potential of the venous blood vessels to act 

as sources of 
133 

Xe can be envisaged in the following 

way. Consider a uniformly labelled recrion, A, situated 

next to a non-labelled region, B, as shown in Figure 

6.2. If 133 
Xe is removed from the tissue and enters 

the blood at point C within the labelled region it will 

be carried through the venous circulation and eventually 

cross the interface into region B. At that point it 

will be within a particular size of venous blood vessel 

and this size will essentially be determined by the dis- 

tance of point C from the interface. - Now it can be seen 

from Table 6.1 that for a loss of 
133 Xe, from the vessel, 

to occur within the non-labelled region then the 
133 

Xe 

must either be in a capillary, a venule or a small 

dermal vein. The lengths of these vessels are <0.5 mm, 
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non labelled region B 

labelled region 

C 

capillary 
venule venule /ve 

in 
not to scale 

Figure 6.2 Diagram 
. 
of the transport Of 

133 
Xe within 

the venous circulation. 
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<21Tm and approximately 2 mm respectively although again 
it should be remembered that the capillaries, in 

particular, are often quite tortuous and randomly orient- 

ated (Bassingthwaighte, 1970). The figures for the loss 

of 
133 

Xe given in Table 6.1 were calculated for the total 

length of the particular vessel. In the present example 

however only part of the vessel may, in fact, be within 

the non-labelled region and therefore for the venules 

and dermal veins the total loss would be less than that 

shown in Table 6.1. Thus, taking all of these factors 

into consideration, it is suggested that in order for 

any 
133 

X(: ý, which is picked up at point C, to be trans- 

ferred by a capillary and re-deposited in region B, then 

point C must be within about 0.25 mm of the interface. 

Similarly for loss of 
133 Xe from'a venule to occur, then 

point C must be less than I mm from the interface and 

for a small dermal vein less than 2 mm. It is clear 

that in the case of capillaries, for such a transfer 

process to be significant then a significant proportion 

of the total volume of the labelled region must be within 

0.25 mm of the interface, i. e. the labelled region must 

be this order of magnitude in size. Again similar con- 

clusions can be drawn for the venules and small dermal 

veins where the labelled region must be of the order of 

mm and 2 mm respectively. It should be stressed that 

the above figures relate to an idealised situation of a 

labelled tissue adjacent to a non-labelled one. In 

practice a smoother concentration gradient will be 
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achieved and so the transfer will be less than has been 

inferred above, particularly for capillaries. 

For most tissue blood flow measurements by inert 

gas clearance methods the labelled volume has dimensions 

greater than those mentioned above and such a transfer 

process has, quite rightly, been ignored. Unfortunately 

this is not the case in the skin. For the intracutaneous 

technique, although uniform labelling throughout the skin 

is achieved this is only two millimetres thick. For the 

epicutaneous technique, diffusion through the epidermis 

results in a very thin layer, of about 0.3 mm, being 

labelled (see section 6.3.2). 

In the case of intracutaneous labe3ling most of the 
13 3Xe 

will leave the dermis in the small dermal veins 

which, according to Table 6.1 allow only a small per- 
133 

-he su- centage (--, 5%) of the Xe to be lost to I A-round- 

ing tissue. This is not consisten-L-. with the considerable 

transfer to subcutaneous fat described by Sejrsen and 

Challoner, and the reason for this is that, in the 

derivation of theequations given in section 3.4.2, 

differences in the solubility of the tissues were not 

taken into account. It can be shown (Crank, 1971) that 

the steady state rate of diffusion of material between 

two media with different solubilities is proportional 

to the ratio of the solubilities. Since the solubility 

Of 
13 3Xe in the subcutaneous fat is about 10 times that 

of blood (Table 5.3) the loss of 
133 Xe from blood vessels 

passing through the subcutaneous fat will be 
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correspondingly increased. The result of this is that 
I the capillaries will equilibrate over a shorter distance 

and both the arterioles and venules will allow complete 

exchange of 
133 

Xe. More importantly for the present 

case the small veins draining the dermis will now lose 

about 50% of their 133 
Xe on passing through the fatty 

tissue, which is now in agreement with the experimental 

findings. As mentioned before the exact figure will 

depend on the particular combination of L, v and r for 

these vessels, but as the flow decreases this transfer 

to subcutaneous fat will increase. 

The situation with epicutaneous labelling is much 

more complex. After three minutes of diffusion through 

the epidermis a layer effectively no thicker than 0.3 mm 

is labelled in the dermis (see 6.3.2). Again three 

generations of blood ý,,; essel deserve consideration 

a) the capillaries, b) the venules and c) the dermal 

veins. Because of their random orientation the capi-l- 

laries are often considered very much as a diffuse sink 

(Bassingtbwaighte, 1970), lying mainly at the dermo- 

epidermal junction. The above figures suggest that, in 

the initial stages of the epicutaneous technique, the 

capillaries may be involved in transferring 
133 Xe deeper 

into the dermis, until the labelled region expands to a 

size larger than the capillary lengths. The dermal veins 

will, as seen above, allow little loss of 
133 Xe within 

the dermis itself but provide a considerable source in 

the subcutaneous tissue. The venules on the other hand 
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travel for about 1 irm through the dermis and will allow 
133 significant loss of Xe (--, 25%) to areas within the 

dermis with a lower partial pressure. Thus with an 
initial labelling as produced by the epicutaneous tech- 
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nique some of the 133 Xe will enter the blood in the i 

capillaries, be carried deeper into the dermis and will 

then re-enter the tissue where it will remain until pick- 

ed up again by fresh blood. Experimental verification 

of such a process is difficult to achieve. Although this 

should produce an initially slower component to the 

clearance curves, diffusion processes, to be described 

in the following sections, make this difficult to detect. 

However'Sejrsen (1969) TYas published autoradiographic 

findings which may be interpreted as providing evidence 

of this transfer. The effect of-such a transfer will be 

133 
-is---e at a to allow the 

. 
Xe to travel through the +- ýý4. 

rate much f aster than that expected f rom its dif f us-'L. on 

coefficient. Sejrsen has presented autoradiogra]ýhic 

photographs which show (1969, Fig. 4d) that, after the 

three minutes of epicutaneous labelling and a further 

two minutes of clearance, 
133 Xe has travelled down to 

a depth of 1.5 mm in the dermis. Indeed, as Sejrsen 

stated "after two minutes of clearance a diffuse label- 

ling of the entire thickness of the cutaneous layer" is 

obtained. From the finite difference model of the epi- 

cutaneous labelling (see 6.3.2) no appreciable amounts 

of 
133 Xe would be expected at depths greater than 0.6 

M. it would therefore appear that in practice some 



process has allowed the 133 
Xe to reach the lower parts 

of the dermis faster than could be expected from diff- 

usion alone. It is not unreasonable to conclude that 

the same procets which transports 133 
Xe to the sub- 

cutaneous fat is responsible for this. 

In summary the rather semi-quantitative model 

presented here has predicted the considerable transfer 
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133 
of Xe to the subcutaneous fatty tissue from the small 

veins passing through it. In addition it has also shown 

that such a transfer may occur in the dermis itself, 

when the epicutaneous labelling technique is used, al- 

though in this case the smaller venules are responsible. 

This results in 133 Xe effectively "rolling" through tbis 

tissue which initially will produce a clearance rate 

not directly related, in the traditional way, to the 

magnitude of the blood flow. 

In the further models presented in the'following 

sections it is assumed that the capillaries are the 

dominant blood vessels with regard to the removal of 

13 3Xe from a particular area, and equation 3.6 is used 

to describe this for each nodal point. However after 

this removal has occurred the 133 Xe may be deposited 

again in other layers, and for the-subcutaneous tissue 

a constant fraction (E in equation 4.1) of the ... Xe 

Sejrsen's model of this has been used. This means that 

removed from the dermis is re-deposited in the sub- 

cutaneous tissue. As far as transfer by blood within 

the dermis itself is concerned because of the difficulty 
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of verifying this experimentally and in fact the diffi- 

culty in modelling it, this has not been included in 
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further models. This allows these models to concentrate 

on the other processes involved in the overall clearance 

of 
133 

Xe. It does not, however, detract from the 

importance of such a transfer process. 

6.3 DIFFUSION OF 
133Xe 

IN THE SKIN 

Previous descriptions of the clearance of 
133Xe 

from the skin have neglected the role of diffusion. 

This section assesses the magnitude of the effects of 

diffusion in each layer of the skin. In order to high- 

light these processes it, is assumed for the present that 

the blood flow is zero, and this is achieved in practice 

either by using excised tissue or by the use of a tourni- 

quet to occlude blood flow in vivo. 

6.3.1 Diffusion from the dermis to the subcutaneous 

tissue 

(a) Model and results 

In order to assess only the rate of diffusion from 

the dermis to the subcutaneous tissue it is assumed 

that the 
133 Xe is directly introduced into the dermis, 

as it would be with the intracutaneous injection tech- 

nique. The model uses the values of solubilities and 

diffusion coefficients derived in chapter 5 and is made 

up of four layers - the air, the epidermal barrier, the 

dermis and the subcutaneous fat. Initially the 133 Xe 

is uniformly distributed in the dermis or in part of 
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the dermis. Three thicknesses of the dermis, one, two 
I 

and three millimetres are used, being representative of 

most of the body. 

Figure 6. Z shows the partial pressure profiles at 

times 0,10 and 30 minutes after uniform labelling of 

the entire thickness of a2 mm thick dermis. To appre- 

ciate more clearly the relative amounts in each layer 
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Figure 6.4 gives the concentration profiles for the sa'me 

situation. Note that in each case the epidermal 

barrier is too thin to be properly visualised on the, 

same distance scale but this is not important in the 

present model. In addition the loss of 
133 

Xe through 

the epidermis can be neglected. It can be seen that 

although the partial pressure in the fat does not rise 

quickly this is entirely due to its solubility and a 

substantial amounlk.. of the 133 Xe crosses over into it as 

evidenced by the concentration profiles. Most of the 

133 
Xe which does so, however, is localised in the top 

1 mm of the fat, even at 30 minutes. 

A slightly different picture is obtained if the 133 
Xe 

is initially distributed in only the upper 1 mm of the 

dermis (Figure 6.5), which may reflect more accurately 

the labelling produced in practice. As expected much 
133 less of the Xe is found in the fatty tissue especial- 

I 
ly at early times although again this is confined mainly 
I 
to the top 1 mm. 

The fraction Of 
133 Xe to be found at any time in the 

subcutaneous tissue is plotted in Figure 6.6 for various 

f 
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Relative partial pressure of Xe within 

the skin at 10 mins. and 30 mins. after 
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the uniform labelling of the entire thick- 

ness of the dermis (2 mm). 
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Figure 6.4 Relative concentration Of 
133 

Xe within 

the skin at 10 mins. and 30 mins. after 

the uniform labelling of the entire 

thickness of the dermis (2 mm). 
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situations. Where the initial deposit labels the entire 
thickness of the dermis the 133 Xe can immediately begin 

to pass over into the fat. If, however, it labels only 

a part of the dermis, curves 4 and 5, there is a time 

lag before the build up of 
133 Xe begins and, of course, 

this results in less of the 133 Xe appearing in the fatty 
ýissue at a particular time. 

Experimentally the diffusion from dermis to fat was 

assessed in the following way. Using full thickness, 

excised breast tissue an injection of 0.05 ml 
133Xe in 

saline was made directly into the dermis in the normal 

way. This produced a slight bleb in the skin expanding 

the dermis by 0.5 mm to 1 mm. Diffusion was allowed to 

take place for 30 minutes after which time the tissue was 

dissected and the dermis and fat separated. The activity 

in each componenl- was then measured using the radiation 

detector. From five samples an average of 30% of the 

133 
Xe was found to have entered the fatty tissue during 

this time although it was difficult to obtain a precise 

value for this since much of the 133 Xe was situated at 

the interface between the two tissues. Taking into 

account the effect of the injection volume on the dermis 

it can be seen from Figure 6.6 that diffusion of this mag- 

nitude into the subcutaneous fat is . consistent with the 

predictions of the finite difference calculations. 

Discussion 

Both the experimental and calculated results are at 

odds with the findings of Challoner (1973) who claimed 

that no diffusion wlýatsoever occurred between the dermis 
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and f at in a time of 30 n-Linutes. This claim is surprising 

since it would imply, from the above calculations, that 

some sort of barrier to diffusion existed between the two 

tissues. No such barrier has been reported in the literature 

(Wells and Lubowe, 1964) and the most likely cause of thl 

discrepancy between the present results and those of 

Challoner is that, as seen in Figure 6.4, most of the 133 Xe 

is localised to within 1 mm of the interface. Thus it is 

obviously important, when dissecting the tissue, to remove 

all of the fat although this is not easy to achieve and 

may be the reason for Challoner's failure to detect this 

diffusion. Although Sejrsen also ignored diffusion in his 

final model Of 
133 Xe clea'-rance, his previous publications 

(Sejrsen, 1967,1969) are in agreement with the present 

results. 

The effect of diffusion from dermis ; -o fat on the 

assessment of dermal blood flow will be presented in 

section 6.4, but clearly this process allows considerable 

transfer away from the dermis, even in the early stages, 

leading to poorer definition of the dermal component. 

6.3.2 Diffusion within and through the epidermis 

(a) Models and results 

The first situation to be considered here is the di- 

133 
ffusion of 3 Xe through the intact epidermis from the 

133 
dermis and for this it is again assumed that the Xe is 

introduced directly into the dermis. Using both the same 

finite difference model and the same experimental set-up 

as in the previous section the total diffusion of 
133 Xe 
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through the epidermis and out of the skin was calculated 

and measured. The predicted loss of 
133 

Xe was 2.2% in 30 

minutes compared to the measured value, in excised breast 

tissue, of 2.5%. Similar observations reported by 

Sejrsen (1968) in the skin of the leg, with the blood 

flow occluded by a tourniquet, showed a loss over 30 

minutes of from 1.2% to 4.2%. Further insight into the 

133 diffusion of Xe through the epidermis was obtained by 

calculating the diffusion loss for different thicknesses 

of the epidermis and this is shown in Figure 6.7. It can 

be seen that the percentage lost is non-linearly related 

to the thickness and gives the appearance of being almost 

constant until the thickness is reduced below a certain 

value. This figure is, in fact, remarkably similar to 

one published by Sejrsen (1968) which was based on his 

observations of clearance curves from cxcised tissue, 

in which the layers of the epidermis were gradually 

removed by stripping with adhesive tape. Sejrsen, 

however, concluded that since the outer layers of the 

epidermis could be removed with relatively little change 

in the amount of 
13 3Xe lost then these layers were not 

part of the diffusion barrier. On this basis, he there- 

fore reported that the barrier was situated in the middle 

third of the epidermis. From Figure 6.7 it can be seen 

that, in fact, a uniform barrier, including the outer 

layers, produces a graph of the same form as Sejrsen's 

experimental curve. 

The albove results are representative of the 
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intracutaneous labelling technique but for epicutaneous 

labelling a different aspect of diffusion requires con- 

sideration. Using the finite difference model based on 

this technique, with an initial three minutes of 
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diffusion from a 
133 

Xe in saline solution on the surface 

of the skin, Figure 6.8 shows the resulting partial 
I 
pressure profiles in the skin layers for a thin (15 ýim) 

epidermal barrier. Note that for each time the curves 

are normalised to the maximum value of the partial 

pressure and also that the distance scales are different 

for each tissue. It can be seen that at the end of the 

three minute labelling period almost all of the 
133 

Xe 

remaining in the skin is contained within the epidermal 

barrier and not in the dermis. After this time the 133 
Xe 

begins to leave the epidermal barrier both by diffusion 

back into the ý-ýr and also forward intc, the dermis. 

plot of the amount of 
133 

Xe in each layer with time is 

given in Figure 6.9 for thin epidermis and in Figure 6.10 

for thick epidermis. No 
133 

Xe whatsoever is found in the 

dermis until about 3 minutes and 10 minutes, respectively, 

after the start of labelling. As the amount in the epi- 

dermal barrier decreases the dermal content increases 

and an equal amount is found in both tissues after 7 

minutes, for the thin epidermis. However this does not 

occur for the thick epidermis until 36 minutes. Within 

the time scales illustrated the amount which has diffused 

to the subcutaneous tissue is negligible. 

The resulting "clearance" curves for both cases are 
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Figure 6.8 Epicutaneous labelling - relative partial 

pressure of 
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Xe within the epidermal 

barrier and dermis at the end of the 
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Figure 6.9 ýThe amount of Xe found within the 

epidermal barrier and dermis, for a 15 ýtm 
thick barrier, at times after the start of 
the spicutaneous labelling period. The 

end of the labelling period is i ndicated 
by an arrow. 
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Figure 6.10 The amount Of 
133 Xe found within the 

epidermal barrier and dermis, f or a 100 ým 
thick barrier, at times after the start of 

the epicutaneous labelling period. The 

end of the labelling period is indicated 

by an arrow. 
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shown in Figures 6.11 and 6.12 respectively. Initially 

there is a rapid loss of 
133 

Xe as a proportion of it 

diffuses back out into the air. Eventually an equi- 

librium level is attained at which time all of the 

remaining 
133 

Xe has passed completely through the epi- 

dermis into the other skin layers, and the clearance 

rate is then dependent on diffusion back through the 

epidermis as in the previous section. To show the 

possible variation from one piece of skin to another 

Figure 6.11 gives the "clearance" curves obtained for 

different values of the diffusion coefficient, but still 

considering the barrier to be 15 ýLm thick. These rep- 

resent the range of values calculated in section 5.5.2. 

As the diffusion coefficient increases, the amount of 
13 3Xe 

which diffuses back out of'the skin decreases. A 

greater fraction of the 
133 

Xe is then (-Aiailable for 

clearance by blood flow. 

Three ways of investigating the above model exper4- L. 

mentally were utilised. Firstly epicutaneous labelling 

was performed in the normal way on excised skin and, 

after removal of the chamber, the amount of 
133 

Xe left in 

the skin at subsequent times was monitored. Secondly the 

above procedure was carried out in vivo in a limb with 

the blood flow occluded using a tourniquet. It was not, 

of course, possible to use this for periods much longer 

than 15 minutes or so. The third method could be used on 

any area of skin and involved smearing a layer of 

Vaseline over the labelled area one minute after the 
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133 
Figure 6.11 The amount Of Xe detected at any time 

within the skin as a fraction of the amount 

at the end of the labelling period, for 

different values of the eDidermal diffusion 

coefficient. a) 4x 10 -9 cm 
2sI 

b) 2.5 x 10- 9 
cm 

2S -1 
, c) 1.3 x 10- 9 

cm 
2s -1 

1 
d) 0.8 x 10- 9 

cm 
2s -1 

. The epidermal 
barrier is 15 [im thick and there is assumed 
to be no blood flow in the dermis. 

Dotted line - the corresponding clearance 

curve obtained from excised tissue. 
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Figure 6.12 The amount of 
133 

Xe detected atany time 

within the skin as a fraction of the amount 

at the end of the labelling period, for a 
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133 
Xe chamber had been removed. By then removing this 

layer and re-applying it at regular intervals the amount 

of 
133 

Xe which diffused back out of the skin, and was 

trapped in the#Vaseline, could be measured by noting 

the decrease in counts as the Vaseline was removed. 

With this third option blood flow was present and, if 

anything, this would lead to an underestimate of the 
133 

amount of Xe which could diffuse back out in the 

-I- absence of flow. In addition the effect of Vaseline on 

the diffusion properties of the barrier was uncertain 

but the results obtained using this method agreed well 

with those obtained in other ways. In all cases the 

"clearance" curves wer(ý plotted from one minute after 

the chamber was removed, which is in line with most 

reported studies and allows for initial transients and 

the positioning of detectors. A free flow of air over 

the labelled areas was arranged in order than any 
13 3Xe 

which diffused out of the skin was quickly removed from 

the area. 

Figure 6.11 shows (dotted line) the average clearance 

curve obtained from excised tissue and this is similar to 

133 
the predicted curves. The total percentage of Xe 

which diffused back out of a labelled area was obtained, 

for a variety of sites as 

activity at 1 min - activity at equilibrium x 100% 
activity at 1 min 

and these values are shown in Table 6.2, along with the 

predicted values. Although mean values for the measured 

loss are again quoted it should be realised that this 
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Region 

Breast 

TABLE 6.2 

Loss of 
133 

Xe back ou-t- of skin 

after epicutaneous labelling 

Thickness 
of 

No. of epidermal 
Obs. barrier 

3 15 ýLm 

Calculated 
Loss 

49% 

Face 
trunk 3 15 ýtm 49% 

Forearm 10 15 - 30 ýtm 49 - 65% 

Finger 5 100 ýLm 78% 
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Measured loss 
(mean values) 

45% (excised 
tissue) 

25% (in vivo) 

48% (in vivo, 
occluded 
f low) 

7 5% (in vivo, 
occluded 
f low) 
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represents a wide range and, for example in the forearm, 

two studies gave a loss of less than 20%. This most 

probably reflects individual variations in the diffusion 

parameters of tolubility, thickness and diffusion co- 

efficient. The figures show a good agreement between the 

predicted and measured values and suggest that, in general, 

the back diffusion increases with epidermal barrier 

thickness. 

Discussion 

The above results have confirmed that once 
133 

Xe 

has penetrated the epidermal barrier and entered the 
I 

dermis its rate of diffusion back through the epidermis 

is very small and can be neglected in the presence of 

blood flow. However the results have also shown that, 

contrary to the practice in previous studies, this cannot 

simply be extended to the epicutaneous labelling tech- 

nique. Because of the very low diffusion coefficient of 
133 

Xe in the epidermal barrier the time taken for 133 
Xe 

to penetrate this is such that only a small fraction of 

it is within the dermis after the labelling period. Most 

133 
of the Xe is still contained within the epidermal 

barrier and subsequently some of it diffuses back out 

into the air. This apparent clearance of 
133 

Xe, in the 

absence of blood flow, has not previously been reported 

in the literature even though it was easily demonstrated 

both in vivo and in excised tissue in the present study. 

However a review of the literature has revealed that 
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although zero clearance with no blood flow has been 

inferred in many studies it has not beenspecifically 

confirmed for the epicutaneous labelling technique. 

Most authors have only demonstrated zero clearance for 
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the intracutaneous labelling (Nyfors and Rothenborg, 

1970; Leroy et al, 1971; Chimoskey, 1972) which, from the 

above results, is certainly true, or else have referred 

to Sejrsen's work (Greeson et al, 19737 Handel et al, 

1976; Kristensen and Wadskov, 1976) wh--L*ch was also based 

on zero clearance in the intracutaneous technique. The 

effect of this clearance on the assessment of blood flow 

will be examined in the next section. 

With epicutaneous labe-Iling it was also found that 

diffusion down into the subcutaneous fat was negligible. 

In other words, with the particular labelling close to 

the skin surface, diffusion on its own cannot account 

for accumulation within the subcutaneous fatty tissue. 

133 The transfer of Xe by blood"flow, either directly to 

the fatty tissue or into the deeper parts of the dermis 

and then by diffusion, must be responsible for this. 

6.4 THE INFLUENCE OF BLOOD FLOW ON THE CLEARANCE CURVES 

The relationship between blood flow and the rate of 

clearance of 
133 

Xe from the skin will now be examined. 

uniform flow is assumed in both the dermis and the 

subcutaneous fat and the magnitude of the transfer 

between the venous blood and the fat is indicated for 

each investigation. 
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6.4.1 Relationship between blood flow and clearance rate 
I 

- intracutaneous labellinq 

(a) Results 

In order to illustrate some of the difficulties in 

extracting information on individual components, from a 

composite curve, the simpler case of intracutaneous 

labelling will be considered first. It is assumed that 

the blood flow is constant, which is not, of course, 

true in practice since the injection alters the flow in 

a transient way. 

Terms corresponding to various values of blood flow 

in the dermis, f 
D' and fat, f 

sc , were inserted into the 

finite difference model along with different values of 
4 
the constant E which represents the transfer from venous 

blood to fat. The resulting predicted clearance curves 

were analyse, 'I , ising the methods described in section 4.6 

and either the initial slope of the curve or the mag- 

nitude of the first exponential component in a 

bi-exponential analysis was obtained. In all cases the 

clearance curves were continued for a sufficient time 

so that the subcutaneous component was precisely defined. 

The first exponential component was found to be an 

accurate reflection of the true dermal blood flow (Figure 

6.13) except at low flows and this correlation was 

essentially independent of the values of E or the sub- 

cutaneous blood flow. The effect of both the diffusion 

of 
133 Xe from the dermis to the fat and also the trans- 

fer by blood flow to the fat was to redýice the relative 
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Figure 6.13 Intracutaneous labelling - the relationship 
between the blood flow, calculated from the 

first exponentlial component of the 

predicted clearance curve, and the true 

value of the dermal blood flow used in 

the model. 
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amplitude of the first component. As Glass and de Garreta 

(1967) have reported in some detail this eventually 

results in the inability to resolve the curve into two 

components esp6cially in the presence of biological 

noise. Since both of the above processes become more 

significant at low flow values it was therefore found 

that, at true dermal flows less than about 3 ml/100g/min, 

it was not possible to define the first exponential com- 

ponent. The exact value at which this occurred depended 

to some extent on the value of E and also on f- 
sc 

Figure 6.14 shows the relationship between the 

C 
initial slope of the curve and the true dermal flow. It 

can. be seen that, for particular conditions, the initial 

slope increases with the dermal flow but at all stages 

underestimates it. However it is clear that the initial 

slope is also greatly affected by the values of f 
sc and 

E but only minimally by the position within the dermis 

of the initial labelling. In other words in any partic- 

ular situation the measurement of initial slope is 

dependent on a variety of factors and not just the true 

dermal flow. 

Figure 6.15 again presents the initial slope of the 

curve but this time it is plotted against the average of 

the flows in the dermis and f at. Again, althoi4gh there 

is a general correlation between them there is consider- 

able scatter of the points, with different initial slopes 

being possible for the same average flow. 
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Figure 6.14 Intracutaneous labelling - the relationship 
between the blood flow, calculated from the 

initial slope of the predicted clearance 

curve, and the true value of the dermal 

blood flow used in the model. Different 

values of the subcutaneous blood flow and 
fraction E transferred'from the blood to 

the fatty tissue: - a) fsc = 6, E 0.2, 

b) fsc = 6, E=0.5, C) fsc = 2, E=0.5, 

d) f sc = 6, E=0.5, label at top 1 nun of 
dermis. 
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Figure 6.15 Intracutaneous labelling - the relationship 

between the blood flow, calculated from the 

initial slope of the predicted clearance 

curve, and the mean value of the dermal and 

subcutaneous blood flows used in the 

model. The dotted lines show the variation 

in slope produced by varying the values of 

the subcutaneous flow from 2 to 10 ml/100g/ 

min and E from 0.2 to 0.6 
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Discussion 

The results of the above model have shown that, 

-V- 
despite the transfer of 

133Xe from the dermis to the 

subcutaneous tkssue by the two processes described 

previously, after direct labelling of the dermis the 

blood f low in it is represented by the first component 

of a bi-exponential analysis of the clearance curve. 
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This, however, is only true for blood flows greater than 

a certain value and, where low flows are involved, which 

is unfortunately the case in many clinical situations, 

it is not possible to obtain the value of this component. 

An alternative measurement is the initial slope of the 

cuiýve and this has been used in previous studies using 

intracutaneous labelling and involving low flows (Moore, 

1973-, Kostuik et al, 1976). The above results have shown 

that there is some dependence of the initial slope on 

the dermal flow and in particular on the average flow. 

Figure 6.15 is consistcnt with the results of Chimoskey 

(1972) who compared the initial. slope with the average 

flow obtained using venous occlusion plethysmography. 

However both Figures 6.14 and 6.15 and Chimoskey's 

results show that the initial slope is a coMPlex 

measurement dependent on several factors inclu ing 

transfer from venous blood to fat and the rela-ýive mag- 

nitudes of the dermal and fat flows. Whether this 

measurement is acceptable in any particular study will 

ultimately depend on the use to which this measurement 

is to be put and an assessment of the possible effects 
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of changes in the factors indicated above. Clearly 

however it is dubious to base clinical decisions on a 

single measurement which is not, in fact, entirely blood 

f low dependenti as Moore and Kostuik et al have done. 

6.4.2 Relationship-between blood flow and clearance rate 

- epicutaneous labellinq 

Results 

Predicted clearance curves, after three minutes of 

epicutaneous labelling and a further on, 

period, are shown in Figure 6.16 for D: 

sec- 
11E=0.41 

f 
sc =4 ml/100g/min and 

flows of 5,10 and 20 ml/100g/min. The 

e minute waiting 

1.3.10- 9 
cm 

2 

for dermal blood 

curves are plotted 

on a logarithmic scale and, while it is clear that an 

infinite combination of the above variables and hence 

clearance curves is possible, in all cases they are 

characterised in. 1-tially by a continually decreasing rate 

of clearance followed by a constant exponential rate at 

later times. The infliience of the dermal blood flow on 

the curves is clearly, visualised. 

Experimentally considerable variation in the clear- 

ance curves was, of course, also found, depending on the 

site of the body and various other factors. - Since no 

direct method of measuring skin blood flow is available 

the dependence of clearance rate on blood flow, is often 

verified by plotting the curves before and after giving 

stimulus which is known to alter blood flow. In the 

present study this was assessed in the following way. 

In four patients the clearance rate after epicutaneous 
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Figure 6.16 Epicutaneous labelling the predicted 

clearance curves (starting 1 min. after 
the end of labelling) obtained for dermal 

blood flows of a) 5 m1/100g/min, 
b) 10 ml/100g/min, c) 20 ml/100g/min and 
for the thin epidermis with diffusion 

-92-1 coefficient 1.3 x 10 cm s In each 
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case the subcutaneous flow is 4 ml/100g/min 

and E 0.4. The dotted lines show the 

experimental curves obtained from skin of 
the forearm at rest (d) and after release 

of a tourniquet (e). 
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labelling was measured in the skin of the forearm. A 
I 

cuff was then put on the opposite arm and blown up above 

arterial blood pressure, occluding the blood flow for 

ten minutes. Four minutes before the cuff was removed 

epicutaneous labelling was carried out on the skin 

distal to the cuff. on releasing the cuff a reactive 

hyperaemia is produced and the clearance rate in this 

situation is compared to the clearance rate at resting 

conditions on the other arm. The average clearance curves 

obtained at rest and with increased blood flow are shown 

in Figure 6.16 as dotted lines. These show a similarity 

to the predicted curves and again give a visual impression 

of the increase in clearance caused by blood flow. 

Although the above results show that the dermal 

blood flow affects the clearance rate they do not indicate 

how the clearance rate is related to the flow in 

particular situations. Figures 6.17 and 6.18 show differ- 

ent series of clearance curves obtained for thin 

epidermis with D=4.0.10- 
9 

cm 
2 

sec -1 and thick epidermis 

with D=1.0.10- 
8 

cm 
2 

sec -1 For comparison Figure 6.17 

includes the curve obtained for D=1.3.10- 
9 

cm 
2 

sec -1 

and a dermal flow of 10 m1/100g/min. Therefore it is 

seen that although the dermal flow affects the curve, 

considerable variation is introduced by changes in the 

diffusion coefficient of the epidermis. 

The predicted clearance curves were resolved into 

two exponential components using both the least squares 

fitting method and graphical stripping. The relationship 
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Figure 6.17 Epicutaneous labelling the predicted 

clearance curves obtained for dermal 

blood flows of a) 5 ml/100g/min, 
b) 10 ml/100g/min and c) 20 ml/100g/min, 
for thin epidermis with a diffusion co- 

-9 2-1 
efficient of 4.0 x 10 cm s For 

comparison the dotted line shows the 

corresponding clearance curve for D=1.3 

x 10-9 cm 
2s -1 or a dermal blood flow of 

10 ml/100g/min. 
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Figure 6.18 Epicutaneous labelling - the predicted 

clearance curves obtained for dermal blood 

flows of 2 ml/100g/min and 20 ml/100g/min, 

for thick epidermis with a diffusion 

coefficient of 1.0 x 10- 8 
cm 

2s -1 
. The 

subcutaneous blood flow is 4 ml/100g/min 

and E=0.4. 
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between the first exponential component and the true 

dermal flow is shown for each of these cases in Figure 

6.19 for D=1.3.10- 9 
cm 

2 
sec -1 and D=4.0.10- 9 

cm 
2 

sec -1 
0 

The two fitting techniques differ in that with graphical 

stripping the subcutaneous component is precisely defined 

and the first component is then obtained from the rest of 

the data whereas the least squares method results in the 

errors eing shared between the two components. The 

graphical stripping method produces lower values of the 

first component than the least squares method. It can 

be seen that there is no correlation between the first 

component and the dermal flow for D=1.3.10-9 cm2sec-1 

and'only minimal correlation between them for D=4.10- 
9 

cm. 
2 

sec -1 
. This, of course, is not surprising since it 

has previously been shown that much of the initial 

clearance is due to diffusion back out of the dermis. 

It may be expected that since the predicted curve 

from the epicutaneous method is made up of a much more 

complex function than. just the two exponentials proposed 

in other studies then this would be recognised by a poor 

fit of the curve. one way to test the goodness of fit 

is to plot the residual value, i. e. the actual value at 

a point minus the value predicted by fitting the curve, 

against time. A poor fit should yield high residual 

values and show a systematic deviation at long times. 

The percentage residual value is plotted against time 

for a typical predicted curve in F-4j-gure 6.20 and the 

levels for a typical experimental curve 5%) are also 
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Figure 6.19 Epicutaneous labelling - the relationship 
between the blood flow, calculated from 

the first exponential component of the 

predicted clearance curve, and the true 

value of the dermal blood flow used in 

the model, for thin epidermis of diffusion 

coefficient 1.3 x 10- 9 
cm 

2s -1 (b and d) and 
4.0 x 10- 9 

cm 
2S -1 (a and c). The'first 

exponential component is calculated using 
the graphical stripping technique (dotted 

lines) and the least squares technique 

(solid lines). 

True dermal f low 



6 

+5 

'I) 

o, 

-5 

Time (mins) 

Figure 6.20 % residual value plotted against time for 

the fit of a doublt exponential function 

to a typical predicted clearance curve. 
The limits of the residual values found 

in experimental curves are shown by the 

dotted lines. 
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shown. It can be seen that the residual values for the 

predicted curve are well within the limits found 

experimentally. This, once again, stresses the fact 

that fitting a curve by a certain function does not 

prove that this function is the correct one. 
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Since most of the diffusion from the epidermis occurs 
II in the early stages of clearance Figure 6.21 shows the 

relationship between the first component and the true 

dermal flow but neglecting the first five minutes of the 

curve. This results in an improved correlation between 

them, particularly for the higher value of the diffusion 

coefficient. However the correlation is still poor at 

low flows and variations in the epidermal diffusion co- 

efficient are clearly of major importance. Any further 

delay in analysing the clearance curves only results in 

greater errors in determining the firs-- component since 

its relative amplitude is reduced. 

The curves in Figures 6.16 - 6.18 show obvious 

changes in initial slope with blood flow and it may be 

felt that this would provide a useful measurement. 

However, as in the previous section this slope is 

dependent on E and f 
sc, 

Figure 6.22 shows the slope 

after the first five minutes of clearance, plotte against 

blood flow, for different values of the diffusion co- 

efficient. Again, although the 5 minute slope of the 

clearance curve increases with blood flow, it under- 

estimates the flow, and there is considerable variation 

with the epidermal diffusion coefficient. 
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Figure 6.21 Relationship between the blood flow 

calculated from the first component of the 
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predicted clearance curve, neglecting the 

first 5 minutes of this curve, and the true 

dermal blood flow. a) and c) represent 
thin epidermis with D=1.3 x 10- 9 

cm 
2s -1 01 

b) and d) represent D=4.0 x 10-9 cm2s-1. 
The solid lines are again obtained using 

the least squares fit and the dotted lines 

using graphical stripping. 
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Figure 6.22 Relationship between the blood flow, 

calculated from the initial slope of the 
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predicted clearance curve, neglecting the 

first 5 mins. of the curve, and the true 

dermal blood flow. a) epidermal diffusion 

coefficient = 1.3 x 10 -9 cm 
2 

s- 
11E=0.4, 

fsc =4 m1/100g/min, b) D=4.0 x 10- 9 
cm 

2s -1 

0.4, fsc = 10 m1/100g/min. 
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Discussion 

The model of the epicutaneous labelling technique 

has shown that the various indices which may be used to 

characterise the clearance rate of the 133 Xe are all 

187 

poorly correlated with the dermal blood flow and, instea4, 

are more dependent on the diffusion characteristics of the 

epidermis. Despite this the clearance curves from skin, 

which are dominated by diffusion of 
133 

Xe back out of the 

epidermis and also forward into the dermis, are adequate- 

ly described by double exponential functions. The errors 

involved in fitting the predicted curves with such 

functions are, as shown in Figure 6.20, within the errors 

obtained'from experimental curves. Handel et al (1976) 

also used the least squares method and for their 

experimental data obtained a plot of residual values 

similar to Figure 6.20. They thereforc accepted this as 

justi-f-fication of the two exponential, blood flow dependent 

model. Their measurements in control subjects, -in the 

forearm, showed a mean value of 20.4 ml/100g/min which 

is remarkably similar to the value of the first com- 

ponent in Figure 6.19. However in the present case this 

has been shown to be due to diffusion ahd not, in fact, 

related to blood flow. The apparent reduction in flow 

in skin flaps, reported by Handel et al may instead have 

reflected the change in diffusion properties of the epi- 

dermis as the skin became necrotic. A similar conclusion 

may be drawn from the study of Kostuik et al (1976), who 

investigated the clearance rate in patients with poor 
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circulation due to peripheral vascular disease. The 

relevance of their measurement of initial slope to 

blood flow has certainly been shown to be questionable. 

Greeson, et al (1973) attempted to show the effect on 

blood flow of the application of drugs to the skin 

surface. Again the possibility of the drugs causing 

'changes in diffusion properties must be considered as 

the cause of the resulting changes in clearance rate. 

6.5 CONCLUSIONS 
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It has been shown with the aid of simple mathematical 

models that the clearance of 
133 

Xe from the skin is a 

complex process dependent on the interaction of diffusion 

and blood flow, both of which allow the transfer of 
13 3Xe 

within and away from the skin. The variability of the 

skin in terms of its composition, thickness, diffusion 

properties, -ýiascular architecture, etc., particularly in 

pathological conditions, means that the number of ways in 

which these processes can interact is virtually limitless. 

The present study has'been confined to a model of clear- 

ance from what is generally considered as normal skin. 

The following particular results of the models have 

been shown to be consistent with experimental data. 

(a) Exchange of 
133 

Xe can occur between the tissue and 

blood vessels larger than capillaries and this allows 

13 3Xe to be picked up in one part of a tissue and then 

deposited again in a different part as the venous blood 

passes through it. While this process is more readily 
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demonstrated in the subcutaneous f at it may also occur 

in the dermis with the particular labelling technique 

used in the present study. This means that the 133 
Xe 

will "roll" thtough a tissue, producing a clearance rate 

which is not directly related to blood flow. 

133 With intracutaneous labelling, diffusion of Xe 

occurs from the dermis to the fat. At low flows this, 

along with process (a), makes it difficult to determine 

the exponential component related to blood flow. 

(c) The initial slope of the curve, while often used as 

a measure of the dermal blood flow, is only poorly 

correlated with this and is also dependent on the sub- 

cutaneous flow and the magnitude of the transfer from 

blood to fat. 

(d) Diffusion within and out of the epidermis is the 

dominant proc--ýss in the initial stages of the clearance 

of 
133 Xe after epicutaneous labelling. For this reason 

dermal blood flow cannot be measured by the first 

exponential component-of the curve. other indices cal- 

culated from later parts of the curve are only poorly 

correlated with this flow. 

133 
Although the clearance of Xe from the skin is 

undoubtedly affected by blood flow the processes 

summarised above mean that it is not possible to obtain 

a reliable measurement of the blood flow. In any 

specific situation it would always be questionable 

whether the changes seen are due to blood flow or these 

other factors and this is particularly true at low flows. 
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To base clinical decisions on an individual result 

requires a technique with exceptional accuracy. 

Unfortunately the epicutaneous labelling of 
133 

Xe has 

been shown to be incapable of providing this and it is 

therefore unsuitable for use in the clinical setting of 

plastic surgery. 
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CHAPTER 7 

LOCALISED HYPERTHERMIA - TECHNIQUES 

AND TISSUE CHARACTERISTICS 
0 
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7.1 INTRODUCTION 

Localised hyperthermia involves the heating of a 
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limited volume of the tissues of the body by means of an 

external heating modality. The temperature distributions 

produced by this depend on the heating pattern of the 

particular modality itself and also on the heat transfer 

processes which exist within the tissue. Calculation of 

these temperature distributions, using the mathematical 

models described in chapter 3, requires knowledge of 

specific characteristics of both the techniques and the 

tissues, and these are detailed in the present chapter. 

Firstly, although it is not the purpose of the present 

study to compare heating techniques, the three modalities 

which are used in order to illustrate the effects of 

blood flow and conduction are described in section 7.2. 

The arrangement of 4%. Iissues 
is then discussed in section 

7.3 and in particular the modifications to the con- 

duction equation, to take account of specific geometries, 

are detailed. In section 7.4 the properties of various 

tissues, which determine their thermal characteristics, 

are given. Heating of a tissue by its own metabolism is 

then considered in section 7.5 and, in section 7.6, 

typical values of the blood flow in various tissues are 

tabulated. Following this some specific aspects of the 

blood flow in a tumour are discussed. Although many of 

the problems in localised hyperthermia, to be presented 

in the next chapter, are open to solution by simple 

analytical methods, the more complex arrangements require 

A' 
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the use of the finite difference numerical method. In 
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each of the above sections the finite difference approx- 

imations are therefore detailed and in section 7.7 a 

summary of thelcomputer program based on these is given. 

7.2 TECHNIQUES OF LOCALISED HYPERTHERMIA 

The temperature distributions produced in tissue 

obviously depend primarily on the physical technique 

used to deposit heat within it. Three techniques giv- 

ing widely differing heating patterns have been modelled 

in the present study. The aim of this was not to assess 

the relative merits of each technique but to provide 

heating patterns which would best allow the effects of 

blood flow and conduction to be assessed. 

7.2.1 Water batb or conduction beatinq 

The simplest way of heating a tissue is by direct 

conduction of the heat from the surrounding medium and 

this is most commonly carried out on small animals. The 

tissue is immersed in a hot water bath, which is kept 

well stirred and whose temperature is kept constant 

(Crile, 1963). Variations in this technique involve 

the infusion of hot fluid into a body cavity, for example 

the bladder (Hall et al, 1974) or the perfusion of hot 

fluid through the body's vascular network (Cavaliere et 

al, 1967). One advantage of this technique is'that, if 

the temperature of the fluid is carefully monitored, 
I 

this will equal the value within the tissue and thus 

there will be no possibility of producing local "hot" 

spots at temperatures above this value. 
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7.2.2 Localised current field heating 

This heating technique involves passing a high 

frequency (100 kHz -1 MHz) alternating current through 

the tissue by means of two electrodes placed, most 
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usually, on opposite sides of the tissue. The 

advantage of this technique is that it most closely 

represents an ideal heating modality since, with the 

above arrangement, an almost uniform heat generation is 

produced (Doss and McCabe, 1976). Its disadvantage is 

that the different tissues of the body vary greatly with 

regard to their resistivity (Geddes and Baker, 1967) and 

hence there is a considerable difference in the heat 

produced'within each of them. For the present study this 

technique is considered in two forms; one in which the 

heating is assumed completely uniform within each tissue 

treatment volume and the second in wbich the above is 

true but in addition a heating penumbra is present due 

to which heat is also generated outwith the treatment 

volume, the heating falling to 50% at 0.5 cm outwith 

the volume. 

7.2.3 Microwave heating 

. 
Microwaves are absorbed exponentially with depth 

in a homogeneous tissue (Schwan, 1967) and hence the 

temperature rise, &T, produced is given by 

, 4T =E0 exp(-2x/d) (7.1) 

where x is the depth from the surface of the tissue 

d is the depth of penetration of the electric field 
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E0 is a constant dependent on the power of the source 
I 

The- depth of penetration of the electric field, d, is a 

function of the electrical properties of the tissue, 

which in turn varies with the frequency of the micro- 

waves. A value of d=1.7 cm corresponding to the 

ý1ý absorption of 2450 MHz microwaves in muscle was used 

here. 

Therefore within a single tissue the temperature 

produced will fall exponentially with distance from its 

surface. In some cases it may be possible to heat the 

tissue from more than one side and so reduce the temp- 

erature gradient. 

7.2.4 Equilibration point 

It is essential in the practical application of 

0 

hyperthermia that some indication of the tissue temp- 

erature is available. In some cases, involving conduction 

heating, this has simply been assumed to bear a direct 

relationship to the temperature of the heated fluid 

(Robinson et al, 1974; ' Hall et al, 1974) but doubts have 

been raised about this (Robinson et al, 1978; Hume et al, 

1979) particularly where complex geometries are involved. 

For all other techniques it is the practice to monitor 

the tissue temperature by means of a small thermister 

or thermocouple probe inserted into it (Overgaard and 

Overgaard, 1972; Marmor et al, 1977). Heating of the 

tissue continues until the temperature at this point, 

known as the equilibration point, reaches the desired 
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level at which time the heating source is then switched 

off. The output of the heating modality is therefore 

controlled by feedback from this sensor, the power being 

switched on asOthe tissue loses heat due to blood flow 

or conduction and off again when the equilibration temp- 

erature is reached. In general the temperature at other 

points in the tissue are not monitored. 

7.2.5 Finite difference approximation of heating terms 

The simulation of heat input, either by the local- 

ised current field (LCF) method or by microwaves, is 

achieved in the finite difference model by increasing 

the temperature, at each nodal point, by a constant 

value at each time step. For the LCF heating all points 

within the treatment volume are increased by the same 

value which is given by 

AT (7.2) 

where W0 is the power delivered per unit mass of tissue 

(i 

1 is the time step (s) 

and c is the specific heat (J g- 
1o C- 1) 

The points within the penumbra of the field are in- 

creased by a fraction of the above value, the fraction 

depending on the position from the edge of the'treatment 

volume. 

For microwaves a similar expression is used for the 

points at the surface of the tissue while, at depth, 

allowance is made for the exponential fall off given by 
ý Ii -1 1 " 

O%A +, 

t 
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equation 7.1. 

7.3 ARRANGEMENT OF TISSUES 
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The aim of this part of the study is to investigate 

the general effects of blood flow and thermal conduction 

in hyperthermia and not to consider any specific 

situation. Thus, unlike chapter 5, a specific arrange- 

ment of tissues is not used here and, instead, different 

arrangements are described in the next chapter as they 

are used. For example in assessing the effect of blood 

flow each tissue is effectively considered in isolation 

and with no particular dimensions. Different tissue 

geometries are, however, considered in assessing the 
I 

effects of conduction and the modifications required 

to deal with these are now discussed. 

7.3.1 Tissue qeometries 

The regions of the body can be Lhought of in a 

variety of forms7 for example a leg can be considered 

as a cylinder, while many tumours are essentially spher- 

ical. This means that it is simpler to consider such 

tissues using different coordinate systems and con- 

sequently different forms of the conduction equations 

are required. The general form of the equation is 

aV 
2 

where the terms are as described for equation 3.3. 

It has already been shown that for a one dimensional 

system this can be written as 

2T2T 
ýX2 



6 198 

and clearly this can be extended to two or three dimen- 

sions. 

2 12T 
+ 

12T 
+ 

ý2T T= (7.3) 
Ix 2 IY2 ýz 2 

For a cylindrical tissue where conduction in only the 

radial direction is being considered this is then given 

by 

2 
ý2 T+1 ýT (7.4) 

7T ýr 2r ýr 

and similarly for a spherical region 

2-1T+I 
ýT (7.5) 

VT br 2r ýb r 

7.3.2 Finite difference forms of the conduction eguations 

As in section 3.5 the finite difference forms of 

the above equations can be calculated and, for equation 

7.4, this becomes 

T. - iPT + P(l+i)T (1+2i)P-1 )T 
i, k+l i-l, k i+l, k ), i, k 

(7.6) 

Similarly the spherical form of the diffusion equation 

7.5 is given by 

T. - iPT + P(2+i)T 
i jk+1 i-l, k i+l, k 

(2+2i)P-1 T i, k 

(7.7) 

where P -- 
1D 

ih 2 

the radius is given by r= ih 

h is again the distance step and I is the time step 
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7.4 TISSUE CHARACTERISTICS 

The thermal characteristics of the tissues of the 

body have been thoroughly investigated and the values 

used in the present study (Table 7.1) as taken from the 
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literature (Hatfield and Pugh, 1951; Minard, 19707 Nevin 

and Darwish, 1970; Bowman et al, 1975). The thermal con- 

ductivity values correspond to those found in excised 

specimens. It has been shown (Bowman et al, 1975) that 

the apparent thermal conductivity of a tissue is higher 

in vivo due to the blood flow, as will be seen in the 

next chapter. 

For-comparison with chapter 5, the thermal diffus- 

ivity values are also inýluded, using the same units as 

in that chapter. The greater than 10 2 difference in 

diffusivity between heat and 
133xe 

clearly results in a 

much more significant transfer of heat by 'k-his process. 

7.5 METABOLIC HEAT PRODUCTION 

Heat is continually being produced within the body 

by metabolism. Typical values of the basal metabolic 

heat production are given for several tissues in Table 

7.2 (Draper and Boag, 1971; Guy et al, 1974). For the 

range of increased temperatures considered in the present 

study the metabolic heat rate varies according to van't 

Hoff's law (Newburgh., 1968), producing values approx- 

imately 65% higher at 42.5 0 C. Taking into account that 

a minimum value of heat generation by external means of 

50-100 mW g -1 is used in hyperthermia (see chapter 8) 

the effect of metabolism is there-fore minimal in most 
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, 
TABLE 7.1 

TISSUE CHARACTERISTICS 

Specific 'Thermal Thermal 
Density heat conductivity diffusivity 
(. gcm -3 ) (i g -1 o C- 

1) (Wcm- 1o 
C- 

1) (cm 2s -1 ) 

Fat 0.94 2.3 0.079xlO- 2 3.7x10-4 

Muscle 1.07 3.5 0.39 x1O- 
2 1. OX10- 3 

Bone 1.79 1.3 1.5 x1O- 
2 6.4xlO -3 

Blood 1.056 3.9 0.49 x1O- 
2 1.2xlO- 3 

TABLE 7.2 

BASAL VMTABOLIC HEAT PRODUCTION 

organ Heat Production 
(W g- 

whole body 1.3xlO- 3 

fat 1 -3 0.4x1O 

muscle 0.7xlO- 3 

skin 1.0X10 -3 

liver 4. OxlO- 3 

brain 11X10- 3 

kidney 15xlO- 3 
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situations, but may have to be considered in specific 

organs such as the kidney. 

7.6 TISSUE BLOOD FLOW 

Values of the blood flow in different tissues and 
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i 

organs in man are given in Table 7.3 and illustrate the 

substantial variation, not only from one tissue to another, 

but also between the resting and maximum flows found in 

the same tissue. It is known that the blood flow in skin 

increases considerably with temperature and that th-I-s 

occurs through a variety of mechanisms (Hertzman, 1961) 

including a direct effect of temperature on tissues, 

local nervous control, central control through the hypo- 
I 

thalamus and the release of chemical vasodilators. 

However the interactions of such mechanisms do not 

always produce this result and in contrast the blood 

flow to the intestine and kidney appear to decrease 

during body heating (Shepherd and Webb-Peploe, 1970). 

The actual effect in any tissue will depend on the above 

mechanisms and also on the volume of tissue heated and 

the time of heating, i. e. on whether the heating can be 

described as local, regional or body heating. Although 

most studies in hyperthermia have used a function which 

describes the increase of flow with temperature (Chan et 

al, 1973; Guy et al,. 1974; Yang and Wang, 1979) this 

contrasts with recent evidence which shows a decrease 

in flow within a tumour (Song et al, 19807 Bicher et al, 

1980). It is evident that our knowledge of the change 

in blood flow with temperature is incomplete and for this 
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TABLE 7.3 

BLOOD FLOW IN TISSUES AND ORGANL: ) IN MAIN 

Restinq Maximum 
Tissue blood flow blood flow References 

(ml/100g/min) (n-a/100g/rain) 

Muscle 1.6 60 1,2 

Fat 3.3 30 2,3,4 

Liver 30 180 '2 

Kidney 

- cortex 400 500 

- juxtamed zone 100 215 

- medulla 20 

Adrenals 500 6 

Thyroid 400 6 

G. I. tract 35 275 2 

Skin 5 170 2,7 

Myocardium 70 400 2 

Human Lymphoma 18 60 8 

Anaplastic 
carcinoma 3 20 8 

References: 1. Lassen et al, 1965.2. Mellander and 

Johansson, 1968.3. Nielsen, 1972. 

4. Nielsen, 1973.5. Hollenberg, 1973. 

6. Mapleson, 1963.7. Sejrsen, 1971. 

8. Mantyla et al, 1976. 
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reason the present study makes no allowance for such 

variations uring the treatment time. What is clear is 

that these changes will only serve to enhance the im- 

portance of bl6od flow in hyperthermia treatment. 

In the next chapter it is assumed that in general 

the blood flow within a tissue is homogenous. The 

exceptions to this are where individual blood vessels 

are beingconsidered and also where a particular pattern 

for a solid tumour is being exc-anined. It has been 

suggested (Straw et al, 1974; Jain and Wei, 1977) that 

a solid tumour has a central core in which the blood 

flow is very low and the tissue necrotic. Outwith this 

are. a the flow A-s much higher and indeed in the outside 

shell of the tumour the flow may be several times higher 

than the surrounding normal tissue (Endrich et al, 1979). 

Although such a pattern is examined in the next chapter 

it'should be emphasised here that this is in no way 

characteristic of all tumours. 

7.6.1 Finite difference fo= of blood flow term 

As in section 5.6 the simulation of the removal of 

heat by the capillary blood flow, in the computer model, 

is achieved by reducing the temperature by a constant 

fraction at each time step, i. e. 

f i/a 10 

loox 
T i, k - 37 C (7.8) 

where I is the time step 

f1 is the blood flow in ml/100g/min 

is the. ratio of specific heat of tissue: specific 

p 



heat of blood 
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pis the density of tissue 

204 

It is assumed that the temperature of the blood arriving 

at each nodal point is 37 0 C. This will be discussed 

fully in chapter 8. 

7.7 CALCULATION PROCEDURES 

With the characteristics of both the tissues and 

techniques thus defined in the above sections, sub- 

stitution of the appropriate values into the mathematical 

models of chapter 3 allowed the calculation of the effects 

of conduction and blood flow in hyperthermia. For each 

situation the particular constants, geoictetry and initial 

conditions are indicated in the next chapter. The 

flexible computer programs based on the finite difference 

approximations are capable of providirig a solution to all &I 

of the situations investigated but in some cases simpler 

analytical solutions have been used, and these are 

described where necessary. 

7.7.1 Summary of the computer programs 

Although more than one computer program was used 

IR 

a general summary of the steps involved is given below 

and an example is listed in Appendix D. The program 

was again written in FORTRAN and run on Digital PDP-11 

and Data General Nova minicomputers. 

(a) Following input of the tissue characteristics the 

initial values of the temperature were attributed to 

each nodal point. In most cases the points were at 

I- 
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normal body temperature, 37 0 C. 
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At one time step later the new temperatures through- 

--t- out the tissue and at the boundaries, due to conduction, 

were calculate6. For one dimensional, cylindrical and 

spherical geometries this inv-olved the use of equations 

3.14j 7.6 and 7.7 respectively and an equation of the 

form 3.16 for the boundary where necessary. In most 

cases the boundary condition was satisfied by holding 

the temperature constant at an end point. 

(c) The temperature was then reset to the relevant 

value for any points within the tissue which were to be 

constant. 

Using equation 7.8. the temperature at each point 

was altered by a certain amount to allow for the effect 

of blood flow. Different corrections were used if the 

flow was different in various regions of the tissue. 

(e) The temperature at the equilibration point was then 

examined and if this was less than the desired value, 

it was increased by an amount determined by the partic- 

ular heating modality (see section 7.2.5). If the 
I 

desired temperature had been reached no further heat was 

deposited in the tissue. 

(f) These processes were repeated each time step until 

the required total time had been reached. 

7.7.1 Evaluation of the accuracy of the proqrams 

The programs were evaluated as in section 5.7.1, 

using known analytical solutions for conduction in plane, 

cylindrical and spherical geometries (see Luikov pp. 97, 

A 
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131 and 119). In each case the comparison between the 

finite difference computer model and the analytical 

solution showed an error of less than 0.1 0C for times 

up to 45 minutes. The finite difference model was there- 

fore considered acceptable for the present study. 
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8.1 INTRODUCTION 

This chapter now looks at the predictions of the 

mathematical models with regard to the ways in which 

both blood flotv and thermal conduction can modify the 

temperature distributions produced during heating of a 
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localised region of tissue. In order to emphasise their 

individual effects each process is dealt with separately, 

starting in section 8.2 with an examination of the ex 

change of heat between the tissue and the blood flowing 

in individual blood vessels. The importance of the 

different generations of blood vessels in cooling the 

tissue and in transporting heat to other parts of the 

tissue is investigated. An ideal view of the blood 

flow, as a diffuse heat sink, is then adopted in section 

8.3 to describe its overall effects. The ability of 

thermal conduction to smooth out temperature gradients 

is analysed in section 8.4 and following this the way 

in which blood flow and thermal conduction interact in 

specific situations is examined in section 8.5. Finally 

section 8.6 presents a summary of the roles played by 

the above processes in localised hyperthermia. The 

limitations and possible benefits introduced by them 

is discussed and the prospects for clinical use of local- 

ised hyperthermia examined. 
I 

Throughout this chapter the importance of any 

a 

:K 

temperature non-uniformity within the treatment volume 

is assessed by referring to section 1.5.2. From that 

it should be remembered that the difference in temperature 
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required to produce 100% necrosis ii-). a normal tissue 

compared to virtually no necrosis is only 0.5 0C (Field 

and Bleehen, 1979; Dickson and Calderwood, 1980). 

Alternatively the percentage difference in heating times 

to produce such effects is only 20%. The implications 

of these figures depend on the specific arrangement of 

the tumour and normal tissue. In an ideal situation the 

tumour would form a well 'demarcated region surrounded 

by normal tissue, and the temperature field could, in 

theory, be shaped so that the temperature in the normal 

tissue would be at least 0.5 0C below that of the tumour. 

In relation only to the heating effect, the upper limit 

of temperature at the centre of the tumour would not be 

crucial, provided conduction to the normal tissue did not 

result in its temperature rising above the critical level. 

In practice few -ý-eýchniques are available to provide 

accurate localisation of even well defined tumours. 

Furthermore many tumours infiltrate the normal tissue 

and thus have no definite edges. For these reasons the 

treatment volume will necessarily contain both normal 

and tumour tissue and clearly in these circumstances, to 

prevent an unacceptable level of normal tissue damage, 

the temperature within such a volume must be closely con- 

trolled. Again, however, a high temperature, confined 

to the tumour bearing area itself, may be acceptable. 

on the basis of the above observations two criteria have 

been formulated for the present study in order to assess 

the temperature distributions. 



6 210 

a) Accepting Dickson and Calderwood's (1980) recommend- 

ations of'the optimum treatment temperature and time, 

although different temperatures are used by other 

investigators, minimal normal tissue damage will be pro- 

duced in areas at a temperature of less than 42 0C or in 

other words an ineffective thermal dose will be delivered 
I10 
at this level. At temperatures above 42.5 C almost 

complete destruction of the tissue would be expected. 

Assuming an optimum treatment time of one hour at 

42 0C then a reduction in this time of about 10 mins 

(-, --20%) for a particular region will again lead to an 

ineffective dose. In other words if the temperature in 

part . of the volume is increased immediately to the desired 

level (42 0 C) while that in another part takes 10 minutes 

to achieve, considerable difference in hyperthermal effect 

will be produced. 

8.2 EXCHANGE OF HEAT BETWEEN BLOOD VESSELS AND TISSUE 

The approach here is similar to that of chapter 6 

in that the first step is to define which blood vessels 

play a significant part in the exchange of heat between 

the blood and tissues. However it is clear that in 

hyperthermia not only the total exchange, but also the 

temperature distributions along and around the vessels, 

are required. Although the temperature may be reduced 

for only a small distance around a blood vessel this may, 

of course, still be significant with regard to the re- 

growth of a tumour. The analysis therefore includes 

I 
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the axial and radial temperature distributions around 

the blood vessels. 

8.2.1 Determination of the heat exchanqe vessels 

Again as described in section 3.4.2 the heat lost 

or gained by blood as it flows through a tissue with a 
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higher or lower temperature can be described by equation 

ý0'10- If it is assumed that the tissue away from the 

blood vessel is maintained at body temperature, i. e. 

T tissue = 37 0C and the blood enters the tissue at a 

higher temperature than this, then by taking all temp- 

0 eratures relative to 37 C the equilibration of the 

blood with the tissue can be illustrated as in Figure 

8.1. ' A similar graph is obtained for the passage of 

"cold" blood through a heated tissue. It can be seen 

that for values of 
_L2 greater than about 5x1O 4 

scm- 
2 

vr 
the temperature of the blood flowing out c., -7 the tissue 

is the same as that of the tissue itself or, in other 

words, total exchange of heat has occurred. Table 8.1 

thus shows the heat exchange which can be expected in 

thetypical blood vessels previously described in 

chapter 6. A comparison of the above figures with those 

reported in section 6.2 for 13 3Xe 
clearly shows the 

effect of the greater than 102 difference in diffu. ivities 

of heat and 
133 Xe. Heat exchange extends well beyond the 

capillary level and occurs to some extent even in large 

arteries and veins, although in these cases the length 

of the vessel over which this occurs is of the order of 

20 cm. While each generation of blood vessel is 
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Figure 8.1 The ratio of the temperature of the blood 

flowing out of a blood vessel to that 

flowing into the vessel plotted against 

LTvr 
2, 

where L is the length of the vessel, 

v the flow velocity and r the radius. The 

vessel passes through a tissue whose 

temperature is 370C, with the blood 

temperature higher than this. 

it 

10 5 10 4 103 10 2 10 

L/v r2 (scm-2) 
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TABLE 8.1 

CHARACTERISTICS OF HEAT EXCHANGE BY BLOOD VESSELS 

Large 

equilibration 
of 

temperature 

vr 
2 over length 

Vessel Length Radius Velocity of vessel 
-1 -2 cm CM, cm ss cm 

Aorta 60 1 25 2.4 0 

artery 20 0.15 20 44 .5 

Small 
artery 1 0.02 15 166 10 

5 Arteriole <0.2 0.001 1 2xlO 100 

Capillary <0.1 0.0004 0.05 1.2x1O 7 100 

Venule <0.2 0.0015 o. 5 1.7xlO 5 100 

Small 
vein 1 0.05 2 200 10 

Large 
vein 20 0.25 5 64 5 

i 

Vena 
Cava 60 1.2 10 4.2 0 
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attributed with specific values of L, v and r in Table 8.1 

it is again emphasised that in reality a range of values 

will exist, depending on the particular tissue and, of 

course, the bl&d flow itself. 

8.2.2 Axial-teMerature distribution 

The temperature profile along a blood vessel, as it 

passes through a hotter or colder tissue, can also be ,/ 

obtained from equation 3.10 and is illustrated in Figure 

8.2 for different vessels. As has been seen from Table 

8.1 the arterioles, capillaries and venules allow com- 

plete heat exchange and therefore come to equilibrium 

with the tissue within their own lengths of 0.5 -2 mm. 

The. small arteries do not achieve this and, if they were 

long enough, would take several centimetres to reach 

the tissue temperature. The larger arteries travel long 

distances through the tissue without their temperature 

being appreciably affected. 

8.2.3 Radial temperature distribution 

As discussed in section 3.4.2 simulation of the 

temperature distribution around a blood vessel, during 

hyperthermia, has been achieved using the finite differ- 

ence computer program in cylindrical coordinates 

(equation 7.6). The model has essentially two boundary 

conditions. Firstly, accepting that the axial temper- 

ature distribution is given as in the previous section 

and remembering that this represents a steady state 

solution, the temperature at the surface of the blood 

vessel was therefore kept constant. 
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Figure 8.2 The equilibration of blood temperature, T, 

with the tissue temperature plotted against 

the length of blood vessel. a- arterioles, 

capillaries and venules. b- small arteries 

and veins. c- large arteries and veins. 

2468 10 
Length of blood vessel (cm) 
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i. T 

where r is the radius of the vessel. 

In addition once the temperature at the equilibration 
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point reached the desired level it, too, was effic-ý, ctively 

kept constant. 

T(R 0)= Tq t >, 
-' 

tq 

where R0 is the radial position of the equilibration point 

t, 
q 

is the time to achieve equilibration 

Within the tissue volume uniform heating was allowed for 

as in section 7.2.2, with the heat input being controlled 

by the temperature at the equilibration point. In 

addition it'was assumed that a diffuse "capillary" blood 

flow existed outwith the blood vessel and thus cooling 

of the tissue occurred as given by equation 7.8. 

The solution to this approached a steady state in 

only a few minutes and an example of the radial týemper- 

ature distribution is given in Figure 8.3 for a vessel 

of radius 40'0 ýLm. carrying blood at a temperature T b" 

This shows the relative drop in temperature at a radius 

R, from the centre of the vessel, for three positions 

of the equilibration point. The capillary flow for 

these three curves is 30 ml/100g/min and also shown is 

the curve which would be obtained if no capillary flow 

was cooling the tissue (equation 3.12). 

Taking the particular example of the blood entering 

the tissue at 37 0 C, the equilibration temperature 
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Figure 8.3 The temperature within a tissue, T(R), 

plottbd against radius from the centre of 

a blood vessel, whose radius is r. Within 

the tissue a diffuse capillary blood flow 

of 30 m1/100g/min is assumed and the 

tissue is uniformly heated such that the 

equilibration point is maintained at a 
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constant temperature Tq- Various positions 

of the equilibration point, at radii of 
0.5,1 and 2 cm are shown. The dotted 

line shows the temperature for an 

equilibration point of 2 cm and no capillary 
blood flow. 
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Tq= 42.5 0C and the equilibration point being at 2 cm, 
it can be seen that the region of tissue within 4.7 mm 

of the vessel is at a temperature lower than 420C. 

Therefore thistregion of tissue would not satisfy the 

criteria given in section 8.1. 

The exact volume of tissue which comes under the 

influence of the cold blood in the blood vessel, is 

determined by the position of the equilibration point' 
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and the value of the "capillary" blood flow. The closer 

the equilibration point is to the blood vessel, the 

smaller the volume of tissue which will be underheated. 

In the extreme situation, with the equilibration point 

at the surface of the vessel, no tissue will be under- 

heated but, in fact, the opposite will occur and the 

tissue away from the blood vessel will be at a higher 

temperature than expected. The "capillary" blood flow 

also influences the temperature distribution with the 

maximum volume of underheated tissue occurring when this 

flow is zero. In practice, of course, this flow will 

almost certainly be related to the flow through the 

large blood vessel. 

Similar curves can be obtained to describe the 

temperature around a blood vessel which is carrying 

blood from a heated region through an unheated region. 
I 

8.2.4 Discussion 

Two aspects of the exchange of heat between blood 

vessels and tissue are illustrated by the above results. 

Firstly, the process has been considered from the point 



0 

of view of the total heat exchange which occurs and its 
i 

resu ting effect on blood temperature. Secondly, con- 

sideration has also been given to the alteration in 
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tissue temperature around a blood vessel, even when only 

limited heat exchange is possible. The significance of 

both of these to hyperthermia will now be examined. 

As expected, from Table 8.1 the model predicts that 

complete exchange of heat-occurs between the blood in a 

capillary and the surrounding tissue. Furthermore, as in 

chapter 6, it is again seen that such exchange may also 

take place in other generations of blood vessels and, in 

the case of heat, this extends even to fairly large 

arteries and veins. These results are similar to those 

recently reported by Chen and Holmes (1980) and are con- 

sistent with the experimental observations of Bazett et 

al (1948) and Betz et al (1966). An ipcrease in the 

above figures is obtained w'hen heat is exchanged between 

blood vessels, such as when an artery and vein run 

parallel to each other, forming a countercurrent arrange- 

ment (Bazett et al, 1948). 

The significance of these results is best appreciated 

by looking at the change in blood temperature, in each 

part of the circulation, as the blood first approaches, 

and then leaves, a region of tissue at a higher temper- 

ature. Note that reference is made to the excess 

temperature, which is the difference between the arterial 

blood and tissue temperatures. Starting in a vessel 

with the characteristics of the aorta no significant heat 
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exchange occurs and blood passes rapidly through J-t into 

the smaller branching networks with essentially the same 

temperature. In the next stage, the large arteries, the 

blood temperattre may increase by about 5% of the excess 

temperature but, of course, for such vessels this requires 

a length of several centimetres. A further 10% increase 

in temperature may occur in the small arteries, which are 
I 

-1-1 about one centimetre in length and, after this, complete 

equilibration with the tissue temperature is produced and 

maintained during passage through the arterioles, capil- 

laries and venules. The opposite picture can now be 

drawn for the venous side of the circulation. If the 

tis. sue temperature remains constant until the blood 

reaches the small veins then only a small decrease in 

blood temperature will occur, in the small and large 

veins, before the blood re-circulates back to t'he vena 

cava. If, however, the tissue temperature decreases 

between the venules and small veins then a considerable 

loss of heat to the surrounding tissue may occur. 

The above analysis has several implications. 

a) Traditionally heat transfer models have assumed that 

the exchange of heat between blood and tissue takes place 

only at the capillary level (Perl, 1962; Chan et al, 

1973; Cravalho, 1980). In contrast the above results 
I 

suggest that the equilibration of the tissue and blood 

temperatures does in fact occur between the small arteries 

and arterioles and that this equilibration is maintained 

until the venules and small veins are reached. Thus, for 
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heat, the "effective" capillaries are possibly of the 

order of one centimetre long. However, if a uniform 

temperature is present in the tissue and if the dimensions 

of the heated region are much larger than one centimetre 

then it clearly makes no difference which vessels actual y 

exchange the heat and the traditional concept of the 

blood flow as a diffuse heat sink (section 3.4.1) will 

still be acceptable. Thus the major effects of blood 

flow on temperature distributions are examined on the 

basis of this "capillary" description and are presented 

in section 8.3. 

b) Although it has been suggested that the capillary 

description may not be slifficient in all situations 

(Priebe, 1970o, Klinger, 1974; Cravalho et al, 1980; 

Chen and Holmes, 1930) no estimate of when it may be 

J inadequate has been made. The above resuLts suggest 

that the extra-capillary heat exchange may become 

particularly important when the relevant tissue volume is 

of the order of one centimetre or less in size or if 

significant temPerature gradients occur over this length. 

Its effects can be expressed in three ways: (i) the 

effective input temperature of the blood to the tissue 

may be higher than 37 0C due to the blood picking up heat 

while passing through adjacent tissue, (ii) the tissue 

may be cooled by arterioles and venules which pass through 

it but do not terminate in a capillary bed within it. 

Thus for heat, and for particular temperature dis- 

tributions, the effective blood flow at a point in a 
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tissue may be higher than expected from its capillary 
I 

blood flow, (iii) heat may be carried from a region of 

high temperature to one of low temperature, by the blood 

flow, in the same way as 
133Xe 

was transported to the 

subcutaneous fat in chapter 6. 

It is evident that the calculation of the effect of 

the above processes is extremely complex, as has been 

previously realised by Klinger (1974), and requires data 

on the specific vascular architecture of the tissue, 

which does not exist. Processes (i) and (ii) will 

cancel to some extent, particularly if the blood vessels 

are randomly orientated. Process (iii) will result in 

an increase in the effective thermal conductivity of the 

tissue. This is consistent with experimental data 

(Nevins and Darwish, 1970o Bowman et al, 1975) which show 

the thermal conductivity of living tissue to be about 

1.5 to 2 times the value in excised specimens. Since 

heat exchange increases as the blood flow decreases, 

the greatest change in thermal conductivity is likely 

to be detected at low blood flows. 

In conclusion, in terms of the overall heat ex- 

change, the "capillary" model is sufficient to describe 

the effects of blood flow for large tissue volumes. For 

tissues smaller than a certain size, ' or where temperature 

gradients-are present over a certain distance, an 

alternative model may be necessary. It is suggested 

from the results that the size referred to here is less 

-1 

than one centimetre but it is again emphasised that this 
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is dependent on the particular values of the vascular 

characteristics used. 

A further consequence of the flow of blood through 

a tissue, which is at a different temperature, is that 
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not only does an overall exchange of heat occur but a 

localised "hot" or "cold" region may be produced around 

the blood vessel. The smaller vessels, with their com- 

bination of low flow, large number and small diffusion 

distances, allow rapid equilibrium to be achieved be- 

tween the blood and tissue as shown above. Thus the 

effect of such vessels is to produce a uniform cooling 

of the tissue. As has been seen, however, the larger 

vessels do not come to e4uilibrium but travel for some 

distance through the tissue at a different temperature. 

Although the exchange of heat which occurs may have a 

negligible eff-ect on the blood temperature, the tissue 

temperature around the vessel is still altered. Thus 

the results in section 8.2.3 show, for one example, 

the protection affordpd to tissue within about 4 mm of 

a blood vessel whose blood is at a temperature of 370C. 

This represents a considerable volume of tissue which in 

turn would contain a large number of tumour cells, lead- 

ing to the possibility of regrowth from this site 

(Robinson et al, 1978; Hume et al, 1979). Although the 

smaller arteries travel only a small distance through 

a tissue, and their temperature increases more rapidly 

than the large arteries, they are of course more numerous. 

Consequently a significant amount of tissue around the 
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periphery of a heated region may be protected from the 

hyperthermic dose (Storm et al, 1980). It may therefore 

be necessary to allow for this by extending the volume 

of the heated region. 

It should be noted that the flow in a blood vessel, 

particularly in the middle of a heated region, may de- 

crease due to the damage being produced in the tissue. 

This would lead to improved heat exchange in the vessel 

and therefore reduce the volume of tissue underdosed by 

the heat. 

Figure 8.3 also represents the analagous situation 

of "hot" blood passing through a "cold" tissue. Therefore 

in this way the venous blood draining from a heated 

region may deliver a damaging heat dose to blood vessels 

and tissue outwith the treatment volume. This may place 

a constraint on maximum temperature a, --, ceptable with- 

in a heated region, even if that temperature is present 

only in tumour tissue. Because of the arrangement of 

the venous circulation, however, it is likely that the 

"hot" blood will be diluted by blood draining from other 

unheated regions. 
j 

8.3 ROLE OF THE CAPILLARY BLOOD FLOW 

The overall ability of blood flow to remove heat 

from a tissue is best described by the "capillary" model 

presented in section 3.4.1, although it has been 

recognised in the previous section that it is not just 

the capillaries that are involved in heat exchange. The 
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specif c influence of blood flow on tissue temperature 

has not been studied before and is examined here by 

considering each tissue effectively in isolation and 

assuming that Ao other processes are responsible for 

removing the heat. In terms of the thermal conduction 

this means that the tissue is considered to be large 

enough that the effects of conduction are essentially 

negligible. The assumptions made in deriving equation 

3.8 are again accepted here and, where necessary, will 

be discussed later. For simplicity the heating of the 

tissue is assumed to be uniform as in section 7.2.2 but 

the basic principles derived here will still be applic- 

able to other techniques. 

8.3.1 Model of the removal of heat by the capillary 

blood flow 

It has been shown in section 3.,!. -'L that if an 

amount of heat, QOt is deposited in a tissue then at 

subsequent times after this the amount left will follow 

an exponential course, i. e. 

Q(t) QO exp(-kt) 

where t is the time after the heat is deposited 

and k is the exponential rate constant given by 

kF - 

where F is the tissue blood flow (ml min-1) 

X" is the ratio of specific heats tissue: blood 

, p' is the ratio of densities tissue: blood 
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is the tissue volume 
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This can be expressed as (see equation 3.7) 

k 
ftb 

100 ;ý 

where /Ob is the density of blood 

and f is now the tissue blood flow in m1/100g/min 

As in equation 3.8 the change in temperature of the tissue 

can similarly be written as 

AT= AT 0 exp (-kt) (8.2) 

where the temperatures are measured relative to the 

arterial blood temperature, which is normally 37 0C for 

example T0= (T 0- 37 0 C). 

Now if, instead of a single instantaneous input of 

heat to the tissue, the heat is. delivered at a constant 

rate I per unit mass of tissue the temperature rise at 

any time is then given by 

-kt AT kc 
(1 -e (8.3) 

t 

ct is specific heat of the tissue. 

It is now possible to simulate a hyperthermia treatment 

which involves the application of heat, at an input rate 

until the equilibration temperature is achieved at 

a particular point, and then a reduced input 12 which is 

necessary to maintaiýi a constant temperature at the 

equalibration point. Thus 

T AT 
.e -kt + 

12 
(1 -e -kt (8.4) 0 kc t 

where time zero is taken when the equilibration temperature 
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is reached. 

-v-- 

ATO is the temperature change at the end of the initial 

heating period 
I 

which, for the tissue containing the 

equilibration point represents, of course, the equili- 

bration temperature. 

-11 
AT -- kc t 

where t0 is the time 

temperature. 

8.3.2 Resul-ts 

For other tissues 

(1 -kt 0) 

taken to achieve the equilibration 

Using the values of the densities, specific heats 

and blood flowo tabulated in-chapter 7 the above equations 

were used to calculate the effects of blood flow on 

tissue temperatures. First of all, Figure 8.4 shows the 

rise in temperature of a single tisslicn,, with the 

properties of muscle, for a constant heat input rate and 

when no blood flow is present. The different values of 

the heat input correspond to those used in practice 

(Storm et al, 1980). The temperature of the tissue 

steadily increases with time, as would be expected since 

this model assumes that no other mechanism for loss of 

heat is present. In contrast Figures 8.5 to 8.7 show 

the rise in temperature, for different heat input rates, 
I 

in the presence of blood flow. It is seen that the 

temperature of the tissue does not increase steadily 

but rises less and less rapidly with time until a con- 

stant, limiting value is obtained. This limiting Value, 
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Figure 8.4 The increase in temperature with time for 

various heat input rates. There is no 
blood flow. 
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Figure 8.5 The increase in temperature with time for 

various heat input rates. Blood flow 

- 10 ml/100g/min. 
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Figure 8.6 The increase in temperature with time for 

various heat input rates. Blood flow 

- 50 ml/100g/min. 
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Figure 8.7 The indrease in temperature with time 

for various blood flows. The heat input 

is 0.1 W g- 
1. 
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and the time taken to achieve a certain temperature, 

depend on the heat input and the blood flow. As the 

input decreases and the flow increases the time taken 

to achieve a specific temperature rise is increased. 
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The reason for the shape of these curves is evident' 

from the derivation of equation 8.3. The amount of heat 

removed from a tissue at any time, by the blood flow, is 

a constant fraction of the amount of excess heat within 

it. As the temperature of the tissue increases, the 

absolute amount of heat removed will therefore also 

increase. At some time the amount of heat removed will 

then be equal to the constant amount which is supplied 

by the heating modality and, as a result, the temperature 

of the tissue will remain stable. It is clear from these 

results that it cannot be assumed that by simply anplying 

heat to a t4ssue for a long enough time that a particular 

temperature rise will eventually be achieved. Instead 

the tissue will attain a maximum temperature whi6h will 

depend on both the heat input rate and the blood flow. 

In these circumstances it is therefore essential that a 

measurement of tissue temperature is made; otherwise it 

may be questioned whether it is significantly elevated 

at all (LeVeen et al, 19767 Miller et al, 1977). 

From equation 8.3 the limiting value of the 

temperature rise is given by 

kc 

Alternatively the heat input rate required to maintain 
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such a temperature rise is 

I= kc tA 
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and clearly this is also the minimum heat input rate which 

will be required to raise the temperature by this amount 

in the first place. The large range of heat inputs re- 

quired for the different tissues of the body are therefore 

illustrated in Figure 8.8, * It is again emphasised that 

the temperature rise produced is dependent not on the 

total amount of heat delivered to the tissue but on the 

power of the heating source. 

In practice more than one tissue will be contained 

within a treatment volume. Again assum-ing that blood 

flow is the only heat transfer mechanism present and that 

the heating is uniform throughout the volume, Figure 8.9 

shows the ratio of the temperature rises in two tissues 

whose blood flows are 5 ml/100g/min and 10 ml/100g/min. 

At short times the temperature rise is similar in both 

tissues but as time progresses the ratio increases. It 

can be seen from equation 8.3 that eventually a limit 

is obtained, given by 

Limit 
AT1k2c 

t2 
AT2k1c ti 

In other words, if the tissues have the same specific 

heat, eventually the ratio of the temperature increments 

becomes equal to the inverse ratio of the tissue blood 

flows-, in this case the tissue with twice the blood flow 

attains a temperature increase of one half of that in 
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Figure 8.8 The heat input rate per g of tissue required 
to maintain the tissue temperature elevated 
by 50C and by 90C plotted against blood flow 

in the tissue. The tissue density is 1g cM- 
3 

-10 and the specific heat is 4.2 JgC 

Also shown are the ranges of blood flows to 

be found in some tissues in man, 
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Figure 8.9 The ratio of the temperature increase in 

two tissues being heated simultaneously 

with the same heat input. Tissue 1 has a 
blood flow of 5 ml/100g/min and tissue 2 

a flow of 10 ml/100a/min. 
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the other tissue. 

While the above result might imply that the differ- 

-k, - ential effects produced by blood flow might be avoided 

by using shortO heating times it should be realised that 

the above represents only the heating stage. This is 

followed either by cooling of the tissue'or more usually 

by a reduced heat input such that the temperature at the 

equilibration point is kept constant. Figure 8.10 shows 

the temperature-time curves obtained if the two tissues 

0 
are immediately raised to 42.5 C at time zero and are 

then allowed simply to cool down again by the blood 

flowing through them. It can be seen that tissue 1, 

with the lower blood flow, has a temperature higher 

than 42 0C for twice as long as tissue 2. In other words 

the differential effect of the blood flow is still 

present. 

Figures 8.11 and 8.12 simulate a specific hyper- 

thermia treatment, where the same two tissues are again 

within the treatment volume. The equilibration 

temperature is again 42.5 0C and this is maintained for 

30 minutes. Firstly, with the equilibration point in 

tissue 1, the heat input required to maintain this at 

a constant temperature is insufficient to maintain the 

temperature in tissue 2, and this then falls as shown 
I 

(Fig. 8.11). Alternatively, with the equilibration 

point in tissue 2, the temperature of tissue 1 continues 

to rise above 42.5 0C (Fig. 8.12). 



a- 

42-5 
0 
0 

40 
CL 
E 

37L 
0 

Figure 8.10 The variation in temperature with time for 

two tissues whose blood flows are 
5 ml/100g/min and 10 ml/100g/min. Both 

tissues are immediately heated to 42.5 0C 

at time zero and are then allowed to cool 
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by their blood flow. 

10 15 20 
time (mins) 



0 

4'4 

e-% 

0 
LU 

cr_ 
_D 

LU 

LU 

TIME (MINS) 

23G 

Figure 8.11 The variation in temperature with time for 

two tissues being heated with the same heat 

input. The temperature of tissue 1 is 

raised to 42.5 0C and maintained there for 

30 mins-. During the initial stage the heat 

input is 0.2 W g- 
1. 
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Figure 8.12 The variation in temperature with time for 
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two tissues being heated with the same heat 

input. The temperature of tissue 2 is 

raised to 42.5 0C and maintained there for 

30 mins.. During the initial stage the 

heat input is 0.2 Wg -1 
. 
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8.3.3 Discussion 
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As was detailed in section 3.4.1 several assumptions 

are made in order to allow equations 8.1 to 8.4 to be 

used to assess the removal of heat by the blood flow. 

These are: a) the blood and tissue are at thermal equi- 

librium and no limit to the exchange of heat between 

them is imposed by thermal conduction, b) the heat is 

removed from the tissue only by the blood flow, c) the 

blood flow is constant, d) there is no re-circulation 

of heat, e) the tissue is homogeneous. 

Assumptions a), b) and e) have already been ex- 

amined in t is chapter and would appear to be justified 

in tissues above a certain s-21-ze, and where the tejytp- 

eratures away from the edges and boundaries are considered. 

For assumption c) the vari-ation of blood flow with 

temperature has been discussed in section 7.6 and would 

affect the above results. However the basic principle 

of the blood flow producing non-uniformities in 

temperature would, of. course, still be equally applicable. 

'The assumption of no re-circulation, i. e. that the 

temperature of the arterial blood entering the heated 

volume does not change, can be examined in the follow- 

ing way. When heat is removed from cý tissue it will be 

carried by the blood in the venous 8ystem from where it 

will be directly deposited in other tissues or will pass 

to the arterial circulation to be re-distributed through- 

out all the tissues of the body. Thus the blood entering 

the heated tissue may in fact rise in temperature. An 



0 

estimate of this rise can be made by considering a 

volume of tissue to which 400w of heat are being de- 
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livered. If all of this heat is removed from the volume 

instantaneously and if it is re-distributed uniformly 

throughout the whole body then, in one minute, 70 kg of 

tissue, which is the average weight of a man, will in- 

crease in temperature by approximately 0.08 0 C. This 

represents the maximum increase in temperature of the 

arterial blood. Since the important thermoregulatory 

mechanism of the body has been ignored in this cal- 

cu ation, and loss of heat will take place through the 

lungs and by radiation, convection and sweating then 

in reali ty the increase in temperature will be con- 

siderably smaller. Thus it appears that this assumption 

may be justified in man but, where a large fracti--; aa-'L 

volume is heated, and in small aniiiials, this may have to 

be taken into account. 

The capillary model has shown three distinct effects 

of blood flow in hyperthermia; a) it increases the time 

taken to achieve a desired temperature within a tissue, 

b) it puts a definite limit on the temperature achieved 

with a heating source of a certain power capability and 

c) it produces different hyperthermic doses in tissues 

with different blood flows by producing non-uniformities 

in temperature or in effective heating time. A direct 

comparison of the above results with published experi- 

mental observations is limited because allowance must 

be made for the particular heating patterns produced 
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and also for thermal conduction, since most studies have 

used small animals. More importantly, however, comparison 

is I limited because very few measurements of temperature 

profiles in tissue have been made. Despite this the 

basic principles of the simple model presented above 

appear to be confirmed. Cook (1952) and Lehmann et al 

(1969) have shown the rapid increase in temperature of 

a tissue, during heating, when its blood flow is occluded. 

In addition their results illustrate the contrast be- 

tween a linear rise in temperature in the absence of 

blood flow compared to an asymptotic curve obtained 

with flow, although neither author recognised the sig- 

nificanc'e of this. The asymptotic behaviour of the 

temperatureý-time curve has also been illustrated in 

several other studies (Yerushalmi, 1975; Marmor ei-- a!, 

1977*, Hahn a-, -, d Kim, 19807 Raymond et al, 1980; Storm et 

al, 1980) but again more complex reasons have been sought 

to explain it. Hahn and Kim (1980), for example, suggest 

that "at about 10 minutes into the heat treatment the 

temperature regulatory mechanisms are activated in 

tissue". While increased blood flow may result from 

heating of a tissue this will only accehtuate the bend- 

ing of the curve. 

Storm et al (1980) have shown that, for the same 

power input of their heating source, considerable vari- 

ation was obtained in the maximum temperature produced 

within different tumours. Several authors have also 

shown non-uniformity in temperature between a tumour 
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and the adjacent normal tissue. In most cases the 
I 

tumour was hotter (LeVeen et al, 1976; Dickson and 

Calderwood, 1980; Raymond et al, 1980) but some reports 

also give examples of the normal tissue being hotter 

(Marmor et al, 1977; Storm et al, 1980; Hahn and Kim, 

1980). It is highly likely that such temperature 

differences are caused by different blood flows but, of 

course, in the absence of simultaneous direct measure- 

ments of tissue blood flow and temperature it is not 

possible to verify this in every situation. 

The equations presented in this section can also 

be used to study other hyperthermia situations. For 

example an alterna-Live method of heating a tissue is by 

perfusion with heated blood (Cavaliere et al, 1967). 

The equilibration of the tissue with the heated blood can 

be describec. in a similar way to equation 8.2. The 

temperature will rise faster in regions with a high blood 

flow and therefore this technique may complemen-I. -. the 

external heating modalities where, as shown, the regions 

with a high flow will be cooler. 

8.4 THE EFFECTS OF THERMAL CONDUCTION 

This section now looks at the possible role of 

thermal conduction in modifying temperature gradients 

within a heated region. For the moment the blood flow 

is assumed to be zero but it should be realised that 

the effects of conduction are very much dependent on 

blood flow and this will be shown in the next section. 
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Three examples, illustrating different aspects of the 

conduction process, are presented. In each case the 

temperature distribution was calculated using the finite 

difference codputer program and the characteristics 

detailed in chapter 7. 

8.4.1, Models of thermal conduction 

Model 1- Thermal conduction as a heating modality 

The use of thermal conduction as a means of heating 

a tissue has been described in section 7.2.1. In this 

type of situation the temperature gradient is maximised 

by maintaining a constant temperature on the surface of 

the tissue. In order to study the ability of conduction 

to. supply heat in this way, models were develoPed in 

which the initial temperature throughout the tissue was 

37 0C and the outside temperature was held constant at 

42.5 0 C. Thrce different geometries, ý, -pherical, 

cylindrical and a one dimensional slab were studied, as 

were three different types of tissue; muscle, fat and 

bone. Temperature profiles were calculated for periods 

up to one hour, across a diameter for the sphere and 

cylinder, and between the faces of the slab of tissue. 

This was carried out for several tissue sizes. 

Model 2- microwave heating of a tissue 

The non-uniform heating of a tissue by miprowaves 

a 

A 

was modelled in order to study the effect of conduction 

in smoothing out a less extreme temperature gradient. 

It was assumed that a slab of muscle tissue was heated 

by parallel opposed microwave fields, switched from one 



to the other to avoid interference effects. The 

temperature rise produced by each field is given by 

equation 7.1. The equilibration point was taken at the 

surface of the tissue and temperature profiles, along 
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the direction of the microwave fields, were calculated ý 

for periods up to one hour and tissue thicknesses of one' 

to 10 centimetres. 

Model 3- Conduction out of a heated region 

Conduction of heat out of a heated volume was 

studied using a two dimensional tissue slab model based 

on the localised current field (LCF) heat sources de- 

scribed in section 7.2.2. At time zero the temperature 

throughout the tissue was taken as 37 0 C. The heat input 

term was then chosen so that the equilibration point, 

at the centre of the heated region, was raised to 42.5 0c 

tiW_ 4 
within 60 sý-=conds, after which ý Lt was maintained 

at this temperature. The temperature profiles in this 

case were then calculated perpendicular to the direction 

of the LCF fields in order to show conduction out of 

the region. This was done for both forms of the LCF 

fields (section 7.2.2) for times up to one hour and 

heated regions of width one to 10 centimetres. 

8.4.2 Results 

Model 1- Thermal conduction as a heating modality 

As an example, temperature profiles are shown in 

figure 8.13 for a5 cm diameter sphere, for various 

times. The temperature throughout the sphere rises as 

heat is conducted from the outside into the tissue and 
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Figure 8.13 Heating by thermal conduction - temperature 

profiles across a5 cm diameter sphere of 

muscle tissue. Surface temperature 42.5 0 C. 
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has reached 42.5 0C by 40 minutes. The shape of the 

temperature profiles are similar for all sizes of tissue 

but, of course, the time scales involved vary considerably. 

The ability of thermal conduction to deliver heat 

to a tissue can be evaluated on the basis of the criteria 

discussed in section 

tissue is ma . intained 

an effective thermal 

be raised above 42 0C 

8.1, i. e. since the surface of the 

at a temperature of 42.5 0C then, for 

dose, the rest of the tissue must 

and this must be done within a 

period of about 10 minutes. The lowest temperature will, 

of course, be at the centre of the tissue and Figure 8.14 

shows, the time taken for this point to rise to 42 0 cl 

for tissue with the properties of muscle and for the 

various tissue geometries. As expected "all. round 

heating", as in a sphere, is the most efficient mod- 

ality. SimilarlY Figure 8.15 shows the time taken fo--- 

different types of tissue, using spherical heating. 

The results of these two figures are summarised in Table 

8.1 which shows the size of tissue which may be 

efficiently heated by thermal conduction alone, on the 

basis of the two criteria of section 8.1. 

Model 2- Microwave heating of a tissue 

An example of microwave heating is shown in Figure 

8.16 for a plane slab of muscle tissue of two centimetres 

thickness. Although the heating pattern is non-uniform, 

thermal conduction improves the temperature uniformity. 

However the hyperthermia criteria suggest that such an 

arrangement will be useful only in tissues up to two 
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Figure 8.14 Heating by thermal conduction - time 

taken for centre of tissue to reach 42 0C 

plotted against tissue size. Muscle 

tissue, surface temperature 42.5 0 C. 

Dotted line indicates sizes of tissues 

heated to 42 0C in 10 minutes. 
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Figure 8.15 Heating by thermal conduction - time 

taken for centre of tissue to reach 42 0C 

plotted against tissue size for tissues 

with thermal diffusivities corresponding 

to bone, muscle and fat. Dotted iine 
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indicates sizes of tissues heated to 

42 0C in 10 minutes. 

- 
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TABLE 8.1 

Size of tissues which are efficiently heated 

by thermal conduction alone 

Tissue 

Muscle - slab 

Muscle - cylinder 

Muscle - sphere 

Fat - sphere 

Bone - sphere 

Diameter or thicknes 

1.5 

2.2 

2.8 

1.75 

4.6 
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Figure 8.16 Microwave heating - temperature profiles, 

at various times, resulting f rom heating 

of muscle tissue (width 2 cm) by parallel, 

opposed, switched, microwave fields 

(2450 MHz). Broken line - no thermal 
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conduction. Equilibration point at surface 

of tissue. 
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cen imetres thickness, which is little improvement on 

simple conduction heating indicated in Table 8.1. Thus 

the non-uniform heating patterns produced by microwaves 

cannot be suft4iciently smoothed out by thermal con- 
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duction in tissues greater than about two centimetres in 

size. 

Model 3- Conduction out of a heated region 

Using the ideal LCF heating source, with no pen- 

umbra, Figure 8.17 shows the temperature profiles, at 

various times, across a heated region of width five 

centimetres. Thermal conduction continuously modifies 

the temperature distributions both within and out of 

the heated volume and reduces the size of the region 

which is above the therapeutic level of 42 0 C. The 

percentage volume of the heated region which is above 

42 0 C, at any time, is indicated in 
-Pigure 8.18 for 

different sizes of tissue. The rather complex shapes 

of the curves are determined by the extent to which the 

equilibration point i's affected by thermal conduction. 

For example, for an LCF field of width five centimetres, 

initially almost all of it is above 42 0 C. Over a period 

of ten minutes the effective volume falls to less than 

50% as conduction carries away heat into the surrounding 

tissues. After this time, however, as conduction begins 

to influence the equilibration point more heat is added 

by the heat source and the effective volume increases 

again. 

Because of the sharp boundary of the heat input 

0 
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Figure 8.17 Localised current field heating - 
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Figure 8.18 Localised current field heating - the 

variation of the percentage of the heated 

region above 42 0C with time, for various 

widths of tissue. Equilibration point in 

centre of region. Solid lines - idealised 

field. Broken line - field of width 5 cm 

with penumbra. 
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of the idealised LCF source these results illustrate the 
I 

maximum effects of conduction. Temperature distributions 

were also calculated for a more realistic LCF source, of 

width five centimetres, with a penumbra (section 7.2.2) 

and the percentage of the volume above 42 0C is shown in 

Figure 8.18 by the dotted line. The heating penumbra 

reduces the effect of conduction out of the treatment 

volume, at the expense of an increased temperature in 

the surrounding tissue. However the volume which re- 

ceives an effective thermal dose still falls to just over 

50% during the treatment. 

8.4.3 Discussion 

The above results indicate the general magnitude of 

the effects of thermal conduction in hyperthermia but 

it is again stressed that they are strictly applicable 

only in the absence of blood flow. The following 

particular conclusions can be drawn. 

a) Thermal conduction is efficient at smoothing out 

temperature gradients over distances of about two centi- 

metres, the exact value being dependent on factors such 

as the steepness of the temperature gradient, the geo- 

metry of the tissue and the type of tissue (Table 8.1). 

It is therefore itself a viable form of heating for 

small tissues of this order of size and is of particular 

use in experimental animals. With larger tissues it 

provides heating to the superficial layers but does not 

produce satisfactory temperatures at depth. The results 

are not only applicable to water bath heating but are 
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also be important in other techniques involving perfusion 

or infusion of heated fluids. 

b) Thermal conduction also provides a means by which 

heat may be lost from a region. The consequence of this 

is that the thermally effective volume may only be about 

to WI-I 4 50% of the volume J-ch the external heat energy is 

being applied. Thus to be certain of effectively heat- 

ing a tissue of a certain'size requires that the 

surrounding tissues also be heated, which may result 

in undesirable effects if the blood flow is low in 

these areas. 

8.5 INTERACTION OF BLOOD FLOW AND CONDUCTION 

In the preceding sections some of the individual 

effects of thermal conduction and the flow of blood 

through a tissue have been described. Th-is section now 

attempts to indicate how these effects may interact and 

in this way 1-11ustrate the type of problem which may be 

encountered in the practical use of hyperthermia. Two 

specific examples are considered; one which illustrates 

the way in which the effects of conduction may be 

dominated by blood flow and the other in which the 

effects of blood flow are influenced greatly by thermal 

conduction. Temperature distributions were again cal- 

culated using the finite difference computer program. 

8.5.1 Models 

Model 1- Conduction heating of a perfused tissue 

This model again involved the heating of a tissue 
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by conduction from its surrounding medium. The tissue 

was considered as a sphere, of muscle tissue, where 

initially the temperature throughout was 37 0 C, with the 

surface of the sphere being maintained at 42.5 0 C. In 

this case, however, a uniform blood flow was assumed to 

be present in the tissue and the effects of this have 
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been simulated in two ways. First of all it was assumed 

that the blood flow simply removed heat from the. spher- 

ical tissue according to the capillary model and at 

each time step of the computer program a correction was 

made for this as described in section 7.6.1. Secondly, 

however, it was suggested in section 8.2.4 that blood 

flow'may also increase the effective thc--mal conductivity 

of tissue and therefore two different values of the 

conductivity were used. While it is accepted that con- 

ductivity may be a variable function of blood flow, for 

simplicity the general observations of Nevins and 

Darwish (1970) were used and the conductivity with flow 

was taken to be twice. that without flow. 

The temperature profiles across the diameter of the 

sphere were calculated for periods up to one hour, for 

flows of 5,10 and 30 m1/100g/min and diameters of 2 cm 

and 5 cm. 

Model 2-A non-uniformly perfused tumour 

The aim here was to examine the temperature is- 

tributions obtained when non-uniform blood flows are 

present over distances which are relevant to the 

practical use of hyperthermia. It was felt appropriate 

0 
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to adopt a model based on a description of a solid tumour 
I 

which has recently received considerable attention in 

the literature (see section 7.6). The model used is 

depicted in Figure 8.19 and is of spherical geometry. 

Within the central core of the tumour the blood flow is 

low or zero and in the surrounding shell the flow is 

I higher than in the adjacent normal tissues. It was 

assumed that the initial temperature throughout the 

tumour and normal tissues, both of which had the thermal 

characteristics of muscle, was 37 0C and that the volume 

was uniformly heated. The heating term was chosen such 

that the equilibration temperature, which was 42.5 0 C1 

was reached within one minute. The equilibration point 

was positioned in either the central core or in the 

normal tissue. The effect of changing the thermal con- 

ductivity, when blood flow was present, wa. -:: > again 

examined. 

Temperature profiles were calculated across the 

volume for periods up, to one hour and for two com- 

binations of the tissue component dimensions and blood 

flows. Clearly the number of possible combinations is 

limitless but the values used were consistent with the 

reported general descriptions Of a small and a fairly 

large tumour (Straw et al, 1974; Endrich et al, 1979) 

and are shown in Table 8.2. 

8.5.2 Results 

Model 1- Conduction heating of a perfused tissue 

In contrast to the temperature profiles obtained in 
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Figure 8.19 Model of non-uniformly perfused tumour. 

fn' fc and fs represent the blood flow 

in the normal tissue, tumour core and tumour 

shell respectively. 
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TABLE 8.2 

Tissue sizes and blood flows for tumour models 

Normal 
Core Shell Tissue Core Shell 

Blood rlow Blood Flow Blood Flow Radius Radius 

Small 
Tumour 1 20 10 0.5 cm 1 cm 

Large 
Tumour 1 20 10 2 cm 2.5 cm 

All blood flows are given in ml/lOOg/mi'n 



the absence of blood flow (Figure 8.13), which show a 

continual rise in temperature within the tissue with 

time, in the presence of blood flow a steady state is 

reached relatively quickly. Figures 8.20 and 8.21 show 

the temperature profiles for spherical regions of 2 cm 

and 5 cm diameter respectively, for the blood flows as 

shown. The achievement of a steady state means that a 

stage is reached when the"blood flow in the tissue is 
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carrying away heat as fast as it can be delivered by the 

conduction process. The centre of the tissue is then 

effectively protected by the blood flow in the outer 

layers and the rise in temperature of this point is 

therefore limited as shown. For blood flows of 

10 ml/100g/min or greater only the outer 2 mm or so of 

the tissue is above 42 0 C. To increase the temperature 

of a significant portion of the tissue above 420C would 

require a surface temperature well in excess of 42.5 0C 

which may, of course, be unacceptable. For a tissue of 

2 cm diameter and a flow less than 5 ml/100g/min most 

of the tissue will attain a temperature of greater than 

42 0 C. 

The effect of an increase in the thermal conduct- 

ivity, which may be a second consequence of blood flow, 

is shown by a dotted line on both graphs, for a flow 

of 10 ml/100g/min. As expected this increases the amount 

of tissue above 42 0 C, substantially in the case of the 

cm tissue but only marginally in the other example. 

It can be seen from these results that in this 
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Figure 8.20 Heating by thermal conduction - steady state 
temperature profiles across spherical 

volumes of muscle tissue, of diameter 2 cm, 

with blood flows of 5,10 and 30 ml/100g/min. 
The surface of the tissue is maintained at 
42.5 0 C. Dotted line - the temperature 

profile obtained for a thermal conductivity 

value of 2x that of muscle and a blood flow 

of 10 ml/100g/min. 
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Figure 8.21 Heating by thermal conduction - steady state 

temperature profiles across spherical 

volumes of muscle tissue, of diameter 5 cm, 

with blood flows of 5,10 and 30 ml/100g/min. 

The surface of the tissue is maintained at 

42.5 0 C. Dotted line - the temperature 

profile obtained for a. thermal conductivity 

value of 2x that of muscle and a blood flow 

of 10 ml/100g/min. 
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situation blood flow dominates the transfer of heat in 

tissues greater than 2 cm in size, but below this con- 

duction may assume greater importance. 

Model 2-A non-uniformly perfused tumour 
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Figures 8.22 and 8.23 show the temperature profiles', 

taken 20 minutes after the start of heating, for the 

small and large tumours respectively. The profiles 

change only marginally with time, the variation being 

about 0.1 0C from 10 minutes after the start to 40 min- 

utes after. First of all, Figure 8.22 shows that, with 

the equilibration point at the centre of the tumour the 

temperature does not fall below 42 0C at any part of the 

volume. ' Instead the n0imal tissue temperatuze rises to 

43 0 C. With'the equilibration point in the normal tissue 

a large part of the tumour is then at a temperature 
0 1-n I les., 3 than 42- C. Both of these represent potentia-Lly 

serious situations, one in which the normal tissue may 

be overdosed and the other where the tumour may be 

underdosed. Considering the equilibration point at the 

centre of the tumour the shape of the profile results 

I 
from the fact that heat is being removed at a fast rate 

by the relatively high blood flow in thb shell of the 

tumour. Because of the small size of the tumour core 

the equilibration point is then influenced by conduction 

from the core to the outer shell. This results in an 

increased heat input by the external source in an attempt 

to maintain the equilibration temperature. The con- 

duction from the core and the increased heat input mean 
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Figure 8.22 Heating of a non-uniformly perfused tumour 

- steady state temperature profiles across 

a spherical tumour with a core blood flow 

of 1 ml/100g/min, a shell blood flow 20 ml/ 
100g/min and normal tissue blood flow 

10 ml/100g/min. The core is 1 cm in 

diameter and the shell is 0.5 cm wide. The 

heat input maintains the equilibration 
point at 42.5 0 P. The equilibration point 
is a) at the centre of the tumour, b) in 
the normal tissue. Dotted line - the 

temperature profile obtained for a thermal 

conductivity value of 2x that of muscle. 
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Figure 8.23 Heating of a non-uniformly perfused tumour 

- steady state temperature profiles across 

a spherical tumour with a core blood flow 

of 1 ml/100g/min, a shell blood flow 20 YLI/ 
100g/min and normal tissue blood flow 

10 ml/100g/min. The core is 4 cm in 

diameter and the shell. is 0.5 cm wide. The 

heat input maintains the equilibration 

point at 42.5 0 c. The equilibration point 
is a) at the centre of the tumour, b) in 

the normal tissue. Dotted line - the 

temperature profile obtained for a thermal 

conductivity value of 2x that of muscle. 
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that the temperature in the shell does not fall as much 

as might have been expected on the basis of its blood 

flow. However the heat input also results in the 

temperature ofIthe normal tissue reaching a possibly 
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dangerous level. A similar explanation applies when the 

equilibration point is in the normal tis'sue. The im- 

portant factor then is that although the tumour core does 

not have a high blood flow, and may be expected to main- 

tain a high temperature, it is small enough to allow a 

considerable loss of heat by conduction to the outer, 

shell. 

A much worse situation is obtained in the case of 

I 

the large tumour (Fig.. 8.23). Here, with the equili- 

bration point at the centre, the temperature falls 

4 
steadily within the core and shell of the tumour unt_Ll 

it is below , *'0 
0C at the junction wit"a the normal tissue. 

However with the equilibration point in the normal tissue 

the temperature at the centre of the tumour reaches 

46 0C and is above 42.5 0C throughout the tumour. In this 

case, then, conduction is less able to smooth out the 

temperature gradients and to influence the equilibration 

point and the temperature profile is more dependent on 

blood flow non-uniformity. 

The effect of increasing the thermal cond7uctivity 

is shown on Figures 8.22 and 8.23 by the dotted lines, 

in both cases assuming that the equilibration point is 

at the centre of the tumour. As expected this pro- 

duces a more uniform temperature profile, particularly 
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with the small tumour. It should be noted that if the 

blood flow in the core of the tumour was zero instead of 

1 m1/100g/min then this correction to the thermal con- 

ductivity woul0i not be applicable. 

8.5.3 Discussion 

Although conduction heating of tumours has been 

adopted in many studies, detailed temperature profiles 

have only rarely been measured and in many cases the 

assumption is made that the tumour attains the water bath 

temperature (Robinson et al, 1974; Hall et al, 1974; 

Hume et al, 1979). The above results show that the 

temperature obtained at any depth within tissue is 

mainly dependeiit on the blood flow and that, in geneaL L, -a" 

only a very thin layer close to the surface of the 

tissue will be within 0.5 0C of the water bath temp- 

erature. Thi, -s is consistent with Di---'-,. son and Calderwood's 

(1980) suggestion that the temperature of a water bath 

must be up to 40C higher than the desired temperature 

within the tissue. Robinson et al (1978) have measured 

temperature profiles across a tumour implanted in a 

mouse leg. Their results, with water bath heating, are 

of the same form as Figure 8.20 and show a tbmperature 

10-20C lower at the tumour centre. They suggest that 

this is due to large blood vessels at the centiýe but 

from above this is equally likely to be due to the 

diffuse blood flow throughout the tissue. Indeed, on 

heating with microwaves, an essentially uniform profile 

is obtained which is compatible with a technique of 
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local deposition compared to one which depends on the 

transfer of heat from the outer layers. Hall et al 

(1974) treated superficial tumours of the urinary 

bladder by irrigation with heated saline but measured 

only the temperature of the saline. Since the above 

results show that the thermal dose at depth is limited 

I and highly dependent on blood flow it is not surprising 

that a wide response to this treatment was observed. 

The number of examples of practical hyperthermia 

models presented here has been necessarily limited. 
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The two models, based on a description of a solid tumour 

have, however, been sufficient to demonstrate the im- 

portance of blood flow and thermal conduction and the 

difficulty in predicting the interaction which occurs 

between the two. In particular they have shown that 

the normal prac-uice of monitoring the temperature at 

only one point in tissue gives a limited, and possibly 

mistaken, impression of the thermal effect. Most 

clinical studies monitor the temperature at the centre 

of a tumour (Storm et al, 1980; Raymond et al, 1980; 

Areangeli et al, 1980) but Figure 8.23 shows that for 

a fairly large tumour this will lead to an ineffective 

thermal dose to the outer parts. The region between 

the core and shell of a tumour may be especially im- 

portant since it contains the hypoxic cells, which are 

resistant to treatment by lonising radiation (Cater et 

al, 1964). In this case, then, it may be advantageous 

to position the equilibration point in the normal 
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tissue. Unfortunately, for a small tumour the opposite 
is true, where an effective tumour dose is only obtained 

by monitoring the tumour temperature. It is clear from 

these results Phat the particular geometry of a tumour 

is crucial and that the monitoring of temperature at a 

single point does not necessarily provide information 

on the true thermal dose. Furthermore it is seen that 

the existence of a low blood flow within the core of a 

tumour does not guarantee an effective thermal dose 

throughout, as has been inferred in the literature 

(Dickson and Calderwood, 1980). 

Variation of the thermal conductivity value in 

Figures 8.22 and 8.23, which may occur in the presence 

of blood flow, also emphasises that the thermal 

characteristics play a vital role in determining the 

temperature prof-iles. 

8.6 CONCLUSIONS 

For localised hyperthermia to be a useful modality 

in treating cancer the factors influencing the 

temperature distributions within a tissue must be known 

and understood. This study has been concerned with 

defining the roles played by the blood flow and thermal 

conduction in modifying these temperature distributions. 

The effects of these processes have been asses: ýed only 

with regard to the temperature non-uniformity produced 

and no account has been taken of other factors, which 

may be equally important, such as the chemical 
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environment within the tumour, the release of toxic 

substances as the tissue is damaged, the inherent thermal 

sensitivity and the irmunological response (Dickson and 

Calderwood, 19430). on this basis it is the lowest 

temperature within a tumour which will determine whether 

it will be capable of re-growth. Two criteria, based on 

published results, have been used to assess the thermal 

effectiveness in any situation. Several particular con- 

clusions have been obtained. 

a) Significant exchange of heat between the blood and 

tissues occurs not only in the capillaries but also in 

the arterioles and venules and to a lesser extent in 

the small arteries and. veins. The consequences of this 

are that, for small tissues, the accurate description 

of heat transfer might require a complex model which 

will take into account the "convection" of heat by the 

blood flow. In addition a blood flow dependent value 

of the thermal conductivity may be necessary. 

b) Where blood vessels do not come to complete equi- 

librium with tissue, a considerable volume surrounding 

the blood vessel may be protected from the thermal dose 

by the "cold" blood. This occurs in large arteries and 

veins and also to a lesser extent in small arteries and 

veins although the latter may be more importaný because 

of their large number. 

C) A diffuse model of blood flow, which is applicable 
I 

to large tissues, shows that flow limits the temperature 

obtained within a tissue for a particular heat input and 
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produces non-uniformities in the tissue temperature 

or effective heating time, in tissues with different 

lows. 

Thermal c6nduction has important effects in 

smoothing temperature gradients, although this is only 

signif icant over small distances, and can considerably 

reduce the effective heated volume of a tissue. 

e) The interaction of blood flow and conduction 

results in complex effects which depend on a very large 

number of variables, including the particular tissue 

dimensions. In the treatment of tumours the placement 

of a temperature monitor may be of vital importance. 

The, exis-11--ence of a low flow within the ore of a tumour 

does not necessarily lead to a thermally effective dose 

throughout it. 

Thus the mathematical models prosented in this 

study have allowed the general, and some specific, 

effects of blood flow and thermal conduction to be 

defined. In the light of these findings it is perhaps 

not surprising that, in clinical use, hyperthermia has 

shown variable results. In many situations localised 

hyperthermia will be severely limited by the'effects 

of blood flow and procedures such as occlusion of the 

blood supply or perfusion of the region with hpated 

fluid may be required to produce more uniform temp- 

eratures. While mathematical models are useful to 

assess the effect of particular variables they would 

appear to have little future in terms of predicting 
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the temperature distribution for a specific treatment. 

Such treatment planning would require accurate knowledge 

of the tissue and tumour dimensions, and the blood Llows 

and thermal prbperties within each region. Although 

several recent studies have attempted to measure blood 

flow in tumours (Mantyla, 19797 Taylor et al, 1979; 

Song et al, 1980) it is unlikely that this could be 

achieved with sufficient accuracy, and with the necessary 

regional information, to allow a precise definition of 

the temperature distribution during heating. The clinical 

use of hyperthermia will demand a full knowledge of the 

temperature distribution and it would appear more 

fruitful to investigate methods of measuring this 

directly. 

4 

0 
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CHAPTER 9 

HEAT AND MATTER TRANSFER - CONCLUSIONS 

0 
The purpose of this study has been to examine the 

272 

ways in which both matter, specifically an inert gas, and 

heat are redistributed within living biological tissues 

by the processes of blood flow, diffusion and thermal con- 

duction. Two specific clinical problems, one concerning 

the measurement of skin blood flow using 
133Xe 

and the 

other the use of localised'hyperthermia in cancer th6rapy, 

have been investigated using analagous analytical and 

numerical models. While simplifying assumptions have' 

clearly been required,. solutions to the models have been 

obtained which are compatible with empirical data. The 

4 
results of the study have emphasLsed the important inter 

action which takes place between, in one case, blood flow 

and dif fusion and in the other, blood flow and thermal 

con uction. 

A truly quantitative method of measuring skin blood 

flow would be of immense value in plastic surgery. The 

clearance of a radioactive inert gas, 
133 

Xe, from the skin 

has been proposed and, indeed, used for such a purpose. 

Motivated by the present finding of clearance of 
133 Xe 

in the absence of blood flow this study set out to re- 

examine the processes involved in this technique. 

133 Xe can be transported in a tissue both by bulk 

diffusion and by the blood flow. Before the latter 

process can occurl however, the 133 Xe must obviously be 
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able to diffuse through the tissue and into the blood 

vessels. Traditionally it has been assumed that sig- 

nificant transfer of an inert gas from the tissue to 

the blood can only take place in the capillaries. The 
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present study, however, has shown that such exchange is 

dependent on the particular combination of the length, 

Ve ocity of flow and radius of the blood vessel and, for 
I 

typical values of these, exchange may occur not only in 

the capillaries but also in larger blood vessels. While 

the traditional description of the clearance of 
133 Xe 

from a tissue, by the blood flow, is still applicable in 

uniformly labelled regions whose dimensions are much 

greater than the length of the exchange vessels, such a 

description, is thus insufficient in smaller labelled 

regions. A rigorous model of this would require complete 

knowledge of the properties and architecture of the 

vascular system in a tissue, and has therefore not been 

attempted in the present study. However, the i Ilications MP 

of large vessel exchange have been outlined. After 

133 
epicutaneous application of Xe to the skin surface, 
133 Xe will be present within the dermis in a very thin 

layer. Instead of simply being cleared, from the skin by 

the blood flow it may be re-deposited, by the flow, at 

deeper levels within the dermis and subcutaneous fat. 

The rate. of clearance in the initial stages will be 

dependent not only on blood flow but also on the 

particular characteristics of the blood vessels in the 

lower layer of the dermis and in the subcutaneous fat. 
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A full model of the transport of 
133 

Xe in skin, in- 

corporating bulk diffusion and clearance by blood flow, 

with a correction for the above transfer process, has 

shown that, after epicutaneous application, the clearance 

rate is dependent not only on blood flow but also very 

much on diffusion back out of the avascular epidermal 

barrier. The result of this is that an apparent clear- 

ance is present even in the absence of blood flow, and 

thus the clearance rate is just as likely to reflect the 

diffusion characteristics of the epidermal barrier. For 

this reason the method is unable to provide an accurate 

measurement of skin blood flow and is unsuitable for use 

in the clinical situation of plastic surgery. The 

measurement of skin blood flow, however, remains a problem. 

It may. be that, in some situations and especially in the 

absence of any other suitable technique, the intra- 

cutaneous 
13 3Xe 

method may provide sufficient accuracy, 

if a proper analysis of the clearance curve is made. 

This, of course, applies only where the inherent dis- 

advantages of the method, namely the necessity of 

injection and the effect of injection on blood flow, are 

acceptable. 

The investigation of the ways in which blood flow and 

thermal conduction can modify temperature distributions 

produced during localised hyperthermia has also firstly 

involved an assessment of the exchange blood vessels. 

Again it has been shown that the exchange occurs in ves- 

sels larger than capillaries, although in the case of 
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heat larger vessels are capable of such exchange than for 
13 3Xe. The implications of this are that where temp- 

erature gradients are present over small distances (of 

about 1 cm) within a perfused tissue, the transfer of 

heat in and out of blood vessels may result in a higher 

effective thermal conductivity in that region than is 

measured in excised tissue. A further consequence of the 

exchange of heat between a blood vessel and tissue has 

been shown to be the thermal protection afforded to the 

tissue surrounding a large blood vessel, in a heated 

region. In this case, while the'total exchange is mini- 

mal the-local reduction in temperature i: 5 highly 

significant in terms of biological effect. 

The models of localised hyperthermia, using a 

capillary description of blood flow, have shown that the 

temperature distributions produced in a living tissue 

are highly dependent on that blood flow and on týermal 

conduction. The blood flow produces an efficient heat 

sink within the tissue, resulting in non-uniform 

temperatures in the presence of non-uniform flows. 

Thermal conduction is able, in a limited way, to smooth 

out temperature gradients within a tissUe and also to 

provide a form of heating when the tissue is surrounded 

by a heated fluid. The effects of blood flow and con- 

duction are interdependent and the interaction between 

them may be difficult to predict. Two specific tumour 

models have highlighted the problem of producing an 

effective thermal dose throughout a tumour. The monitor- 
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ing of temperature at one point within a treatment 

volume has, in addition, been shown to provide limited 

information on the likely therapeutic effects. 

The abovd4 results suggest that considerable limit- 

ations are introduced by blood flow and thermal conduction 

to the use of localised hyperthermia in'clinical practice. 

It should, however, be emphasised again that the possible 

biological effects have been assessed solely on the basis 

of the tissue temperature, although it is realised that 

other factors may also be of importance. Despite this it 

is clear that not enough attention has been paid to the 

possible non-uniformities in temperature distributions 

which may be produced even with ideal heating techniques. 

It has been shown that both heat and matter transfer 

can be descrii: )ed by analagous mathematical models. The 

essential difference between the two models is in the 

diffusivity term and a clear example of this is reflected 

in the size of blood vessels which are capable of sig- 

nificant exchange with the surrounding tissue. Because 

of its much higher diffusivity heat can be exchanged with 

blood vessels of a larger radius and flow rate than can 
13 3Xe. An important consequence of this difference is 

that the effective blood flow, in relation to heat 

exchange, may have to take account of flow in these 

larger vessels. This means that the blood flow assessed 

by an inert gas clearance or microsphere technique might 

not reflect the thermally effective blood flow, since 

different sizes of blood vessels are involved. Therefore 
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if a model of hyperthermia is to be constructed and 
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requires a value for the blood flow, it may be necessary 

to assess this flow using a technique based on the 

clearance of heat itself. 

Further work required 

The results of the models have shown very good 

agreement with the experimental work carried out on 
133 

Xe clearance from skin and 
I 
are also compatible with 

published, but limited, empirical data on hyperthermia. 

In the present study no experimental work was carried out 

on the mapping of tissue temperatures in localised hyper- 

thermia but it is clear that much more work is required 

in this-area. Developm6nt of the models to include a 

rigorous description in small tissue regions would 

appear to be limited because of the lack of information 

available on blood vessel characteristics and arrange- 

ments. Such a description may itself have to be; based 

on empirical results. Whether modelling will play a 

significant part in the clinical use of hyperthermia 

remains to be seen'but certainly the above results 

suggest. that a large, number of, often varying, factors 

can affect the temperature distributions. With this in 

mind there is no doubt that accurate and thorough 

temperature measurement will be of prime importance in 

clinical practice. 
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APPENDIX A 

CALCULATION OF THE RADIATION DOSE IN THE USE OF 
133 

Xe 

A. 1 
_E2icutaneous 

diffusion technique 

308 

With this technique the dose arises mainly from the 
133 Xe sitting on the surface of the skin during the initýal 

diffusion period. Figure Al is a model of the system with 

the 133Xe 
uniformly distributed in a depot of unit density 

material (saline) sitting on the surface of the skin, 

represented in a similar way. The depot is a disc of 

diameter b cm and thickness h cm. 

The dose is calculated from the equations given by 

Loevinger et al (1956), which are basically empirical, 
I 

but also show good agreement with the results of Henson 

(1972) who used the theoretical. data of Berger (1971). 

Firstly the dose in Gy/hour at a distance y from an 

infinite plane slab of infinite thickness is given by 

a-yy 

A. I 

where the term jor 0.0 2.1 ) c. Y, 
1713 ýIf., Xt. 

DP is the P- particle dose in Gy/hour in the interior of 

a large source with the same concentration of radioactivity 

as the slab and is given by 

0.57 Ep 't 

where EP is the average energy of the P particles and 

T is the concentration of the source in MBq g -1 
. 



I 

I 

133 Xe 
h depot 

Nc in 

Figure A. 1 Model of the chamber on the surface of 
the skin producing a disc-shaped depot 

of 
133 

Xe of diameter b and thickness h. 
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c is an empirically determined constant which depends on 

the energy of the P- particles. For 133 
Xe c= 

(3c 2_ (c 2 
e)- = 0.260 for 133 Xe 

-ý is again energy dependent and is known as the apparent 

mass absorption coefficient. 

18.6 for tissue 95.5 cm 
2 /g for 133 

Xe (E 0-0.036)1.37 

E0 is the maximum energy of the P- particles. 

y is the distance from the slab in g/cm 
2. 

-Sy is thus a dimensionless quantity. 

Now to find the dose from an infinite slab of thickness 

h, the following is used 

D (y, h) =D (y, 00 )-D (y + A2 

In the situation being considered here the source is 

a circular disc of finite diameter and thickness. However, 

Loevinger et al (1956) have shown that if the diameter of 

the dis c is greater than 0.052 cm for 133 Xe) then the 

disc can be approximated by an infinite plane. 

Thus equation A2 is used to calculate the dose at a 

distance y from a depot of thickness. h. 

The average energy of P- particles emitted by 133 
Xe 

is 0.1006 MeV (Dillman, 1970). However, conversion electrons 

are also emitted, the most common one being of 0.045 MeV. 

As an approximation to their effect Loevinger et al (1956) 

suggest adding 

Y K_ to the P- particle energy 
K 
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Figure A. 2 Variation of dose rate with depth below 
133 

skin surface for a Xe depot of activity 

40 MBq g -1 and various thicknesses h mm. 
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where EX is the energy of the Y rays giving rise to the 

conversion electrons, and aK is the Y ray conversion 

coefficient. 

Thus, in the equations, for 133 
Xe 

Ep - 0.1006 + 
0.081 x 0.64 

1.64 

= 0.131 MeV 

The dose rate at a depth y mm from the base of the 

depot for a 
133 

Xe concentration of 40 MBq g- 
1 has been 

calculated and is given for several values of h in Figure A2. 

A. 2 Calculation of the. radiation dose injection technique 

The dose in this case is calculated from an equation 

given by Loevinger et al (1956b) 

I R=0.0135 CET( Gy ) 1, 0P eff 
/in G Y1 

where R= total absorbed dose to the tissue for complete 

removal of the radionuclide 

c0= activity. concentration in the tissue in MBq g-1 

Eý = mean P particle energy in MeV 

T =-- effective half-life of the 133 Xe in the tissue 
eff 

in minutes. 

The above equation is for an infinite medium containing 

a uniform distribution of 
133 Xe and for an injected depot 

the dose will be 

R- 0-. 
-0 

13 5 
jr, T Gy (Barron et al, 1951) 

2P eff 

where C is now the concentration of the injected solution. 
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eff 
is, of course, dependent on the hlood flow within 

the tissue and will be infinite, (ignoring diffusion 

processes) for zero blood flow. Figure A3 shows the dose 

plotted againA T 
eff 

for different concentrations of injected 

solution. 

Although the 133 
Xe is removed from . the tissue mainly 

by the blood flow it is also dispersed at a very slow rate 

by diffusion down into the subcutaneous tissue. The effect 

of this is to reduce the dose, particularly at high values 

of T 
eff* 

This is shown in Figure A3 by the broken line, 

which was calculated using the finite difference diffusion 

I 
model of skin described in Chapter 5. 
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Figure A. 3 Variation of dose with effective half-life 

of injected depot of 
133 

Xe of various con- 

centrations C MBq g- 
1. Broken line shows 

the effect of diffusion of the 
133 

Xe on the 

dose for a concentration of 40 MBq g -1 

Concentrations 1- 120 MBq g -1 

2- 40 MBq 9- 
1 
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APPENDIX B 

PROGRAM TO FIT CLEARANCE CURVE WITH DOUBLE 

EXPONENTIAL FUNCTION 

0001 

0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 

C 

6 

1 

2 

COMMON U(30,6), C (6), K, N, PHI, B(4), G, D(3), IRMAX 
1, Kl, V (4) 

****** INPUT DATA 
V(1)V(2) - INITIAL ESTIMATES 
D(1)D(2) - MIN EXPONENT STEP 
IRMAX - MAX NO OF ITERATIONS 
G- DEFINES MAX STEP SIZE 

TYPE *, 'V(1), V(2)? ' 
ACCEPT *, V(1), V(2) 
TYPE *l'D(l), D(2)? ' 
ACCEPT *, D(l), D(2) 
G=8 
IRMAX=100 
N=2 
ACCEPT *, N 
Do 6 J=1,6 
DO 6 I=1, N 
U(Ili)=0. 
TYPE *I'INPUT T VALUES' 
DO 1 I=1, N 
ACCEPT *, U(I, 6) 
TYPE *I'INPUT Y VALUES' 
DO 2 I=1, N 
ACCEPT *, U(I, 5) 
K=2 
Kl=K+l 
CALL STEP 
TYPE *I'CONSTANTS CC(l), C(2)=' 

OF EXPONEMS 
IN ITERATION 

TYPE * , C(l) , C(2) 
WRITE (7,3) B(l), B(2) 

3 FORMAT (5H Bl= F8.4, /, 5H 
WRITE (7,4) PHI 

4 FORMAT (6H PHI= El4.6, /, ) 
WRITE (7,5) (U(I, 4), I=1, N) 

5 FORMAT (30( El4.6, /, )) 
STOP 
END 

0032 
0034 

0035 
0036 8 
0037 9 
0038 
0039 
0040 D 
0041 14 

B2= F8.4, /, ) 

SUBROUTINE STEP - DETERMINES THE DIRECTION 
AND SIZE OF THE NEXT STEP IN THE ITERATION 

SUBROUTINE STEP 
COMMON U(30,6), C(6), K, N, PHI, B(4), G, D(3), IRMAX, K1, 

1V(4) 
DIMENSION BB(3,7) 
FORMAT (/, 13,3Fl0. --), F-l5.2, Il0) 
FORMAT(/, 'NR', 11X, 'EXPONENTS', 20X, 'PHI', 12X, 'JTE') 
K2=2*K+l 
DO 14 I=1, K 
TYPE *, 'STEP LINE 8' 
B(I)=V(I) 



b. 

0042 
0043 
0044 
0045 
0046 
0047 
0048 
0049 
0050 
0051 
0052 

, 
0053 
0054 
0055 
0056 
0057 
0058 
0059 
0060 
0061 
0062 
0063 
0064 
0065 
. 0066 
0067 
0068 
0069 
0070 
0071 
0072 
0073 
0074 
0075 
0076 
0077 
0078 
0079 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 

D 

D 

17 

18 

19 

D 

4 

16 

13 

6 

11 

7 
12 

DD=G 
CALL LIN 
AKLE=PHI 
JTE=l 
TYPE *s'STEP LINE 141 
IR=O. 
WRITE (7,9) 
TYPE *#'STEP LINE 17' 
DO 17 I=Kl, 4 
B(I)=O. 
WRITE (7,8) IR, (B(I), I=1,3), PHI, JTE 
DO 7 IR=1, IRMAX 
JTEV=JTE 
JTE=l 
DO 18 J=1, K2 
DO 18 I=1, K 
BB(I, J)=B(I) 
DO 19 J=2, K2 
I=J/2 
INT=l 
IF (2*I. EQ. J)INT=-l 
BB(I, J)=BB(I, J)+INT*DD*D(I) 
PHIT=AKLE 
DO 13 J=2, K2 
IF ((JTEV/2*4-JTEV+1). EQ. J) 
TYPE *, 'STEP LINE 36' 
DO 4 I=1, K 
B(I)=BB(I, J) 
CALL LIN 
IF (PHI. GE. PHIT) GOTO 13 
IF (PHI. GE. A-KLE) GOTO 16 
JTE=J 
AKLE=PHI 
IF (J/2*2. EQ. J) J=J+l 
TYPE *, 'STEP LINE 481 
CONTINUE 
DO 6 I=1, K 
B(I)=BB(I, JTE) 
WRITE (7,8) IR, (B(I), I=1,3) 
IF (JTE. NE, l) GOTO 7 
IF (DD. EQ. 1) GOTO 12 
DD=DD/2 
CONTINUE 
CALL LIN 
RETURN 
END 

GCDTO 13 

, AKLE, JTE 
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***SUBROUTINE LIN - CALCULATES THE COEFFICIENTS 
AND SUM OF LEAST SQUARES FOR EACH ITERATION 

0088 SUBROUTINE LIN 
0089 COMMON U(30,6), C(6), K, N, PHI, B(4), G, D(3), IRM-AX, K1, 

1V(4) 
0090 DIMENSION A(6,6) 
0091 K2=K+2 
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0092 
0093 
0094 
0095 
0096 
0097 
0098 
0099 
0100 
0101 
0102 
0103 
0104 
0105 
0106 
0107 
0108 
0109 
0110 
0111 
0112 
0113 
0114 
0115 
0116 
0117 
0118 
0119 
0120 
0121 
0122 
0123 
0124 
0125 
0126 
0127 
0128 
0129 
0130 
0131 
0132 
0133 
0134 
0135 
0136 
0137 
0138 
0139 
0140 
0141 

23 

22 

21 

33 

25 

27 
24 

28 

D 

30 
29 

32 
31 

K3=K+3 
DO 21 J=l, K 
I=l 
ARG=D(J)*U(I, 6) 
IF (ARG. LT. -20) GOTO 22 
U(I, J)=EXP(+ARG) 
IF (T. GT. N) GOTO 21 
I=I+l 
GOTO 23 
U(I, j)=o. 
IF (I. GT. N) GOTO 21 
I=I+l 
GOTO 22 
CONTINUE 
DO 33 I=1, N 
U(I, K2)=U(I, 5) 
TYPE *, 'LIN LINE 241 
U(I, Kl)=O. 
DO 24 L=1, K2 
som=o. 
DO 25 I=1, N 
SOM=SOM+U(I, L) 
A(1, L)=SOM 
DO 24 M=1, K 
Ml=M+l 
som=o. 
DO 27 I=1, N 
SOM=SOM+U(I, M)*U(I, L) 
A(Ml, L)=SOM 
DO 28 I=2, Kl 
DO 28 M=I, KI. 
DO 28 L=I, K2 
A(M, L)=A(M, I-1)*A(I-1, L)-A(I-1,! -l)*A(M, L) 
DO 29 Il=2, Kl 
I=K2-Il 
C(I)=A(I, K2) 
TYPE *, 'LIN LINE 441 
DO 30 Jl=2, Il 
J=K3-Jl 
C(I)=C(I)-A(I, J)*C(J) 
C(I)=C(I)/A(I, I) 
SOM=O. 
DO 31 I=1, N 
u(i, 4)=O. 
DO 32 J=1, K 
U(I, 4)=U(I, 4)+C(J)*U(I, J) 
SOM=SOM+(U(I, 4)-U(I, 5))*(U(I, 4)-U(I, 5)) 
PHI=SOM 
RETURN 
END 
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APPENDIX C 

PROGRAM TO CALCULATE THE PARTIAL PRESSURE OF 

XENON-133 THROUGHOUT THE SKIN 

0001 DIMENSION PP1(400), PP2(400) 
0002 INTEGER Cl, C2, C3, Al, A2, A3, A4, Dl, D2, D3, El, E2, E3,, M, N 
0003 REAL Kl, K2, K3, K4 

****** INPUT DATA 
M TOTAL NO OF NODAL POINTS 

T N1 FOR EPICUTANEOUS DIFFUSION TECHNIQUE 
DSTEP1 TO 4- DISTANCE STEPS FOR EACH LAYER 
SOLl TO 4- SOLUBILJITIES FOR EACH LAYER *** 
Kl TO K4 - BLOOD FLOW TERMS FOR EACH LAYER 
EE - FRACTION OF XENON TRANSFERRED BY BLOOD TO 
SUB-CUT *** 
DF1 TO DF4 - DIFFUSION COEFFICIENTS FOR EACH 
LAYER *** 
TSTEP - TIME STEP 
Cl TO C3 - END POINTS FOR EACH LAYER 

0004 TYPE *, 'INPUT M, N' 
0005 ACCEPT *, M, N 
0006 'INPUT'DSTEP1 To 41 TYPE * 
0007 

, 
ACCEPT *, DSTEP1, DSTEP2, DSTEP3, DSTEP4 

0008 'INPUT SOLUBILITIES' TYPE * 
0009 

, 
ACCEPT *, SOL1, SOL2, SOL3, SOL4 

0010 'INPUT KlK, 2, K3tK4, EE' TYPE * 
0011 

, 
ACCEPT *, Kl, K2, K3, K4, EE 

0012 TYPE *, 'INPUT DIFF. COEFFS 1 To 41 
0013 ACCEPT *, DF1, DF2, DF3, DF4 
0014 'INPUT TSTEP, BOLTNDARIES' TYPE * 
0015 

# 
ACCEPT *, TSTEP, C1, C2, C3 

C ****** CALCULATION OF STABILITY CRITERIA 
0016 Rl=TSTEP*DFl/DSTEP1**2 
0017 R2=TSTEP*DF2/DSTEP2**2 
0018 R3=TSTEP*DF3/DSTEP3**2 
0019 R4=TSTEP*DF4/DSTEP4**2 
0020 'FOR STABILITY R SHOULD BE LESS THAN 0.125' TYPE * 
0021 

, 
TYPE *, Rl, R2, R3, R4 

C *** DEFINITION OF POINTS NEAR BOUNDARY 
0022 Al=Cl-l 
0023 A2=C2-1 
0024 A3=C3-1 
0025 A4=M-1 
0026 Dl=Cl+l 
0027 D2=C2+1 
0028 D3=C3+1 
0029 El=Cl+2 
0030 E2=C2+2 
0031 E3=C3+2 

c ****** INPUT INITIAL VALUES OF PARTIAL PRESSURE 
0032 TYPE *, 'INPUT PARTIAL PRESSURES B, C, D, E' 
0033 ACCEPT *, B, C, D, E 
0034 DO 12 I=1, Cl 
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0035 PP1(I)=B 
0036 12 CONTINUE 
0037 DO 13 I=Dl, C2 
0038 13 Ppl(I)=C 
0039 DO 14 I=D2, C3 
0040 14 PP1(I)=D 
0041 DO 15 I=D3, M 
0042 

. 
15 Ppl(I)=E 

0043 TTIME=O 
0044 28 Z=O 
0045 27 Y=O 
0046 25 TOT1=0 
0047 TOT2=0 
00 IQ 11 TOT3=0 
0049 TOT4=0 
0050 V=O 
0051 TOT5=0 
0052 TOT=O 
0053 TTIME=TTIME+TSTEP 
0054 IF (N-1) 7,4,7 
0055 4 IF (TTIME-180.0) 7,5,5 
0056 5 DO 6 I=1, Cl 
0057 6 Ppl(I)=O. O 
0058 DSTEP1=2.0 
0059 SOL1=1.3 
0060 DFI=0.07 
0061 Rl=TSTEP*DFl/DSTEP1**2 
0062 7 CONTINUE 

c ******BLOOD FLOW CALCULATIONS 
0063 DO 39 I=1, Cl 
0064 39 PP1(I)=PP1(I)-Kl*TSTEP*PP1(I) 
0065 DO 40 I=Dl, C2 
0066 W=K2*TSTEP*PP1(I) 
0067 40 Ppl(I)=Ppl(I)-W 
0068 DO 42 I=D2, C3 
0069 V=V+K3*TSTEP*PP1(I)*SOL3*DSTEP3 
0070 42 PP1(I)=(1.0-K3*TSTEP)*PP1(I) 
0071 DO 43 I+D3, M 
0072 PP1(I)=PP1(I)+(EE*V)/(SOL4*DSTEP4) 
0073 43 PP1(I)=PP1(I)-K4*TSTEP*PP1(I) 

c ****** MEDIUM 1 CALCULATIONS 
0074 - DO 17 I=2, Al 
0075 PP2(I)=(1.0-(2.0*Rl) )*PP1(I)+Rl*(PP1(I-t'-l)+PP1(I-1) 
0076 TOT1=TOT1+PP2(I)*DSTEP1*SOL1 
0077 17 CONTINUE 

c ****** MEDIUM 2,3,4 CALCULATIONS 
0078 DO 18 I=El, A2 
0079 PP2(I)=(1.0-(2.0*R2) )*PP1(I)+R2*(PP1(I+1)+PP1(I-1) 
0080 TOT2=TOT2+PP2(I)*DSTEP2*SOL2 
0081 18 CONTINUE 
0082 DO 19 I=E2, A3 
0083 PP2(I)=(1.0-(2.0*R3) )*PP1(I)+R3*(PP1(I+1)+PP1(I-1) 

ý0084 TOT3=TOT3+PP2(I)*DSTEP3*SOL3 
0085 19 CONTINUE 
0086 DO 20 I=E3, A4 
0087 PP2(I)=(1.0-(2.0*R4) )*PP1(I)+R4*(PP1(I+1)+PP1(I-1) 
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0088 TOT4=TOT4+PP2(I)*DSTEP4*SOL4 
0089 20 CONTINUE 

c ****** CALCULATION OF BOUNDARY VALUES 
0090 B12=(DF1*DSTEP2*PP1(Cl)/2.0+(DF2*DSTEP1*PP1(Dl)* 

1SOL2)/(2.0+SOL1) )/(DF1*DSTEP2/2.0+(DF2*DSTEP1*SOL2) 
2/(2.0*SOL1) ) 

0091 B23=(DF2*DSTEP3*PP1(C2)/2.0+(DF3*DSTEP2*PP1(D2)* 
1SOL3)/(2.0*SOL2) )/(DF2*DSTEP3/2.0+(DF3*DSTEP2*SOL3) 
2/(2.0*SOL2 

0092 B34=(DF3*DSTEP4*PP1(C3)/2.0+(DF4*DSTEP3*PP1(D3)* 
1SOL4)/(2.0*SOL3) )/(DF3*DSTEP4/2.0+(DF4*DSTEP3*SOL4) 
2/(2.0*SOL3) ) 

c 

c 

0093 

0094 

0095 

0096 

0097 

0098 

0099 
0100 
0101 
0102 
0103 
0104 

0105 
0106 
0107 
0108 
0109 
0110 
0111 
0112 
0113 
0114 
0115 
0116 
0117 

0118 

0119 
0120 
0121 
0122 
0123 

21 
22 

23 

24 

26 

32 
30 

33 
31 

41 

****** CALC OF POINTS NEAR BOUNDARY ****** 
PP2(Cl)=PP1(Cl)*(1.0-(4.0*Rl) )+Rl*( (8.0*Bl2) /3 

. 0+ 
, 1(4.0*PP1(Al) )/3.0) 

PP2(C2)=PP1(C2)*(1.0-(4.0*R2) )+R2*( (8.0*B23)/3 
. 0+ 

1(4.0*PP1(A2) )/3.0) 
PP2(C3)=PP1(C3)*(1.0-(4.0*R3) )+R3*( (8.0*B34)/3 

. 0+ 
1(4.0*PP1(A3) )/3.0) 

PP2(Dl)=PP1(Dl)*(1.0-(4.0*R2) )+R2*( (8.0*Bl2)/3 
. 0+ 

1(4.0*PP1(El) )/3.0) 
PP2(D2)=PP1(D2)*(1.0-(4.0*R3) )+R3*( (8.0*B23)/3 

. 0+ 
1(4.0*PP1(E2) )/3.0) 

PP2(D3)=PP1(D3)*(1.0-(4.0*R4) )+R4*( (8.0*B34)/3 
. 0+ 

1(4.0*PP1(E3) )/3.0) 
****** CALC OF FIRST AND LAST POINTS 
PP2(1)=PP2(2)+(PP2(2)-6-PP2(3) 
IF (PP2(l)-O. O) 21,22,22 
PP2( )=O. O 
PP2(M)=PP2(A4)+(PP2(A4)-PP2(M-2) ) 
IF (PP2(M)-O. O) 23,24,24 
PP2(M)=O O . ****** CALC OF AMOUNTS IN EACH LAYER 
TOT1=TOT1+(PP2(1)+PP2(Cl) )*SOL1*DSTEP1 
TOT2=TOT2+(PP2(Dl)+PP2(C2) )*SOL2*DSTEP2 
TOT3=TOT3+(PP2(D2)+PP2(C3) )*SOL3*DSTEP3 
TOT4=TOT4+(PP2(D3)+PP2(M) )*SOL4*DSTEP4 
TOT5=TOT2+TOT3+TOT4 
TOT=TOT1+TOT2+TOT3+TOT4 
DO 26 I+1, M 
PP1(I)=PP2(I) 
Yý--Y+TSTEP 
Z=Z+TSTEP 
IF (Y-60.0) 25,32,32 
WRITE (7,30) TTIME, TOTi, TOT2, TOT3, TOT4, TOT5, TOT 
FORMAT (8H TIME = F8.3,6H(SECS), /, 8H TOT1 = E1 4.6, 

1/, 8H TOT2. = El4.6, /, 8H TOT3 = El4.6, /o8H TOT4 
2El4.6, /, 8H TOT5 = E14.6, /, 7H TOT = El4.6, /, ) 

IF (Z-60.0) 27,33,33 
WRITE (7,31) (PP1(I), I=1, M) 
FORMAT (50(3X, 5El4.6, /) ) 
IF (TTIME-7200.0) 28,41,41 
STOP 
END 
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APPENDIX D 

PROGRAM TO CALCULATE THE TEMPERATURE DISTRIBUTION 

0001 

0002 

0003 
0004 
9005 
0006 

0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 

0018 
0019 
0020 
0021 

0022 
0023 

0024 

0025 
0026 
0027 

IN TISSUE DURING HYPERTHERMIA 

i 
C, PROGRAM CALCULATES TEMPERATURE FOR 

SPHERICAL DIFFUSION EQUATION AND LCF 
HEATING ***** 

DIMENSION TEMP1(100), TEMP2(100, 'TOUT(20), DIST 
1(100) 

INTEGER A(100), COT, COTT, MAXX, S, SS, Xl, X2, F, FX1, 
1FX2 

INTEGER G, DOT1, DOT2, BLANK, SYMBOL(100) 
BLANK=lH 
DOT1=lH* 
DOT2=lHX 

C INPUT DATA 
C PARAMETER LIST 
C TSTEP = TIME INTERVAL 
C DSTEP = DISTANCE INTERVAL 
C THDIFF = THERMAL DIFFUSIVITY 
C MAXX = MAX. NO. OF NODAL POINTS 
C NOP = NUMBER OF OUTPUT TIMES 
C TOUT = OUTPUT TIMES 
C FLOW = BLOOD FLOW REMOVAL TERM 
C HEAT = LCF HEATING TERM 
C EQTEMP = EQUILIBRATION TEMPERATURE AT POINT XT 
C 

ACCEPT "TSTEPDSTEP ", TSTEP, DSTEP 
ACCEPT "THDIFF ", THDIFF 
ACCEPT "TIMAX ", TIMAX 
ACCEPT "NO. OF OUTPUT POINTS ", NOP 
ACCEPT "MAX. NO. OF NODAL POINTS ", MAXX 
DO 13 I=1, NOP 

13 ACCEPT "TOUT (I) ", TOUT(I) 
ACCEPT "INITIAL TEMPS. ", Tl, T2 
ACCEPT "CO-ORD OF Tl/T2 ", COT 
COTT=COT+l 
ACCEPT "INITIAL AND FINAL NODAL PTS OF HEATED 

1REGION? ", HX1, HX2 
ACCEPT "EQUILIBRATION TEMP? ", EQTEMP 
ACCEPT "FEEDBACK NODAL POINT? " XT 
ACCEPT "LCF HEATING TERM? ", HEAT 
ACCEPT "ARE SOME PTS. MAINTAIN-ED AT CONST. TEMP. 

ll=YES, O=NO", SS 
IF (SS. EQ. 0) GO TO 12 
ACCEPT "INITIAL & FINAL NODAL PTS. OF CONST. 

1TEMP", Xl, X2 
ACCEPT "WHAT IS THE CONSTANT TEMPERATURE? ", C 

1TEMP 
12 ACCEPT "BLOOD FLOW PRESENT - 1=YES, 0=NO", F 

IF (F. EQ. 0) GO TO 14 
ACCEPT "INITIAL & FINAL NODAL POINTS OF FLOW" 

1, FX1, FX2 
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0028 ACCEPT "FLOW VALUE", FLOW 
0029 14 WRITE (12,20) 
0030 WRITE (12,21) TSTEP, DSTEP 
0031 WRITE (12,22) THDIFF 
0032 WRITE (12,23) Tl, COT, T2, COTT, MAXX 
0033 ACCEPT "GRAPH (LP) O/P 1=YESO+NO", G 
0034 IF (SS. EQ. 0) GO TO 17 
0035 WRITE (12,24) CTEMPjXl, X2 
0036 17 CONTINUE 
0037 IF (F,, EQ. 0) GO TO 18 
0038 WRITE (12,25) FLOW, FX1, FX2 
0039 18 CONTINUE 
0040 20 FORMAT (lHl, /, 13H PROGRAM RS08, /, 20H PROGRAM 

1CALCULATES, 47HTEMPERATURES FOR SPHERICAL 
2DIFFUSION EQUATION, /) 

0041 21 FORMAT (9H TSTEP = F6.3,6H(SECS), 5X, 8HDSTEP 
1, F6.3,5H(CMS), /) 

0042 22 FORMAT (10H THDIFF = E9.3,11H(CM**2/SEC)/) 
0043 23 FORMAT (21H INITIAL TEMPERATURES, /, 2X, F6.3,19H 

VC FROM I=l TO 1 =, lX, 13, /, 2X, F6.3,13H 'C FROM 
21 = 13,8H TO I= 13) 

0044 24 FORMAT (22H CONSTANT TEMPERATURE,, F5.1,22H 
1BETWEEN NODAL POINTS 13,5H AND 13, /) 

0045 25 FORMAT (15H BLOOD FLOW (K=, F6.3,22H BETWEEN 
1NODAL POINTS 13,5H AND 13, /) 

C ***** INITIAL TEMPERATURE DISTRIBUTION 
0046 DO, 30 I=1, COT 
0047 30 TEMP1(I)=Tl 
0048 DO 31 I=COTT, MAXX 
0049 31 TEMP1(I)=T2 
0050 TE=O 
0051 DUM=1.0 
0052 TT=0.0 
0053 S=j 
0054 MMAX = MAXX-1 
0055 400 TT=TT+TSTEP 

C LCF HEATING 
0056 DO 300 I=HX1, HX2 
0057 300 TEMP1(I)=TEMP1(I)+DUM*HEAT 

C *****THERMAL DIFFUSIVITY CALCULATIONS 
0058 Do 50 I=2, MMAX 
0059 R=(THDIFF*TSTEP)/(DSTEP**2*(I-1)) 
0060 TEMP2(I)=(I-1)*R*TEMP1(I-1)+(Rt(I+1)*TEMP1 

l(I+1))-(((2*I)*R)-l)*TEMP1(I) 
0061 50 CONTINUE 

C ***** END POINTS OF ARRAY 
0062 TEMP2(1)=2*TEMP2(2)-TEMP2(3) 
0063 TEMP2(MAXX)=TEMP2(MMAX)*2-TEMP2(MAXX-2) 
0064 IF (F. EQ. 0) GO TO 32 

C ***** BLOOD FLOW REMOVAL 
0065 Do 52 I=FX1, FX2 
0066 52 TEMP2(I)=TEMP2(I)-(FLOW*(TEMP2(I)-37.0)) 
0067 32 CONTINUE 
0068 IF (SS. EQ. 0) GO TO 16 

c ***** MAINTAIN CONSTANT TEMPERATURES 
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0069 DO 15 I=Xl, X2 
0070 15 TEMP2(I)=CTEMP 
0071 16 CONTINUE 

C ***** HEAT FEEDBACK ***** 
0072 IF (TEMP2(XT). LT. EQTEMP. AND. TE. EQ. 0) GO TO 309 
0073 IF (TEMP2(XT). GE. EQTEMP) GO TO 306 
0074 DUM=EQTEMP-TEMP2(XT) 
0075 DUM=DUM/HEAT 
0076 GO TO 309 
0077 306 IF (TE. EQ. 0) WRITE (12,307)TT 
0078 307 FORMAT (////22H EQUILIBRATION TIME F6.1,6H 

l(SECS)) 
0079 TE=l 
0080 DUM--0 
0081 309 CONTINUE 

C ***** RESET TEMP1 
0082 DO 51 I=l, mAXX 
0083 51 TEMP1(I)=TEMP2(I) 

C ***** OUTPUT ***** 
0084 IF (TT. GT. TOUT(S)-0.05. AND. TT. LT. TOUT(S)+0.05) 

1GO TO 210 
0085 IF (TT. GE. TIMAX) GO TO 220 
0086 -GO TO 400 
0087 210 WRITE (12,215) TT 
0088 215' FORMAT (//lHl, SX, 7HTIME F6.1,8H (SECS) 
0089 RMAX = MAXX/15.0 + 1.0 
0090 NN=INT(RMAX) 
0091 DO 60 J=I, NN 
0092 II=(J*15-14) 
0093 III=II+14 
0094 IF (J. EQ. NN) GO TO 66 
0095 DO 61 1+11,111 
0096 61 A(I)=I 
0097 WRITE (12,62) (A(I), I=II, III) 
0098 62 FORMAT (12H NODAL POINT, 3X, I2,14(5X, I2)) 
0099 DO 63 I=II, III 
0100 63 DIST(I)=DSTEP*(I-1) 
0101 WRITE(12,64) (DIST(I), I=II, III) 
0102 64 FORMAT (12H DIST. (CMS), 15(lX, F6.3)) 
0103 WRITE (12,65) (TEMP1(I), I=II, III) 
0104 65 FORMAT (9H TEMP. IC, 6X, F4.1,14(3X, F4.1)/) 
0105 GO TO 2 
0106 66 NNNý--MAXX-(NN`-1)*15 
0107 DO 67 I=II, MAXX 
0108 67 A(I)ý--I 
0109 WRITE (12,6.2) (A(I), I=II, MAXX) 
0110 DO 69 I=II, MAXX 
0111 69 DIST(I)=DSTEP*(I-1) 
0112 WRITE (12,64) (DIST(I), I=II, MAXX) 
0113 WRITE (12,65) (TEMP1(I), I=II, MAXX) 
0114 2 CONTINUE 
0115 60 CONTINUE 
0116 IF (G. EQ. 0) GO TO 1 

C ***** GRAPH (LP) OUTPUT 
0117 WRITE (12,99) TT 
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0118 WRITE (12,100) 
0119 WRITE (12,101) 
0120 WRITE (12,102) 
0121 WRITE (12,103) 
0122 99 FORMAT (lHl, 15X, 7HTIME = F6.1,8H (SECS) 
0123 100 FORMAT (//, 30X, 14HTEMPERATURE 'C) 
0124 101 FORMAT (1H 10X, 2H37,8X, 2H38,8X, 2H39,8X, 2H40, 

18X, 2H41,8X, 2H42,8X, 2H43,8X, 2H44,8X, 2H45) 
0125 102 FORMAT (1H 10X, lHI, 8(9X, lHI) 
0126 103 FORMAT (1H 9X, 41(2H==)) 
0127 M=MAXX 
0128 MM=o 
0129 IF (MAXX. GT. 50) M=50 
0130 DO 105 I=1,100 
0131 105 SYMBOL(I)=BLANK 
0132 DO 104 K=1, M 
0133 MM=MM+l 
0134 KK--INT(TEMP1(K)*10+0.5) 
0135 KK--KK-369 
0136 IF (KK. LT. 1) GO TO 110 
0137 SYMBOL(KK)=DOT1 
0138 GO TO 111 
0139 110. KK=l 
0140 SYMBOL(KK)=DOT2, 
0141 lll*CONTINUE 
0142 IF (K. EQ. 10) GO TO 112 
0143 IF'(K. EQ. 12) GO TO 113 
0144 IF (MM. EQ. 2) GO TO 114, 
0145 IF (MM. EQ. 1) GO TO 120 
0146 112 WRITE (12,115) K, (SYMBOL(I), I=1,85) 
0147 115 FORMAT (6H NODAL, 2X, I2, lHI, 85Al) 
0148 GO TO 116 
0149 113 WRITE (12,117) K, (SY. MBOL(I), I=1,85) 
0150 117 FORMAT (6H POINT, 2X, I2, lHI, 85Al) 
0151 GO TO 116 
0152 114 WRITE (12,118) K, (SYMBOL(I), I=1185) 
0153 118 FORMAT (1H 7X, I2, lHI, 85Al) 
0154 GO TO 116 
0155 120 WRITE (12,119) (SYMBOL(I), I=1,85) 
0156 119 FORMAT (1H 9X, lHI, 85Al) 
0157 116 SYMBOL(KK)=BLANK 
0158 IF (MM. EQ. 2) MM--O 
0159 104 CONTINUE 
0160 1 CONTINUE 
0161 IF (TT. GT. TIMAX) GO TO 220 
0162 S=S+l 
0163 GO TO 400 
0164 220 STOP 
0165 END 
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APPETMIX E 

CONVERSION FACTORS TO SI UNITS 

Term 

Dif f usion 
. coefficient 

Blood flow 

Density 

Velocity 
of fluid 

Thermal 
conductivity 

Specific' 
heat 

Thermal 
diffusivity 

Units used 

2 -1 cm s 

m1/100g/min 

-3 g cm 

-1 cm s 

wcm- 
1oc 

-1 

jg -1 o C-1 1 

cm s 

Multiply by 
to convert to 

10-4 

10- 2 

10 -3 

lo- 

lo- 2 

10 3 

10-4 
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SI units , 

2 -1 ms 

1/kg/min 

kg M- 
3 

-1 ms 

wm7 1 oc- 1 

Jkg -1 o C- 

2 -1 mS 


