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ABSTRACT 

This thesis investigates four aspects of the laser treatment of vascular lesions. The 
first is the use of a copper vapour laser at a wavelength of 578 nm as a means for 
removal of these lesions. The second is an evaluation of the physiological conditions 
that lead to the removal of the ectatic vessels. The third is a numerical model 
that predicts the optimal treatment parameters. The fourth is an evaluation of the 
current treatment protocols. 

A copper vapour laser at a wavelength of 578 nm has been used to treat over 
500 vascular lesions. The chosen technique has been constrained by the available 
technology, but where possible has been based on histology, clinical investigation, 
and theoretical modelling of the physics of light interaction with vascular lesions. 
The treatment has been successful in the vast majority of cases and is at least as 
effacious as other reported techniques. The results of a patient survey indicated an 
emphatic approval of the treatment, with most patients feeling their treatment has 
resulted in a good change in appearance. 

Histology has established that specific damage to the ectatic vessels of these 
vascular lesions is achieved to a greater extent than with the wavelengths of the 
argon laser. This also illustrated histological differences to the pulsed dye lasers 
which produce purpura rather than blanching. A model of the physics of the copper 
vapour laser treatment suggests the damage to the ectatic vessels is thermal rather 
than mechanical, this is supported by the histology. The optimal damage criteria has 
yet to be established, but is likely to be somewhere between the part thermal/part 
mechanical damage caused by the pulsed dye lasers and the totally thermal damage 
caused by the copper vapour laser. 

A numerical model of the physics of illuminating ectatic blood vessels has been 
developed. Several criteria for optimal damage have been discussed. The model is 
used to produce optimal treatment parameters based on the damage criteria. These 
parameters are a wavelength of 577/578 nm, an irradiance of 400 to 3000 W / cm2 

and an illumination time of 1 to 10 ms. 
Additionally, this model has been applied to the present treatment protocols. 

The results suggest that there is likely to be vaporisation of haemoglobin and a 
minimum of thermal damage with the short pulses from the pulsed dye lasers. The 
longer illumination times of the continuous wave lasers are likely to restrict the 
thermal damage to vessel lumen surroundings. 

585 nm has been modelled as an alternative wavelength for pulsed dye laser 
technique. This wavelength produces greater coagulation of individual vessels and 
coagulation deeper within the dermis than at 577 nm. 

Five papers on this work have been accepted for publication and are included in 
the appendices. Other parts of the work are discussed within the main body of this 
thesis. 
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CHAPTER 1 INTRODUCTION 

A bright red lesion that covers a substantial portion of one side of a 
face is most likely to be a port wine stain (naevus fiammeus), that is, a 
vascular birthmark consisting of ectatic (enlarged) blood vessels within 
the skin. The greater volume of blood within these vessels gives rise 
to the pink, red, or purple colour. Some other vascular lesions appear . 
long after birth. These include; spider naevus, a small red spot, and 
facial rosacea or telangiectasia, ectatic vessels visible on the cheeks and 
nose. This thesis is concerned with the development of a methodology 
to remove these lesions. An integral part of this methodology has been 
a copper vapour laser, used to treat over 300 port wine stain patients. 
We wish to optimise the input treatment parameters so as to obtain the 
most satisfactory clinical result. This result may be defined in terms of 
the damage done to the ectatic vessels. The optimal damage is unknown. 
We have had to assume a damage criteria based on our knowledge of pro
tein denature and cell necrosis. The treatment parameters include those 
of wavelength, illumination time, and irradiance. To find the optimal 
parameters which produce this damage we have constructed a numerical 
model. This model is based on the physics of the interaction oflight with 
skin and blood, and on the thermal processes that take place within the 
skin as a result of this interaction. 

1.1 Incidence and Psychology 

3 

A large proportion of infants are born with an abnormally coloured part of their body 
(50% or greater, Jacobs and Walton 1976). Often these take the form of salmon 
coloured patches on the eyelids or the nape of the neck1 . Most of these salmon 
patches resolve in very early life. Some lesions such as the strawberry birthmark 
may persist for 5 to 7 years. The port wine stain usually appears a few days after 
birth and does not spontaneously resolve. Two studies of approximately 1000 infants 
recorded 3 (Jacobs and Walton 1976) and 4 (Pratt 1954) instances of port wine 
stains. Theincidence of these lesions has often been quoted as 0.3 to 0.5% (Carruth 
and McKenzie 1986). Clearly, because of the rarity of these birthmarks, only two 

1 A patch on the eyelid is commonly known as an "angel's kiss" and one on the neck as a ''stork 
bite". 
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studies of 1000 infants each leave a large margin for error in the percentage of those 
with these particular birthmarks. A port wine stain usually appears a few days after 
birth as a clearly defined pale salmon-pink patch. The colour is a consequence of 
the greater volume of blood within the lesion due to abnormally large blood vessels 
within the skin. The colour tends to darken with age sometimes becoming very 
purple and nodular. The rate of darkening depends on the individual. 

In 1 to 2% of cases the central nervous system is involved, and this may result 
in mental retardation (the Sturge-Weber syndrome). Where the lesion extends into 
the sub-cutaneous tissue limb overgrowth may occur (Klippel-Trenaunary-Weber 
syndrome). The most common complication is glaucoma due to involvement of the 
intra-ocular area. Glaucoma occurs in 45% of those whose port wine stains involve 
this area (Carruth and McKenzie 1986). Unfortunately, involvement around the 
eye appears to be reasonably common, at least with those who have presented for 
treatment (14% of our patients). 

Of the other cutaneous (of the skin) vascular lesions the strawberry birthmark 
is the most common in infants, but as it tends to spontaneously resolve we have not 
treated many of these lesions. Other lesions may develop later in life, in particular 
spider naevi and facial telangiectasia are very common in middle age. 

Although benign, and usually providing no physical hindrance, port wine stains 
are often devastating to an individual. This is especially so with facial birthmarks. 
I am sure we all remember the taunts during our school days that were thrown at 
individuals who were in any way slightly out of the ordinary. The social pressures 
for personal attractiveness continue throughout adult life and have so for thousands 
of years. In medieval times a birthmark was thought of as evidence of service 
to the devil. Some societies believed a birthmark was a sign of reincarnation of 
someone who had previously had a similar birthmark. Now we may not display 
such superstition but the stigma remains and is perpetuated by such things as a 
multi-billion dollar cosmetics industry and the recording of birthmarks in passports 
and police records. As a consequence many of those with port wine stains are 
hindered in their self image and personal relationships. Lanigan and Cotterill (1989) 
have shown that feelings of self worthlessness often continue throughout adult life 
without the individual accepting the situation as c'est Ia vie. We have also noted 
the low self image amongst our patients (Pickering et al. 1990b, included in this 
thesis as appendix E). 

Port wine stain recipients are not the only people who are affected psychologi
cally. Parents often have feelings of guilt over some accident during pregnancy that 
they think may have caused the birthmark. Even if they realise that this was not the 
reason for the birthmark, they have to cope with having a child who is not viewed 
by society as normal, but as deformed. 
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1.2 Treatments Prior to the Laser 

Many different treatment methods were tried prior to the advent of the laser as a 
dermatological tool. None of these methods had been consistently successful and 
many had damaging side effects. It is now known that two methods, X-ray and ra
diocative phospherous (32P) treatments, have potentially lethal side effects. Other 
methods attempted have included: tattooing with a white pigment such as titanium
dioxide, electric cautery, cryotherapy, dermabrasion, and skin grafting. While some 
of these treatments may successfully remove the lesion (especially skin grafting) the 
result may not be an aesthetic improvement on the original lesion. 

The majority of those with port wine stains have not undergone any of the above 
treatments. Instead they have been forced to learn to live with their lesion. Ways of 
living with their lesion may include: avoiding public situations, tailoring their dress 
so as not to draw attention to themselves or their lesions, and sometimes covering 
their lesion. The use of heavy "theatrical" makeup is common among females. 
However, this makeup is expensive and difficult to apply. 

1.3 The Physics of Laser Treatments 

I have written this thesis with the intention of presenting an overview of the status 
of laser treatment of vascular lesions as well as presenting the results of my research. 
Therefore, I shall outline some of the basic physics and units used, so that those 
unfamiliar with their use may gain some insight before proceeding to the rest of the 
thesis, and in particular the papers included in the appendices. 

Light has long been known to be a cause of some medical conditions and a treat
ment for others. For example, melanoma is known to be due to excessive exposure 
to ultraviolet light. On the other hand ultraviolet light is used as a treatment for 
jaundice in infants2. 

Lasers as sources of light are useful in surgery and medicine because of the 
potential to obtain well directed, high intensity, monochromatic light beams. 

Light is described in terms of its wavelength, quoted in billionths of a metre 
(nanometres, nm), its power (watts, W) which is the energy (joules, J) per second, 
and its intensity, or radiance, which is the power per square centimetre ( W jcm2). 

Often the intensity of a collimated beam (all the light is moving in the one direction) 
incident on the skin surface is called the incident irradiance. The irradiance is also 
the integral of the intensity over all angles, thus where the light is not collimated, 
such as within the skin, the magnitude of the intensity and the irradiance may differ. 
When considering the light distribution within the skin I shall differentiate between 
the intensity and the irradiance. Sometimes the total input of energy per square 
centimetre is as part of a description oflaser treatment. This is the fl.uence ( Jjcm2). 

2 Supposedly this treatment was discovered accidently when infants with jaundice recovered when 
left in the sunlight. 
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The light incident on the skin is usually a beam of circular cross-section. This we 
describe as the incident spot of a particular diameter. For any given laser power the 
intensity increases proportionally to the square of the decrease in diameter of the 
spot (for example if the spot diameter halves the intensity will quadruple). The light 
will not necessarily be an even intensity across the whole of the spot. For example 
many lasers produce a spot that has a beam profile rather like a ten gallon hat, 
greatest in the centre and least on the outside (a gaussian profile). 

The method of delivering the light to the lesion is often via a fibre optic. This is 
a solid glass or quartz tube through which the light is transmitted. The end of the 
fibre is held at a certain distance above the lesion so that the spot on the lesion will 
be of a predetermined diameter and, having made a measurement of the light power 
as it emerges from the fibre, the incident irradiance is known. The length of time 
the light is on any one spot on the lesion we have called the illumination time. This 
time may be controlled in one of two ways. The first is to mechanically, optically, 
or electronically pulse the light so that at each spot there is a predetermined illu
mination time. Normally only one pulse of light is incident on any one point of the 
lesion, thus the illumination time is the same as the pulse length of the laser. The 
second method is to use a continuous wave or quasi-continuous wave laser and to 
move the light in a scanning fashion across the lesion. This is much like "colouring 
in" an area. The length of illumination time is determined by the speed at which 
the spot is scanned across the skin and the size of the spot. We define the scan 
rate as the time, on average, taken to scan the light across one square centimetre of 
lesion. I quote all illumination times in thousandths of a second (milliseconds, ms ). 

The light incident on the skin will either be reflected from the surface of the 
skin or will penetrate into the first skin layer, the epidermis. Within the epidermis 
some the light will be scattered or absorbed. Scattering occurs when there is an 
interaction of a photon with a molecule or atom. The probability of scattering 
events depends on the nature of the tissue. We note this probability in terms of 
the scattering coefficient which has the units of inverse centimetres (/em) for that 
medium. Similarly at each event there is a probability of the photon being absorbed 
by the molecule or atom. This probability is expressed in terms of the absorption 
coefficient, again in units of inverse centimetres. 

Within the epidermis the most likely absorber is the chromophore melanin. 
Melanin is a black substance that gives us our tanned or black skin colouring. Most 
other epidermal tissue is more likely to scatter the photon. Deeper within the skin is 
the dermis which contains the blood vessels (I give the measurements of all the cuta
neous structures in terms of millionths of a metre, that is micrometres, pm). These 
blood vessels contain the chromophore haemoglobin which is contained within the 
erythrocytes (red blood cells). At most of the wavelengths used for laser treatment 
the haemoglobin is the primary absorber. 

The absorption of photons by the melanin and haemoglobin leads to the gener
ation and conduction of heat. It is this conduction of heat around the blood vessels 
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that we wish to model so as to attain an estimate of the temperatures around a 
blood vessel at any given time during and after illumination with the light. When 
we know this temperature distribution we are able to estimate the extent of damage 
to the proteins within and surrounding the vessels. The process of absorption of 
light within one specific structure so as to cause thermal damage to that structure 
has been called selective photothermolysis (Anderson and Parrish 1983). 

1.4 The First Laser Treatments . 

The first dermatological use of a laser for the removal of vascular lesions was reported 
by Solomon et al. (1968). The lasers used were Ruby, Nd:YAG and Argon. Since 
then many other lasers have been used in the treatment of vascular lesions. I shall 
categorise these lasers according to the results of histology: 

Non selective All cutaneous tissue types are approximately equally damaged by the 
light. In this category are the Ruby (694.3nm), the Carbon Dioxide (10600 
nm) and the Nd:YAG (1060nm) lasers. 

Semi selective Some tissues ( chromophores) absorb a greater proportion of the in
cident light than others. This results in greater heating within and sur
rounding the absorbing structures in comparison to the non-absorbing tissues. 
For port wine stains the target chromophore is the haemoglobin within the 
ectatic vessels. At some laser wavelengths the difference between absorption 
by haemoglobin and absorption by other cutaneous tissues and chromophores 
(in particular melanin, the yellow /brown/black pigment of the skin) is small. 
In this category are the Argon ion lasers both untuned (488 to 514.5nm) and 
tuned (usually to 514.5nm). 

Selective The absorption characteristics are such that the heat is able to be main
tained close to or within the target vessels so that the damage done is only 
therapeutic. In this category are the pulsed dye lasers ( 5 77, 585 nm), the con
tinuous wave dye lasers (540, 575, 577 nm), the copper vapour laser (578 nm) 
and the frequency doubled NdYag (530 nm). 

The argon laser was originally accepted as the laser of choice. Its then potential 
rivals, the C02 and Nd:YAG lasers, both produce gross non specific damage in 
a similar fashion to dermabrasion. The argon was able to spare damage to some 
of the dermis through selective absorption of the argon wavelengths by the blood 
chromophore, that is haemoglobin. This laser has produced a large proportion of 
desirable results (Goldman et al. 1976, Apfelberg et al. 1976, Cosman 1980, Arndt 
1984, Touquet and Carruth 1984, Craig et al. 1985, Apfelberg et al. 191H). However, 
there are a number of complications, the greatest of which is scarring (5 to 30% of 
the patients, see the previous papers referenced in this section and the comments in 
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Dixon et al. 1984a,b and Olbricht et al. 1987). Other common complications are 
hyperpigmentation and hypopigmentation. One of the causes of these complications 
was damage to the epidermis (the outer most skin layer) and upper dermis due to 
absorption of light by melanin. The concentration of melanin withln the epidermis of 
an individual may vary from place to place on the individual and vary over a period of 
time. Thus, any one individual may respond to the treatment in a different manner 
depending on the site of the lesion and on the time of illumination. Obviously 
the melanin concentration also differs between individuals. These variations make 
obtaining a consistent treatment very difficult. The adverse effects are particularly 
difficult to avoid with children. As a consequence many clinicians do not treat 
children under the age of 12 to 14. 

In 1981 Anderson and Parrish first discussed the use of 577 nm light to selectively 
target the ectatic vessels (Anderson and Parrish 1981b ). This thesis is primarily 
concerned with the use of this yellow light (at 577 and 578nm). 

1.5 The Status Quo in 1987 

I began research for this thesis in September 1987. I am indebted to the efforts of 
Mr Chris van Halewyn, Dr Phil Butler, and Mr Peter Walker who had conducted 
the previous research within the department (van Halewyn 1985 and van Halewyn 
1987). 

In 1982 plastic and reconstructive surgeon Mr Peter Walker began to utilise the 
physics department solid state group's argon laser for the treatment of birthmarks. 
From 1982 to 1985 this laser produced some encouraging results for what was a 
previously "untreatable" condition. During this time Mr Walker found the lesions 
responded better when the laser was tuned to 514.5 nm as opposed to 488 nm. Soon 
the physicists took interest and began to investigate the reasons for the efficacy of 
the treatment. Mr Chris van Halewyn undertook an Honours part three project 
in 1985 and later an MSc. Together with Dr Phil Butler he designed a prototype 
automatic scanning device to direct the light to the skin (see chapter 5). They 
also realised the potential of yellow light and as a consequence obtained a copper 
vapour laser. At the time I began this thesis the copper laser had been used for 
approximately 270 treatment sessions on a variety of lesions. It has now been used 
for over 1570 treatment sessions. 

Dr Butler and Mr van Halewyn had developed an analytical model to attempt 
to determine the "optimal" treatment parameters. The most important of these 
parameters are those of laser wavelength, illumination time (the time over which 
a point within the lesion is illuminated) and the irradiance (power per unit area). 
The status quo in 1987 was an agreement of yellow (577 /578nm) light with an 
illumination time of: 

1. less than the thermal relaxation time of the vessel (Anderson and Parrish 
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1981b) 

2. 1 to 10ms (van Gernert et al. 1986) 

3. 1 ms (Butler et al. 1987, unpublished) 

The optimal fluence had only been approximated by Anderson and Parrish (1981b) 
as 2 to 4 J f cm2 (with a 1 ms illumination time that is an irradiance of 2000 to 
4000 W fcm2). Using different arguments Butler et al. (1987, unpublished) calcu
lated a similar optimal incident dose. Van Gernert et al. (1986) did not propose a 
specific optimal fluence or irradiance but established a criteria for determining this 
(see section 7.3.1). 

The concept of "optimal treatment parameters" is important for the clinician 
who is attempting to obtain the best clinical result. This research has been dedicated 
to determining these optimal parameters using a numerical model and investigating 
the experimental (clinical results and histology) evidence to see if there is support 
for the the model results. I shall be investigating these optimal parameters in later 
chapters (7 to 10, note also Pickering et al. 1989a,b, included in this thesis as 
appendices A and C). 

1.6 The 20 W Copper Vapour Laser 

Throughout this thesis, unless stated otherwise, the copper vapour laser I refer to 
is a Quentron™ QM91C. This laser lases at wavelengths of 510.55nm (60% of the 
power) and 578.21nm (40% of the power). Maximum output from this laser has 
been about 28 W. The light is discharged as a rapid pulse train at a rate of 16kHz. 
Each pulse is 0.00005ms long. 

During the course of research for this thesis the laser has gradually undergone 
considerable modification which has resulted in more consistent and greater power. 
These technological advances have resulted in animprovement in the treatment, the 
reasons for which I discuss with the aid of our numerical model results. 

A repetition rate of 16kHz means a duration of 0.067 ms between pulses. I 
shall show (chapter 7) this inter-pulse duration is short in comparison to the total 
illumination time and to the time over which a blood vessel will lose a significant 
quantity of heat. Consequently, for most of our purposes, this laser may be thought 
of as continuous. 

1. 7 An Introduction to the Contents of this Thesis 

Most of the research conducted for this thesis is contained within five papers which 
have been published or accepted for publication. These five papers are presented in 
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appendices A to E and are, in order of publication: 

Appendix A. Pickering JW, Butler PH, Ring BJ, and Walker EP, (1989a); 
Thermal profiles of a blood vessel heated by a laser., Australasian 
Physical and Engineering Sciences in Medicine, 12, 11-15. 

Appendix B. Walker EP, Butler PH, Pickering JW, Day W, Fraser R, and van 
Halewyn CN, (1989); Histology of port wine stains after copper 
vapour laser treatment. British Journal of Dermatology, 121, 
217-223. 

Appendix C. Pickering JW, Butler PH, Ring BJ, and Walker EP, (1989b); 
Computed temperature distributions around ectatic capillaries 
exposed to yellow {578 nm) laser light. Physics in Medicine and 
Biology, 34, 1247-1258. 

Appendix D. Pickering JW, Butler PH, Ring BJ, and \Valker EP, (1990a); 
Copper vapour laser treatment of port wine stains: A patient 
questionnaire. Lasers in Medical Science, accepted October 
1989. 
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I shall outline my contribution to each of these papers as I introduce each of the 
chapters within this thesis. 

1.7.1 Chapter 2. Physiology of human skin. 

An understanding of the physiology of the skin is helpful for the later discussions 
of the treatment process. I introduce some of our observations on port wine stains 
and comment on the circumstantial evidence that points to a possible cause of these 
lesions. 

1. 7.2 Chapter 3. Histology. 

One method of assessing the efficacy of the treatment is to microscopically examine 
the results of the treatment. Histology were taken by Mr Peter Walker and analysed 
by pathologists Mr Anthony Day and Professor Robin Fraser. Most of the results 
are presented in Walker et al. (1989, included in this thesis as appendix B). I 
compiled this paper and contributed the discussion. In this discussion I described 
the physical processes that result in selective damage to the blood vessels. I also 
discuss the physics of the treatment with respect to the differences between the 
copper vapour laser, argon laser, and pulsed dye laser histologies. 
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1. 7.3 Chapter 4. Techniques and results. 

With any medical treatment there is an obligation to study the clinical response 
to the treatment. We have attempted to fulfill this obligation by assessing our 
clinical results using the measurements of colour and area change as functions of the 
treatment parameters. The illumination time is calculated from the measurement of 
the area of the spot as incident on the skin and the rate at which the light is applied 
to the skin (here the term rate is used loosely as we normally measure the scan rate 
in s/ cm2). The irradiance is a function, once again, of the spot area and of the laser 
power incident on the skin (measured by a calibrated integrating sphere). Where 
possible we have made objective measurements of the clinical results to which we 
have applied statistical analysis. The results of this analysis aid the formation of an 
hypothesis which suggests certain treatment parameters will give the most desirable 
clinical results. The results of this analysis are presented in Pickering et al. 1990a 
(included in this thesis as appendix D). 

As the treatment is designed to improve the quality of life rather than to cure a 
physical illness, no amount of objective measurement can give a true indication of the 
effectiveness of the treatment. The patient's psychological response must be taken 
into account. To do this ·Brendan Ring, as part of an Honours part three project 
(Ring 1988), designed a questionnaire that was based on a questionnaire for argon 
laser patients (Dixon 1984a). I later analysed the responses to this questionnaire, 
the results of which appear in Pickering et al. 1990b (included in this thesis as 
appendix E). 

1.7.4 Chapter 5. Automatic scanning. 

A continuing project during my research has been the development of the automatic 
scanner. This scanner, as I have discussed, was designed by Mr Chris van Halewyn 
and Dr Philip Butler. My contribution to this area of research has been limited to 
some input into the features of the design, the computer software, and the testing 
of equipment. 

1. 7.5 Chapter 6. Radiative transfer. 

One of the current difficulties with modelling light interaction with tissue is the 
lack of an accepted standard optical model that describes scattering and absorption 
within any tissue. In this chapter I discuss the present light distribution models and 
their applicability to our own modelling. 

1.7.6 Chapter 7. The model. 

A task of Brendan Ring's Honours part three project was to produce a numerical 
model to describe the thermal response of blood vessels to collimated incident light. 
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The need for this model arose from discussions on the current state of the analytical 
models available and our dissatisfaction with them. Details of the numerical model 
have been published in Pickering et al. 1989a,b (included in this thesis as appendices 
A and C). We have utilised this model to discuss a variety of treatment parameters 
for a variety of lesion conditions. In this chapter I discuss the various assumptions 
we have made and how any deviation from these assumptions may affect the model 
output. 

1. 7. 7 Chapter 8. The optimal treatment. 

Our ultimate goal is to provide the best possible treatment for the patients. In 
pursuing this goal we need to know what the (optimal) treatment parameters are 
that will produce this result: We have used our numerical model to attempt to define 
these treatment parameters (specifically the illumination time and the irradiance). 
We made an initial assumption as to the thermal conditions required for optimal 
therapeutic damage. Then we applied our model to a variety of vessel sizes (Pickering 
et al. 1989a, included in this thesis as appendix A). To investigate further the 
influence of the assumptions concerning optimal damage we applied our model for 
a variety of possible damage criteria (Pickering et al. 1989b, included in this thesis 
as appendix C). A solution to one aspect of the damage criteria (the peak vessel 
wall temperature required) was to calculate the damage to the protein as a function 
of time and temperature . In this chapter I discuss the results of applying this 
calculation which is called the damage integral. 

Light fluence and spatial distribution variations at varying depths within a port 
wine stain may affect the optimal treatment parameters. I discuss some of the 
optical distribution models of chapter 6 and apply a Monte Carlo model designed 
by Mr Derek Smithies to vessels at different depths. 

1. 7.8 Chapter 9. The clinical treatment. 

To date, the optimal treatment parameters discussed in chapters 7 and 8 have not 
been applied clinically. This has been due to the nature of the available technol
ogy. In particular illumination times both shorter and longer than the optimal have 
been utilised. These two sets of illumination times produce a quite different his
tological and clinical response. The short illumination times produce purpura, the 
blue/ grey appearance of the skin, and the long illumination times produce blanch
ing, the whitening of the skin. I have applied our numerical model to both these sets 
of illumination times. In Pickering et al. 1989b (included in this thesis as appendix 
C) I also discuss the shorter illumination times and their clinical response. A re
cent suggestion was to use a slightly different wavelength (585 nm) with these short 
illumination times. This appears to improve the treatment of the darker coloured le
sions. Our model gives an insight into why this wavelength may be an improvement 
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at this illumination time. 

1. 7.9 Chapter 10. Discussion. 

This chapter is a summary of the results of the research. Four conclusions are 
reached. First, the copper vapour laser at 578 nm provides an effective tool for re
moval of vascular lesions. Second, the necrosis of ectatic vessels requires at least 
some thermal denaturation of endothelial cells, the extent of denaturation has not 
been established. Third, the optimal treatment parameters are a wavelength of 
5 77 j 5 78 nm, an irradiance of 400 to 3000 W /em 2 at the skin surface and an illumi
nation time of 1 to 10 ms. Fourth, the illumination times shorter than optimal will 
result in some vaporisation of haemoglobin and those longer will denature protein 
beyond the endothelial cells. 
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CHAPTER 2 PHYSIOLOGY OF HUMAN SKIN 

An understanding of the structure of skin is necessary to enable discus
sion about the interaction of laser light with the skin. We shall outline 
in this chapter the structure of the epidermis, the dermis, and the vas
cular plexus, as well as commenting on the malformations that give rise 
to port wine stains, telangiectasia, and spider naevi. 

2.1 Epidermis 

15 

This is the outermost (top) layer of the skin and is itself constructed of four lay
ers (figure 2.1). From the innermost layer they are: the basal layer, the stratum 
spinosum, the stratum granulosum, and the stratum corneum or keratin layer. 

The cells of the basal layer divide and migrate outwards towards the stratum 
granulosum. Here they lose their nuclei and die. The cell remnants within the 
stratum corneum form into a tough protein called keratin. This protein protects us 
from most knocks and wear. Eventually the keratin is shed. The whole process from 
formation of basal cells to the shedding of keratin takes 45 to 75 days depending on 
the thickness of the epidermis (usually 60 to 100 JI.m). There is no system of blood 
vessels within the epidermis. As a consequence nutrients are obtained by diffusion 
from the capillaries within the papillary dermis immediately below the basal layer. 

There are two types of cells formed at the basal layer (1 cell thick), melanocytes 
and keratinocytes. The melanocytes produce small egg shaped sacks (0.3 by 1 Jim) 
called melanosomes that contain the chromophore melanin. These melanosomes 
are distributed by the melanocytes throughout the keratinocytes. It is the melanin 
which gives us our yellow, brown, or black pigmentation and protects us from ul
traviolet and visible radiation . Thus, melanin also provides a barrier to laser light 
penetrating further into the skin. One of the reasons for using the yellow 577/78 
nm light rather than the blue green 488 to 514.5 nm light from the argon laser is 
that there is approximately one third less absorption by melanin within the dermis 
at 577/578nm than at 514.5nm, and a much smaller fraction in than at 488nm 
(figure 2.2). The quantity of light that penetrates the epidermis may vary by a large 
percentage between any two sites on the skin of an individual depending on the 
melanin concentration at each site. At any one site the melanin concentration may 
change over a period of days or months depending on the degree of exposure to the 
sun the skin receives. Between individuals the variation in melanin concentration 
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Figure 2.1: The four layers of the epidermis, and the two layers of the dermis. 

may be even greater. Some individuals react much more to sunlight than others 
and may for example have a fair complexion. A person with this complexion who 
readily burns when exposed to sunlight has been classified as a type I skin (see table 
2.1, from Tan et al. 1984). It is expected that thisperson's skin would also allow a 
greater percentage of the light to penetrate through to the dermis. A number of the 
studies with the pulsed dye lasers have used principally type I or II patients (Garden 
et al. 1986, Glassberg et al. 1988). Tan et al. (1984) showed that considerably 
greater irradiance was required for the treatment of more tanned skin. As New 
Zealanders most of our patients are type Ill or IV skin and several. being Maori, 
Asian, or Polynesian, have been type V. 

Not only is the collimated laser light attenuated due to absorption by melanin, 
it is attenuated through scattering within the epidermis. At 578 nm approximately 
20% of the incident collimated light will have been scattered before it reaches the 
dermis. As will be seen in chapter 6 much of the scattered light is scattered forward 
and thus transmitted into the dermis. 
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Figure 2.2: The relative wavelength dependence of absorption of light by melanin (Anderson 
and Parrish 1981a). The quantitative absorption at any skin site depends on the concentration of 
melanin within that site. 
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Table 2.1: Skin types. From Tan et al. 1984. 

Type Colour and reaction 
0 Vitiligo 
I Always burn, never tan 
II Always burn, then slight tan 
Ill Sometimes burn, always tan 
IV Never burn, always tan 
v Heavily pigmented 
VI Black 

2.2 Dermis 

The bulk of the skin lies between the epidermis and a layer offat. This, the dermis, is 
normally at least 1000 p,m thick. The epidermal basal layer and the top of the dermis 
form the epidermal/ dermal junction. This junction is characterised by undulations 
which may protrude up to 100 J..lm into the dermis. Between each of the protrusions 
is the region known as the papilla. At the level of the troughs of the protrusions 
is the arbitrarily defined boundary between the two layers of the dermis. The top 
layer, the papillary dermis, contains the capillaries that provide the nutrients for the 
epidermis. Below this is the reticular dermis which extends inwards to the fatty layer. 
The bulk of the dermis is composed of a fibrous connective protein called collagen. 
Within the papillary dermis the collagen forms long thin loosely connected strands. 
Within the reticular dermis the strands of collagen are coarse, tightly bundled, and 
linearly orientated. Also within the dermis are a number of adnexal structures such 
as hair follicles, sebaceous glands, and endocrine glands. 

Light within the dermis is slightly more strongly scattered than within the epi
dermis. At argon, dye, and copper vapour laser wavelengths most of the attenuation 
of light is due to absorption by the haemoglobin within the blood. vessels. 

2.3 Blood Vessels 

A tree-like structure approximates the distribution of the blood vessels within the 
dermis1 (figure 2.3). An artery of around 100 J..tm diameter enters the lower dermis 
through the subcutaneous fat. This artery may branch once or twice before reaching 
the mid-dermis where the branches (now called arterioles) are approximately 50 J..lm 
in diameter. Continued branching occurs as the vessels extend outwards until they 

lsee Ryan 1973 for a more detailed discussion of the blood vessels of the dermis 
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Figure 2.3: The blood vessels form a tree like structure within the dermis. Near the top of the 
dermis there is usually one or two plexi of horizontal capillaries. It is often these capillaries that 
are ectatic. 
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begin to form one or twoplexi (the sub-papillary plex:i) of small branches (capillaries) 
that lie approximately parallel to the surface. Extending from these plexi into the 
papilla (usually only one vessel per papilla) are the smallest capillaries, often only 
5 to 10 pm in diameter. Such small diameter vessels force the erythrocytes to flow 
through them in single file. It is from these capillaries that the epidermis receives its 
nutrients. These capillaries loop around and drain into venules which in turn drain 
into larger and larger veins deeper and deeper within the dermis. 

Capillaries are normally comprised of entwined endothelial cells. Ryan (1973) 
describes the endothelial cell as a lightly fried egg rolled over to form a tube. The 
yolk represents the nucleus and is an inflexible disk shape. However, the egg white 
represents the cytoplasm of the cell and may be found in almost any shape or 
form including having bubbles within it. It is the spreading of the cytoplasm into 
inter-connective tissue gaps that leads to the formation of new vessels. The volume 
encased by these cells is known as the vessel's lumen. Arterioles and larger vessels 
have pericytes and smooth muscle which serve to control blood flow. 

The blood within the vessels is 45% by volume erythrocytes (red blood cells). 
This density of erythrocytes is such that they will be almost continually in contact 
with one another. These erythrocytes are bi-concave discs of around 7 pm in di
ameter and consist mainly of haemoglobin and a supporting framework. It is the 
haemoglobin that is our "target" chromophore. At 577/578 nm haemoglobin absorbs 
more strongly than at 514.5 nm (see figure 2.4) which allows quicker heating and less 
overall heat conduction. Together with comparitively low absorption by other cu
taneous chromophores (principally melanin) these are the underlying principles of 
selective photothermolysis as applied to vascular lesions. Thus, the hypothesis is 
formed that 577/578 nm light is the optimal wavelength for the treatment of vascu
lar lesions. 

2.4 Telangiectasia and Spider Naevi 

Telangiectasia is the prominent redness of the lower legs, neck, cheeks, and nose that 
is usually most notable in late middle age. Often individual vessels may be seen. 
These vessels are normally dilations of the sub-papillary plexus and are associated 
with a loss of papillary capillaries (Ryan 1973). 

Similarly spider naevi originate in a very localised part of the sub-papillary plexus 
and are also associated with a loss of papillary capillaries. The dilated plexus is 
pushed upwards and has a characteristic red spot (the "body") with radiating "legs". 
They are not usually permanent and are manifest mostly in the young and in the 
pregnant. 
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Figure 2.4: The absorption spectrum of haemoglobin. From van Gernert et al. 1989b 
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2.5 Port Wine Stains 

Most of my research has been dedicated to improving the treatment to remove port 
wine stains. These lesions may vary in size from a few square centimetres to over 
10% of the body surface area (2000 cm2) and vary in colour from a light salmon pink 
to a dark red/purple colour. 

Port wine stains have been classified by histology into four classes: constricted, 
intermediate, dilated, and. deeply located (Noe et al. 1980, Ohmori and Huang 1981, 
see table 1 Pickering et al. 1989a). The constricted and intermediate classes have 
ectatic vessels within the papillary dermis. The dilated and deeply located classes 
have ectatic vessels oflarger diameter deeper within the dermis and sometimes within 
the sub-cutaneous tissue. These vessels may be up to 150 p,m in diameter. Ohmori 
and Huang (1981) and Barsky et al. (1980) illustrated that the colour of the stain 
was principally due to the size of the ectatic vessels and their percentage fullness 
of erythrocytes. The density of vessels within a port wine stain are approximately 
the same as the density of vessels within normal skin. Barsky et al. (1980) also 
measured the thickness of the endothelial cells and found this to be between 4 and 
6 p,m for all ectatic vessels. The vessels tend to become more ectatic with age. The 
greater blood volume results in a darkening of the stain. One possible reason for 
the progressive ectasia is the collagen degeneration with age. But, as some young 
patients have an "aged" lesion and vice versa, this can only be a contributing factor. 

What is the cause of the ectasia? There is a small tendency for port wine stains 
to be hereditary (Carruth and McKenzie 1986). However, the physical reason for 
the cause of the ectasia has not been established. As a congenital defect there 
must be some additional or missing factor during the formation of the skin plexus. 
This takes place after the third inter-uterine month. There has been a suggestion 
that the ectatic capillaries are associated with an abnormality of the cutaneous 
nervous system (Smaller and Rosen 1986). We have noted that the lesions tend to 
involve singular or adjoining nerve regions of the skin (figure 2.5). Table 2.2 lists 
the numbers of our patients that involve the areas or combinations of areas that 
are illustrated by figure 2.5. Although most of our patients lesions involve the face, 
and most of these the maxillary division of cranial nerve V, table 2.2 only shows the 
lesions presenting for treatment. It is likely that the lesions are much more evenly 
distributed across the whole body . Note that there are very few port wine stains 
that have any continuity across the dividing line between left and right face. Figure 
2.6 illustrates a typical (and well known) and an atypical port wine stain. Gaylarde 
et al. (1987) noted the differences in the vascular reflex function of two patients 
with port wine stains covering a large area of the leg. Smaller and Rosen (1986) 
had previously suggested that a cause of the ectasia may be a lack of nerves to the 
muscular tissue that serves to contract the arteries and arterioles. They performed 
some histology that indicated a lower than normal number of these nerves. 
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I 

Figure 2.5: A schematic of the nerve regions of the face. 1 and 4 are the right and left opthalmic 
division of cranial nerve V, 2 and 5 are the right and left maxillary division of cranial nerve V, 3 
and 6 are the right and left mandibular division of cranial nerve V. and 7 and 8 are the right and 
left cervical plexus. Cartoon by Stone 1989. 
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Figure 2.6: An example of a typical {A) and an atypical (B) port wine stain. Most port wine stains 
occupy one or two nen·e regions on one side of the face and are usually adjacent to one another. 
Example A occured with 10 of the patients. No patients had a port wine stain of the manner of 
example B. Cartoon A by Stone 1989. 
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Table 2.2: The distribution of lesions as a function of nerve regions 

Region Numbers 
1 10 
2 54 
3 6 
4 9 
5 50 
6 7 
7 3 
8 8 
1,2 10 
1,5 1 
2,3 2 
2,7 1 
3,7 7 
4,5 6 
5,6 2 
5,8 2 
6,8 3 
1,2,3 2 
1,2,7 2 
2,3,7 3 
3,5,7 1 
4,5,6 1 
5,6,7 1 
5,6,8 2 
1,2,3,7 2 
1,2,4,5 1 
1,2,5,6 2 
2,3,6,7 2 
3,6,7,8 1 
4,5,6,8 1 
1,2,3,5,6 1 
2,3,5,6,7,8 1 
2,4,5,6,7,8 1 
LIMBS etc. 27 
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CHAPTER 3 HISTOLOGY 

Our theoretical model predicts certain physiological changes within the 
skin il-fter exposure to laser light. One goal of this research has been 
to attempt to define more precisely these changes and what the criteria 
are for inducing permanent change (therapeutic damage) to the ectatic 
vessels. These changes depend on the wavelength of the light, the irradi
ance, the illumination time, the type of laser, and the particular physical 
characteristics of the port wine stain. One method to assess the effect of 
any variations in these parameters is to examine the lesion after treat
ment with the aid of a biopsy and light or electron microscopy. We 
have undertaken histology of port wine stains exposed to 578 nm light 
from the copper vapour laser. The results show some initial temporary 
damage to the epidermis, only minor temporary damage to non vascular 
structures and selective therapeutic damage to the blood vessels. 

3.1 Non-yellow Light Lasers 

3.1.1 Carbon dioxide 

27 

Some use of the carbon dioxide (C02) laser at 10600nm has been made for the 
treatment of port wine stains, but with contradictory reports on its success. Ratz 
and Bailin (1987) argue the case for this laser on the basis that it can vaporise 
the skin down to the level of the ectatic vessels (because this wavelength is strongly 
absorbed by water) and create minimal thermal damage below this level. They argue 
that the wound is similar to that caused by a dermabrasion or partial thickness graft 
and will usually heal in a similar manner without scar formation. To the contrary, 
van Gernert et al. (1987a) argue against the use of the C02 laser because of its 
propensity for scar formation (10% of patients van Gernert et al. 1987a, 0-30% -
Olbricht et al. 1987, 8% Ratz and Bailin 1987). They argue that scarring will be 
at least as common as for the semi-selective argon laser and will be far in excess of 
the selective short pulsed dye lasers at 577 nm. 

Histology immediately after treatment with the C02 laser indicate complete 
epidermal and part dermal necrosis (Buecker et al. 1984 and Tan et al. 1986). 
Healing requires complete epithelialization of the epidermis and formation of ne-..v 
fibrous tissue within the papillary and upper reticular dermis. Often this healing 
process may result in a lack of melanocytes and consequent hypopigmentation and/ or 
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formation of scar tissue within the dermis (Tan et al. 1986). Olbricht et al. (1987) 
surveyed 85 specialists for their opinions on the complications of cutaneous laser 
surgery. They commented that: 

"It appears that some less-than-optimal outcomes, such as atrophic 
scarring and unexpected pigmentary change following the use of the 
argon laser and atrophic or hypertrophic scarring after procedures per
formed with the carbon dioxide laser, occur so frequently that these were 
not considered complications . .. " (my Italics)( Olbricht et al. 1987 page 
349). 

3.1.2 Argon 

The argon laser was the preferred laser for treatment of port wine stains for a number 
of years and is still often used. The laser has been used both untuned ( 488 to 514.5 
nm) and tuned (usually to 514.5nm) and with a power ranging from 0.5 to 5 watts. 
Unlike the light from the C02 laser, the light from the argon laser is specifically 
absorbed by the chromophores of the skin. However, using the argon laser to produce 
the necessary coagulation of ectatic capillaries the exposure required is often long. 
This long exposure time allows for conduction of heat to non-vascular structures 
which may result in hypertrophic scar formation. Furthermore, epidermal damage 
may result from the absorption of light by the melanin. The attenuation of light by 
melanin before it reaches the haemoglobin and the relatively poor absorption of the 
light by haemoglobin (an average size ectatic vessel absorbs less than 50% of the 
light incident upon it) causes the need for long exposure times. 

The histology of Greenwald et al. (1981), Finlay et al. (1984) and Tan et 
al. (1986) show marked dermal necrosis of collagen, adnexal structures and blood 
vessels. The damage was greatest in the papillary dermis. The extent of damage 
depended on the light fluence. The first two used an exposure time of 200 ms while 
Tan et al. (1986) does not state the exposure time but there are suggestions in 
the introduction that this was also several hundred milliseconds. After healing had 
taken place ( 1 to 6 months) the damaged tissue had been replaced by scar tissue with 
plump fibroblasts (Tan et al. 1986). The ectatic blood vessels had been replaced by 
scar tissue. 

Heating within the epidermis may result in damage to the epidermal cells and/or 
damage to the papillary dermis due to the so called "iron heater, effect. That is, 
damage as a result of heat conduction from the epidermis. The basal cell layer 
shows the most pronounced damage, namely nuclear and cellular pyknosis (shrinkage 
solidification), vertical elongation of keratinocytes, cellular vacuolation (forming a 
cavity within the protoplasm of the cell which is indicative of steam formation) and 
separation of the epidermis from the dermis. Finlay et al. (1984) thought the melanin 
to be more obvious, probably as a result of cell water loss. Re-epithelialization 
takes place over a number of months. Often there are pigmentary changes which, 
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as Olbricht et al. (1987) indicated (section 3.1.1), are not always recognised as 
complications. 

3.2 Yellow Light Lasers 

3.2.1 Pulsed dye 

Because of the relatively high absorbtion of yellow light by haemoglobin and rela
tively low absorbtion by melanin, in comparison to the argon laser the pulsed dye 
laser at 577 nm was expected to produce damage more specific to the vasculature. 
This damage was expected to be confined to the blood vessel and its immediate 
surroundings. A series of histological studies by members of the Department of Der
matology, Harvard Medical School, on normal human skin (Anderson and Parrish 
1981b, Greenwald et al. 1981, Nakagawa et al. 1985) and on port wine stains (Morelli 
et al. 1986, Tan et al. 1986) at a variety of pulse widths, all illustrate the specificity 
of yellow light. Independently Hulsbergen Henning et al. (1984) also showed selec
tive vascular damage with a 0.001 ms (1 IJS) pulse at 575 nm. All these studies have 
illustrated little or no epidermal damage immediately after illumination (table 3.1 ). 
However, Anderson and Parrish (1981b) reported full thickness epidermal necrosis 
and sub-epithelial blister formation at 48 hours with their larger fluences. 

Clinically this treatment produces purpura some 5 to 15 minutes after illumi
nation. Purpura appears as a blue/grey colour within the skin and is by definition 
extravasation of blood (see for example Miller and Keane 1987). Purpura appears 
with all of these short pulse lengths. The shortest pulse length histologies (0.0003 
to 0.02 ms) showed the effects of vaporisation of blood near the top of the vessels 
resulting in mechanical damage to the vessels and the extravasation of blood. The 
mechanical damage is the tearing of the vessel walls as a result of pressure waves 
within the lumen that are created by steam formation within the erythrocytes. At 
the longer pulse lengths (from 0.2 to 0.45 ms) similar extravasation has not been 
observed, although purpura is still observed. 

The common features of the histology are selective vascular damage, particu
larly to the superficial vascular plexus within the papillary dermis, lack of epidermal 
damage, agglutination of erythrocytes, rupture and haemorrhage (see table 3.1). 
Hulsbergen Henning et al. (1984) commented that the vascular damage seen im
mediately after illumination was not evident at 48 hours, indicating that healing 
had taken place. This is probably because the initial damage was not thermal but 
due to the rupture of the vessel which resulted in the observed extravasation of 
erythrocytes. 
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Table 3.1: A Summary of Pulsed Dye Laser Histology. 

Pulse length Comments 

0.0003 ms With normal skin, a 1 mm diameter spot, and 577 nm light. Within 
10 minutes of illumination the epidermis begins to show some epithelial cell 
necrosis and basal cell vacuolation with a fluence of 3 J I cm2 • At 5 J I cm2 full 
thickness necrosis of the epidermis and subepithelial blisters are apparent 48 
hours after illumination. 

The dermis exhibits no change for the irradiances used. 

With 2-4 J I cm2 the response of the vascular plexus within 10 minutes of illu
mination is damage to the superficial vascular plexus. There is a mass of ag
glutinated erythrocytes. The endothelial cells often have ruptured and haem
orrhage results. 48 hours later some of the vessel walls have been replaced by 
fibrin although there is some reconstitution of endothelial cells. The vessels 
are still inflamed, however the haemorrhage is less obvious. 

Contributing papers: Anderson and Parrish 1981b, Greenwald et al. 1981, and 
Paul et al. 1983. 

0.001 to 0.02 ms With normal skin, a 2 to 3 mm diameter spot, and 577 nm light. 
At threshold fluences (2-3 J I cm2 which produce purpura across the whole spot) 
cutaneous damage was very similar to that produced with the 0.0003 ms pulse 
length. At suprathreshold fluences vacuolation of cells within the basal layer 
was enhanced and the dermis showed degeneration of fibroblasts that were 
adjacent damaged blood vessels. 

With port wine stains and 575 nm light similar results were reported including 
subepithelial blisters, substantial melanin pigmentation in the basal cell layer, 
and, 48 hours after illumination, marked perivascular infiltrate with erythro
cyte extravasation down to 900 JLm and normal looking endothelium. 

Contributing papers: Hulsbergen Henning et al. 1984, Nakagawa et al. 1985, 
and Garden et al. 1986. 

0.056 to 0.02 ms With normal skin, a 3 mm diameter spot, and 577 nm light there 
was in comparison to the shorter pulse lengths, less microvascular rupture and 
haemorrhage, and an increase in the irradiance required to produce purpura. 

Contributing papers: Garden et al. 1986. 
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Table 3.1: A Summary of Pulsed Dye Laser Histology. (continued) 

0.3 to 0.45 ms With normal or guinea pig skin, a 3 mm diameter spot, and 577 
nm light damage was confined to the blood vessels. There was no rupture or 
haemorrhage but rather an agglutination of erythrocytes. The endothelium 
appeared degenerate. At suprathreshold fiuences both the basal layer and the 
dermis near damaged blood vessels showed signs of necrosis. Tan et al. (1988) 
observed concentric rings of damage at these fiuences. The inner ring had 
widely dilated empty blood vessels and edema between collagen bundles. Sur
rounding this area was a band of vessels filled with identifiable apparently well 
preserved erythrocytes. A second outer ring consisted of vessels with erythro
cytes that formed large agglutinated masses. In this ring the erythrocytes and 
the endothelial cells appeared to be damaged. An additional aspect of this hi
tology was an investigation of the influence of spot diameter (1,3 and 5 mm). 
Larger spots were f<;>und to require a lower fiuence for the onset of purpura 
and vascular damage extended deeper within the tissue. 

With port wine stains, a 3 mm diameter spot, and 577 nm light intercellu
lar edema was observed within the epidermis. Nevertheless, one month after 
illumination the epidermis appeared normal. The dermis exhibited some de
generation of collagen immediately adjacent damaged ectatic vessels. Once 
again there was an agglutination of erythrocytes and degeneration of vessel 
walls (apparently in proportion to the amount of agglutination). Some edema 
was apparent around the vessels. One month after illumination the lumen are 
smaller with thickened walls and more prominent endothelial cells. There is 
also some intercellular and extracellular haemosiderin. 

Contributing papers: Tan et al. 1986, Morelli et al. 1986, Garden et al. 1986, 
and Tan et al. 1988. 
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Table 3.2: A Summary of Continuous Wave Laser Histology 

Illumination time Comments 

50 to 300 ms With skin from a pigs ear, a lmm diameter spot, 577nm light dam
age to the epidermis was not apparent for an illumination time of 50 ms and 
the minimal fluenc~ of 5.75 Jfcm2 • However, at 300ms the epidermis, dermis 
and blood vessels were all coagulated. 

Contributing paper: Landthaler et al. 1986. 

500 to 2000 ms With port wine stains, a 1 mm diameter spot , 577 nm light, and 
a fluence from 0 to 50 J /cm2 there was virtual obliteration of the previous 
ectatic vessels. There was a tendency for "spongy" salmon-pink lesions to 
show some scarring. 

Contributing paper: Cotterill 1986. 

60 to 90 ms With port wine stains, a 1.3 mm diameter spot, and a fluence of 11 
to 25 J / cm2 the epidermis 24 hours after illumination showed some cellular 
necrosis and a subepidermal blister. Parts of the papillary and upper reticu
lar dermis appeared degenerate, although all adnexal structures were normal. 
The ectatic vessels throughout the dermis had necrotic endothelial cells, some 
agglutinated and occasionally ruptured erythrocytes, but no ruptured vessels. 
There was greater coagulation on the top of the vessels than on the bottom. 
Three to six months after illumination the epidermis was normal, the der
mis showed some increase in fibrous connective tissue but the collagen fibrils 
were normal. Within the deeper dermis the blood vessels exhibited marked 
subendothelial fibrosis with some complete occlusion of vessels. There was a 
slight increase in the number of normal sized capillaries. No haemosiderin was 
present. 

Contributing paper: Walker et al. 1989 (included as appendix B). 
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3.2.2 Continuous wave dye 

Cotterill (1986) and Landthaler et al. (1986) have performed histology on vascular 
skin after treatment with a continuous wave dye laser at 577 nm. Cotterill (1986) 
treated port wine stains using approximately 0.5 W with a 1 mm diameter spot and 
an illumination time of 500 to 2000 ms. The histology showed virtual obliteration 
of the previously present superficial ectatic vessels. Landather et al. (1986) took 
biopsies from the dorsal aspects of the ears of guinea pigs. They used a 1 mm 
diameter spot with 0.6 to 1.2 W and a 300 ms illumination time, or 0.9 W and a 50 
ms illumination time. Only at the shorter illumination time was selective vascular 
coagulation observed, otherwise the coagulation included the epidermis and parts ·of 
the dermis. 

3.2.3 Copper vapour 

We have performed histology on four port wine stain patients. These patients were 
treated with a approximately 1.6 to 3.6 W of 578 nm light for 60 to 90 ms with a 
1.3 mm diameter spot (Walker et al. 1989). Biopsies were taken pre-treatment and 
either 24 hours or 3 to 6 months post treatment. 

The principal conclusions were that, as with the pulsed dye laser, selective vas
cular damage occurs with only minimal damage to dermal collagen and adnexal 
structures. Unlike the pulsed dye laser histology, there was no evidence of mechan
ical damage (vessel rupture and haemorrhage). The damage appears to be thermal 
and confined mainly to the endothelial cells. At 60 to 90 ms there is some epider
mal necrosis 24 hours after illumination. Nevertheless, at 3 months the epidermis is 
completely normal. The results of the histology from this section and the previous 
are included in table 3.2. 

The precise form of damage to cause necrosis of ectatic vessel with the minimum 
of damage to other cutaneous tissue has yet to be established. The histology pre
sented here indicate that both mechanical and thermal damage will cause at least 
a temporary cessation of blood flow. However, the mechanical damage produced by 
the shortest of the pulsed dye lasers appears insufficient for long term therapeutic 
affects (Hulsbergen Henning et al. 1984). The clinical results have been improving 
as the pulse length of these lasers has increased, and thus, as the ratio of thermal 
to mechanical damage has increased. Similarly the clinical results of the contin
uous wave lasers have improved as the illumination time has decreased (Pickering 
et al. 1990b) and thus as the total cutaneous thermal damage has decreased. We 
expect for the optimum damage there is a specific thickness of endothelial cell that 
needs to be thermally denatured. However, we can not discount the possibility that 
some mechanical damage may be required. 
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3.3 Melanin Absorption 

As we discussed in section 2.1, one of the principal reasons for using 577/578 nm 
light lasers is the low absorption by melanin at these wavelengths compared with the 
absorption at wavelengths produced by other dermatological lasers. Here again it 
is important to stress that the percentage of light penetrating through the melanin 
to the epidermis is dependent on the melanin concentration of the particular skin 
site being illuminated. When considering the effect of melanin absorption as well 
as the wavelength we must take into account the duration of illumination time, the 
irradiance, and the technique of illumination. 

Melanin is produced by the melanocytes and deposited into small (0.3 by 1~-tm) 
egg shaped structures called melanosomes. These melanosomes infiltrate the basal 
cells forming an even distribution of melanin. 

Section 1.6 described the quasi-continuous nature of the light produced by the 
copper vapour laser. The length of each pulse ( 0.00005 ms) is much shorter than 
the characteristic time for the release of heat by melanosomes (a thermal relaxation 
time of approximately 0.001 ms, see appendix F). However, the interpulse time, 0.067 
ms, allows for the heat generated within the melanosome to conduct away between 
pulses. 

Histology by Murphy et al. (1983) after skin exposure to 0.00002ms pulse from 
a XeF excimer laser at 351nm indicated that a fiuence of 0.12J/cm2 resulted in 
damage to melanosomes. A greater fiuence resulted in damage to all melanosome 
containing cells. Similar results were obtained by Polla et al. (1987) with a 0.00004 
ms pulse from a Ruby laser at 694 nm and a fluence greater than 0.3 J j cm2• We pos
tulate that with a similar fluence we would obtain similar histology to the ruby laser. 
However, the single pulse fluence of the copper laser is at most 0.04 J j cm2 and hence 
we can expect not to have destruction of melanosomes and melanosome containing 
cells. At the melanosome damage threshold fiuence with the Ruby laser and at the 
threshold fluence with a 0.00075 ms pulse at 560 nm (Margolis et al. 1989), there is 
separation of the epidermis from the dermis and bulla (blister) formation. This is 
a similar phenomenon to that which we observed with our histology of the copper 
vapour laser. Although there may not be direct damage to individual melanosomes, 
there may be heat build up within the cells which depends on the separation be
tween melanosomes (that is the melanosomes are not thermally isolated from one 
another). Additionally, there may be a contribution to the heat of the epidermis 
due to heat conduction from ectatic vessels within the papillary dermis near the 
epidermal/dermal junction. The plasma leakage from any damaged vessels will also 
add to the bulla formation. 



CHAPTER4 TECHNIQUES AND RESULTS 

For over three years we have used the copper vapour laser to treat a va
riety of cutaneous lesions. For each patient the treatment technique has 
been based on our previous techniques and the results of other clinicians' 
techniques. Additionally, we have utilised the results of our research into 
the physics of the treatment. This approach has been as an alternative 
to constructing an experiment for each new addition to our technique. 
Rather than subject some patients to an inferior technique just to prove 
the efficacy of a minor change in technique, we have attempted to pro
vide the best possible treatment for all patients. 
This strategy means that the scientific investigation of the clinical re
sults and the influence of different techniques is unable to provide the 
definitive statistics that, say, a double blind experiment would. How
ever, by taking objective measurements where possible (of area changes, 
power, illumination time or scan rate), attempting to quantify subjec
tive measurements (initial colour, colour change, patient's feelings), and 
maintaining some consistency between treatments (minimal blanching) 
we are able to form (as opposed to prove) certain hypotheses regarding 
the treatment. 

4.1 Clinical Technique 
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The first indication of the skin responding to the light from the copper vapour 
laser is whitening, or blanching, of the skin. We believe that this blanching is 
due to the protein surrounding the blood vessels becoming opaque (see chapter 
8 for a discussion on protein denature). Although denature of epidermal tissue 
or vasodilation may also blanch the skin. The histological evidence (Walker et 
al. 1989) and the lack of an immediate return to normal skin colours (as is often the 
case with vasodilation) suggests endothelial cell denature is the most likely cause of 
blanching. The point at which blanching first appears has been called the minimal 
blanching end point. With some of our first treatments we noted an increase in the 
intensity of blanching with an increase in the power of the laser for the same rate of 
application of light. For consistency and because of the desire not to "overdo" the 
treatment (strong blanching as with the argon laser techniques is associated with a. 
more frequent occurrence of scars) we decided to use minimal blanching as the end 
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point for all treatments, irrespective of the power delivered. This means that when 
the light is first applied to the skin the degree of blanching is immediately assessed 
(interactively by the surgeon) and the rate at which the fibre moves linearly across 
the skin is adjusted so as to produce minimal blanching. 

The power available from the laser has increased over the three years as we have 
improved the hardware. However, there is often a fluctuation in power available 
due to the state of maintenance of the laser. These fluctuations are not normally 
more than 10% between each treatment session on any one day, but may vary more 
substantially over a longer period. Consequently, because of this and realising the 
consistency in end point we have analysed the results with respect to the power (or 
rate of scan as this correlates to the power). 

The response of the patients to treatment may vary according to the lesion colour 
and the otherwise normal skin colour. For large lesions that occupy different areas of 
the body the melanin concentration may be different at different skin sites. This will 
result in a different quantity oflight penetrating through to the dermis. Furthermore, 
the melanin concentration at any one site may differ over time depending on the 
current tan of the patient. As it is desirable to have as much light as possible reach 
the blood vessels, and not be absorb'ed by the melanin, we prescribe an ultraviolet 
sun block and melanin reducing creams to our patients. Further details of our 
treatment of vascular lesions are provided in Pickering et al. 1990b. 

On occasions we have treated the brown pigmented lesions such as lentigo or 
naevus of Ota. Here we utilize both the green and yellow wavelengths of the laser 
in order to destroy the melanin. This technique usually involves a rapid scanning of 
the lesion resulting in partial vaporisation of the epidermis. 

4.2 Clinical Results 

After nearly 1500 treatment sessions we analysed in detail the results of those pa
tients treated for port wine stains. In particular we analysed the results for the 
first treatment as a function of laserpower and scan rate (the two of which are 
correlated, see figure 3 Pickering et al. 1990b ). We measure the power using an 
integrating sphere that is regularly calibrated. The scan rate is measured by divid
ing the total time the laser was illuminating the lesion by the area of the lesion. 
Additionally, we attempted to categorise some patients as good or poor responders. 
The results are presented in detail in Pickering et al. 1990b. Table 4.1 is a brief 
indication of the treatments performed including the port wine stains. 

It has been difficult to analyse the clinical results quantitatively. The measure
ment of colour has been made subjectively and the measurement of change in area 
of the treated lesion is often inaccurate. Thus, our analysis can only be taken as a 
guideline to the efficacy of the treatment rather than as proof. 

In summary the port wine stain results were better at higher powers and corre
spondingly faster scan rates (shorter illumination times). The fluence did not vary 
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much between treatments. As with argon laser treatments (but not with pulsed dye 
laser treatments) the best results were from those with darker lesions. However, 
unlike the argon laser treatments we have been able to treat children and those with 
lighter lesions. The pulsed dye laser has also shown success with the treatment of 
children (Tan et al. 1989d). 

The adverse effects were minimal, a 3.5±1.4% (mean±sd) rate of scarring (where 
a scar is defined as any persistent atrophic or hypertrophic mark) and a 1.4 ± 0.5% 
rate of hypepigmentation and of hypopigmentation. 

Of the 100 patients who had undergone four or more treatment sessions, only 10 
had responded with a less than 30% reduction in lesion area and slight or no colour 
change. Conversely, 21 had a greater than 70% reduction in area. Additionally, 11% 
of those yet to undergo four treatment sessions had a greater than 70% reduction in 
area. 

Table 4.1: The treatments performed with the copper vapour laser 

Lesion Wavelength Patient Nos. Session Nos. 
Port wine stain 578 308 1068 
Telangiectasia/Rosacea 578 106 154 
Spider naevus 578 54 65 
Cavernous haemangioma 578 18 28 
Venous flares 578 17 32 
Venous lake 578 8 9 
Cherry angioma 578 3 3 
Strawberry naevus 578 3 3 
Campbell de Morgan 578 2 2 
Ephilus/Lentigo 511 and 578 29 44 
Tattoo 511 and 578 9 15 
Naevus of Ota 511 and 578 2 5 

4.3 Questionnaire 

Any medical treatment designed to improve the quality of life rather than to save 
life must be subject to the scrutiny of the patients themselves. If the treatment 
either fails to produce a result that the patient is satisfied with or it traumatizes 
the patient to a degree that results in a further loss in quality of life then it must 
be deemed a failure. 

To assess the treatment from the patient's perspective we decided to survey 
the patients. Brendan Ring as part of his Honours part three project designed a 
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suitable questionnaire (Ring 1988). This questionnaire was distributed to all past 
and present patients. It was based on a survey by John Dixon (Dixon et al. 1984a) 
of argon laser patients. 

The only noteworthy results from patients with lesions other than those reported 
in Pickering et al. 1990a was from the small number of patients treated for venous 
flares on the legs. Half of these patients indicated they were not satisfied with the 
treatment. This was probably due to the frequent occurrence of hypopigmentation 
that occurred with these treatments. We have ceased to offer this treatment. This 
group of patients were the only exception to the positive response to the treatment. 

For the paper we analysed the responses to the questionnaire of the patients who 
had been treated for either a port wine stain, for facial telangiectasia, or for a spider 
naevus. The questionnaire was sent to all patients, irrespective of the number of 
treatment sessions they had undergone. To summarise these results, 84% of port 
wine stain, 74% of telangiectasia, and 81% of spider naevus patients felt there had 
been an improvement in their appearance. Overall the impression of the treatment 
was very positive. Especially positive were the port wine stain patients; 91% said 
they would recommend the treatment to others, 84% would have the treatment 
again, and 60% indicated the overall effect the treatment on their lives was very 
good. 



CHAPTER 5 AUTOMATIC SCANNING 

As a method of applying the laser light to the lesion hand scanning of 
a fibre optic a few millimeters above the skin surface has two major 
problems. The first is the inaccuracy in the positioning of the light on 
the lesion. The second is the inaccuracy in the rate at which the light is 
applied to the lesion. Additionally, the maximum rate of application of 
light (minimum illumination time) is limited by the skill of the surgeon 
and the laser power available. With the technique we use, the minimum 
illumination time we are able to obtain is several times longer than the 
illumination time we have calculated to be optimal (see chapter 8 and 
Pickering et al. 1989a,b ). Because of these limitations we have developed 
a robotic device to automatically scan the light across the lesion at a 
preset rate. 

5.1 Why A Robot? 
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The minimal blanching technique described in section 4.1 and Pickering et al. 1990b 
requires the surgeon to manually scan a fibre optic back and forth approximately 2 
mm above the skin and to interactively adjust the scan rate to achieve the desired 
end point (minimal blanching). To avoid over treatment of any one area the surgeon 
must allow a small gap between scan lines. With no light incident on these gaps 
there sometimes results a striped appearance after the initial one or two treatments. 
Fortunately with repeated treatments the striped appearance disappears. However, 
there is some redundancy in the number of treatments required. The surgeon also 
will not be treating each part of the lesion with exactly th~ same energy fiuence (or 
illumination time) due to variation in the linear speed of the scanning fibre. This 
has been obvious near the periphery of the lesion where the scan rate slows down as 
the surgeon changes the direction of the scan. Latterly, the use of non transmitting 
gauze or cardboard placed immediately beyond the lesion periphery has allowed the 
surgeon to change the direction of scan on this material rather than on the lesion. 
Consequently the scan rate across the lesion is less variable. However, a constant 
scan rate can not be achieved manually. 

The surgeon is limited to a maximum scan rate at which a reasonable degree of 
accuracy is able to be maintained. This rate depends on the individual surgeon's skill 
and may become quicker with practice. At present after several years of experience 
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our surgeon (Mr Peter Walker) is able to use a maximum scan rate of approximately 
3 s/cm2 (i.e. a linear speed of 2.7 cm/s). At this scan rate "minimal blanching" 
occurs with an irradiance of 500 to 600 W /cm2• A greater irradiance at this scan 
rate results in excessive blanching. This rate corresponds to an illumination time of 
approximately 30 to 50 ms which is considerably longer than the optimal illumination 
time calculated as 1 to 10 ms. Thus, a robotic device ought to be designed to deliver a 
minimum blanching threshold irradiance at a rate that is at least three times faster 
than can presently be achieved by hand. Additionally, it should deliver the light 
considerably more accurately. 

5. 2 The Design 

The initial design for this scanner originated from the Honours part three project and 
the masters thesis work of Chris N van Halewyn (van Halewyn 1985, van Halewyn 
1987). Since I have only played a minor role in the design of this machine I shall 
restrict myself to only outlining the design. 

Figure 5.1 is a schematic of the scanner. The light is directed onto the patient by 
the mirror attached to the two "x and y" stepping motors. The light is focussed to a 
small 1 to 5 mm (depending on laser beam divergence) diameter spot approximately 
600 mm below the stepping mirror. This focussing is achieved by the 850 mm focal 
length lens which is also attached to a stepper motor ("z") to enable rapid focussing 
of the spot onto the patient. The video camera is focussed at the same position of 
the spot and looks down the same path length of the laser beam. This is enabled 
by a 45° angled mirror which reflects only 578 nm light and is transparent at other 
visible wavelengths. The image from the video camera is able to be displayed upon 
a computer screen with overlying text and graphics capabilities. Additionally, there 
are photodiodes capable of detecting the reflected light. Variations in the reflected 
light intensity may in future be used to regulate the treatment. 

5.3 The Operation 

The patient is placed under the scanning mirror and viewed by the video camera. 
The camera (and consequently the laser light, which is initially occluded by a shut
ter) is focussed onto the patient. The desired speed of movement of the focussed 
light is input into the computer (as an illumination time). Initially this speed de
pends on knowledge of the laser power and the minimal blanching threshold. Further 
development may allow the photodiode feedback mechanism to regulate the speed. 
Using the overlying graphics capabilities of the computer the image of the lesion is 
outlined on the screen, the computer calculates the commands to drive the stepping 
motors and prepares for execution. These commands are sent to the stepping mo
tors once a start command is given. The light will only be incident on the lesion 
if a pneumatic footswitch is depressed. This footswitch allows a shutter in front of 
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the beam to be automatically opened by the computer. Thus the shutter will not 
automatically open unless the footswitch is depressed. After scanning the area the 
shutter is automatically closed. However if the footswitch is lifted then the shutter 
will close, thus preventing the light from reaching the patient. 

stepping 

X 

y)~ 
/ 

/ 

spot on lesion 

lens 

!> 
camera 

z 

laser 

Figure 5.1: A schematic of the robot scanner device. The light is focused onto the patient by the 
850 mm focal length lens and sca.ned across the lesion using the stepping mirror which is under the 
control of a. computer. A video allows the operator to define the position of the lesion which is 
necessary for the computer to decide where the light needs to be scanned. 
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CHAPTER6 RADIATIVE TRANSFER 

The epidermis and dermis are both highly scattering media at the wave
lengths of visible light. Light incident on either of these media, :whether 
collimated or diffuse, undergoes numerous scattering events within the 
first few tens of micrometers. Additionally, chromophores within these 
media absorb light. This scattering and absorption combined with the . 
angular distribution of the incident light determines the angular distri
bution and the total flux of light surrounding the blood vessels. Thus, 
calculation of the energy absorbed by the blood vessels depends on the 
knowledge of the optical characteristics of the epidermal and dermal 
tissue. A number of different models have been proposed to estimate 
the light distribution. The purpose of this chapter is to outline those 
models and to discuss their use within the modelling of laser treatment 
of vascular lesions. 

6.1 The Nature of Scattering 

Chandrasekhar (1949), Ishimaru (1978), and Bohren and Huffman (1983) are the 
texts from which are drawn much of the material for this chapter. They each describe 
the scattering of light from small particles in a different way. 

An electromagnetic wave incident upon a single particle (such as a molecule or 
an aggregation of molecules) will set into oscillatory motion some of the charges 
within the particle. The accelerated particles radiate electromagnetic energy. It is 
this radiation that we think of as the scattered radiation. Meanwhile some of the 
incident radiation may be absorbed by the particle. For example it may be transfered 
to vibratory modes of the particle which we note as thermal energy. A detailed 
electromagnetic theory of scattering from a single particle may give us details of the 
amplitudes and phases of the scattered radiation. When a number of particles are 
close enough to each other such that there is significant interaction between their 
scattered electromagnetic fields, we have to consider multiple scattering theories. 
Analytical multiple scattering theories start with either Maxwell's equations or wave 
equations, and together with the absorbing and scattering characteristics of the 
particles, can yield the distribution of energy within the system. In principle these 
theories can include all diffraction, interference, and multiple scattering effects. 

For our purposes we are interested in obtaining the power flux density (J( r, s)) 
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within a unit solid angle in a frequence range ( v, v + dv) at any point r within 
the medium in the direction of unit vector s. J(r, s) is normally referred to as the 
radiance or specific intensity (within this document normally referred to, simply, 
as the intensity). We consider only monochromatic light and elastic scattering, 
therefore we may ignore the frequency dependent part of I(r, s) (therefore the units 
of I(r, 8) are W jm2sr). The flux of power within a solid angle dw through an area 
da (figure 6.1) is expressed in terms of the intensity: 

dP = I(r, s) cosOdadw (6.1) 

Figure 6.1: The power flux within a unit solid angle dw through an area da at a point r. s is a 
vector at an angle IJ with respect to the unit normal z. The intensity is in direction s and the power 
dP is given by equation 6.1. 

By integrating the intensity over all solid angles we obtain the radiant energy 
fiuence rate, or space irradiance, <J?(r) ( W /cm2 )i 

<J?(r) = f I(r,s)dw (6.2) 
}411' 

which, when multiplied by the absorption coefficient (!a (/em), yields the power ab
sorbed by the tissue at that point (in W /m3 )). This volumetric absorbed power is a 
term of the bio-heat equation (equation 7.1 ). This equation determines the time de
pendent temperature variations within the tissue as a function of the incident power 
and of the illumination time. We can obtain the irradiance and consequentially the 
volumetric absorbed power by assuming there is no correlation between the electro
magnetic fields from different particles, thus the addition of powers rather than fields 
holds. This is the basis of transport theory which does not deal with interference 
and diffraction effects but rather with the transport of energy through the medium. 
Transport theory and analytic theory can be shown to be linked through the specific 
intensity which is the statistical average of the randomly varying Poynting vector 
(S(r, t) = E(r, t)xH(r, t), see Ishimaru section 7-8). 
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6.2 The Transport Equation 

The angular dependence of this scattering may be represented by a transport equa
tion (Ishimaru 1978): 

s·Vld(r, s) = -Ut(r)Id(r, s) + Ut(r) I Id(r, s1)p(s1
, s)dw' + S(r, s) (6.3) 

1411" 

where 

Ia(r, s) is the intensity as defined above, but for diffuse light only, 

S(r, s) is the source function, and 

p(§', s), the phase function1 , is the relative probability of a photon scattering from 
direction s1 into direction s and is defined such that 

1 ( ~t ")dw' O"s p s ,s =-
411" Ut 

(6.4) 

where 

w1 is the solid angle, and 

Ut(r) is the total attenuation coefficient such that Ut(r) u8 (r) + ua(r) and 
o's(r) and ua(r) are the scattering and absorption coefficients. 

The first term on the right hand side of equation 6.3 is the intensity decrease 
(in the direction s) due to the absorption or scattering of scattered light that was 
originally travelling in direction s. The second term is the gain in intensity due 
scattering into direction s from all other directions 81

• As we are interested in 
collimated light incident on the surface of the scattering medium as the only source, 
the source term becomes 

S(r, s) = ;;p(s', z)Ic(r, z) (6.5) 

where z is parallel to the angle of incidence of the collimated beam and Ic(r, z) 
satisfies 

dlc(r, z) I ( ) 
dz =-Utcr,z. (6.6) 

Equation 6.3 is not normally analytically solvable and has been inhibitively dif
ficult to solve by numerical means. For us to apply the bio-heat equation we wish to 
calculate the radiant fluence rate (ci>(r)) within the blood vessels. We shall discuss 
six approximate solutions to equation 6.3 and how applicable they may be. 

1 The term phase function is an historical accident in this context. It originated in astronomy 
where it referred to lunar phases. However, in this context the phase function represents the angular 
distribution of the scattered power and has no relation to either lunar phases or the phase of a wave. 
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6.3 Solutions to the Transport Equation 

If we consider each of the three structures (or media), the epidermis, the dermis, 
and the blood vessels, to be comprised of a distribution of scattering particles in 
an otherwise homogeneous medium, then the solution to the transport equation 
would require the calculation of the radiant flux rate (irradiance) throughout each of 
these media. As each medium has different absorption and scattering characteristics 
the solution would require the solution of (at least) three transport equations! By 
considering only three media we have already limited the accuracy of the solution. 
For instance in section 2.1 we examined four distinct layers within the epidermis. 
Each of these layers may respond differently to incident light. 

Prior to considering solutions to the transport equation we must consider a 
collimated beam of light incident upon the skin surface. That is, we consider the 
light as it travels from a medium of low refractive index (air, na ~ 1) to one of 
higher refractive index (stratum corneum, n5 = 1.55). At the interface of the two 
media there occurs a certain amount of reflection known as Fresnel's reflection. The 
magnitude of the reflection is for collimated unpolarised light incident perpendicular 
to the skin surface: 

R = (na- ns)
2 ~ 0.05 (6.7) 

(na + ns)2 

That is, approximately 5% of the light that is incident at the skin surface is 
reflected. However, the skin surface is not perfectly fiat, therefore there is likely 
to be a greater percentage of light reflected than this. We shall now summarise 
solutions to the transport equation which deal with the non-reflected incident light. 

6.3.1 Beer's law 

This is the most straightforward of the solutions and states that the incident light 
is exponentially attenuated as it passes through tissue. The light lost from the 
collimated beam is assumed to be absorbed or scattered out of the beam and hence 

. the intensity at depth z is: 

J(r,z) = I(r,O)exp[-atz] (6.8) 

In a medium where scattering is significant in comparison to absorption (such as 
the epidermis and dermis) this approximation will underestimate the intensity be
cause scattered light adds considerably to the total flux. Equation 6.8 then becomes 
the equation for the collimated intensity Ic(r, z). However, where absorption domi
nates scattering equation 6.8 is a good approximation. This is the case within blood 
at 577 J 578 nm where the absorption coefficient is nearly eighty times the scattering 
coefficient (van Gernert et al. 1986). Because of the collimated nature of the light 
the intensity and irradiance are identical. Often irradiance is used as a synonym for 
the specific intensity of a collimated beam as it is incident on the skin surface. 
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Beer's law has been used as an estimate of the irradiance within a port wine 
stain in the model of van Gernert et al. (1986). 

6.3.2 Kubelka-Munk 

This two-flux one-dimensional model is based on illumination by a perfectly diffuse 
source and considers a diffuse inward moving flux (F +) and a diffuse outward moving 
flux (F-) such that: 

dF;;z) = -(S + K)F+(z) + SF_(z) 

- dFd;z) = -(S + K)F-(z) + SF+(z) 

(6.9) 

(6.10) 

where z is in the inward direction and Sand J( are the Kubelka-Munk scattering and 
absorption coefficients. Sdz represents the fractional contribution to the flux due 
to scattered light from the oppositely directed flux within the differential distance 
dz. J( dz represents the fractional loss of light due to absorption within the differ
ential distance dz. S and J( may be related to the transport equation scattering 
and absorption coefficients 0"8 and O"a (see for example Star et al. 1988). Hence, the 
contribution of scattered light to the inward and outward fluxes increases the irradi
ance above that which is determined by Beer's law. This model has been extended 
to include collimated light (van Gernert et al. 1987b ), but it still lacks the capa
bility of producing the intensity as a function of direction. Wan et al. (1981) used 
the Kubelka-Munk model to calculate the expected transmission and reflectance 
of human epidermis and found the results compared favourably with experimental 
measurements. Lahaye and van Gernert (1985) used this model to calculate the light 
distribution within port wine stain for a Gaussian incident beam by calculating J(z) 
and multiplying by the shape of the beam. 

6.3.3 The diffusion approximation 

This approximation assumes that light is scattered almost uniformly after numerous 
scattering events. However there is some anisotropy in the intensity such that the 
inward transport of energy is retained (figure 6.2). 

Mathematically we have 

Id(r, s) = !isotropic+ Iforward peak compensation 

4
1 f Id(r, s)dw + ~ f Id(r, s)s·zdw 
1f 141r 41f 147r 

= Ud(r)+ 4~Fd(r)·s (6.11) 

where Ud(r) is the average diffuse intensity and Fd(r) is the net diffuse flux vector. 
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Figure 6.2: The diffuse intensity ld(r,s) is the sum of the isotropic irradiance Ud(r) and a peak 
flux F din the forward or downward direction z. 

For a slab of infinite thickness and without sources (that is considering the so
lution only at a great depth) the solution to 6.11 is (Star et al. 1988, page 445) 

(6.12) 

where 

z is the depth of the skin, 

Id(O, p,) is the incident intensity, 

p, is the cosine of the angle between s and the positive z axis (i.e. p, cos( 0) of 
figure 6.2), and 

D(p,) is given by 

where 

the albedo a = ~ 
(J t ' 

D(p,) = [1 + 3g(1- a)p,jk] 
1 kp, 

(6.13) 

g is the anisotropy factor defined as the average cosine of the scattering angle 
(g f4 rr p( §', s) cos 0 dw'), and 

k = ~!.!ill. 
(J t ' 
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where (Jeff is the solution to 

l= ~[1 + 3g(1-a)]l (1+k)- 3g(1-a) 
2k k2 n 1 - k k2 · (6.14) 

For example if we use the optical constants of human dermis at 577 nm (from 
van Gernert et al. 1989b we have g = 0.787, (J8 = 210 /em, (Ja = 2.2 /em and 
therefore from equation 6.14 we have (Jeff = 17.1 /em). D(J..L) is then the shape 
of figure 6.3 which represents the relative intensity with respect to direction. The 
exact magnitude of the intensity depends on the depth within the tissue. For any 
given depth in any given direction the intensity will be proportional to the intensity 
in figure 6.3 in that direction. From equation 6.12 we see that the magnitude of 
intensity decreases exponentially with depth. 

The basic assumption of this approximation is that the angular flux is linear 
anisotropic which holds far from boundaries and if scattering dominates absorption. 
Van Gernert et al. (1987b) has shown that even with dominant scattering the dif
fusion approximation is· not valid if the scattering is strongly forward orientated. 
Unfortunately this is the case within the skin. Jacques et al. ( 1987) illustrated the 
strong forward nature for scattering within the dermis at 633 nm. 

Figure 6.3: The three dimensional distribution of light represented by D(JL) of the diffusion ap
proximation varies only in total irradiance with depth. It is symmetrical around the z (inward 
direction) with a greater intensity in the positive z direction. This diagram illustrates the distribu
tion for 5TT nm with g = 0.787, u, 210 /ern. ua 2.2/crn. Note the intensity in the z direction 
is 1.3 units. but is only 0. 7 units in the -z direction. 
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6.3.4 Seven flux model 

Simply stated, this model considers contibutions to the total flux from six orthogonal 
directions due to scattered light and one contribution due to collimated light (figure 
6.4). The collimated light undergoes exponential attenuation according to Beer's 
law. \Ve have six linear coupled differential equations of the form (Yoon et al. 
1987) 

{)F+y(x, y, z) + F = 
{)y O't +v O't[{ Wy,xF+x + Wy,-xF-x 

+wv,vF+v + wy,-yF-y 

+w11,zF+z + Wy,-zF-z} 
+w11,zFc(x, y, z)] (6.15) 

and similarly for F+a;, F+z' F_x, F_ 11 and F-z· If i and j can be any of x, y, or 
z then Wi,j is the portion of the flux from the i direction being scattered into the j 
direction. The Wi,j are weights which describe the phase function p(s', s) of equation 
6.3. 

The collimated flux Fe obeys 

8Fc(x, y, z) 
8z 

(6.16) 

For a given (measured, see next subsection) phase function it is possible to deduce 
the irradiance as a function of the fluxes from the seven directions. 

6.3.5 The modified Henyey-Greenstein phase function 

The Henyey-Greenstein phase function describes scattering from a single particle 
(Henyey and Greenstein 1941 ). It is a function produced to fit experimental data 
and normally takes the form: 

(6.17) 

where 

s'·s cosO and() is the angle between the z axis and the vectors as in figure 6.2, 

9hg varies from 1, totally forward orientated scattering, to 0, isotropic scattering, 
and to -1, totally backward orientated scattering. 

Jacques et al. ( 1987) used this single scatterer phase function as a basis for describing 
the experimental results of HeNe (633 nm) laser light scattering within thin samples 
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Figure 6.4: The seven flux 'model incorporates six scattered fluxes, the intensities of which are 
determined by some phase function, and one collimated flux Fe which attenuates according to Beer's 
law. 

of human dermis. Their modified phase function (Pmhg) now consists of an isotropic 
part and an anisotropic Henyey-Greenstein part 

Pmhg( z, cos B) = b( z) + (1 (6.18) 

where z is the depth and b( z) is the fractional component of isotropic scattering. 
The intensity may be calculated as a function of B: 

I(z,cosB) SCALEpmhg(z,cosB) (G.l9) 

where SCALE is a function of optical depth (JtZ and the albedo (]8 /(Jt (Jacques 
et al. (1987) did not specify the function any further). The anisotropy factor g 

(defined as the average cosine of the scattering angle, see section 6.3.3) is related to 
the modified phase function anisotropy factor by g = (1- b(O))Ymhg(O). Once again 
this approach may be used to find the intensity as a function of angle. However, 
measurements must first be made at the wavelength of interest to determine the 
optical characteristics of the tissue. The difference in irradiance and relative spatial 
distribution of the intensity with depth is illustrated by figure 6.5 which is a two 
dimensional representation of the intensity as a function of angle at depths of 100 
and 500 J.Lm. 
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(a) (b) 

85 z 6 z 
Figure 6.5: The two dimensional light distribution at depths of 100 J.!m (a) and 500 J.!m (b) within 
the dermis a.s calculated with Jacques et al. {1987) modified Henyey-Greenstein pha.se function. 
Near the surface most of the light is scattered forward in the positive z direction while deeper within 
the dermis the light ha.s undergone numerous scattering events and become more isotropic. 

6.3.6 Monte Carlo calculations 

A photon travelling through a scattering media will be likely to encounter a number 
of particles from which it will scatter before encountering a particle that absorbs 
it. The average length of path between scattering events depends on the density 
of the media and the cross sectional area of the scatterers. The scattering angle of 
each event depends on the nature of the scattering particle as does the probability 
of absorption. For any media these properties are described by the optical constants 
era, cr8 , and g. The Monte Carlo method described by Cashwell and Everett (1959) 
considers variables such as the path length and the change in direction as random 
variables. Each of the variables is characterised by a probability density function 
(P(x)) which is defined as 

1b P(x)dx = 1 (6.20) 

where x (a :::; x :::; b) is a random variable. Thus, the distribution of random events, 
Xrnd, for variable x can be simulated by choosing a random number, RN D, with a 
distribution between 0 and 1 such that: 

1
Xrnd 

a P(x)dx = RN D (6.21) 

If we take as an example the path length between each scattering event, then the 
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average distance a photon travels between scattering events (the mean free path) is 
given by 

1 
(6.22) 

and the probability density function is 

1 l 
P(l) = -exp[--] A A (6.23) 

where l is the length between scattering events. 
Thus 6.23 into 6.20 yields 

lrnd -ln(1- RN D)A (6.24) 

which is calculated between each scattering event. Similarly a function for the angle 
scattered may be produced that calculates Ornd for each scattering event. 

The direction of the scattering angle has a probability distribution which is 
described by functions such as the modified Henyey-Greenstein phase function Pmhg 

or the diffusion approximation's D(p, ). At any scattering event there is a probability 
<Ja/crt that the photon will be absorbed. 

Rather than follow the path of each individual photon the Monte Carlo calcu
lation utilises a weighted sum of photons, or a photon packet, such that at each 
scattering event the weighted sum is reduced by a factor 1- cra/<Jt due to absorption 
at that point. 

This method allows the absorbed light within any unit volume of skin and the 
remitted light to be calculated as a function of the distribution and number of 
photons incident upon the skin. Keijzer (1989) and Wilson and Adam (1983) are 
two examples of the use of this method for a single medium. 

6.3.7 Summary of solutions to the transport equation 

Most of the transport models have been used to calculate the space irradiance 
through a one dimensional model of the epidermis or a bloodless dermis. Some 
of these results are illustrated in figure 6.6 for a 1 W fcm2 beam incident upon a 
bloodless dermis. 

However, we are most interested in the light absorbed within the skin by the 
melanin and haemoglobin. Any model we use must take into account these two 
factors. This implies that we must consider separately the optical characteristics of 
the epidermis, dermis, and blood. Further, we need to consider the three dimensional 
nature of the blood vessels. For most of the models above this means solving the 
transport equation for collimated light incident upon the epidermis, scattered light 
with a calculated intensity distribution incident on the dermis and scattered light 
of another intensity distribution (dependent on depth) incident on each part of 
a blood vessel. This appears to be best achieved by employing different optical 
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Figure 6.6: The space irradiance for a 1 W /cm2 collimated infinite diameter beam incident upon a 
bloodless dermis. The solid lines are from figure 7a of Welch et al. (1987) and represent Beer's law 
(crosses), Seven flux (open squares), Diffusion (open circles), and Kubelka-Munk' (open triangles) 
for a medium that is highly scattering dominated (c:ia = 1, O"s::: 100, S 75, K::: 2 all arbitrary 
units). The diffusion approximation is not strictly as described in this chapter but takes into 
account the effect of the boundary at the skin surface. The closed circle dotted line represents 
a Monte Carlo calculation from van Gernert et al. (1989a). Here the optical characteristics are 
O"a = 6 /em, IJ's = 414 /em, g = 0.91, and a phase function that is isotropic except for a delta 
function in the positive z direction. The closed square dashed line is a Kubelka-:\Iunk model with 
the addition of a collimated beam. The light is assumed incident on a 65 /LID thick epidermis, under 
which is 300 J.tm of dermis, then an 80 /LID thick blood plexus. The closed triangle dashed line is the 
Henyey-Greenstein phase function calculation of Star eta/. (1988) using the optical characteristics 
of dermis at a wavelength of 633 nm as measured by Jacques eta/. (1987) (c:ia = 2.7 /em, 0", = 187.3 
/em, g = 0.81). 
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characteristics g, cr8 , era for each of the three media and utilising the Monte Carlo 
model to calculate the heat deposited throughout the skin (Smithies 1989). In this 
case the transition from one medium to another must be taken into account. We 
must be aware that even the choice of only three distinct media is an assumption and 
that the calculations depend on the determination of the three optical characteristics 
for each media. As we shall illustrate in the next chapter there shall be a number 
of further simplifying approximations. 
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CHAPTER 7 THE MODEL 

Different treatment modalities produce different clinical responses from 
the skin. The various treatment modalities can differ significantly in 
respect to wavelength, irradiance, and illumination time. For any one 
modality not all lesions respond identically. To understand the reasons 
for these differences in response and to attempt to define some "opti
mal" treatment parameters, we have undertaken to numerically model 
the laser light interaction with the skin. As with any model, various 
approximations and assumptions have been made. In this chapter we 
describe the model and the assumptions. 

7.1 Yellow Light 

57 

The choice of yellow 577 /578nm light as the optimal wavelength for the treatment 
of vascular lesions was based on the absorption spectra of human skin chromophores 
(figures 2.2 and 2.4, chapter 2). To damage the ectatic vessels we presume it is de
sirable to coagulate their surrounding endothelial cells. Also, it is desirable to avoid 
coagulation of any other cutaneous structures that may result in scar formation. 
577/578nm light provides for both these conditions. First, it is not well absorbed 
by melanin (especially in comparison to the 488 to 514.5 nm wavelengths of the ar
gon laser), and second it is absorbed sufficiently well by haemoglobin to allow for 
rapid heating of the blood vessels before an excess of heat can be released to the 
surrounding tissue. This process depends on the length of illumination and the irra
diance of the incident light. These are the two treatment parameters which we wish 
to optimise. As we have discussed, the melanin concentration can have a significant 
effect on the quantity of light entering the dermis. However, this concentration plays 
no part in our model of the optimal illumination times and the optimal irradiance 
incident upon the vessel. It is only when we consider the optimal irradiance incident 
on the skin surface that knowledge of the melanin concentration is important. 

Recently, 585 nm has been suggested as the preferred wavelength. We shall dis
cuss the reasons for this suggestion in chapter 9. However, throughout this chapter 
we shall concentrate on 577/578nm light. 
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7.2 Treatment Modalities 

Treatment modalities employ one of two distinct endpoints, namely blanching or 
purpura. Clinically, blanching is the whitening of the skin seen immediately on 
application of the laser light. Normally there is an incident irradiance below which 
no blanching occurs. This irradiance depends on the pigmentation of the skin, the 
wavelength, and the illumination time. Argon, continuous wave dye, and copper 
vapour laser techniques have all utilized blanching as the clinical endpoint (most 
blanching techniques now utilise minimal blanching). Purpura is the blue/grey 
appearance of the skin some 5 to 15 minutes after application of 577 nm light from a 
pulsed dye laser. The threshold irradiance is defined as that which only just produces 
purpura within this time scale, this is normally the clinical endpoint. 

The principal difference between the two techniques is the length of illumination 
time (considering yellow light lasers only). The pulsed dye laser produces short 
single pulses of 0.0003 ms to 0.45 ms in duration. The other lasers employ much 
longer illumination times of 30 ms to several hundred milliseconds. 

Blanching techniques have employed a variety of irradiances and illumination 
times. We have already described our own technique in chapter 4 and Pickering 
et al. 1990b . Briefly, it is a manual scanning technique with a 1.3 mm diameter 
spot, an irradiance of 50 to 600 W / cm2 , and corresponding illumination times of 
500 to 30 ms. The shorter illumination times (higher irradiances) produce the best 
clinical results. Lanigan and Cotterill (1989) have used a continuous wave dye laser 
with a 2mm diameter spot, an irradiance of 10 to 20W/cm2 , and illumination 
times of 200 to 2000 ms. Rather than a scanning technique they employ mechanical 
shutters to control the illumination time. Another blanching technique uses a very 
small diameter spot, 0.1mm, high irradiance, 1200 to 10000W/cm2 , and a very 
slow tracing technique. The tracing technique, with either a continuous wave dye 
or low powered copper vapour laser, is to trace the light along individual blood 
vessels (observed under magnification) at a sufficiently slow rate to blanch them 
(Schiebner 1989, van Hassalt and Liu 1989). Unfortunately illumination times can 
not be accurately determined from the data available but they appear to be in the 
order of several tens to several hundreds of milliseconds. 

The purpura techniques produce their best clinical results with their longest pulse 
length (0.45ms). On the other hand we have shown that the minimal blanching 
techniques produce their best results at their shortest illumination time (30ms). 
This suggests that the optimal treatment may result with an illumination time 
somewhere between 0.45 ms and 30 ms. 

Recently, sub-marginal blanching (some slight erythema) has been suggested as 
a sufficient and desirable endpoint with a frequency doubled Nd:YAG laser at 532 
nm (Laffitte et al. 1989). 



7.3. THE NUMERICAL CALCULXI'IONS 59 

7.3 The Numerical Calculations 

Details of the model have been published in Pickering et al. 1989a,b. This section is 
a summary of the important components of the model here. It is a finite difference 
model based on the bio-heat equation: 

8T(x, y, z, t) "'( ) n2 ( ) pCv {)t = O'a~ x,y,z + fjv T x,y,z,t (7.1) 

where O'a~(x, y, z) is the power absorbed at coordinate (x, y, z) as defined in section 
6.1. The second term on the right hand side of the equation represents the energy 
change per unit time from coordinate (x, y, z) due to the heat conduction. p, Cv, 
and 17 are the tissue density, heat capacity, and conductivity respectively (see table 
2 of Pickering et al. 1989a). 

The numerical calculation uses a grid of 81 by 81 points spaced 3 J.liD apart. 
The vessel is assumed to be positioned at the centre of this grid. The grid points 
that lie within the circumference of the vessel may absorb light (aa~ > 0) elsewere 
no light is absorbed ( O'a~ = 0). The interval between successive calculations of 
temperature rise due to light absorption and temperature change due to conduction 
was 1/3000th of the total calculation time (usually 10 to 35 ms ). Heat conduction 
was calculated at each grid point using a second order two dimensional method of 
finite differences (Carslaw and Jaeger 1967)(note- no heat conducts parallel to the 
vessel's longitudinal axis). Mathematically for each grid point (n,m) after each time 
interval the new temperature due to conduction is: 

Tnew = _!}_ . 1 . [Told +Told + Tol_:! +Told_ 4T:?l,md J (7.2) n,m pCv (gndspac~ng)2 n+l,m n,m+l n l,m n,m 1 ,. 

The calculations for the two published papers were made on a VAX 8350 computer 
whilst subsequent calculations have been made on a SUN 3/60 workstation. 

This model was originally designed to determine the optimal treatment param
eters of illumination time and irradiance. We are able to obtain the temperature 
profile of the vessel at any time during or after illumination. 

7.3.1 Previous models 

The first attempt at describing the physics of laser treatment of port wine stains 
was made by Anderson and Parrish of the Harvard Medical School(Anderson and 
Parrish 1981a,b, 1983). Their model discussed the light flux at different depths 
as a function of wavelength based on the Kubelka-Munk model (section 6.3.2), the 
absorption spectra of the chromophores within the skin, and the possibility of selec
tively coagulating blood vessels with a sufficiently short pulse of 577 nm light. The 
basis for this model was that: 
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"Coagulation necrosis is useful for causing haemostasis due to the denat
uration of plasma proteins and the closing of vessels." (Anderson and 
Parrish 1983 page 524). 

On this basis they assumed the target was blood and the target temperature was 
approximately 70 °C. Furthermore, they estimated that excess conduction of heat 
to the surrounding tissue could be avoided by an illumination time shorter than the 
thermal relaxation time of the vessel. Their thermal relaxation time is based on a 
Gaussian temperature profile across the width of the vessel and defined as: 

The time it takes for the central temperature to fall to half way between 
its peak temperature and the temperature of the vessel surroundings. 

The criterion the illumination time must be shorter than the thermal relaxation 
time of the vessels has become a stumbling block in the literature. Often this is 
claimed to be a physical requirement. In essence this criterion is only a rule of 
thumb. As an expression for the rate of conduction of heat it obviously allows for 
some heating of the immediate surroundings of the vessel lumen. But, the criterion is 
based on an arbitrary choice of the maximum temperature falling by 50%. Thus, this 
criterion does not indicate whether there is sufficient heat conducted to coagulate 
the vessels. This is contrary to the use of this criterion as a requirement for optimally 
damaging the vessels. For example 

" ... pulse width is significantly lower than the thermal relaxation time of 
the irradiated vessel ( ... ), allowing sufficient time for a transient local 
temperature rise to destroy the vessel. .. " (Glassberg et al. 1988 page 
1201), 

"For enhanced specifity, the pulse duration should be equal to or less 
than the thermal relaxation time for that target." (Tan et al. 1989 page 
868). 

A four layer skin model' was developed by van Gernert et al. (1982) to estimate 
the temperatures within port wine stains due to argon laser treatment. The epi
dermis, superficial dermis, blood plexus, and deeper dermis were the four parallel 
layers. The epidermis was approximately 60 pm thick and the blood plexus a fur
ther 300 {LID below the epidermal/dermal junction. Fluences within the skin were 
based on the Kubelka Munk approximation. Their conclusion was: at 500 nm, with 
a pulse longer than 0.1 s, and an irradiance sufficient to coagulate the blood plexus, 
the epidermis and superficial dermis also underwent coagulation. They calculated, 
at this wavelength, to avoid heat conduction effects that result in coagulation of 
the superficial dermis, the illumination time must be less than 0.05 ms. They de
termined a criterion for the applied power (P(O)) such that temperature rise within 
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the epidermis must be less than within the blood plexus. By applying this criterion 
with such a short illumination time we have 

(7.3) 

where 

Ab and Ae are the Kubelka-Munk absorption coefficients for blood and the epider
mis respectively, 

P(b) and P(O) are the power at the depth of the blood plexus and on the skin 
surface respectively. 

Lahaye and van Gernert (1985) extended this model to include an individual 
rectangular blood vessel as an alternative to a layer of blood. They applied this 
model with a variety of wavelengths, spot sizes and illumination times. The optimal 
treatment parameters were found to be a 1 to 10 ms illumination time, a minimum 
beam radius of 0.1 mm, and a wavelength of 415, 577 or 540 nm. Later (van Gernert 
et al. 1986) the model was again extended with a 80 JLID diameter cylindrical blood 
vessel situated 300 to 600 JLm below the epidermis. Once more they concluded 
that the optimal parameters were a 1 to 10 ms illumination time at 577 nm (now 
considering the benefits of avoiding melanin absorption). 

Equation 7.3 was formulated when the optimal illumination time was thought 
to be less than 0.05 ms and consequently conduction effects were negligible. Later 
models took into account conduction and suggest much longer illumination times. 
Thus equation 7.3 is not suitable as it stands as an estimate of the optimal incident 
irradiance. 

Neither of these models looked at where exactly the coagulation temperature 
should be reached. They assumed a blood temperature of 70 °C at the top of the 
vessel was sufficient for coagulation. However, this does not guarantee coagulation of 
the vessel. The inaccuracies of these models prompted us to develop our numerical 
model. 

7.3.2 Assumptions 

With any model there are a number of assumptions made, often to assist the ease 
of computation. In this section we list the assumptions we have made and discuss 
their influence on the model. 

(i) We, like van Gernert and co-workers, have assumed that the cutaneous tissue 
characteristics of density, heat capacity, and conductivity may be approxi
mated by the corresponding characteristics of water (see table 2 Pickering 
et al. 1989a). We also assume that these characteristics are invariant with 
temperature over the 30 to 100 °C range. 
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(ii) The blood vessels are represented by perfect cylinders parallel to the skin 
surface. Histology shows capillaries often do not to have circular cross sections 
but rather elliptical cross sections. However, the concept of capilliry plexus 
running parallel to the surface has been well established by histology (Ryan 
1973). 

(iii) There is no heat loss due to blood :flow. Welch et al. (1980) calculated that 
blood flow within normal skin does not significantly (less than 10% error) 
effect the temperature rise at the end of laser illumination for illumination 
times shorter than 50 seconds. For the large 150 p,m diameter vessels of deeply 
located port wine stains, we can estimate a volume flow rate of approximately 
50 times normal capillaries and hence a 10% error for illumination times longer 
than 1 second. As we are considering much shorter illumination times any error 
due to blood flow is negligible. 

(iv) The haemoglobin is homogeneously distributed throughout the vessel. In real
ity the haemoglobin is concentrated within the erythrocytes which contribute 
45% of the blood by volume. However, these erythrocytes are donut shaped 
structures (disk-like with a depression in the centre) of approximately 7 p,m 
diameter which is relatively small on the scale of most ectatic vessels (from 
30 to 150 /LID diameter) So, they are distributed reasonably evenly through
out the vessel. For very small vessels (normal capillary size) the erythrocytes 
may be in single file along the vessel and separated by plasma, by no means 
a homogeneous distribution of haemoglobin and thus our model is not very 
suitable for modelling the response of normal skin. For very large vessels the 
erythrocytes may tend to conglomerate along the central axis of the vessel. 
This inhomogeneous distribution may be a potential source of error in our 
model. 

An erythrocyte density of 45% of the blood by volume and donut shape ery
throcytes suggest that they are almost continually in contact with one another. 
Therefore, unless the illumination time is very short (say much shorter than 
the thermal relaxation time of the erythrocytes, 0.006 ms - see appendix F) 
and the irradiance low, the erythrocytes will not be thermally isolated from 
each other. 

(v) The vessel under investigation is thermally isolated from other vessels and 
from the epidermis. Van Gernert et al. (1986) suggested that for any time 
shorter than 10 ms the vessel would be isolated from the epidermis at a depth 
of greater than 300 p,m. Furthermore, for a density of vessels such as measured 
by Barsky et al. (1980) and an illumination time below 30 ms the vessels are, 
on average, thermally isolated (Appendix F). 
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(vi) The beam is infinitely wide, collimated, and perpendicular to the skin surface. 
This allows us to neglect heat flow along the longitudinal axis of the vessel. 
This assumption is applicable to a beam diameter that is large in comparison 
to the vessel diameter (beam diameters greater than 0.5 mm). 

(vii) Absorption within the blood dominates over scattering at 577/578 nm because 
the blood absorption coefficient is some forty to :fifty times greater than the 
scattering coefficient. However for some other wavelengths this may not be an 
applicable assumption. 

(viii) We have used an absorption coefficient of blood of 430 /em (van Gernert et 

al. 1986). More recently there has been experimental work to quantify the 
optical characteristics of epidermis, dermis, and blood with greater accuracy. 
A summary of these optical characteristics is presented in table 7.1. The 
variation in the optical properties diminishes somewhat the accuracy of the 
numeric answers, but does not diminish the relative effects observed due to 
differences in wavelength, irradiance, vessel diameter, or illumination time. 
We have assumed that the absorption is invariant with temperature up to 
100 °C. However, recent experiments by Tan et al. (1989b,c) suggest that this 
may not be a valid assumption.We discuss this further in section 8.3. 

(ix) Neither experiment nor theory has quantified the damage required to necrose 
the ectatic vessels. Some coagulative thermal damage (as opposed to mechan
ical damage due to vaporisation of blood) has been shown to be necessary. 
Because of this the model assumes a temperature and a distance (thickness) 
from the vessel lumen at which the damage occurs. Both of these assumptions 
have been investigated for their infiunce on the treatment parameters. By 
introducing a damage integral that estimates the extent of protein denature 
as a function of time and temperature we have been able to quantify the co
agulation temperature with a greater degree of certainty. Additionally, it is 
not known how haemoglobin reacts to high temperatures caused by rapid local 
heating. Haemoglobin may denature in the same way as other proteins and 
having denatured may cease to absorb light. We have modelled this possibility 
and we discuss its plausibility and its possible ramifications on the treatment. 

(x) The spatial distribution of light within a scattering medium such as the skin 
is difficult to quantify. There has been no experimental investigation into the 
angular spatial distribution of light within port wine stains. The experiments 
on normal skin show the total irradiance to be considerably higher than that 
which is calcula.ted by Beer's law of exponential decay of incident light. Ad
ditionally, near the skin surface the angular distribution of scattered incident 
light is predominantly in the forward direction. vVe have investigated the 
changes in the optimal treatment parameters under the influence of changes 
in the spatial distribution of light around the blood vessels. 
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Table 7.1: Radiative transport equation absorption and scattering characteristics 
of epidermis, dermis, and blood. 

Wavelength Epidermis Dermis Blood Source 
nrn (1ae (1Se ge a ad (18d gd (1ab (1Sb gb 
500 22.2 57.7 6.14 130.0 140 10.4 1 
577 18.3 48.6 4.18 91.6 376 9.6 
500 107 2 
577 37 480 0.787 2.2 210 0.787 354 
585 36 470 0.79 2.2 205 0.79 191 
590 70 
633 2.7 187.3 0.807 3 

Kubelka-Munk absorption and scattering characteristics of epidermis, dermis, and 
blood. 

Wavelength Epidermis Dermis 
nrn Ke Se J(d 
500 70 70 
500 65 29 12 
500 36.7 36.7 11.3 
577 30 

Sources 
1 Welch et al. 1989 

30 

2 van Gernert et al. 1989b 
3 Jacques and Prahl1987 
4 Wan et al. 1981 

7.5 

5 Lahaye and van Gernert 1985 
6 van Gernert et al. 1986 

sd 

15 
90.8 
69 

Blood Source 
](b sb 

4 
125 5 
115 12.5 2,6 
430 9.8 



CHAPTER 8 THE OPTIMAL TREATMENT 

The optimal treatment must be that which consistently produces the 
best clinical result. Some of the mechanisms for damaging the ecatatic 
vessels (thermal and mechanical) have been observed through histology 
(chapter 3). We have assumed that the optimal damage is due to the 
thermal denaturation of the endothelial cells. Theoretically denatura
tion may be described as resulting from heating to a coagulation temper
ature and maintaining that temperature for some period of time. The 
damage criterion is denaturation at a pre-determined distance (coagula
tion thickness) above the vessel lumen. The optimal treatment param
eters would be those that meet this damage criterion without inducing 
mechanical damage through the vaporisation of blood. At 577 /578nm 
we have investigated the treatment parameters of irradiance and illumi
nation time, and several definitions of the optimal damage coagulation 
temperature and thickness. 

8.1 The Damage Criteria 

65 

Bearing in mind the assumptions discussed in the previous chapter we have defined 
the optimal damage criterion as: 

Irreversible damage to the ectatic blood vessels without damage to other 
cutaneous tissue. 

In terms of our numerical model this statement reads: 

A temperature sufficient for denaturation of protein at a point a specified 
distance above (towards the skin surface) the vessel lumen. 

We consider only "above the vessel lumen" because the endothelial cells tend to be 
wound in a helical fashion along the length of the vessel. Consequently each cell at 
some stage will be "above the vessel lumen". To determine the appropriate distance 
above the lumen (which we call the coagulation thickness) requires knowledge of 
the thickness of the endothelial cells and the threshold heating level for necrosis of 
these cells. Initially we suggested (as have others- Anderson and Parrish 1981b, van 
Gernert et al. 1982) that coagulation occurred at a maximum temperature of 70 °C. 
Although it was postulated that protein denatured within 1 ms at 70 °C (Priebe 
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and Welch 1978), it was not clear that this temperature was maintained for a long 
enough period within the endothelial cells or instead that this temperature may have 
been greater than required. We first investigated this assumption by modelling the 
optimal treatment parameters for 60 °C as well as 70 °C and used later the damage 
integral to calculate coagulation. 

The methodology was to vary the illumination time to obtain the correct ratio of: 
an increase in temperature at the coagulation point, to an increase in temperature 
within the lumen (such that the maximum blood temperature would be 100°C and 
the temperature at the coagulation point would be that defined as the coagulation 
temperature, usually 60 °C or 70 °C). Once this correct ratio was obtained we 
used the linear relationship between the temperature increase and the fluence at a 
constant illumination time to obtain the optimal fluence (and therefore irradiance) 
incident upon the vessel. 

8.2 Individual Vessels 

8.2.1 Vessel size 

Our first theoretical paper (Pickering et al. 1989a) calculated, for a coagulation 
temperature of 70 °C and coagulation thickness of 6 JLm, the variation in optimal 
irradiances and illumination times with vessel diameters. 

Despite the large variation in vessel diameters the optimal illumination time 
showed very little variation (Table 3, Pickering et al. 1989a). But for the largest 
vessel (100 p,m diameter) the optimal incident irradiance was approximately half of 
the optimal irradiance for the smallest vessels (30 JLm diameter). 

A large vessel absorbs a greater percentage of the light incident upon it than a 
smaller vessel because of the magnitude of the absorption at 577 /578nm (50% of 
the light is absorbed within 16p,m of blood). As the coagulation thickness is the 
same for all vessel sizes a larger vessel is likely to require a smaller irradiance. A 
smaller vessel releases heat generated within it more quickly than a larger vessel and 
therefore to generate sufficient heat for coagulation the illumination time needs to 
be longer. 

Normal capillaries are approximately 7 p,m in diameter. Therefore they will 
absorb much less than 25% of the light incident upon them and will release the 
heat generated to the surroundings 20 times as quickly as a 30 p,m ectatic capillary. 
This implies that these capillaries are unlikely to be damaged with the treatment 
parameters we have defined as ideal for the ectatic vessels. 

8.2.2 Coagulation temperature and endothelial cell thickness 

We calculated the optimal treatment parameters for a coagulation temperature of 
60 °C and several different coagulation thicknesses (0, 3, 6, 9p,m ). The results are 
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summarised in table 3 of Pickering et al. 1989b. 
Compared to the variation in illumination times due to different vessel diameters 

the variation due to different coagulation temperatures or thicknesses is large. As 
an example we shall discuss the difference between the treatment parameters at 
a coagulation thickness of 0 p,m and 3 p,m (at 0 p,m the endothelial cell protein is 
unlikely to denature whilst at 3 p,m, we surmise, most endothelial cells, average 
thickness 4 to 6 p,m Barsky et al. 1980, would coagulate). Compared with using 0 p,m 
as a coagulation thickness, 3 p,m requires an illumination time that is, on average, 
four times longer and an irradiance two and a half times less (an overall60% increase 
in incident energy). Previous models (section 7.3.1) had assumed that heating of 
the haemoglobin within the lumen to a pre-defined coagulation temperature was 
the requirement to necrose the vessels. Here we see that this assumption does not 
necessarily allow coagulation of endothelial cells. 

8.3 Damage Integral 

8.3.1 The integral 

It is not sufficient to state that an ectatic blood vessel will be irradicated just 
by raising its endothelial cells temperatures to 60 or 70 °C. The probability of 
coagulative necrosis of these cells at these temperatures must be established. We 
may define cell necrosis as the denaturation of protein within the cells. For example 
this is readily observed when the "white" of an egg turns opaque in a frying pan. We 
also assume that the blanching of the skin under laser illumination is indicative of 
protein denature. However, we must emphasise that the optimal damage in terms of 
the ratio of thermal to mechanical and the healing process has not been established. 

Living tissue contains many different proteins with a variety of structures and 
sizes. We would expect each protein to denature with a different rate function of 
temperature. The difference in the energy of the initial and final states of a single 
protein reaction, D.H, vary greatly between protein types . However, there is a cor
relation between the energy involved in the reaction and the change in entropy, D.S, 
of the system. This correlation is such that the rates of reaction are approximately 
the same for all protein reactions (within a factor of 2, see Johnson et al. 1974, page 
253). This is because of the relationship between the rate of reaction and the free 
energy (D.G): 

. D.G D.H D.S 
reactwn rate ex exp(- RT) = exp(- RT exp(-R) 

Thus, Henriques (1947) was able to quantitate the thermal damage of whole tissue 
by the damage integral: rt D.E n = P Jo exp(- RT)dt (8.1) 

where 
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n is an arbitrary function describing tissue injury, 

Tis the (time dependent) temperature (inK), 

R is the universal gas constant (8.314 J moi-1 K-1 ), 

P and D..E are the experimentally determined pre-exponential constant and exper
imental activation energy constant respectively. 

By measuring the time taken for a reaction to take place (judged by histological 
examination), at a steady state temperature, Henriques was able to calculate the 
activation energy D..E. The pre-exponential constant P then depends on the arbi
trary choice of !1 = 1 to indicate thermal necrosis. For a single protein media this 
corresponds to denaturation of 1 e-1 or 63% of the molecules (Welch 1984). The 
damage integral calculations are usually placed into one of three categories (Erez 
and Shitzer 1980): 

1 !1:::;, 0.53 Tissue damage is reversible (that is healing takes place), 

2 0.53 < !1 < 1.0 Tissue damage may be irreversible, 

3 !1 2: 1.0 Tissue damage is completely irreversible (that is coagu
lative necrosis transforms the cells into a homogeneous 
mass of proteins). 

Henriques and Moritz (Henriques 1947, Henriques and Moritz 1947) experiments to 
determine P and D..E were based on studies of the epidermis of pig skin. Other 
workers have also experimentally determined values for P and D..E. These are sum
marised in table 8.1. We have used the values of Henriques (1947) below 44 °C and 
Welch (1984) above 44 °C. 

Table 8.1: Experimentally determined damage integral constants 

Authors p D..E Temperature Comments 
(s-1) (kJ M-1) range (°C) 

Henriques 1947 3.1 X 1098 630 used pig skin 

Stoll and Greene 3 X 1098 630 52 to 63 experimental 
1959 and predicted re-

suits differed by as 
much as a factor of 
6 

Welch 1984 4.3 X 1064 420 44 to 50 
9.4 X 10104 670 >50 

Welch and Pol- 1.3 X 1099 630 45 to 63 monkey retina 
hamus 1984 
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A simple calculation (tl.t ~ UjPexp(-tl.E/RT)) shows that for a steady state 
temperature of 70 oc, and using the damage integral constants of Welch (1984 ), that 
n will exceed 1 in 0.21 ms. For all except the shorter pulse lengths of the pulsed dye 
lasers this is a short time in comparison to the illumination time. However, the treat
ment is not in a steady state, therefore we calculate n numerically in conjunction 
with our finite difference model. 

Figure 8.1 shows the temperature contours of a 50 J.Lm diameter vessel immedi
ately after it has been illuminated for 5.5 ms with an irradiance of 520 W / cm2 on the 
top surface of the vesseL Figure 8.2 is of the same vessel but illustrates the damage 
contours for n = 1 (solid line) and n = 0.53 (broken line) after the effect of heat 
conduction for a further 29.5 ms has been accounted for (by this stage the maximum 
temperature is below 40 oC). We find that for the illumination times between 0.45 
and 30 ms that irreversible necrosis occurs where the maximum temperature is in 
the range of 68 to 72 oc. 

8.3.2 Haemoglobin as a protein 

Haemoglobin is also a protein and therefore we must ask the question; what effect can 
denaturation of haemoglobin have on the treatment? Hu et al. (1970) established 
a time dependent steady state coagulation temperature for haemoglobin, once more 
around 65 to 70 °C. 

As a comparison to erythrocyte response to illumination by pulsed dye laser, Tan 
et al. (1989b) microscopically examined erythrocytes after they had been heated (to 
between 32 and 100 oc). The procedure was to place a vial of erythrocytes in a 
bath of boiling water and to remove the vial when the erythrocytes reached the pre
determined temperature. The erythrocytes were then microscopically examined and 
their absorption spectrum observed. The results of the spectral analysis are shown 
in figure 8.3. The sharp decrease in absorption after heating to greater than 70 oc is 
expected, due to the denaturation of the haemoglobin protein. However, the sharp 
increase in absorption (a factor of 14) between 32 °C and 70 °C has not previously 
been reported. If this change in absorption were to occur on the laser illumination 
timescales, the heating of the vessels is likely to be more rapid than we have assumed, 
resulting in the maximum temperature occuring closer to the top of the lumen. 
However, the experiment did not measure the absorption at these temperatures 
but rather some considerable time after they had been reached. Furthermore, the 
method of heating used much longer timescales than laser illumination and was 
due conduction of heat into the erythrocytes, not the direct absorption of laser 
illumination and consequent heat generation within the erythrocytes. 

To investigate the influence of no absorption immediately after denaturation of 
protein, we ran our finite difference model with the condition that where n ~ 1.0 
no light is absorbed. This has a dramatic effect on our temperature contours as 
can be seen by comparing figure 8.1 with figures 8.4 and 8.5. Figure 8.4 has the 



70 

H 

4f 

as 
10 

2S 

20 

u 
10 

1t 

1S 

8. THE OPTIMAL TREATMENT 

<5 40 35 30 ~~ 20 1S 10 5 I 5 U U 2t ~~ II lS <I <l 

Distance from the vessel centre (pm) 

Figure 8.1: The temperature contours of a 50 ttm diameter vessel after it has been heated for 5.5 
ms with an irradiance on the top surface of the vessel of 520 W /cm2 . The dotted circle defines the 
vessel lumen. 
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Figure 8.2: The damage contours of a 50 ttm diameter vessel after it has been heated for 5.5 ms 
with an irradiance on the top surface of the vessel of 520 W fcm2 • The solid line indicates that 
all protein within it has undergone irreversible damage. The dashed line indicates that all protein 
between it and the solid line may have undergone irreversible damage and all protein outside of it 
will at most be reversibly damaged. The dotted circle defines the vessel lumen. 
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Figure 8.3: The erythrocytes absorb a greater fraction of light as their peak temperature increases 
until they reach the protein denaturation temperature of 70 "C. Based on figure 5 of Tan eta/. 1989b. 
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identical input parameters to figure 8.1 whereas figure 8.5 has an illumination time 
0.0003 ms of and an irradiance of 3 300 000 W / cm2 • This results in the coagulation 
of the endothelial cells to, at most, 2pm above the top of the vessel lumen. There 
is some evidence that denaturation of haemoglobin does not take place under the 
influence of laser illumination as just described. Assuming zero light absorption at 
haemoglobin temperatures above 70 °C suggests that an endothelial cell coagulation 
temperature of 70 °C can not be achieved further than 2pm from the vessel lumen 
(for all illumination times longer than 0.0003 ms the coagulation thickness was even 
less than 2pm). The histological evidence of longer time scale illumination suggests 
that coagulation occurs at much greater distances from the lumen than 2pm. 

The early pulsed dye laser results showed evidence of vessel and erythrocyte 
ruptures that were indicative of steam formation and temperatures well in excess 
of 70 °C. Recently, Tan et al. (1989b) investigated the effect of a 0.36 ms pulsed 
laser on red blood cells in solution and compared the damage to heat damage as a 
result of imersion in a water bath (the absorption spectra of these water bath heated 
cell is seen in figure 8.3). The results were ultrastructurally quite different. In par
ticular, laser induced damage showed electron lucent vacuoles (cavities) within the 
erythrocytes. The diameter of these vacuoles increased with increasing irradiance. 
A subsequent study (Tan et al. 1989c) shows the morphology to be independent 
of the oxygen status of the blood and therefore the vacuoles are most likely to be 
indicators of steam formation. 

We have yet to determine that endothelial cell necrosis is the only condition 
necessary for the removal of ectatic vessels. It may be necessary to induce collagen 
formation to decrease the size of the vessel lumen. This may require thermal damage 
further out from the lumen than just the endothelial cells. 

8.4 Scattered Light 

Prior to this section we have considered only isolated vessels with collimated incident 
light. As discussed in chapter 6 this is gross simplification. We know that light un
dergoes numerous scattering events within the tissue. Therefore, the light is incident 
upon the vessel from all sides (not just from the top) and from all directions. Jacques 
et al. (1987) illustrated that within cutaneous tissue light is scattered primarily in 
the forward direction. This implies that near the skin surface, where on average 
each photon has undergone relatively few scattering events, the majority of the light 
will be incident on the top surface of the vessel with an angle of incidence near to 
vertical. Deeper within the skin the photons have undergone numerous scattering 
events and the light distribution has become much more isotropic (figure 8.6). Here 
the total irradiance is less, due to the previous absorption of light nearer the skin 
surface. As there is an inward transport of energy the photons must have on average 
a net inward direction. We can approximate these two extremes by for vessels near 
the surface, collimated incident light, which has been the subject of the preceding 
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Figure 8.4: The temperature contours of a 50 J.I.ID diameter vessel after it has been heated for 5.5 
ms with an irradiance on the top surface of the vessel of 520 W /cm2 • When the haemoglobin is 
calculated to have denatured it has been assumed that light has ceased to be absorbed. The dotted 
circle defines the vessel lumen. 
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Figure 8.5: The damage contours of a 50 fJ.m diameter vessel after it has been heated for 0.0003 
ms with an irradiance on the top surface of the vessel of 3 300 000 W /cm2

• When the haemoglobin 
is calculated to have denatured it has been assumed that light has ceased to be absorbed. :\ote the 
point 2 tJ.m above the vessel lumen has coagulated. The dotted circle defines the vessel lumen. 
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sections and Pickering et al. 1989a,b, and for vessels deeper within the skin, dif
fuse incident light which may be approximated by the diffusion approximation (see 
section 6.3.3). 

A 8 

Figure 8.6: For vessels near the top of the dermis the incident light is on the top of the vessel 
and approximately collimated (A). Deeper within the dermis the light has undergone numerous 
scattering events and is incident on the vessel from all directions (B). 

The diffusion approximation has a diffusion pattern (geometry) that, at sufficient 
depths (approximately 200 J.Lm or greater), is independent of depth within the tissue. 
At these depths only the intensity varies with depth (exponentially). If we assume 
that the intensity change with depth between the extreme top and extreme bottom 
of the vessel is not large, the irradiance at any point within the vessel may be 
approximated as the sum of the intensity over all solld angles, as given by the 
diffusion pattern, multiplied by an exponentially decreasing function of intensity 
(Beer's Law) due to the absorption of light as it travels through the blood. The 
path length through blood depends on the direction of incidence (see figure 8. 7). 

The magnitude of the irradiance incident on the skin surface necessary to necrose 
the vessel will depend, in part, on the vessel depth. As we saw in chapter 6 the cal
culation of irradiance with depth depends on the scattering model used. Therefore, 
in this section we shall concentrate on the differences in optimal illumination time 
given by the two models of incident light (the collimated and the diffusion patterns). 

Figures 8.8 and 8.9 are respectively collimated and diffusion approximation tem
perature profiles of a 50 pm diameter vessel illuminated for 5.5 ms with an incident 
irradiance sufficient to raise the maximum blood temperature to 100 °C. The col-
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Figure 8. 7: Light incident on the blood vessel at point (xi, y;, z;), from direction ( ¢, t/J ), has a rela
tive intensity according to the diffusion approximation proportional to D( cos( B)) = lt39F";;~l;t:f e){k 

where g, a, k have been described in 6.3.3. This light is further attenuated by a factor exp( -a ad) 
where dis the path length through which the light passes before the remaining light is absorbed at 
point (xa, Ya, Za) 
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limated case (figure 8.8) has a coagulation thickness of 6 J.Lm and coagulation tem
perature of 70 °C. The diffuse case (figure 8.9) illustrates an overall greater heating 
throughout the vessel with the higher temperature contours extending deeper within 
the vessel than they do in the collimated case. However, if we consider only the verti
cal cross section of the two temperature profiles (figure 8.10) we observe that, at this 
illumination time, the diffusion approximation also results in producing our (defined) 
coagulation condition. We have modelled the diffusion approximation using the op
timal illumination times (for collimated incidence light) from Table 3 Pickering et 
al. 1989b for 30, 50, and 100 J.Lm diameter vessels, a 70 °C coagulation temperature, 
and 3 and 6 J.Lm coagulation thicknesses. In all six cases the coagulation temperature 
was reached at a thickness within 1 J.Lm from the collimated coagulation thickness of 
3 or 6 J.tm. Thus, according to our damage criteria, both collimated incidence and 
diffusion approximation models produce the same optimal illumination times. 

The diffusion approximation shows a greater overall damage because of the higher 
temperatures obtained on each side of the central vertical axis (this axis is shown 
in figure 8.7). The "true" temperature profiles will be somewhere between these 
two. Near the skin surface (within the papillary dermis) the profile will more closely 
resemble that of collimated incidence whilst at greater depths the light has undergone 
many more scattering events and the temperature profiles will more closely resemble 
those given by the diffusion approximation. 

II 

ts 

10 

1S 

lO 

u 

I I I I I I l I I I I I l I I I I 

<l <1 I$ lt ll :0 ll It l t S U ll ll 21 lt IS <1 <S 

Distance from the vessel centre (J.Lrn) 

Figure 8.8: A 50 f.LID diameter vessel illuminated for 5.5 ms with collimated incident light and an 
irradiance sufficient to raise the maximum blood temperature to 100 °C. This produces the optimal 
coagulation conditions of 70 °C at a point 6 /LID above the vessel lumen. Note this is identical to 
figure 8.1 
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Figure 8.9: A 50 llm diameter vessel illuminated for 5.5 ms with diffuse incident light, calculated 
with the diffusion pattern, and an irradiance sufficient to raise the maximum blood temperature to 
100 °C. Note 70 °C is attained at a point 5.5/lm above the vessel lumen. 

200 

180 

tso 

,......_ 
Ho 0 

0 
'-" 

1\) uo ... 
:;:1 ...., 

100 <II ... 
1\) 

0.. • 80 s 
~ $0 

40 

20 

I I I I ! I I I I I I I I I I I I 

55 SO 45 U 3S 30 25 20 lS 10 5 0 5 10 1S 20 25 30 35 40 45 SO 55 60 

Distance from the vessel centre (pm) 

Figure 8.10: The central vertical cross sections of figures 8.8 and 8.9. At the top of the vessel 
both cross sections show the optimal coagulation condition. 
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8.5 Vessel Depth 

As we have established an apparent in variance with depth of the optimal illumination 
time, we must now attempt to attain the variation in optimal irradiance with depth. 
With one exception, the models to attain irradiance as a function of depth discussed 
in chapter 6 do not take into account the influence of an absorbing three dimensional 
object such as the blood vessels. Although the Kubelka-Munkmodels of van Gernert 
and co-workers (van Gernert et al. 1982, 1986, and Lahaye and van Gernert 1985) 
include a blood vessel, the vessel is two dimensional and the incident light is just a 
convolution of collimated light and the beam profile. The exception is the Monte 
Carlo model. Mr Derek Smithies (1989) has developed a Monte Carlo model to 
calculate the energy absorbed within a cylindrical blood vessel at any depth within 
the dermis. This model accounts for the influence of an overlying epidermis and 
the scattering properties of the dermis. The light is assumed to be collimated when 
incident on the epidermis, but does not have infinite extent. The beam size and 
shape are two of the input parameters to the program. 

To attempt to remain close to our original assumption of an infinitely wide beam 
we have used a beam of 1 mm diameter (large in comparison to the vessel sizes) and 
with a rectangular shaped profile (i.e. the radiance is constant across the beam). 
There has been some experimental work as to the optimal beam size for treatment 
(Tan et al. 1988). The conclusion for pulsed lasers was that the beam diameter 
should be at least 1 mm in diameter and preferably larger. This was based on the 
}tistological results of illumination of guinea pig skin (which has non-ectatic vessels). 
The larger beam diameters were found to cause vessel damage at greater depths. 
A 5 mm beam diameter is now used with the pulsed dye lasers. The main concern 
with small beam diameters is that a substantial amount of the incident light is very 
rapidly scattered out of the original beam. Therefore light flux upon the vessels 
is reduced and the treatment becomes less effective because the deeper vessels are 
often insufficiently damaged. 

To calculate the light absorbed within the vessel we used the optical constants 
for epidermis, dermis and blood as given in table 8.2. These are the most recent 
optical characteristics for'the epidermis and dermis (see table 7.1) except for the 
absorption coefficient for blood which is the same as we have used previously. 

We ran the model for three depths (150, 300, and 500 JLm) and two vessel sizes 
(50 and 100 f.kiD diameter). The results of these models (the calculated absorption 
within the vessel) were input into our bio-heat equation model with the optimal 
illumination times previously calculated. The irradiances at the surface of the skin 
giving the optimal coagulation are presented in table 8.3. Figures 8.11 and 8.12 
illustrate the differences in the temperature profiles for a 50 f.LID diameter vessel, 
illuminated for 5.5 ms with sufficient irradiance to attain the coagulation conditions 
of coagulation thickness of 6 f.kiD and coagulation temperature of 70 oc at vessel 
depths of 300 and 500 f.LID respectively. As expected the deeper vessels' profiles 
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more closely resemble the diffusion approximation profile and the shallower vessels' 
profiles the collimated profile. At 150 p,m depth the vessels were very close to the 
epidermis and as a result the profiles were affected by this (figure 8.13). As with our 
collimated case the larger vessel required a smaller incident irradiance. However, 
we note the coagulation thicknesses are not within the ±1 p,m of the expected 6 p,m. 
This suggests an alteration in the illumination times may be necessary. We also note 
that in the case of the 50 p,m diameter vessel the optimal irradiance at a depth of 
300 pm is less ·than that at 150 p,m. 

Table 8.2: The optical parameters used in the Monte Carlo calculations 

Tissue g O"a O"s 

(cm-1) (cm- 1) 

Epidermis 0.787 37 480 
Dermis 0.787 2.2 210 
Blood 1 4300 0 

Beam diameter 
Beam profile 
No. photon packets -
Photons per packet 
Wavelength 
Epidermal depth 

1mm 
rectangular 
784349 
10000 
578nm 
100p,m 

Table 8.3: The irradiance at the skin surface as a function of the depth of the 
vessels using Monte Carlo calculations 

Vessel Vessel Illumination Irradiance Coagulation 
diameter ( p,m) depth ( p,m) time (ms) ( Wjcm2 ) thickness ( p,m) 

50 150 5.5 940 5 
50 300 5.5 780 4 
50 500 5.5 1660 7 
100 150 5.0 610 5 
100 300 5.0 810 2 
100 500 5.0 1530 3 
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Figure 8.11: A 50 t-trn diameter vessel illuminated for 5.5 ms and 780 W fcm2 at a depth of 300 t-tm, 
calculated using a Monte Carlo algorithim. 
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Figure 8.12: A 50 t-trn diameter vessel illuminated for 5.5 rns and 1660 W /cm2 at a depth of 500 t-tm, 
calculated using a Monte Carlo algorithim. 
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Figure 8.13: A 50 f.!m diameter vessel illuminated for 5.5 ms and 940 \V /cm2 at a depth of 150 11m. 
calculated using a Monte Carlo algorithim. The vessel is very close to the epidermal/dermal junction 
(at a depth of 100 f.!m) and the absorption has been influenced by this. It appears that on top of 
the vessel the incident light is almost collimated, whilst there is also light incident on the sides of 
the vessel. This light is probably less collimated. This profile does not take into account any heat 
conduction from the epidermis. 
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CHAPTER9 THE CLINICAL TREATMENT 

To date, the range of illumination times used clinically has been from 
0.0003 ms to 0.45 ms and from 30 ms to several hundred milliseconds. 
In this chapter we apply our numerical model to these clinical illumi
nation times. The two illumination time ranges has a different clinical 
and histological reactions. Our model provides an explanation for this 
difference. We also investigate a recent suggestion that 585 nm is the 
optimal wavelength with the pulsed dye lasers. 

9.1 Illumination Times 

83 

To our knowledge the optimal treatment parameters discussed in this thesis have yet 
to be applied clinically. Illumination times used have been both shorter and longer 
than the theoretical optimaL The short illumination times are from the pulsed dye 
lasers and have ranged from 0.0003 ms to 0.45 ms. These short illumination times 
are characterised by the purpuric end point (the blue/grey discolouration of the 
skin some 5 to 15 minutes after illumination). The longer illumination times are 
from the continuous wave or quasi-continuous wave lasers. They range from several 
seconds down to our shortest illumination time of 30 ms. These treatments utilise 
the blanching (whitening) or minimal blanching end point. We shall consider each 
of these illumination time regimes in detail. 

9.1.1 Long illumination times (Blanching) 

The closest that a long illumination times have come to the optimal has been 30 ms 
(Pickering et al. 1990b ). This was with approximately 500 to 600 W jcm2 oflight 
incident on the skin surface. With lower power densities much longer illumination 
times have been used (Lanigan and Cotterill1989, Pickering et al. 1990b ). 

Once more we use a 50 pm diameter vessel as an example. In this case the vessel 
was illuminated with collimated light for 30 ms and an irradiance of 330 W /em 2 

(figure 9.1 ). The irradiance was such as to obtain a maximum blood temperature of 
100 °C. This results in protein denature at a thickness much greater than is necessary 
to coagulate the endothelial cells (figure 9.2). A lower irradiance may result in 
immediate coagulation only at the desired coagulation thickness. For example for a 
coagulation temperature of 70 °C and a coagulation thickness of 6pm this irradiance 
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would be 246 W / cm2 • Even with this irradiance there will still be excessive heat 
conducted from the vessels. 
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Figure 9.1: A 50 JLm diameter vessel illuminated with collimated light for 30 ms and an incident 
irradiance on the vessel of 330 W /cm2
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Figure 9.2: The damage contour for a 50 JLm diameter vessel illuminated with collimated light for 
30 ms and an incident irradiance on the vessel of 330 W /cm2
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9.1.2 Short illumination times (Purpura) 

Clinically these shorter than optimal illumination times have been produced by the 
flash lamp pumped pulsed dye lasers. The first of these lasers to be trialed used a 
0.0003ms pulse (Anderson and Parrish 1981b, Greenwald et al. 1981). Later devel
opments lengthened the pulse to 0.45 ms (Glassberg et al. 1988). The energy per 
pulse is regulated to produce purpura some 5 to 15 minutes after illumination. Pur
pura is defined as the extravasation of blood, however this appears in contradiction 
to the histological findings after exposure with the longer single pulses. Rather than 
haemorrhage, apparently as a result of mechanical damage to vessel walls caused by 
vaporisation of red blood cells (seen with the shortest pulses- Anderson and Parrish 
1981b, Greenwald et al. 1981, Garden et al. 1988), there is no haemorrhage but 
only the thrombosis of red blood cells (Garden et al. 1986, 1988). 

With this apparent anomaly in mind we first modelled the 0.36 ms illumination 
time (the then longest pulsed dye laser pulse length) with a fluence incident on the 
vessel top surface of 2.1 J /cm2 - 30% of the fl.uence incident on the skin surface. We 
used a value of 30% as we had assumed the irradiance will have been attenuated 
by melanin absorption and by scattering from the beam. As we have discussed in 
section 6.3. 7 the total irradiance may not be as drastically reduced as this except 
deep within the dermis. Again we must note that the attenuation depends on the 
melanin concentration of the illuminated site. Although 30% of the incident fluence 
is arbitrary, it is likely to underestimate the real fl.uence and will therefore serve 
our purpose of illustrating the high temperatures produced by the pulsed dye lasers. 
Figure 4 of Pickering et al. 1989b is of a 50 11-m diameter vessel with the treatment 
parameters of 0.45 ms and 4660 W /cm2 (i.e. 2.1 J /cm2). We note that the isotherms 
indicate a temperature well in excess of 100 °C. This is still the case with the 0.45 
ms pulse with a similar fluence (figure 9.3). These temperature profiles have not 
taken into account the phase change at 100 °C and thus the higher temperatures are 
misleading. Some time before the completion of the pulse the blood temperature 
will have reached 100 °C, and any additional energy will be used to vaporise the 
haemoglobin. For the treatment parameters of figure 9.3 this additional energy will 
vaporise approximately 5% of the haemoglobin. Given the 1000 times expansion 
on vaporisation there is the possibility for disruption due to steam formation and 
pressure waves (see section 8.3.2 for a discussion on the histology of erythrocytes 
after short pulse illumination). To approximate more closely the real thermal effects, 
we ignore vaporisation, but restrict the maximum blood tempera.ture to 100 oc. By 
forbidding any additional input of energy at any point that has reached 100 °C, we 
obtain a thermal profile which suggests a greater degree of thermal damage to the 
endothelial cells (figures 9.4 and 9.5). 
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Figure 9.3: A 50 Jlm diameter vessel illuminated for 0.45 ms with 4660 W fcm 2 (2.1 J fcm 2 ). The 
temperatures exceed 100 °C because no phase change has been taken into account. 
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Figure 9.4: A 50 11m diameter vessel illuminated for 0.45 ms with 4660 W /cm2 (2.1 J/cm2
). The 

temperatures have been limited to 100 oc because of the phase change. The resulting conduction 
suggests the possible coagulation of endothelial cells. 
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Figure 9.5: A central vertical cross section of 9.4. The coagulation temperature of 70 "Cis attained 
at a thickness of 5 J.IID. 

9.1.3 Comparison between illumination times 

We may compare the thermal profiles of the previous two subsections with those of 
the optimal illumination time in section 8. Figure 9.6 compares the central vertical 
cross section for a 50 prn diameter vessel illuminated for 0.45 ms, 5.5 rns, and 30 ms 
with the constraint that the central temperature is not allowed to exceed 100 °C. We 
see that the longest illumination times result in coagulation to a thickness in excess 
of what is presumed necessary for necrosis of the vessel, but the shorter ill urnination 
time results in less coagulation than necessary. In figure 9.7 we compare the optimal 
illumination time with 0.45 rns and an irradiance of 30% of that incident on the skin 
surface. In this case we have forbidden any input of energy where the temperature 
reached 100 °G, as a result we observe coagulation that is closer to optimal. 

9.2 A New Optimal Wavelength? 

Early laser treatments used the untuned argon laser at wavelengths between -1:88 and 
514.5nm (Soloman et al. 1968, Goldman et al. 1976, Cosman et al. 1980). Later 
the laser was tuned to 514.5nrn (Tan et al. 1986, Walker 1986 unpublished). The 
reasons for the preferential use of 577/578 nm were discussed in chapter 2. Other 
wavelengths to be trialed for selective phototherrnolysis have been 532 (Apfelberg 
1986, Laffitte et al. 1989) and 540nm (Hulsbergen Henning and van Gernert 1983). 
A recent development has been the suggestion that 585 nm will provide a better 
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Figure 9.6: A central vertical cross section of a 50 p.m diameter vessel illuminated for 0.45 ms, 5.5 
ms, and 30 ms with the constraint that the central temperature is not allowed to exceed 100 °C. 
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Figure 9.7: A central vertical cross section of a 50 p.m diameter vessel illuminated for 0.45 ms with 
4660 W fcm2 (2.1 Jfcm2 ) in comparison to the optimal cross section. 
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treatment. We shall discuss this in some detail here. 

9.2.1 585 and 590 nm with short illumination times 

On the basis of histology it has been suggested that 585 nm be used in preference to 
577 nm with the pulsed dye lasers (Tan et al. 1989a). The histology suggest that at 
585 nm there was greater damage deeper within the dermis. Two albino pigs were 
illuminated with a pulsed dye laser (0.45ms) at wavelengths between 572 and 590 
nm. The optical characteristics of cutaneous tissue do not vary appreciably over this 
wavelength range, however the absorption characteristics of blood do vary over this 
range. The absorption coefficient of blood at 585 nm is approximately half that at 
577 nm (closer to the absorption at 514.5 nm). At 590 nm the absorption coefficient 
is one fifth of that at 577 nm, and only a factor of two greater than the absorption 
coefficient of other dermal tissue. The most recently determined absorption and 
scattering characteristics for cutaneous chromophores for 575, 585, and 590 nm have 
been given in tabel 7.1. 

The other phenomenon associated with 585 nm was the apparent greater damage 
at larger depths. This was accompanied by a photomicrograph which illustrated 
one vessel shadowing another. Because of the stronger absorption at 577 nm, this 
shadowing effect is likely to be greater and is likely to occur with smaller vessels. 
Van Gernert et al. (1989b) in investigating this phenomena has also suggested that 
different wavelengths may produce the greatest damage for different vessel sizes. 
This suggestion is based on the criterion of a greater temperature rise within the 
vessel than within the epidermis. We discussed this criteria in section 7.3.1. A 
summary of their findings are presented in figure 9.8. 

We may use the bio-heat equation model to compare the wavelengths at an 
illumination time of 0.45 ms. First we constrain the irradiance so as to avoid any 
vaporisation (figures 9.9, 9.10, and 9.11). Second we remove the constraint and 
illuminate the vessels with the same irradiance of 4660Wfcm2 (figures 9.12, 9.13, 
and 9.14). 

The isotherms at 585 nm more closely resemble those of the optimal treatment, 
they are more rounded and the higher temperatures are not just confined to the 
top of the vessel. However, if we consider only the central vertical cross sections for 
each wavelength there appears to be only a slight difference in temperatures near 
the top of the vessel (figures 9.15, and 9.16). It may well be that the difference in 
the treatments is partly a result of greater overall damage around the circumference 
of the vessel rather than just at the topmost point. 
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Figure D.8: The damage depends on the combination of vessel depth, vessel diameter, and wave
length, with different wavelengths being more effective for different vessel sizes and depths. 
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Figure 9.9: A 50 t.~rn diameter vessel illuminated for 0.45 ms at 577 nm and a. fluence sufficient 
only to reach a maximum vessel temperature of 100 °C. 
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Figure 9.10: A 50 t.~m diameter vessel illuminated for 0.45 ms at 585 nm and a fluence sufficient 
only to reach a maximum vessel temperature of 100 °C. 
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Figure 9.11: A 50 J.tm diameter vessel illuminated for 0.45 ms at 590 nm and a ftuence sufficient 
only to reach a maximum vessel temperature of 100 °C . 
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Figure 9.12: A 50 p.m diameter vessel illuminated for 0.45 ms at 577 nm and 4660 W /cm2 

(2.1 J fcm2 ). Vaporisation may be taking place with energy input where the temperature has reached 
100°C. Note this profile is identical to figure 9.4. 
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Figure 9.13: A 50 p,m diameter vessel illuminated for 0.45 ms at 585 nm and 4660 W jcm2 

(2.1 J / cm2 
). Vaporisation may be taking place with energy input where the temperature has reached 

100 °0. 
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Figure 9.14: A 50 p,m diameter vessel illuminated for 0.45 ms at 590 nm and 4660 W /cm2 

(2.1 Jfcm2). Vaporisation may be taking place with energy input where the temperature has reached 
100 °0. 
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Figure 9.15: The central vertical cross section of figures 9.9, 9.10, and 9.11. The irradiance is 
constrained so that the central temperature does not exceed 100 °C. 
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Figure 9.16: The central vertical cross section of figures 9.12, 9.13, and 9.14. Vaporisation may be 
taking place with energy input where the temperature has reached 100 °C. The illumination time 
is 0.45 ms and the irradiance is 4660 W /cm2
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CHAPTER 10 DISCUSSION 

From this thesis we have reached four conclusions. First, the 578 nm 
wavelength from a 20 W copper vapour laser provides a method of re
moval of vascular lesions. Second, the necrosis of ectatic vessels requires, 
at a minimum, some denaturation of their endothelial cells. The extent 
of the denaturation is yet to be determined. Third, the optimal treat
ment parameters are a wavelength of 577 /578nm, an irradiance of 400 · 
to 3000 W fcm2 , and an illumination time of 1 to 10 ms. Fourth, illumi
nation times shorter than the optimal will vapourise the haemoglobin 
and those longer than the optimal will denature protein beyond the 
endothelial cells. 

10.1 Conclusion 1: The 20 Watt Copper Vapour Laser 

Port wine stain patients and other vascular lesion patients have shown a positive 
response to copper vapour laser treatment. Their clinical response has been on a par 
with results from other treatment techniques (Pickering et al. 1990b ). They have 
exhibited a very positive psychological response (Pickering et al. 1990a). Histology 
has shown selective damage to the blood vessels without damage to other cutaneous 
tissue (Walker et al. 1989). Additionally, the extent of lightening and removal of the 
birthmark has improved as the illumination time has progressively become shorter. 

10.2 Conclusion 2: The Optimal Damage 

Histology has shown that mechanical damage alone, caused by vaporisation of 
haemoglobin, expansion, and consequential rupture of the vessels is insufficient to 
cause permanent damage to these vessels. There is a requirement for some thermal 
damage of the endothelial cells of these vessels. Our histology (Walker et al. 1989) 
indicates that for a 60 to 90 ms illumination time and irradiance of 160 to 360 W /em 2 

that the extent of the thermal damage extends to slightly beyond the endothelial 
cells. The pulsed dye laser histologies at 0.45 ms and 13000 W / cm2 indicate min
imum coagulation of endothelial cells, but rather thrombosis of erythrocytes and 
some microvaporisation. My observation of these two treatment modalities, ob
tained from the literature and the recent 8th Congress of the International Society 
for Laser Surgery and Medicine, are that the clinical results are very similar. I co11-



96 10. DISCUSSION 

elude that the optimum damage is somewhere between that indicated by the two 
sets of histology. 

10.3 Conclusion 3: The Model of the Physics 

The development of a numerical model to describe the treatment has led to the 
establishment of theoretical optimal treatment parameters. The treatment param
eters being the illumination time, the irradiance, and the wavelength of light. The 
optimal wavelength had been established by Anderson and Parrish and others as 
577nm because of the absorption characteristics of melanin and haemoglobin at 
this wavelength in comparison to other wavelengths. The optimal illumination time 
for 577 /578nm light varies (slowly) according to vessel size (Pickering et al. 1989a), 
more substantially according to coagulation temperature and thickness (Pickering 
et al. 1989b ), and negligibly according to vessel depth (chapter 8). The optimal 
irradiance must be sufficient to raise the vessel's endothelial cells to the requisite 
coagulation temperature at the requisite coagulation thickness. This depends on the 
depth of the vessel. 

Given the assumptions made, the uncertainties in some of the tissue's optical 
characteristics, and the variation in vessel sizes, ou.r numerical model gives an opti
mal illumination time range of 1 to 10 ms. By extrapolating from the Monte Carlo 
results and the optimal collimated light irradiances, we can suggest that for most 
ectatic vessels the optimal irradiance will be between 400 and 3000 W jcm2 • Note 
that this range is between the clinically used 60 ms irradiance of 360 W jcm2 and the 
0.45ms irradiance of 13000W/cm2• 

This optimal illumination time estimation is partially supported by the clinical 
evidence. The treatment results have been shown to improve with the pulsed dye 
laser treatments as the pulse length has been increased from 0.0003 ms to 0.45 ms 
and also improve as the copper vapour laser illumination times have decreased from 
several hundred milliseconds to 30 ms (Pickering et al. 1990b ). Thus, the clinical 
evidence suggests an optimal illumination time between 0.45 and 30 ms. 

10.4 Conclusion 4: Understanding the Treatment Protocols 

We have modelled the two extremes of 577/578 nm light treatment. The blanching 
(whitening) technique heats the endothelial cells beyond the coagulation thickness 
and thus does some unwanted damage. The purpura (blue/grey) technique damages 
the erythrocytes while apparently not allowing for heat conduction. Yet, both these 
techniques have produced similar clinical results. 

The model predicts temperatures sufficient to coagulate the dermal collagen 
occur at a. distance well beyond the vessel lumen with the long illumination times. 
At an illumination time of 300 ms Landthaler et al. (1986) observed this non specific 
damage. Although not pronounced we also noted some dermal damage with our 
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histology and illumination times of 60 to 90 ms (Walker et al. 1989, included as 
appendix B). 

For the shorter than optimal illumination times the model predicts that the 
blood will reach a temperature of 100 °C and that any additional input of energy will 
result in vaporisation of the blood. This phenomenon was apparent with the shortest 
illumination times (0.0003 to 0.0015 ms) which resulted in rupture of erythrocytes 
and vessels due to the rapid expansion caused by vaporisation. However, the longer 
pulsed dye lasers (0.3 to 0.45 ms) did not reveal ruptured erythrocytes or vessels. It 
was not until Tan et al. (1989b,c) illustrated that the laser light produced vacuoles 
within the erythrocytes that some vaporisation was apparent. 

10.5 Summary 

During the course of this thesis it has been pleasing to note the improvement in 
treatment results as we have applied the knowledge gained from our theoretical 
considerations. The automatic scanner is the next step towards the optimal treat
ment. This scanner will be able to provide evidence of the effect of illumination 
times within our theoretical optimal range of 1 to 10 ms. As the optimal treat
ment parameters depend on the size and depth of the ectatic vessels a method is 
required to enable the tailoring of the treatment to the individual. Possible methods 
include spectral analysis of the lesion colour (Feather et al. 1988), transcutaneous 
microscopy (Shakespeare and Carruth 1986), or interactve assessment of the damage 
during treatment by a method such as measuring the degree of blanching. Further 
modelling, especially with the Monte Carlo algorithim, and study of the optimal 
damage criteria, will define the optimal treatment parameters even more accurately. 
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Abstract 

Thermal proffie:s of ectatic capillaries, modelled on !hose found in port wine stain birthmarks, are calcu
lated by a method of fm.ite differences. Yellow 578run light is assumed to illuminate these vessels. The 
coagulation of endothelial cells is assumed to occur when !he cells are heated to at least 70'C. We model 
this by asking !hal a. point 6J.1m above !he top of !he vessel lumen altains a temperalure of 70'C. We 
constrain the parameters to prevent healing of blood above lOO'C, so as to avoid vapourisation. The 
treatment parameters of dose and illuminalion time are varied until !hey produce thermal proflles !hal 
show !he model's coagulation conditions. 

These ideal trea.ttnent parameters are found to be dependent on !he size of vessel being treated and are 
rather longer than the !he:rmal relaxation time of !he vessel and also much longer !han the pulses of 
pulsed dye lasers. 

Keywords 

Laser, Port wine stains, modelling. 

Introduction 

The preferred treatment for port wine stains and 
other conditions involving the ectatic capillaries is 
laser therapy<''. Lasers !hat produce light that is selec
tively absorbed by haemoglobin and minimally 
absorbed by other cut.aneous pigments are most ideal. 
This is because the desire is to thermally damage the 
ectatic capillaries whilst minimising damage to any 
other pan of the skin. Yellow light from 570 to 
585nm is considered !he best candidate as it both cor
responds 10 an absorption peak of haemoglobin and 
also is not sufficiently absorbed by the melanin in the 
epidermis to cause excessive heating within the 
epidermis and the papillary dermis. Lasers that 
produce yellow light are dye lasers tuned 10 517nm 
and the copper vapour laser at 578nm. 

• Pre$e!Utd a1 E11giJUtrill! and Phy3ical Scitncu in Medici!U 
1988, Brisban.t, Septtmber i988. 
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In order to provide the "ideal treatment" we need to 
know details of the thermal state of the blood vessels 
during treatrnenL Here we defme the ideal treaunent 
as that which serves to produce coagulation of the 
endothelial cells of blood vessels whilst minimising 
any temperature rise further away from the vessel. 
The ideal treatmem pararnelers are those of dose (in 
I/cm') and illumination time (in ms) that result in the 
ideal treatrnentm. The classification of port wine 
stains in terms of blood vessel diameter is shown in 
Table l. 

Previous models have been either analytical01 or 
numerical(l.'1• The analytical model is based on 
attempting to heat the· vessel within the thermal 
relaxation time of the vesseL The numerical models 
produce treatment parameters that are based on pre· 
venting excessive heat conduction from the 
epidermis to the dermis. These models do not 
calculale !he heat conducted 10 the endothelial cells 
and any resultant temperature rise, rather they 
assume vessel coarulation when the blood reaches 
the desired coagulation temperature. In this paper we 
numerically model the heating of individual blood 
vessels and atlempt to defme !he treatment pararne
lers that lead to the coagulation of the endothelial 
cells. 



TABLE I 

Port Wine Stain Classification 

Dcscripliro' ~ in population• Veuel 
di.amct.er' 

Constricu:d Vessels only slightly 
larger than normal&: 
in subp.apillary layer. 

Int.ermediaLe Vcui:ls Larger tlan 
normal & in rub
papillary layer. 

Dilau:d Vessels conside111bly 
larger than normal. 

41 

Deep locau:d As wilh dil.au:d but S 
spread throughout dermi.L 

• Obmori and Hu.ang 1981 •Noeet 111980 

Method 

The tissue parameterS (Table 2) we use are constants 
of our model. They are the same parameterS as for 
other models ..... ) and assume only that the heat 
capacity, density and conductivity are approximately 
equal for blood and other cutaneous tissue. The 
absorption coefficient of blood. ex., is given by van 
Gemen et al('> for 577nm light and the light intensity, 
I, is attenuated as 

I= I0e--a.x 

where x is the depth of blood. Hence we are ignoring 
the small conttibution of scattering IDwards attenua
tion. 

Absorption of light by haemoglobin will result in 
heating of the blood and thermal conduction of heat 
from the blood to surrounding tissue. With heating 
occurring on the sub-second time scales there is neg
ligible heat loss due t.o blood flow('>. As a 
consequence we can reduce any model of a single 
blood vessel to a model of two spa!.ial dimensions by 
looking only at a transverse cross section of the 
vessel. We consider only the case where the intensity 
of incident light is constant across the vessel. This is 
the case when the beam diameter is much greater 
than the vessel diameter. 

Endothelial cells are 4 to 61J,m thick('~. We use the 
61J,m figure to ensure coagulauon of all endot.helial 
cells. 

Coagulation of blood vessels is assumed to occur 
when t.he endothelial cells at the top of the vessel 
reach 70'C. This value is based on the measurements 
of Barnes et aim and Jacques and Prahl(l) where 70'C 
is shown to produce irreversible tissue damage. 
Furthermore this value has been the standard value 
used in other modelsa .. ). However we assume that 
only the top of the vessel needs to reach this temper
ature because of the tendency for endothelial cells to 

TABLE% 

Dcmity 

Hut Capacity 

Thermal Caaductivity 

Absorptiao Cocfficit:m 
of blood at 577nrn 

Ambient skin &: blood 
temperature 

P = 10'Kg/m3 

Cu = 3.5 x LO' Iflr.:g ·c 

'II o.62 Whn ·c 

11 = 430/cm 

To 35'C 

wind themselves in a helical fashion along t.he length 
of the blood vessel. Further away from t.he vessel the 
temperature must be kept to a minimum in order to · 
avoid unnecessary damage. 

We ask that the t.emperarure within the vessel does 
not exCI'...ed the vapourisa.tion point of blood (approxi
mately lOO'C). Any vapourisarion tends to result in 
reversible mechanical damage ID the vessel wall, and 
subsequent haemorrhaging'l-". For the purposes of 
simplicity we have assumed a homogeneous distribu
tion of haemoglobin throughout the vessel, a 
reasonable assumption given the small volume of an 
c:rythrocyte compared with the volume of the ectatic 
vessel. The basis for the model as described is illus
trated by figure 1. 

The temperature, T, for any point (x,y) within the 
bounds of the model will vary with time, t, 
depending on the light absorbed and heat conducted 
at that point according to the heat transfer 
equation°~ 

pCy<mx,y,t) = a1
0

e-ad(x,y) + 'fl'V'T(x,y,t) 
dt 

where (absorption term) 

aiae-ad(x,y) = 0 t<(J and t > tillurnination 

or d(x,y) --+oo 
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and where d(x,y) is the depth below the top swface · 
of the vessel. 

This equation was solved by a finite difference 
met.hod using a FORTRAi''i program run on a VAX 
8350 computer. Simple. first order differences in a 
square grid were used for t.he derivatives. The size of 
the grid was chosen so that increasing t.he distance of 
the square boundary from t.he blood vessel by a 
factor of ten caused less than a 1% change in t.he 
resultant temperature values. 

This program allowed us ID compute a temperature 
profile for a vessel cross section at any time during 
or after illumination with a given dose of light We 
computed profiles for a variety of vessel diameters 



and for each diameter varied the illumination time 
and the energy dose. We thus established the parame
ters that give a temperature profile with 70'C at the 
top surface of the endothelial cells and not more than 
too·c within the vessel. 

:u'c 

C•ntnJ wrtic:al 
lanptudin..C UOJ.t 1 

I 

~ 
I 
I 
I 

300'"" 

Figure 1. The port ww stain model. The situa~ion shown 
is tfw.t of coagulation of the endothelial cells at 70 'C 
whilst allowing the ve.ss~~:i lumen to attain as a maximum 
100 "C. JOOnm is the average depth for ectatic vessels 
below the epidermal- dErmal junction! 

Results 

The coagulation temperature for the endothelial cells 
is reached about 0.2ms after the end of the illumina
tion period. 

Figure 2 shows the isotherms for a cross section of a 
5mm diameter vessel when the coagulation condi· 
tions apply. That is immediately after the end of a 
5.5ms illumination period with 2.87 J/cm'. Because 
of the near circular symmetry we are able to 
represent the key elements of this plot by a venical 
cross section. We next plot (Figure 3) the tempera
ture along this central vertical longitudinal cross 
section (see figure 1) as a function of time. These 
treatment parameters just produce the coagulation 
temperature of 70'C at the top surface of the 
endothelial cells. The blood temperature is main
tained below the vapourisation point throughout the 
thermal process. The temperature at a greater 
distance from the blood vessel is kept as low as 
possible. Hence, according to our assumptions these 
treatment parameters are the ideal for this vessel size. 

Table 3 gives the ideal treatment parameters for a 
range of vessel sizes each of which was determined 
in the manner just described. Estimates for the 
necessary energy dose upon the skin surface were 
made assuming an intensity loss between the surface 
and vessel of 30 to 50% due to melanin absorption 
and scattering. 
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Discussion 

Previous modelling®) has suggested that the illumi
nation time must be shorter than the thermal 
relaxation time of the vessel. The themtal relaxation 
time is defined as the time required for the vessel to 
fall to a temperature half way between those of its 
initial and elevated temperatures. The choice of 50% 
of the temperature difference is somewhat arbitrary 
and ·hence it is not valid to use the thermal relaxation 
time as an upperbound for the ideal illumination 
time. Our model shows that the illumination times to 
produce coagulation without varpourization are 
rather longer than the thermal relaxation time of the 
vessel. For example the thermal relaxation time for a 
50J.1m diameter vessel is approximately lms 
compared to our ideal time of 5.5ms. 

Table 3 also illustrates the vessel size dependence of 
the ideal treatment. In practice it may be that vessel 
size can be determined by the correlation between 
vessel size and colour, shown to exist by Barsky and 
co-workers<W·>ll, 

For treatment parameters for vessels of 30 to lClOJ.!m 
diameter are remar:l:edly similar. For most port wine 

TABLE3 

The Ideal 1rubnent Panmetel'!l 

Vessel Energy flux Energy flux Heating 
diameter illcidenl upon rt:qui=la1 time 

vesie.l skin's wrface• 
j.lm ]/em' 1/tm' ms 

30 4.38 6.3-8.8 5.9 
50 2..87 4.1-5.7 5.5 
80 2..06 2.9 -4.1 5.0 

100 1.94 2.8-3.9 5.0 

• assuming 3()...50% ollight incident upon the skin surface is 
absorbed before reacl!ing the veue.L 

stains the vessel diameter is in the range 45 to 
55J.1II1<'2·1lland the "ideal" treatment parameters are an 
illumination time of 5.5mns and dose incident upon 
the skin surface of 4 to 6 J/cm•. 
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SUMMARY 

We report histological changes in four patients with port wine stains treated with 578 nm yellow 
light from a high power copper vapour laser. Histology showed that selective damage occurred 
to the ectatic blood-vessels in the dermis, without haemorrhage and damage to non-vascular 
structures, and without scarring. The initial damage to the overlying epidermis was not 
permanent, and the damaged ectatic vessels returned to normal size or were completely necrosed 
and replaced by collagen. 

Histological studies of the results of laser treatment have shown non-specific necrosis of all 
cutaneous tissue with use of the carbon dioxide laser, 1 or more specific damage to vascular tissue 
but accompanied often by an unacceptable level of scarring with the use of the argon ion laser. 1 

•
2 

More specific vascular damage has been shown to occur with short pulses of the 577 nm tunable 
dye laser. 1

-
4 We report the histological changes after the treatment of four patients with port 

wine stains with exposure to yellow 578 nm light from a copper vapour laser (Quen
tron TM QM90-5 I C). 

The low ratio of melanin to haemoglobin absorption in the 560-580 nm range suggests that 
specific heating of ectatic blood-vessels will occur with light in these wavelengths. 5 •

6 

Histological studies1
-

4 support the use of yellow light over the wavelength produced by the 
argon ion laser (principally 488 nm and 5I4·5 nm), where there is considerably more melanin 
absorption. 5 Furthermore, the numerical models of van Gernert and co-workers 7-

9 and our 
model1 0 suggest that for the ideal damage to ectatic blood-vessels to be produced, the light must 
be delivered over a specific time interval and this is I -10 ms. 8 • 

1 0
• 
11 Some tunable dye lasers 

delivering pulses with duration approaching this time interval have given good results/ ·2 

but the exposure times using the carbon dioxide and argon ion lasers are IOO ms and often 
longer. 

Correspondence: Mr J. W.Pickering, Department of Physics, University of Canterbury, Christchurch, New Zealand. 
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METHODS 

Four Caucasian patients with port wine stains on the face, trunk and extremities were treated 
with 578 nm light from the copper vapour laser. This is a pulsed laser with a pulse length of 50 
ns. However, unlike the pulsed dye lasers, the light is delivered by a large number of pulses in 
rapid succession (450-I500). The repetition rate is approximately I5 kHz, i.e. one pulse every 
67 J1S. The pulse train appears to be a very short pulse followed by a comparatively long period, 
about I300 times the length of the pulse. Furthermore, each pulse delivers about 0 ·2 mJ of 
energy from the yellow light to the skin. This is much smaller than the IOO mJ or more from the 
single pulse use of the pulse dye laser. 1

•
4 The energy distribution is also different from the 

continuous wave laser where the distribution is independent of time. 1•
2

•
1 2 

The light was focused onto a I mm diameter quartz optic fibre which was scanned by hand 
approximately 2 mm above the skin surface, thus producing a I· 3 mm diameter spot. All the 
patients were anaesthetized with a general anaesthetic before treatment, because of the large 
areas to be treated (average 392 cm2

). Light doses of I I - 25 J /cm2 were applied by I ·6-3·6 W of 
yellow light being scanned across the lesion at a rate of 6-9 s/cm2

• The power used is much 
higher than that of a continuous wave 577 nm dye laser .12 The exact dose depended on when the 
skin first appeared to blanch, this minimal blanching being the endpoint. 

Skin biopsies were taken prior to treatment and 24 h after treatment. Further biopsies were 
taken from the treated areas at 3 or 6 months. The biopsies were processed for light and electron 
microscopy (Table I). 

RESULTS 

Light microscopy 
Histology of the port wine stains in all the patients was that of the deeply located type, 13 with 
ectatic vessels at the junction of papillary and reticular dermis and throughout the reticular 
dermis. These vessels measured up to I 50 Jlm in diameter. 

The pathology of the skin biopsies 24 h following treatment showed an acute inflammatory 
infiltrate in the dermis, with a subepidermal blister. Parts of the papillary and reticular dermis 

TABLE r. The operating parameters and histologies performed for each biopsy 

Area of port 24 h post 3-6 months post 
Age at Distribution wine stain Type 
biopsy of port field of Pretreatment Scan rate Dose Scan rate Dose 

Patient (years) wine stain cm2 microscopy biopsy? s/cm2 J/cm2 s/cm2 J /cm2 

A 9 right-face, neck, 371 light yes 9 20 9 20 
shoulder, arm 

B 18 left-face, neck, 430 electron Y,es 7 II 9 19 
lower leg 

c 47 left-face, neck, 115 electron yes 6 17 N o biopsy taken 
cheek, forehead, 
leg, right-face, 
neck 

D 45 left-forearm, arm, 570 light yes 7 25 No biopsy taken 
neck, shoulder 
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FIGURE r. Normal appearing hair follicle and sebaceous gland of patient D are adjacent to a coagulated 
ectatic vessel (E). (Original x 6· 5). 

FIGURE 2. Disintegration of the nucleus of an endothelial cell of patient Cat 24 h (magnification x 9912; 

bar indicates 2 Jlm). 
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FIGURE 3· Thrombus of red blood cells within an ectatic vessel of patient Bat 24 h. Dark spots within red 
blood cells indicate precipitates of iron (magnification x 5866; bar indicates 2 pm). 

appeared to be degenerate and many of the ectatic vessels throughout the papillary and reticular 
dermis had necrotic endothelial cells, though they still contained red blood cells indicating 
blood flow. Several of these vessels were more damaged on their top outward facing side, rather 
than below. Some of these vessels contained a coagulum consisting of protein or neutrophils or 
both. There was no evidence of rupture of vessels or haemorrhage. Hair follicles, sweat and 
sebaceous glands appeared normal immediately adjacent to the damaged blood vessels (Fig. I). 

After 3 to 6 months, the epidermis was normal and there appeared to be a normal distribution 
of melanocytes. The papillary and reticular dermis appeared normal and there was clearance of 
ectatic blood-vessels. There was a slight increase in the number of normal sized capillaries. No 
haemosiderin was demonstrated in the dermis. The sweat glands and hair follicles appeared 
normal. 

Electron microscopy 
At 24 h after treatment, the endothelial cells showed marked damage, with disruption of the 
nuclei and considerable damage to the subcellular organelles (Fig. 2). The vessel walls showed 
degeneration with disruption of basal lamina, and there was destruction of pericytes and 
extension of the damage to the surrounding collagen fibrils. In some of the vessels there was 
thrombus with agglutinated red blood cells and there were a few platelets to be found on the 
walls of some of the larger vessels. A few red blood cells showed evidence of rupture, while 
others appeared to contain precipitates of iron (Fig. 3). Small vessels were present without the 
degenerative changes as seen in the larger ones. The epidermis showed some necrosis. 

At 3 to 6 months the epidermis appeared to be normal (Fig. 4). There was some increase in the 
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FIGURE 4· Normal epidermis with normal r to 7 distribution of melanocytes (M) to keratinocytes (K) of 
patient B at 6 months. Note the intact endothelial cells (E) apart from any blood-vessel (magnifica
tion x 1463; bar indicates ro Jim). 

FIGURE 5· A large (approximately roo Jlm diameter) blood-vessel that has been destroyed by laser 
treatment. This shows the vessel of patient B at 3 months completely filled with collagen (magnifica
tion x 595; bar indicates 20 Jiii!). 
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fibrous connective tissue, though the collagen fibrils appeared normal. Some intact endothelial 
cells and remnants of basal lamina were seen, suggesting that following the occlusion of the 
ectatic vessels they had been replaced by fibrous connective tissue (Fig. 5). The vessels in the 
deeper dermis showed marked subendothelial fibrosis, some showing complete occlusion. 
Smaller vessels in the papillary dermis appeared normal. The endothelial cells of these vessels 
were often plump and contained normal organelles and many micropinocytotic vesicles. 

DISCUSSION 

When considering the interaction of light with tissue we need to consider the relationship 
between several timescales. First, the time over which the light is incident upon a blood-vessel, 
t;; second, the pulse length if any of the laser delivering the light, tp; third, the time required for a 
blood-vessel raised to a temperature above its immediate surroundings, to fall to a temperature 
midway between that temperature and the initial temperature of its surroundings: the blood
vessels' thermal relaxation time, tv. 

The argon ion laser is a continuous beam laser and is typically used with t;(Ar+) of hundreds 
of milliseconds. The histology indicates marked epidermal damage1

•
2 and diffuse dermal 

collagen coagulative necrosis to a depth in the dermis depending on the incident energy 
density. 2 Destruction of hair follicles, sweat glands and sebaceous glands has been shown to 
occur. Epidermal and dermal damage is often not repaired and as a result hypertrophic scars 
have often formed. 1•

2 The pumped dye laser is a pulsed laser with pulse lengths in the range 300 
ns ~ tp(577) ~ 360 Jl.S. The common histological results are selective damage to blood vessels, l-4 

haemorrhage, 2-
4 agglutination of red blood cells, 1-

4 and some red blood cell rupture. 2 •
4 

Thermal relaxation times of blood-vessels varies according to size, and is independent of the 
incident light. For example blood-vessels with a 20 Jl.m diameter have tv= o· ISms while those of 
6o J.lm diameter have tv= I ·3 ms.s The copper vapour laser is a pulsed laser with very short 
pulses (50 ns) repeated very rapidly ( Is,ooo per s-15 kHz). The high repetition rate means that 
even for the smallest ectatic vessels many pulses are absorbed by each vessel during the 
relaxation time tv, and we are therefore able to consider the laser as operating in an essentially 
continuous mode. The illumination time t;(Cu) is determined by the rate of scan of the light 
across the treated area; we operated with 30 ms ~ t; ~rooms. 

As with the argon laser, initial epidermal damage was seen to occur, consisting primarily of 
superficial blistering. However, unlike with the argon laser/'2 histology at 3 months indicated 
that this damage was not permanent. By the use of shorter illumination time scales, and because 
there is 30% less absorption by the melanin, considerably less heating was caused within the 
epidermis. Furthermore, the yellow light is four times more strongly absorbed by the 
haemoglobin than green light, so the outer crescent of ectatic vessels was heated most and hence 
the heating of the capillary wall was much more specific. Those vessels showing damage to their 
top side were a direct consequence of the strong absorption of yellow light. 

The dye laser histologies 1-
4 produced selective damage of blood-vessels similar to the present 

results with the copper laser. With the copper vapour laser the immediate observed response of 
the skin is blanching and it appears that damage was the result of heat conduction from the 
haemoglobin, causing thermal necrosis of endothelial cells and thermal damage to localized 
perivascular fibrous connective tissue. There was no visual or histological evidence of 
haemorrhage and only very little thrombosis or blood cell rupture. Rupture of blood cells and 
haemorrhaging is indicative of the very short (submillisecond) time-scale heating that occurs 
when the full dose of energy is applied essentially instantaneously, before the red blood cells are 
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able to thermally relax, the rapid supply of energy causing them to rise above I00°C. This seems 
to be the case with the 350 ns heating of Greenwald et al.2 and 1 ·5 JlS heating of Nakagawa et al.,4 

since their histologies indicate the possibility of some steam generation causing the cell to 
rupture. In both of these cases the target vessels were normal sized and when a red blood cell 
ruptures it may rupture the vessel wall as well. Short time scales may not maintain the red blood 
cells of an ectactic vessel at an elevated temperature long enough for conduction of heat to the 
endothelial cells to cause thermal necrosis. 

We conclude from the histologies that a rooms illumination time with 11-19 J /cm2 of 578 nm 
light from a copper vapour laser pulsed at 15kHz produces satisfactorily specific ectatic blood 
vessel necrosis. 
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Abstract. We have numerically modelled the thermal effects of yellow (577 or 578 nm) 
light illumination on the ectatic blood vessels of port wine stains. We investigated the effect 
of the laser treatment parameters of light irradiance and illumination time on the extent 
of coagulation (coagulation thickness) of the endothelial cells of the ectatic vessels. We 
assumed that this coagulation is dependent on heating the cells to a critical temperature 
(coagulation temperature). We iteratively adjusted the treatment parameters so that the 
model vessels had a maximum temperature that did not exceed the boiling point of blood. 
Given the likely range of variation of coagulation temperature, coagulation thickness and 
vessel size, coagulation temperature was found to have the greatest effect on the treatment 
parameters. Variations in coagulation thickness had less influence, and the diameter of the 
ectatic vessel (typically in the 30-80 11m diameter range) had the least effect. The treatment 
parameters that have been shown clinically to cause purpura (e.g. 6-7 cm-2 in 360 J4S) were 
also studied. The purpura seen by some workers using pulsed dye lasers is most likely to 
be the result of vaporisation of blood leading· to the rupture of the vessel. We conclude 
that, in order to achieve coagulation with these short laser pulses, the choice of irradiance 
is critical. 

1. Introduction 

Port wine stains are congenital birthmarks consisting of ectatic dermal blood vessels. 
They are present in 0.3-0.5% of the population (Carruth and McKenzie 1986) and are 
often the cause of psychological problems. Until the advent of the argon ion laser, 
there was no successful method for removing these birthmarks. 

Histological studies have classified port wine stains into four types (Noe et al 1980, 
Ohmori and Huang 1984): constricted, intermediate, dilated, and deeply located. Table 
1 describes these classes in terms of their position within the dermis, their vessel size 
and their population distribution. The vessel size is normally uniform throughout a 
port wine stain, and the colour of the stain is' correl~ted both with vessel size and with 
percentage fullness (Barsky et al 1980). 

The clinical results of laser treatment depend on lesion colour, and the light pink 
lesions prevalent in children have been particularly difficult to treat (Noe et al 1980, 
Ohmori and Huang 1981, Cotterill 1986). However, some clinicians have found the 
deeper red or purple lesions difficult to treat (Garden et al 1988) and it is clear that 
the treatment depends on the technique used. In this paper, we present a theoretical 
model which helps to explain some of the reasons for this variation. 

0031-9155/89/091247+12$02.50 © 1989 IOP Publishing Ltd 1247 
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Table 1. Port wine stain classification. 

Typet Vessel descriptiont % in populationt Vessel diameter* (J.lm) 

Constricted Larger than normal and 41 20 :S: 45 
in the subpapillary layer 

Intermediate Much larger than normal 29 45-55 
and in the subpapillary layer 

Dilated Considerably larger than normal and 25 ~ 55 
predominantly in subpapillary layer 

Deeply located As with dilated but spread 5 ~ 55 
throughout the dermis 

t Ohmori and Huang (1981) * Noe et a/ (1980) 

Theoretical modelling (Anderson and Parish 1981, Lahaye and van Gernert 1985, 
van Gernert et al 1986), clinical practice (Anderson and Parish 1981, Tan and Stafford 
1987, Garden et al 1988, Cotterill 1986) and histological findings (Greenwald et al 
1981, Morelli et al 1986, Tan et al 1986, Walker et al 1989) have established that the 
ideal wavelength for the treatment is 570--585 nm. A wavelength in this range can be 
generated by either continuous or pulsed dye lasers at 577 nm, or by copper vapour 
laser at 578 nm. Some calculations based on preventing the 'iron heater' effect, i.e. the 
excessive heating of the dermis caused by too much heat being conducted from the 
epidermis, have established an ideal illumination time of 1-lOms (Lahaye and van 
Gernert 1985, van Gernert et al 1986). The premise on which these models are based 
is that the ideal treatment will coagulate the ectatic blood vessels without damaging 
other cutaneous tissue. We also have based our model on this premise. 

Depending on the treatment technique being used, the skin may respond visibly in 
either of two ways, namely blanching or purpura. In blanching, the skin turns white, 
which is indicative of protein denaturation. Purpura, by definition the extravasation 
of blood into tissue, appears as a dusky blue-grey colour, and is indicative of the 
breaching of the endothelial cells. 

Many clinicians use the appearance of blanching as the end point for treatment 
(e.g. Cotterill 1986). Normally, the blanching end point is used with light from an 
argon laser, a continuous wave dye laser or a quasi-continuous copper vapour laser. 
Usually, a striping or mechanically pulsed technique is used for applying the light, with 
some variation in detail. Blanching appears immediately on application of the light, 
whereas purpura normally appears only after some 5-15 minutes (Garden et al 1988). 
Clinicians using the purpura end point apply the light in a submillisecond pulse. 

The purpose of our model is to study the treatment conditions that result in each of 
these two clinical end points. We have assumed that the endothelial cells will coagulate 
at a temperature of around 60--70 oc. We have postulated that allowing the blood to 
boil will breach the endothelial cells, and that one should avoid this vaporisation to 
ensure sufficient coagulation. 

In §2.2, we discuss the requirements of our model for coagulation of the endothelial 
cells. It is desirable to coagulate the cells in a time short with respect to the characteristic 
time for heat conduction and with the lowest energy dose that produces the desired 
coagulation. This will minimise the extent of thermal damage to dermal collagen or 
other cutaneous structures at a distance from the ectatic vessels. 

In §3.1, we present the treatment parameters of illumination time and irradiance 
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which, according to our assumptions, result in the coagulation of endothelial cells. In 
§4.1, we discuss the effects that the choice of coagulation temperature and thickness 
have on these parameters. 

To investigate the purpuric end point, we used the numerical model presented in §2.2 
in order to model the treatment parameters that have been shown clinically to produce 
purpura (Tan and Stafford 1987). These parameters produce thermal profiles which 
differ from the profiles necessary for blanching. The purpuric profiles are illustrated in 
§3.2. In §4.2, we describe the processes which lead to purpura. 

2. Methods 

2.1. Assumptions 

The tissue parameters presented in table 2 are constants for our modeL They are the 
same as those used for other models (Anderson and Parish 1981, van Gernert et al 
1982, 1986) and assume only that the heat capacity, density and conductivity for blood 
and other cutaneous tissue are all equal. The absorption coefficient for blood, a, is the 
same as that used by van Gernert et al (1986) for 577 nm light, and is based on Beer's 
law. We have ignored scattering within the blood because it is negligible compared 
with absorption at 578 nm. 

Table 2. Tissue parameters. 

Parameters 

Density (p) 

Heat capacity (Cv) 

Thermal conductivity (11) 
Absorption coefficient of blood (asnnm) 
Skin and blood temperature (T0 ) 

Values 

103 kg m-3 

3.5 X 103 J kg-l oc-t 

0.62 w m-1 oc-1 

430 cm~ 1 

35 oc 

Absorption of light by haemoglobin will result in heating of the blood and thermal 
conduction from the blood to the surrounding tissue. The quantity of light that is 
available to be absorbed by a vessel depends on a multitude of factors. These include: 
the irradiance at the top surface of the skin, the quantity of light that is absorbed by 
the melanin within the epidermis, the scattering properties of the epidermis arid dermis, 
the depth of the blood vessel below the skin surface, the distribution of other blood 
vessels and the width of the incident beam. 

There is no doubt that the dermis and epidermis are strongly scattering at 578 nm. 
Therefore an incident collimated beam would quickly lose its collimation, and the flux 
within the tissue may be greater than the incident flux (Wilson and Patterson 1986, 
Jacques and Prahl 1987, Star et al 1988). The directional distribution of the light within 
the skin is not accurately known, although there is some evidence that the incident 
light is mainly forward scattered (Bruls and van der Leun 1984, Jacques and Prahl 
1987). 

The ectatic capillaries of a port wine stain, which occupy up to 8% of the dermis 
(Barsky et al 1980), will markedly affect the distribution of light within the dermis 
because they absorb a high fraction of the light (at 578 nm) incident upon their surfaces. 
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In our model we have not attempted to include the scattering within the skin. Our 
histological results (Walker et al 1989) suggest that the majority of damage to the 
ectatic capillaries occurs at their upper surface (that is the surface that faces the skin 
surface). Thus we have used a simple model of collimated light (of infinite width) 
that is incident, with uniform irradiance, on the upper surface of the vessel. This 
allows us to investigate the relative effects of vessel size, coagulation temperature and 
coagulation thickness on the illumination time and irradiance. 

Because the vessels we have modelled are considerably larger than red blood cells, 
we may assume that there is a homogeneous distribution of haemoglobin within the 
vessels. With heating on a subsecond time scale, there is negligible heat loss through 
blood flow (Welch et al 1980). As a consequence of the above assumptions, we were 
able to model the blood vessel in two spatial dimensions by looking only at a transverse 
cross section of the vessel. 

For short time scales, less than 10 ms, we were able to ignore the effect of heat 
conduction from the epidermis for ectatic vessels at the average depth (300 f.1ID below 
the dermal-epidermal junction, van Gernert et al 1986). 

Endothelial cells are 4-6 f.1ID thick (Barsky et al 1980) and it is not known for 
certain what proportion of a cell needs to be thermally damaged for necrosis to occur. 
We have assumed that it is sufficient to model the coagulation thickness at the top 
of the vessel alone, because the endothelial cells tend to wind themselves in a helical 
fashion along the length of the blood vessel. We have modelled various coagulation 
thicknesses (0-9 f.1ID). 

The temperature required to coagulate the endothelial cells is also uncertain. 
Jacques and Prahl (1987) performed a number of experiments on thermal coagulation 
of mouse skin and found a threshold temperature range for coagulation of 60-70 oc. 
Barnes (1975) gives the temperature range at which 37% of illuminated egg white 
survives as 65-72 oc, but this is dependent on pulse width. Anderson and Parish (1981) 
and van Gernert et al (1986) based their models on a temperature for irreversible 
damage of 70 oc. We have modelled both 60 and 70 oc, and have found the treatment 
parameters that make these the maximium temperature that the endothelial cell will 
reach at a given coagulation thickness. 

Finally, the blood will begin to vaporise above 100 oc, and once this temperature 
is reached, further energy input will result in more vaporisation rather than a higher 
temperature. We have not attempted to incorporate the details of this process into our 
numerical model. 

2.2. The numerical model 

The temperature, T, for any point ( x,y) within the bounds of the model will vary 
according to time, t, depending on the light absorbed and the heat conducted to or 
from that point. 

Neglecting scattering within the vessel, the rate at which energy is absorbed at 
any point ( x,y) within the vessel depends exponentially on the length of blood d( x,y) 
through which the light has travelled to reach that point. For our simple model d( x,y) 
is the distance from the upper surface of the vessel (figure 1). This is a consequence 
of our simplification that collimated light of irradiance 10 is incident across the whole 
upper surface of the vessel. This light is incident for a time tmum· Thus we have that 
the rate at which heat is absorbed per unit volume, Habs, is given by 

Habs = er:Io exp[-er:d(x, y)] (1) 
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Figure 1. Our model of an ectatic blood vessel. The distance through which the light travels through the 
vessel before absorption is d(x,y). The irradiance incident on the upper surface of the vessel is 10 and is 
assumed to be collimated and perpendicular to the skin surface. The distance above the vessel, on the central 
vertical axis, for which the coagulation temperature is just reached, is called the coagulation thickness. 

inside the vessel and when 0 < t < tmum. and is zero otherwise. 
The equation describing thermal conduction is 

oT(x,y,t) 2 
pCv ~ = Habs + ryV T(x,y,t). 

ot 
{2) 

This equation was solved by a finite difference method using a FORTRAN program 
run on a VAX 8350 computer. Simple first-order differences in a square grid were 
used for the derivatives. The grid was chosen to be 80 x 80. The vessel was situated 
at the centre of the grid and occupied, at most, 10% of the grid points. Increasing the 
distance of the square's boundary from the blood vessel by a factor of ten caused a less 
than 1% change in the resultant temperatures. Our program allowed us to compute a 
temperature profile for a vessel cross section at any time during or after illumination. 

We required the temperature throughout the vessel to be always below 100 oc 
and designated the coagulation temperature ( 60 or 70 oq at a designated coagulation 
thickness (0, 3, 6 or 9 Jim). In order to obtain the illumination time for each of 
the eight conditions we interpolated between profiles of differing illumination time 
but with identical fluence. This provided us with the unique time that gave the 
required ratio between the increase in temperature at the coagulation thickness and the 
increase in temperature of the vessel. Once the illumination time was found a simple 
linear extrapolation of irradiance gave the coagulation temperature at the coagulation 
thickness. This procedure was repeated for a variety of vessel diameters {15, 30, 50, 80 
and 100 Jim). 

We also used the fluence and illumination time of Tan and Stafford (1987) in 
our model in order to investigate the conditions which result from those treatment 
parameters that have produced purpura clinically. 
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3. Thermal profiles 

3.1. Endothelial cell coagulation 

Figure 2 shows the isotherms for a cross section of an 80 J.tm diameter vessel immediately 
after the end of the illumination time. In this case, the treatment parameters heated a 
point 6 ~tm above the vessel lumen (the coagulation thickness) to 70 oc (the coagulation 
temperature). Because of the nearly circular symmetry of a profile such as figure 2, 
we were able to represent its key elements by giving its vertical cross section. We then 
plotted the temperature along this central vertical cross section as a function of time. 
This is illustrated in figure 3, where we plotted the profile of an 80 J.tm diameter vessel 
illuminated with the treatment parameters that created the profile of figure 2, namely 
410Wcm-2 of light for 5.0ms. 
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Figure 2. The thermal profile of the cross section of a 80 11m diameter vessel, illuminated from above, 
immediately after the end of its illumination time. The irradiance was 410W cm-2, the illumination time 
5.0 ms, the coagulation thickness 6 Jlm and the coagulation temperature 70 °C. The isotherms are marked in 
degrees celsius and are at 4 oc intervals. The extent of the vessel is shown by the extended gradations on 
each of the four sides of the figure. The hottest part of the vessel is indicated by an H and is accompanied 
by the temperature at this point 

Table 3 gives the treatment parameters for 15, 30, 50, 80 and 100 ~tm diameter 
vessels. The 15 ~tm diameter vessel is much smaller than most ectatic vessels within 
port wine stains, but its inclusion illustrates how a low light absorption within, and 
a high heat loss from, a small vessel affect the treatment parameters. The treatment 
parameters are given for the assumed coagulation temperature (60 or 70°C). The final 
variable is the coagulation thickness above the vessel lumen at which these temperatures 
are reached. 
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Figure 3. A time-dependent thermal profile of the same vessel under the same illumination and assumed 
coagulation conditions as figure 2. A vertical line through this figure at 5.0 ms is identical to a vertical line 
through the central axis of figure 2. The isotherms are again at 4 °C intervals. The extent of the vessel is 
shown by the extended gradations on each of the two vertical sides of the figure. The hottest part of the 
vessel is indicated by an H and is accompanied by the temperature at this point. The illumination time is 
indicated on the botttom axis of the figure by the extended gradation. 

Table 3. Treatment parameters. 

Coagulation thickness (pm) 

Vessel diameter Temperature 0 3 6 9 
(pm) oc Wcm-2 ms Wcm-2 ms W cm-2 ms W cm-2 ms 

15 60 4400 0.4 3000 1.3 2800 2.0 2300 4.5 
70 3000 1.2 2300 4.3 2100 8.8 1800 22 

30 60 4900 0.15 1400 1.0 980 2.0 760 4.0 
70 1300 1.1 780 4.0 740 5.9 640 11 

50 60 5400 0.14 1200 1.0 800 2.0 550 3.8 
70 1200 1.0 570 3.8 520 5.5 420 10 

80 60 6200 0.12 1800 0.50 950 1.3 700 2.0 
70 1100 0.90 480 3.5 410 5.0 350 7.3 

100 60 6200 0.12 2200 0.42 1100 1.0 790 1.6 
70 1200 0.90 530 2.9 390 5.0 330 7.0 

3.2. A purpuric profile 

Tan and Stafford (1987) typically obtained purpura with a total fluence of 6-7 Jcm-2 

incident on the skin. Loss of light from the beam will occur between the skin surface 
and the top of the vessel, both due to absorption by melanin in the epidermis and to 
scattering out of the beam. A figure of 70% will overestimate this loss, especially since 
scattering will give some increase in flux due to the mechanism discussed in §2.1. Figure 
4 is the time-dependent thermal profile for a 50 J.Lm diameter vessel illuminated in 360 J.LS 
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with 2.1 Jcm-2 of 577 nm light incident on the model vessel. The figure illustrates that 
even with this underestimated fluence, two thirds of the vessel reaches a temperature 
in excess of 100 oc. We have not numerically modelled the effect of the vaporisation 
that will result from heating the blood above 100 oc, so the computed thermal profile 
of figure 4 will not accurately reflect the situation after the central temperature reaches 
100 oc. Instead of a continued temperature rise, rapid vaporisation will occur for as 
long as the haemoglobin continues to absorb the light. The associated pressure shock 
waves and large volume changes will breach the endothelial cell and thus give rise to 
purpura. 
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Figure 4. A time-dependent thermal profile of a 50 flm diameter vessel under purpura-producing illumination 
conditions, 2.1 J cm-2 in 0.36 ms incident on the vessel surface. Parts of the lumen reached the vaporisation 
temperature of 100 oc after less than half of the illumination period. The isotherms are at 9 oc intervals. 
The extent of the vessel is shown by the extended gradations on each of the two vertical sides of the figure. 
The hottest part of the vessel is indicated by an H and is accompanied by the temperature at this point. The 
illumination time is indicated on the bottom axis of the figure by the extended gradation. 

4. Discussion 

4.1. Coagulation conditions 

It is important that the designated coagulation temperature be reached in a time short 
with respect to the characteristic time for heat conduction and with a minimum total 
energy dose, in order to minimise the amount of heating at a distance from the vessel. 
Excessive heating of dermal collagen or other cutaneous structures will accentuate 
undesirable side effects. However, the constraint of keeping the blood temperature 
below 100 oc gives a minimum illumination time. 
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As can be seen from table 3, for most port wine stain vessel sizes (30-80 J.tm diam
eter), the present model indicates that there is little difference in the ideal treatment 
parameters. The ideal treatment heats the endothelial cells to the designated temper
ature at the designated thickness in a minimum time. For example, for this range of 
vessel sizes, a point 6 J.tm from the lumen can be heated to 70 °C, with an irradiance at 
the vessel surface of between 740-410Wcm~2 applied for 5.9-5.0ms. (Note that there 
is considerable uncertainty about the irradiance required at the skin surface because 
of the uncertainty in the scattering parameters, and because of variations in melanin 
content.) 

Heating endothelial cells to a lower critical temperature (60 "C compared with 
70 oq is better achieved by a higher irradiance and . a shorter illumination time. 
Likewise a higher irradiance and a shorter illumination time are indicated for a 
smaller coagulation thickness. {This is because decreasing the coagulation thickness 
is equivalent to decreasing the coagulation temperature at the larger coagulation 
thickness.) 

The ideal illumination time is shorter for larger vessels. The total energy (fluence) 
required decreases with increasing vessel size. The large vessels absorb more of the 
incident light and the heat conducts away more slowly than with the small vessels. 
Thus the coagulation time may be reached more quickly and with less total energy. 

4.2. Purpura 

Paul et al (1983) produced purpura in normal skin of volunteers using a 300ns pulse 
from a dye laser tuned to 577 nm. The fluence at the skin surface was 2 J 

A single red blood cell, when approximated as a 5 Jlm diameter sphere, has a 
thermal relaxation time of approximately 6 JlS. That is the time the temperature of 
the sphere takes to fall to a point midway between its maximum temperature and 
the temperature of the cell's surroundings. If we assume that red blood cells occupy 
45% of the blood by volume then to raise the temperature of this sphere to 100 oc, 
over an illumination time much shorter than the thermal relaxation time of the sphere, 
requires approximately 0.3 J cm~2 of yellow light. If we estimate that 30% of the light 
incident on the skin's surface reaches the vessel, then 2J cm~2 of light incident on the 
skin surface (as used by Paul et al 1983) would vaporise about one eighth of the fluid 
within the cell. As we have discussed previously the assumed fluence incident on the 
cell is almost certainly an underestimate. The steam generated would most likely cause 
haemolysis. Nakagawa et al (1985) reported histological evidence of steam generation. 
Vaporisation within red blood cells would contribute to the vessel rupture reported by 
Nakagawa et a/ (1985) and Greenwald et al (1981). This rupture is the purpura which 
is seen as a dusky blue-grey colour a few minutes after illumination. 

Purpura has also been reported with much longer pulses (360 J1S; Tan and Stafford 
1987, Garden et al 1988) where the thermal relaxation time of the red blood cells 
suggests that an isolated cell would not reach 100°C. However, the red blood cells 
are not thermally isolated on this time scale. When we modelled these longer pulses, 
we found that the temperature of the entire lumen exceeds 100 oc, and we must 
assume that the energy that is incident after this temperature is reached causes some 
vaporisation of the blood. The vaporisation and associated shock waves would be 
expected to lead to the extravasation of blood which is the cause of purpura. However, 
there is one anomaly in the literature: Garden et al (1988) state that their histologies 
showed no extravasation of blood at purpura threshold doses for pulse durations from 
1.5 to 360 p.s. At higher than purpura threshold doses, they reported that there was 
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no extravasation of red blood cells for the longer pulse durations only. Note that the 
absence of extravasation is contrary to the standard definition of purpura (e.g. Miller 
and Keane 1987). 

Clinical results have been improved by increasing the pulse lengths from 300ns 
(Paul et al 1983) to 360 {IS (Garden et al 1988). 

Heating over a short time scale results in a rapid rise in temperature of the 
blood within the lumen. We have shown that, with such heating, the endothelial cells 
cannot be coagulated by the conducted energy without the blood vaporising. It would 
seem clinically (Garden et al 1988) that the irradiance must be precisely the correct 

·amount to cause the kind of damage that results in a satisfactory treatment. If too 
low an irradiance is used, there will not be sufficient heat conducted in the short 
illumination time in order to raise the endothelial cell temperature significantly. If 
too high an irradiance is used, too much vapourisation occurs. Garden et al (1988) 
found it necessary to determine the irradiance for each individual patient empirically. 
The procedure used is to produce purpura on the volar forearm within 5 'minutes of 
exposure and then to use twice this irradiance on the port wine stain. 

5. Summary 

We have numerically modelled the absorption of yellow (577 or 578 nm) light by ectatic 
blood vessels. Our premise, as with all previous models of the treatment of port wine 
stains, is that causing part of some of the endothelial cells to coagulate is sufficient 
to damage the vessel irreversibly. The physical requirements for this coagulation are 
not known precisely. We modelled the coagulation temperature as 60 or 70 oc and the 
coagulation thickness above the top of the vessel lumen as between 0 and 9 p,m. For the 
blanching end point, vaporisation of the blood was avoided by finding the values of 
the parameters (illumination time and irradiance) that avoid heating the blood above 
100 oc, while attaining the designated coagulation temperature and thickness. 

The range of coagulation temperatures and coagulation thicknesses produced a 
wide range of treatment parameters for each vessel size. The choice of coagulation 
temperature had the most marked effect, with the ideal illumination time being about 
five times longer at 70 oc than at 60 oc. 

Each vessel size required different treatment parameters. However, for vessels within 
the average size for port wine stains (30 to 80 11m), the variation in these parameters 
was not significant compared with the uncertainties in the coagulation parameters. 

The purpura used as an end point by some clinicians is most likely the result of 
vaporisation of blood caused by heating over a short time scale. With short pulses, a 
small variation in the irradiance will lead to large variations in the damage done to 
the endothelial cells. 
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Resume 

Calcul des distributions de temperature aut our de capillaires dilates exposes a de Ia lumiere laser jaune (578 
nm). 
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Les auteurs ont effectue une modelisation numeriques des effets thermiques de !'illumination en jaune (577 ou 
578 nm) des vaisseaux sanguins dilates de taches de vin. lis ont etudie !'influence des parametres du traitement 
au laser, l'eclairement energetique et Ia duree de !'illumination sur !'importance de Ia coagulation (epaisseur 
de Ia coagulation) des cellules endotheliales des vaisseaux dilates. lis ont suppose que cette coagulation 
depend de l'echauffement des cellules jusqu'a une temperature critique (temperature de coagulation). Ils 
ont effectue un ajustement iteratif des parametres du traitement de maniere a ce que les vaisseaux du 
modele atteignent une temperature maximale qui n'excede pas le point d'ebulition du sang. Considerant 
Ia gamme probable de variation de Ia temperature de coagulation, de l'epaisseur de coagulation, et de Ia 
taille des vaisseaux, on en a deduit que Ia temperature de coagulation est le parametre qui conditionne le 
plus les parametres du traitement. Les variations de l'epaisseur de coagulation ont une influence moindre, le 
diametre des vaisseaux dilates (typiquement dans Ia gamme de diametres compris entre 30 et 80 11m) ayant 
!'influence Ia plus faible. Les parametres de traitement qui sont reconnus cliniquement eomme generateurs 
de purpura (par exemple 6-7 J em-2 en 360 j.lS) ont egalement ete etudies. Le purpura observe par quelques 
experimentateurs utilisant des lasers a colorant pulses est le plus probablement lie a Ia vaporisation du sang 
conduisant a Ia rupture du vaisseau. Les auteurs concluent que, afin de realiser Ia coagulation avec ces lasers 
a impulsions breves, le choix de l'eclairement energetique est critique. 

Zusammenfassung 

Berechnete Temperaturverteilungen um ektatische Kapillaren bestrahlt mit gelbem (578 nm) Laserlicht. 

Die thermischen Effekte gelber (577 oder 578 nm) Laserlichtbestrahlung von ektatischen BlutgefaBen in 
Feuermalen wurden numerisch modelliert. Der EinfluB der Bestrahlungsstarke und der Bestrahlungszeit bei 
der Laserbehandlung auf die Starke der Koagulation (Koagulationsdicke) endothelialer Zellen von ektatis
chen BlutgefaBen wurde untersucht. Dabei wurde angenommen, daB diese Koagulation abhiingig ist von 
der Erwiirmung der Zellen auf eine kritische Temperatur (Koagulationstemperatur). Die Behandlungspa
rameter wurden schrittweise so angepaf3t, daB di Modeli-Blutgefaf3e cine maximale Temperatur unterhalb 
des Siedepunktes ftir Blut hatten. Unter Annahme einer gewissen Variationsbreite ftir die Koagulationstem
peratur, die Koagulationsdicke und die GefaBgriiBe, stellte sich heraus, daB die Koagulationstemperatur 
den groBten EinfluB auf die Behandlungsparameter hatte. Schwankungen der Koagulationsdicke hatten 
weniger Einfluf3 und der Durchmesser der ektatischen GefaBe (typischerweise im Bereich 30-80 11m) hatte 
am wenigsten EinfluB. Die Behandlungsparameter (z.B. 6-7 J cm-2 in 360 flS), bei denen klinisch Purpura 
festgestellt wurden, wurden ebenfalls untersucht. Die Purpura, die bei einigen Beschaftigten, die mit gepulsten 
Dyelasern arbeiten festgestellt wurden, sind wahrscheinlich das Ergebnis der Verdampfung von Blut, was zu 
einer Ruptur der GefaBe ftihrt. Es wird gefolgert, daB, um mit diesen kurzen Laserpulsen eine Koagulation 
zu erreichen, die Wahl der "Bestrahlungsstarke kritisch ist. 
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Abstract. Two hundred and forty two questionnaires were sent to patients who 
had undergone treatment with yellow light (578nm) from a copper vapour laser for 
a port wine stain (PWS), for facial telangiectasia (FT), or for a spider naevus (SN). 
Seventy three percent of the patients replied. The questionnaire covered the social 
implications of the lesion, the physical appearance of the lesion after treatment and 
the patient's judgement of how the treatment has affected them. 
83% PWS, 74% FT and 81% SN patients felt there had been an improvement in 
their appearance compared with 2.5% PWS, 14% FT, and 7.5% SN patients who 
felt that their appearance had changed for the worse. The overall impression of 
the treatment was also very positive, especially with PWS patients, 91% would 
recommend the treatment to others, 84% would have the treatment again and 60% 
indicated their feelings regarding their overall treatment and the effect it had on 
their lives was very good. 

INTRODUCTION 

Since the mid 1970's the argon ion laser has been established as the treatment 
of choice for port wine stains and other vascular malformations (1-5). However, 
recently yellow light at 577 or 578 nm has been shown through histological study 
(6-9), clinical trials (10-12), and theoretical argument (13,14) to be superior to the 
blue/green 488-514nm light from the argon laser. The reasons for the preferred use 
of yellow light is twofold. First, less light is absorbed by the melanin at 577/578 
nm than at 488-514nm and consequently there is less epidermal heating. Second, 
more light is absorbed by haemoglobin at 577 /578nm than at 514 nm. This results in 
cutaneous damage that is specific to the ectatic blood vessels, rather than widespread 
damage throughout the epidermis and upper dermis. Yellow light may be produced 
by either a pulsed dye (6-8,11,12), a continuous wave dye (10), or a copper vapour 
(9) laser. Since 1986 we have conducted over 1300 vascular lesion treatment sessions 
with yellow ( 5 78 nm) light from a copper vapour laser. This laser is distinct from 
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both kinds of dye lasers as it produces a rapid train of short low energy pulses rather 
than a single high energy pulse or a continuous wave. 

As these lesions are potential causes of psychological morbidity, the success of the 
treatment can not be assessed entirely by physical measurements such as change in 
lesion size or colour. The patient's own assessment of the outcome of the treatment 
is very important. Their assessment depends in part on their self perception before 
and after the treatment and on their expectations for the treatment. Dixon et al 
( 15) used a patient questionnaire in 1984 to assess the argon laser treatment of 
port wine stains, decorative tattoos and essential telangiectasia of the legs. This 
paper presents the results of a similar questionnaire m;¥led to patients treated with 
the copper vapour laser for either a port wine stain (PWS), facial telangiectasia 
(FT) or spider naevus (SN). We were interested in obtaining a broad perspective 
of the treatment from the patients and rather than assess patients only after they 
had completed their treatment we chose to assess patients at a time when some 
had completed their treatments and some were part way through their course of 
treatment. 

Since the inception of the questionnaire we have treated additional patients. The 
clinical results of 236 PWS patients have undergone analysis and a paper detailing 
these results is in preparation. 

MATERIALS AND METHOD 

\Ve distributed a similar questionnaire to that of Dixon et al (15). Thirty two 
questions were asked covering : 

• Patient's perception of how they and others regard the lesion. 

• The effect the lesion has had on their social interactions. 

• Reasons for entering therapy. 

• Pain and healing processes after their first and after their most recent treat
ment. 

• Present physical colour and texture of the lesion. 

• Satisfaction with the treatment. 

• The effect the treatment has had on their social interactions. 

Most questions were constructed with a bipolar scale allowing a choice of at least 
four answers. We collated the responses to these questions as numerical informa
tion on a data base (Superbase™ Professional on an Amiga™ B2000). From this 
information a mean and standard deviation were calculated separately for four age 
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Table 1: Age groups of questionnaire responders. 

% in each lesion group 
Age Class PWS FT SN 
< 12 Children 19 0 11 
12-20 Adolescent 19 9 30 
21-50 Adult 58 64 50 
>50 Older Adult 4 27 9 

groups (see Table 1) and collectively over all the age groups for each question. There 
were also a number of questions that requested a written response. 

A total of 242 patients were sent questionnaires. Of these 143 were PWS, 58 
FT and 41 SN. Initial non-responders were sent another questionnaire after three 
weeks. Replies were received from 79% PWS, 59% FT and 66% SN patients. For 
young patients (under 12 years) the parents were asked to assist in answering the 
questionnaire. The response as a function of age group is given by Table 1. The 
distribution of ages in this table is very similar to the distribution of ages of all 
our patients. Females comprised 65% of PWS, 83% of FT and 90% of SN patients. 
Only 5% of the PWS who replied to the questionnaire had completed their course 
of treatment and been discharged. 

The copper vapour laser used in all cases was a Quentron™ QM91C which 
produces a train of short, 50 ns, pulses at a rate of 16kHz. P\VS and FT patients 
were treated using a scanning strategy (9) with a 1 mm diameter quartz optical fibre 
which produced a 1.3 mm diamater spot on the skin when held 2 mm above the skin 
surface. The strategy was to move the spot back and forth in single scans which 
do not overlap. There results a small gap (less than 0.5 mm) between each scan. 
Preferably these scans are approximately parallel to Langer's lines. On second and 
subsequent treatments (at least three months apart) the scans were such as to treat 
any gaps left by the previous treatment. The rate of scan was such as to produce 
minimal blanching (the point at which the skin just appears to blanch). Typically 
the fibre was scanned at a rate of 3 to 10 s / cm2 with a dose of 20 to 30 J / cm2• A full 
course of treatment involves three to eight treatments to the same area for PWS and 
one to three treatments for FT. Children or patients with lesions greater than 60 
cm2 in area are treated under general anaesthetic. Otherwise a non-vasoconstricting 
local anaesthetic, 2% plain Xylocaine™ is used. Normally the entire lesion is treated 
during each treatment session except in the cases of lesions that cover a large portion 
of the body. In these cases, we treat only those areas that the patient wishes to be 
treated. Usually this is the face and neck down to the clavical and possibly the arms 
up to where a short sleeved shirt may cover the lesion. 

SN were treated by initially blanching the central "body" of the naevus. This 
usually required less than one second of illumination with three or more watts of 



4 J.W.Pickering, P.H.Butler, B.J.Ring et al 

light. When required this was followed by treating the "legs" individually. Often 
when the SN were very small, we used no anaesthetic because such a short illumina
tion time was required that the discomfort associated with the light was comparable 
with that of the local anaesethetic injection. 

Prior to receiving the questionnaire all patients had recieved at least one treat
ment to the entire area of lesion that they wished to be treated (i.e. excluding any 
test treatments). Furthermore, if they had received only one treatment, they were 
sent a questionnaire only if they had sufficient time (taken as three months after 
treatment) in which to evaluate their response to treatment. 

RESULTS 

Perception of appearance and social implications 

The first four questions were concerned with how patients and other people regarded 
their lesion. The two categories were noticeability and unattractiveness. 

The mean patient response and one standard deviation each side of the mean for 
each of the three lesion groups is indicated on each diagram. For the purpose of sta
tistical analysis the descriptive responses on each questionnaire were also numbered. 
The responses for noticeability are: 

PWS [ 

FT [ 
SN 

Not 

PWS [ 

FT [ 
SN 

Not 

OTHER PEOPLE, NOTICEABLE 

Slightly Somewhat Quite Very 

PATIENT, NOTICEABLE 

Slightly Somewhat Quite Very 

These results are consistent with the size and colour of the lesion. The SN being 
the smallest lesion, whilst the PWS is often larger and nearly always more red that 
FT. The extent of FT is also often dependent on room and body temperature 
conditions. 
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The responses for unattractiveness were similar, but with the lesions less un
attractive than they were noticeable. The difference in the statistical means was 
half to one response unit. 

Patients were asked how the lesion affected their education, employment, and 
social relationships with members of the same gender and the opposite gender. For 
most patients the lesion was at most a very slight disadvantage in each of the above 
situations except for relationships with members of the opposite gender. 

RELATIONSHIPS, OPPOSITE GENDER 

PWS t 
FT 
SN 

Sub~tantial di~q,derate Slight 
disadvantage s..uvantage disadvantage 

No 
effect 

Slight 
advantage 

Moderate Su.bstantial 
advantage advantage 

The PWS and FT patients found their lesion to be more of a disadvantage than 
did the SN patients. This again may reflect on the relative sizes of the lesions with 
SN much smaller than most PWS or FT. This also correlates with the patients' 
perception of the effect of their lesion on life in general. 

EFFECT ON LIFE IN GENERAL 

PWS t 
FT 
SN 

Sub~tantial Moderate Slight 
disadvantage disadvantage disadvantage 

No 
effect 

Reasons for undertaking treatment 

Slight 
advantage 

Moderate Substantial 
advantage advantage 

The question asking for the patients reason for undertaking treatment was open
ended. The four themes : 

• embarrassment in public. 

• personal unattractiveness. 

• self-consciousness. 

• difficulties with makeup. 
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occured most often. Indeed nearly 40% of PWS patients stated a desire to avoid 
public embarrassment. Personal unattractiveness and self consciousness were the 
other two primary reasons. With FT all four of the listed reasons were stated 
equally as often. However for SN the principle reason was difficulties with makeup 
(40%). 

Although a large number of patients indicated that the lesion hindered their 
relationships with members of the opposite gender, only five PWS and one FT 
patient indicated that a desire to improve personal relationships was a reason for 
undertaking treatment. 

The treatment 

Patients assessed their first and their most recent (at least three months previous to 
receiving their questionnaire) treatments with respect to pain and the healing cycle. 

The most pain was felt during anaesthetic injections, with 70% of FT and SN, 
and 59% of PWS registering mild or moderate pain. Some pain was also felt during 
the application of the laser light. 

This pain was normally the result of the failure of the local anaesthetic to suffi
ciently anaesthetise small parts of the lesion (often near the periphery of the lesion). 
Any patient's indication of pain due to the laser was rectified by additional local 
anaesthetic before continuing treatment. Some SN were treated without anaesthetic 
when the lesion was small. During the healing process, from immediately after the 
treatment to beyond four weeks, there was very little pain reported. What pain was 
reported was described as akin to severe sunburn and lasted for the first 20 to 30 
minutes after the anaesthetic wore off. There was also very little difference in the 
patients' perception of pain, between the first and most recent treatment. 

Immediately after treatment the skin feels normal to the touch. We dress the 
skin with a soothing burn cream. PWS and FT patients experienced a mild to 
moderate amount of blistering, scabs and discharge. Scab formation was reported 
as being slightly more severe than the other reactions. Normally the blisters appear 
6-12 hours after the treatment and are followed by some discharge. Additionally, 
when the treatment is near an eye the eye may swell up over the first 24 hours 
post treatment. The discharge and swollen eyes last for two or three days. After 
three days, the treated area drys and scabs form. These separate off after 10 days 
to two weeks. In addition 9 PWS and 3 FT patients complained of swelling and 
6 PWS of bleeding and grave itching. Only 3 PWS and 2 FT indicated any scar 
formation had taken place. This is consistent with our records of 236 PWS (including 
those surveyed) which indicate an incidence of scarring of 3.5 ± 1.4% (mean±sd) per 
patient. We define a scar clinically as the presence of a permanent hypertrophic or 
atrophic mark of any size. 
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Colour and texture 

We asked questions concerning the present texture and size of the treated area. 

PWS [ 

FT [ 
SN 

1\tuch 
Rougher 

PWS [ 

FT [ 
SN 

None 

LESION TEXTURE, COMPARED TO NORMAL SKIN 

Slightly 
Rougher 

The same 

DECREASE IN SIZE 

Mild Moderate 

Slightly 
Smoother 

Large 

Much 
Smoother 

Total Removal 

7 

Our clinical measurements of the PWS area treated indicate a percentage re
duction in area that is greatest after the first treatment and is on average 20±19% 
(mean±sd) for the first treatment. Normally the lesion resolves first at its edge. 

Some mild striped appearance on PWS and FT may be visible after the first 
one or two treatments due to the scanning technique. Especially susceptible are 
FT because of their normally superficial nature. The stripes in these cases are the 
result of complete resolution of the lesion (to the extent of looking like normal skin) 
with the first treatment. Thus the stripes are the difference between treated normal 
looking skin and the untreated gaps between the treated skin. We usually find that 
the striped appearance disappears after the second or third treatment. FT patients 
indicated that the striping was only mild and PWS even less mild. 

Most patients experience some browning during the healing cycle which normally 
takes three to four months to resolve. However, when asked if the treated area 
was the colour of normal skin, or if it was paler or browner than normal skin, all 
three groups gave an even preference for normal or paler than normal colour. Less 
than 25% indicating browner than normal. Our clinical results give an incidence of 
hyperpigmentation (or permanent browning) of 1.4±0.5%. 

Changed appearance 

All groups felt their appearance had improved. 
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PWS t 
FT 
SN 

Much 
Worse 

APPEARANCE CHANGE 

Moderately Somewhat No Change Somewhat Moderately 
Worse Worse Better Better 

Much 
Better 

Only two patients (both FT) indicated a much or moderately worse change, while 
3FT and 4 PWS a somewhat worse change. Of these 5 FT, 1 returned for futher 
treatment and only two had negative overall feelings towards the treatment (see 
section Overall). However 14 ( 45% ) of FT indicated a much or moderately better 
change. 3 of the 4 PWS probably or definitely would recommend the treatment to 
others, and the fourth PWS definitely would not recommend the treatment and was 
the only PWS to have a negative response to the treatment overall (section Overall). 

Most patients also expressed satisfaction with the present appearance. 

PATIENT SATISFACTION 

PWS t 
FT 
SN 

Very Rather Slightly Indifferent 
Dissatisfied Dissatisfied Dissatisfied 

Slightly 
Satisfied 

Rather 
Satisfied 

Very 
Satisfied 

The patients reported that their family and friends had a similar degree of satis
faction with the treated area. Patients indicated that these results were what they 
had expected from the treatment. 

All groups indicated a slight improvement in their social interactions with both 
family and friends and with strangers. Similarly they felt their self esteem, con
sciousness and acceptance, by themselves and by others, had all improved slightly. 

When asked in an open ended question if there had been any change in wardrobe 
or makeup due to the treatment, 30% of FT, 25% of SN and 25% of PWS responded 
that they now used no or less makeup. In addition 15% of PWS patients said they 
were less restricted in their choice of hairstyle and clothing. We should remind the 
reader that at the time of the questionnaire, only 5% of the PWS patients who 
responded had completed their course of treatment to their satisfaction and been 
discharged, and that there was a two to one ratio of females to males treated. 
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Overall 

PWS patients were the most likely to recommend the treatment to someone else 
( 91% ), and a number stated they already had. 

PWS [ 

FT [ 
SN 

Definitely 
not 

RECOMMEND THE TREATMENT 

Probably 
not 

Undecided Probably 
would 

Definitely 
would 

Similarly patients in retrospect would still have undergone treatment. 84% of 
PWS, 64% of FT and 81% of SN said they probably or definitely would. 

As a final assesment of the treatment, patients were asked to express how they 
felt about the treatment taking into account all the physical and social affects the 
treatment had had upon them. 

OVERALL 

PWS 

[ FT 

SN 

Very Bad No Feeling Good Ver:r 
bad either way good 

Only 2% of PWS, 5% of FT and 12% of SN answered negatively compared to 
60% of PWS, 48% of FT and 39% of SN who answered very good. 

DISCUSSION 

Statistical reliability 

The questionnaire was answered by 79% PWS, 59% FT, and 66% SN of those sent 
the questionnaire. Of the total of 67 non responders 17 questionnaires were returned 
"address unknown", and the other 50 chose not to answer the questionnaire for one 
reason or other. Therefore, we need to give an estimate of the accuracy of the means 
presented in each of the above diagrams. If we take the largest standard deviation of 
any question for each of the patient classes and calculate a 95% confidence interval for 
the means, based on sampling statistics without replacement (16), we have for P\;vs 
mean±0.15 of a division, for FT mean±0.40 of a division, and for SN mean±0.87 of 
a division. 
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The psychology of PWS 

Jvlost patients indicated that they found their lesion unattractive and that it had 
to some degree affected their social relationships. A recent and much more compre
hensive psychological analysis of patients with PWS by Lanigen and Cotterill (17) 
indicated that patients suffer from psychological distress which is not apparent in 
their normal social interactions. Similarly to our results they found that pateints 
had difficulties with interpersonal relationships, particularly with members of the 
opposite gender. An interesting aspect of their survey was that older people were 
often more affected by their lesion than younger people, suggesting that there is 
little acceptance of the problem with increasing age. 

Effect of age on PWS responses 

Children (under 12) regarded their lesion as less noticeable and less unattractive 
than did the adults (p < 0.01). They also responded with more pain during the first 
24 hours and a slightly rougher skin than the adults (p < 0.05). Other than this 
there was no significant difference between the responses of the differing age groups. 

Comparison with argon laser 

Our patients responded in a very similar manner to the questions concerning noti
cibility and unattractiveness as did the argon laser patients of Dixon et al. (15). In 
a.ddition, Dixon et al. patients found similar hinderences with their social relation
ships and similar reasons for undertaking treatment. We conclude that the New 
Zealanders with PWS are similarly affected by their lesion as those in Utah. 

The mean results for appearance, satisfaction, self perception after treatment 
and overall feelings were all more positive for our copper laser patients compared 
to Dixon et al's argon laser patients (which had all completed a treatment course). 
Dixon et al. do not present their data on standard deviations. However all of the 
Dixon et al. means were within one standard deviation of our copper laser means. 

Our clinical experience has been that we are often able to remove a significant 
proportion of the lesion without adverse side efffects. Of all those patients who have 
now undergone 4 or more treatment sessions (approximately 100 patients); 21% 
have had removed greater than 70% of the lesion, 10% have had removed less than 
30% of the lesion with at most only a slight colour change to the remainder of the 
lesion, whilst the remianing 69% of the patients have had an intermediate result 
and are still improving. Furthermore, 11% of those patients who are yet to have 4 
treatments greater than 70% of the lesion has been removed. Our rate of scarring 
(3.5%), hypopigmentation and hypopigmentation (1.4% each) is low in comparisson 
to some argon laser treatments (2,4,15). 
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PWS, FT and SN 

All groups responded with a positive overall judgement. The simplicity of treating 
the SN was probably a major factor in its positive overall result. 

The PWS patients felt their lesion was more noticeable, more unattractive and 
more of a social hindrance than did FT or SN and as a. consequence they had the 
"most to gain" from the treatment. There was little indication of an age dependent 
response to the questionnaire with PWS. Most patients felt the treatment was as 
expected and were satisfied with the result. 
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Summary-Over a two year period more than 1350 treatment sessions have been con
ducted with yellow 578 nm light from a copper vapour laser on a variety of vascular 
malformations. Of these sessions half were of port wine stains, from 297 patients. 
The light is applied by scanning a 1 mm optical fibre approximately 2 mm above the 
lesion along the lines of Langer. We use a maximum scan rate of 3 s/cm2, which is the 
highest rate at which minimal blanching can be produced. Up to 6.5 watts of light has 
been used, and a typical energy fluence is 20 to 30 J j cm2 • 

Topical melanin suppressing creams are used before and after treatment, in order to max
imise the effectiveness of the treatment. Non-vasoconstricting anaesthetics are always 
used. Repeat treatments are three months apart. 
The scan rate we used was directly correlated with the light intensity. The degree to 
which the colour of the port wine stains lightened after the first treatment was also well 
correlated with the scan rate (p < 0.0005). The faster the scan rate, the greater the 
colour reduction. This provides some supporting evidence for the short illumination time 
that theoretical models have indicated as "ideal". 
The lightening was more marked for patients whose lesion colour was initially dark 
(p < 0.0005). Those whose skin had a high melanin content, (Maori, Polynesian and 
Asian) responded more slowly than others. 
Thirty six patients have had a greater than 70% reduction in the size of their lesions after 
an average of four treatments. Ten patients have responded poorly after at least four 
treatments (10% of all those who have had four or more treatments). The occurrence of 
scarring, hyperpigmentation and hypopigmentation was low in comparison to previous 
reports of the green light results from argon ion laser treatments. 

Port wine stains are congenital vascular lesions consisting of ectatic capillaries. They 
are present in 0.3 to 0.5% of the population (Carruth and McKenzie, 1986), and 
often cause psychological problems. During the 1970's, Leon Goldman developed 
a successful treatment method using the argon ion laser (Goldman et al. , 1976). 
A variety of other vascular malformations, such as spider naevi, telangiectasia and 
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strawberry naevi have been treated with lasers (see for example Craig et al. 1985, 
Dixon 1987). 

Yellow (570 to 585nm) light can on theoretical grounds be expected to produce a 
better result than the blue/green ( 488 to 514nm) light of the argon ion laser (Ander
son and Parish, 1981; van Gernert et al., 1982). This is so because melanin absorbs 
less yellow light than blue or green light, and because yellow light corresponds to an 
absorption peak of haemoglobin. 

The clinical use of yellow light has been limited mostly to tunable dye lasers 
tuned to 577nm in either pulsed (Paul et al. , 1983; Garden et al. , 1988) or low
power continuous wave (Cotterill, 1986) modes. This practice has been justified by 
histological studies (Nakagawa et al., 1981; Tan et al., 1986) which illustrates that 
yellow light is more selectively absorbed by ectatic vessels within the skin than is 
blue or green light. 

Since 1986 we have been using the yellow 578nm light from a Quentron™ 
QM91C copper vapour laser. A histological study has shown that the copper 
vapour laser, like the dye lasers, produces damage that is specifically concentrated 
on the ectatic vessels, rather than non specifically throughout the dermis (Walker et 
al. 1989). Prior to this we had treated patients with an argon laser at 514nm (from 
1982 to 1986) and briefly in 1986 a dye laser tuned to 577nm. 

We have treated port wine stains in 64% of the sessions, telangiectasia in 16%, 
spider naevi in 9% and a variety of other lesions such as strawberry naevi, venous 
flares, and venous lake in the remaining 11% of the sessions. 

This paper presents information on three aspects of the treatment of vascular 
malformations. The first is the treatment technique used with the copper vapour 
laser. Because of the number of variables involved, anyone wishing to reproduce our 
treatment will require the details of our technique which we present in the materials 
and method section. 

The second aspect of the treatment is a detailed study of port wine stain patients 
after the first treatment to their whole lesion. This study allows us to explore the 
effects of age, initial lesion colour, skin pigmentation, laser power and illumination 
time (the time the laser is on any one point on the lesion). Furthermore, because 
of the changes in the illumination times we have used, we are able to provide some 
clinical evidence that supports the theoretical models (Anderson and Parish 1981, 
van Gernert et al. 1982, 1986 and Pickering 1989a, 1989b) which suggest a short 1 
to 10ms "ideal" illumination time. 

The third part to this paper is the presentation of the results of port wine 
stain patients who have completed treatment. These are patients who have either 
responded well, to the extent of removing at least 70% of the lesion, or have not 
noticeably responded after four treatments. 
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Materials and method 

Equipment 

The copper laser produces a train of 50 ns pulses of light at a rate of approximately 
16 kHz. Two wavelengths of light are produced: green 511 nm and yellow 578 nm. 
This laser differs in its delivery of light from that of the dye lasers, which are either 
continuous wave or single pulsed (300 ns to 450 J.tS pulse length). For all vascular 
lesions, we filter out the green light and use only the yellow. We have used up to 
6.5 watts of 578 nm light. 

The light is delivered to the lesion via a 1 mm diameter quartz optical fibre. The 
end of this fibre protrudes from a pen-shaped handpiece, and has been ground flat 
and roughly polished. Light delivery is controlled by a pneumatic foot switch. 

For eye protection the surgeon and assistants are provided with goggles or glasses 
containing Schott™ BG36 filter lenses. These lenses contain a mixture of rare earth 
elements that absorb yellow 578 nm light, but allow essentially unimpaired colour 
vision at all other wavelengths (van Halewyn et al.1989). 

The patient's eyes are covered with red perspex shields which are opaque to 
yellow light. However, when treating lesions close to the eye, we use a contact 
lens-shaped Medishield™ eye shield, which is also opaque to yellow light. This 
shield is inserted under the eyelid after anaesthetising the eye with 4% ophthalmic 
Xylocaine™ (Lignocaine Hydrochloride 43 mg/ml, Astra Pharmaceutical). 

Preparation of patients 

In the majority of the cases we treat, the lesion has been exposed to sunlight. 
For this reason we prescribe ultraviolet block factor 15 (UV Ultrablock, ICI, 8% 
octyl dimethyl para aminobenzoic acid; 2% butyl methoxydibenzoylmethane; 5% 
benzophenone-3) and 3% hydroquinone topical creams for application 5 to 6 weeks 
before treatment. The ultraviolet block reduces the stimulation of melanocytes, 
whilst the hydroquinone chemically suppresses the production of melanin (Kligman 
and Willis, 1975; Engasser and Maibach, 1981; Boyle and Kennedy, 1985). These 
simple precautionary procedures can increase the optical window for the transmis
sion of laser light to the underlying dermis and vascular plexus. Both creams are 
used between treatment sessions and for 3 months after treatment in order to main
tain a low level of melanin production and to reduce the risk of hypopigmentation 
and hyperpigmentation. Maillard and Geinoz (1985) have reported that the post
treatment use of an ultraviolet block reduces the incidence of hyperpigmentation. 

Congestion may be induced to increase the volume of the haemoglobin within 
the lesion. 

For young patients, or for those with extensive lesions (usually greater than 
60 cm2 ), a general anaesthetic is used in order to minimise distress. Distress is 
undesirable not only from the patient's point of view, but also for the treatment, 
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because it can cause the vessels to constrict through endogenous adrenalin produc
tion. In other cases, we anaesthetise locally with injections of 2% plain Xylocaine™ 
(Lignocaine Hydrochloride B.P. 2.13%, Astra Pharmaceutical) by block anaesthesia 
or local infiltration. The amount of haemoglobin within the lesion will affect the 
amount of light absorbed. The greater the amount of haemoglobin present, the 
shorter the time period needed for the application of enough light to damage the 
blood vessels. As a consequence, there will be less time for heat to be conducted 
away from the vessel and possibly to cause unwanted damage. Hence, to maintain 
the volume of haemoglobin within the lesion, the local anaesthetic must be non
vasoconstricting. Plain XylocaineTM has a mild vasa-dilating effect which enhances 
blood volume. For the rare instances when patients become distressed, we keep on 
hand a rapidly acting sublingual tranquilizer (Ativan™). 

The treatment 

On the basis of clinical observation, each patient is assigned to a particular class 
of vascular abnormality. The periphery of the area to be treated is marked with a 
green pen, which contrasts with the colour of the lesion. The green outline provides a 
finishing point for the scan because the true edge of the lesion is not easily discerned 
when the scanning is rapid. The fibre optic handpiece is scanned across the area 
about 2 mm above the skin surface. Normally, the scans follow the lines of Langer. 
This minimises the uneveness in blanching which is sometimes noticeable after the 
first treatment. Individual scans are typically up to 10 em in length, depending on 
the size and shape of the lesion. Part-length scans are used to feather the area in 
cases where the grain of the skin broadens (Fig. 1). On second and subsequent 
treatments we scan so as to fill the gaps between scans of the original treatment. 
The striped look is usually no longer apparent after two or three treatments (Fig. 2). 
We have assumed that sufficient damage has been caused if the skin just blanches 
(minimal blanching). We start treatment at a point on the lesion near the periphery 
and if possible at a point normally not exposed (for example under the hair line). 
1/\Te establish the scan rate to achieve minimal blanching within one or two scans and 
use this rate throughout the lesion. As we can interactively assess the lesion colour 
and degree of blanching during treatment we are able to make any adjustments to 
the scan rate if necessary. 

With the copper vapour laser, up to 6.5 watt of light is available from the fibre 
as measured by an integrating sphere. We have found with this power 3 s/cm2 is the 
fastest rate at which scanning can be done reliably by hand. The fiuence may vary 
between patients from up to 50 Jjcm2 to below 10 Jjcm2 , but is typically between 
20 and 30 J / cm2 • Figure 3 illustrates the relationship between power and scan rate, 
and illustrates the consistency of treatment achieved by using the same scanning 
strategy for all patients. 

This treatment technique applies in broad outline to all vascular lesions, but in 
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Figure 1: The scanning strategy is illustrated by the white lines (indicating minimal 
blanching) on this nine year old boy. The scanning is in the lines of Langer. This is 
the first treatment to the boy's face and the second to his neck. 
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Figure 2: The same nine year old boy as in figure 1 after four treatments. The 
striping effect in figure 1 is not apparent. The lesion has undergone a marked 
decrease in colour. Note the complete removal of parts of the lesion above the eye. 
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particular to port wine stains. However, some lesion-specific strategies are used. 
For spider naevi the central vessel, the "body" of the spider, is completely 

blanched to prevent re-establishment. The radiating <:apillaries, the "legs", are 
scanned individually, since they can remain ectatic even when the pressure from 
the central vessel has been relieved. Treatment of spider naevi "bodies" seldom 
requires more than 1 second of illumination with 3 or more watts. 

Telangiectasia are usually marked out and treated in the same manner as port 
wine stains. Particular emphasis is placed on maintaining congestion by having a 
high ambient room temperature, applying warmth, positioning of the patient hori
zontally and sometimes light slapping of the lesion. For female patients with mild 
telangiectasia (or with rosacea), an area above the cheekbones where blush makeup 
may normally be applied, may be left untreated if desired. 

Post-treatment 

Immediately after treatment, the skin feels normal to the touch. For the patient's 
comfort, the area is dressed with a soothing Silverzine™ burn cream (Silver Sulpha
diazine 1%, Chlorohe:xidine gluconate 0.25%, Smith and Nephew). 

On recovering from th~ anaesthetic, patients notice a warm sensation akin to se
vere sunburn. This sensation lasts for only 20 or 30 minutes and needs no analgesics. 
Some hours later, the damaged endothelium leaks plasma, causing fine blisters at 
the epidermal/dermal interface. One day later, the Silvazine dressings are changed. 
The dressings are finally removed by the patient on the third day, usually by washing 
off, and the areas allowed to dry and to form fine scabs which are shed over a period 
of 10 days to 2 weeks. As soon as the scabs separate, the patient again begins to 
apply the ultraviolet block and 3% hydroquinone creams. The lesion continues to 
fade over the ensuing 6 to 12 weeks. Normally, patients return for another treatment 
after approximately 3 months, which is enough time for any erythema or hyperpig
mentation to disappear. Histology show the epidermis to be normal and permanent 
damage to be confined to the ectatic vessels (Walker et al. 1989). 

Assessment 

All power measurements were made by the use of an integrating sphere. The area 
of the lesion and total exposure time were measured. From these the scan rate was 
calculated. 

The colour of the treated areas was assessed by comparing photographs taken 
before each treatment. This was carried out by a single observer who was familiar 
with the treatment. A four-point scale ranging from light/salmon pink to dark 
redfpurple'(Table 1) was used to grade the initial colour of the lesion. A four-point 
scale ranging from poor (no change) to excellent (substantially closer to normal skin) 
(Table 2) was used to grade the change in colour after the first treatment. 
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Figure 3: Scatter diagram of the scan rates and powers used for each treatment. 
The decrease in scan rate for higher powers is indicative of the consistency of the 
minimal blanching end-point of the treatment. 
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In the completed patients' section, we use Quaba's (1989) five-point colour 
change scale (Table 3). Quaba's scale takes into account both hypo- and hyper
pigmention and is a measure of the colour change from the initial colour to the 
colour at the time of assessment after a number of treatments. 

Although we have presented some of our results statistically, these results must 
be regarded in the context of hypothesis formulation rather than hypothesis testing. 
This is because of the exploratory rather than the experimental nature of the inves
tigation. As we have mentioned above, there has been a great deal of consistency 
between the treatments, both in the method of treatment (minimal blanching for all 
patients) and in the analysis ofresults. Thus, for some of the apparently conclusive 
results, we have presented a probability value (p) as if we were attempting to show 
that we could not disprove a hypothesis. We used the t test when comparing groups 
of measured data such as age or area, and the x2 test for testing of independence 
when comparing two sets of information, such as the dependence of colour change 
on power. 

Results and discussion 

The first treatment. 

A group of one hundred and seventy four patients were evaluated after their first 
treatment. The average decrease in area after the first treatment was 19 ± 20% 
(mean ± sd). This decrease represents the area that has changed colour to the 
extent that it now resembles normal skin and no longer needs to be treated. This is 
normally at the periphery of the lesion. Most of the lesions ( 61%) also showed some 
lightening (grade 1 to 3, Table 2) of the remaining area. 
(i) The effect of power (or scan rate). The level of power used had no effect on the 
percentage area reduction. However, it is evident that the higher power levels, with 
their correspondingly faster scan rates, produced a consistently greater colour change 
(p < 0.0005, Table 4). The faster scan rates correspond to a shorter illumination 
time, with the fastest scan rate (3s/cm2) corresponding to an illumination time of 
approximately 40 ms. This is still at least a factor of four longer than the ideal 
illumination times suggested by the theoretical models. However, it is evident that 
our improved results with shorter illumination times provide some clinical evidence 
for the models. 
(ii) The effect of age and initial lesion colour. The average age of all patients was 
27 ± 15 years. The average age for those showing no colour change (grade 0) was 
21 ± 15 years, whereas for those exhibiting an excellent colour change (grade 3) was 
36 ± 13 years. This suggests that better results are obtained with older patients. 

It is well known that the light pink lesions are prevalent in children, and that 
lesions darken with age (Barsky et al. , 1980). (This was certainly true for our 
patients.) By comparing initial colour and first colour change we find that darker 
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Table 1: 

Definition 
light/salmon pink 
pink 
red 
dark 

Table 2: 

Description Definition Approximate % Change 
poor 
fair 
good 
excellent 

no change 
slight lightening 
obvious lightening 
near normal skin 

Table 3: 

0% 
< 25% 
25-60% 
> 60% 

Grade Definition Approximate % change 
-1 
0 
1 
2 
3 

j l pigmentation 
Nil Slight change 
Moderate lightening 
Marked lightening 
Total blanching 

0%+ 
50% 
75 to 80% 
100% 

Table 4: 

Colour Power (watts) 
change low medium high 

<2 2-4 >4 
0 0.55 0.25 0.08 
1 0.26 0.30 0.24 
2 0.15 0.38 0.33 
3 0.04 0.08 0.35 
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lesions (initial colour grade 2 or 3) are more likely to result in a good or excellent 
colour change (X~df = 91.3, p < 0.0005). This has also been the case with argon 
lasers (Cosman 1980 and Ratz 1987). However Garden et al. 1988 commented that 
the darker red lesions did not respond as well as other lesions to the yellow light from 
a pulsed dye laser. Figure 4 shows a good colour change (grade 2) from a patient 
with an initial colour of red (grade 2). 

It is notable that the average power and scan rate were reasonably consistent for 
all initial lesion colours . 
(iii) Changes in area and colour. Patients who showed a good colour change (grade 
2 or 3) tended to exhibit a greater change in percentage area than those whose colour 
changes were poor (p < 0.005).' 
(iv) Non-Caucasian patients. Thirteen Maori, Polynesian, or Asian patients were 
treated. Their average age (23 ± 12 years) and initial colour distribution were 
consistent with those of the other patients, and they showed the same distribution 
of colour change. However, the average change in percentage area after the first 
treatment, at 6.6%, was less than that for Caucasian patients. The abundance of 
overlying melanin in non-Caucasians means that less light will reach the ectatic 
vessels. Satisfactory results are obtainable, however, as illustrated by figures 5 and 
6. These photographs of a 38 year old Maori woman are pre-therapy and post the 
fifth treatment session respectively (patient 24 of table 5). 

Completed treatments 

(i) Good and poor results In tables 5 and 6 we have presented detailed assessment 
of 46 patients from a group of 236 patients (which includes the 174 patients which 
we assessed after their first treatment) out of the total of 297 patients. The other 
61 patients treated have had only one treatment, the results of which have not been 
assessed. This group contains additional patients to the group assessed after their 
first treatment because with this group the assessment was carried out at a later 
date. 

The 236 patients have had on average 3.3 treatments. Of the two assessing 
parameters, area change and colour, the measurement of area change is objective 
within the limits of area measurement. On the other hand the colour change is a 
subjective measurement. However, we have attempted to remain as true to Quabba's 
colour change parameters (Table 3) as possible. 

Thirty six patients have completed treatment to the extent of removing at least 
70% of the lesion (Table 5). As our experience shows that repeat treatments can 
continue to remove the lesion, several of these patients are undergoing further treat
ment (indicated in the table by a + symbol after the % area reduction). Figures 
7 and 8 are before and after photographs of patient 28 of table 5. Ten other pa
tients have received at least four treatments with a less than 30% reduction in area 
and slight or no colour change. All other patients are continuing treatment and fall 
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Figure 4: A good result (grade 2) on the clavi cal of this 55 year old women is seen in 
contrast to the original colour of the lesion on the untreated shoulder (inHial colour 
2). The treatment parameters were 2.7 watts at a scan rate of 11 s/cm2 • The area 
on the neck has received two treatments. 
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Figure 5: A 38 year old Maori woman shown prior to therapy. The lesion has a red 
initial colour (grade 2). This is patient 24 of table 5. 
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Figure 6: The same patient as figure 5 after 4 treatments. Her lesion has shrunk by 
70% and has considerably faded in colour (Grade 2 on Quabba's scale). However the 
difficulties with pigmented skin are illustrated by a smalll em by 0.5cm hypertrophic 
scar on the lower left jaw bone. This patient was satisfied with the treatment at 
this point and has been discharged. 
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Table 5: 

Patient Age Area Initial Number Area loss Col change Comments 
. (years2 (cm2) colour sessions (%) {Quabba) 

1 5 47 1 5 83+ 1 
2 11 18 1 3 100 3 
3 13 5 1 4 80+ 1 
4 13 36 1 3 97+ 2 0.5 cm2 hypertro-

phic scar 
5 15 84 0 1 85+ 0 
6 16 4 3 2 100 3 some previous 

Ti02 tattoo 
7 18 135 1 4 70+ 1 
8 21 18 2 5 92+ 2 
9 21 31 2 5 74+ 2 
10 21 33 2 5 95 2 
11 22 55 3 3 70+ 2 Neck- removed, 

face - col decrease 
12 23 2 1 2 75+ 0 
13 23 12 1 3 75 2 
14 26 14 2 3 100 3 slight hollow 
15 27 52 2 9 78+ 2 
16 29 28 2 3 100 3 
17 31 33 2 4 80+ 2 
18 31 71 2 5 86+ 2 
19 33 4 3 3 75+ 2 
20 33 36 0 3 100 3 
21 36 20 2 4 75+ 2 
22 38 21 1 3 75+ 1 
23 38 188 3 5 85 2 
24 38 66 2 4 70 2 PiCmented skin. 

0. cm2 hyper-
trophic scar 

25 40 12 2 4 79+ 2 
26 41 50 2 5 100 2(3-1) slight hypo-

pigmentation. 
27 45 16 2 4 94+ 2 
28 45 42 2 2 87+ 2 
29 46 66 1 4 85+ 1(2-1) slight hypo-

pigmentation. 
30 54 58 3 3 70+ 2 
31 55 28 2 3 100 3 
32 58 85 2 5 77 1 
33 64 31 2 4 77+ 2 Test Argon had 

left 2 hvpo-
pigmented marks. 

34 64 71 2 5 70+ 2 
35 67 29 3 4 71+ 2 

200 1 1 
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Table 6: 

Patient Age Area Initial Number Area loss Col change Comments 
(years) (cm2 ) colour sessions (%) (Quabba) 

1 8 7 2 4 29+ 0 
2 14 101 1 4 0 0 
3 15 6 0 5 16+ 0 
4 16 150 1 4 0 0 Maori 
5 17 175 1 7 0 0 
6 18 49 1 6 18 0 
7 20 24 1 6 16 0 
8 20 4 0 6 25 0 
9 21 7 1 4 29+ 0 
10 32 9 1 6 22 0 

somewhere between the good results (Table 5) and the poor results (Table 6) at this 
stage of their treatment. 

The obvious difference between the good and poor results is that the age and 
initial colour distribution of the poor results is lower than that of the good results. 
Of all the patients who had undergone four or more treatments 10% responded 
poorly and 21% fall into the good catogory. The other 68% of patients are still 
undergoing treatment, some of which may yet have a good result. In addition 11% 
of those who have yet to undergo four treatments have already had 70% or more of 
their lesion removed. 

We find that most of the colour and area reduction occurs with the first few 
treatments and thereafter the lesion becomes more difficult to treat. This is probably 
because of the deeper nature of the ectatic vessels. 

The poorest results were from spongy /salmon-pink stains that had a tendency 
to blanch quickly (particularly patients 1,3,7 and 9 in table 6). In some cases there 
was no detectable change in colour. These also had small areas and although some 
area change is evident, visually it is not a significant change. Ratz 1987 suggests 
that these lesions, which blanch quickly yet do not produce a good result, are likely 
to have faster flowing blood and hence a less effective "target" for the light. 
(ii)Adverse effects Adverse effects have been recorded; six cases of. scarring, two 
cases of hyperpigmentation (excessive browning) and two cases of hypopigmentation 
(excessive whitening). In all six cases of scarring, only a small fraction of the treated 
area. (less than 5%) was affected. Table 7 gives the percentages for the adverse effects 
per patient and per treatment. The 3.5 ± 1.4% patient scarring rate is less than the 
5 to 30% rates for argon ion lasers (Cosman 1980; Dixon et al., 1984; Apfelberg et 
al. , 1987 ). 
(iii)Comparison with argon laser The clinical resultsfrom the copper vapour laser 
for the treatment of port wine stains show a marked improvement in most patients. 
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Figure 7: A 45 year old Caucasian man shown prior to therapy. The lesion has a. 
red initial colour (grade 2). (patient 28, table 5.) 
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Figure 8: The same patient as figure 7 after 2 treatments. The treatable area has 
shrunk from 42 cm2 to 9 cm2 and has considerably lightened in colour (grade 2). 
This patient is continuing treatment. 
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Table 7: 

per <JW<HvJ.LO 

per treatment 
Hyperpigmentation per patient 

per treatment 
Hypopigmentation per patient 

treatment 

1.4±0.5 
0.5±0.3 
1.4±0.5 
0.5±0.3 
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Our own experience was that these results were better than those we had obtained 
with the argon ion laser. However, because of differences in treatment technique 
and laser parameters between ourselves and other treatment centres it is difficult to 
make a statistically significant comparison between the two laser systems. 

Discussion 

We have found the change in percentage area of port wine stains to be independent 
of the treatment parameters of power and scan rate. We have observed that lesions 
tend to be resolved from the outside in, and suggest that this may be so because 
the outside of a lesion is often thiner than its center, that is "saucer-shaped". 

The greater colour change in the darker lesions is indicative of a greater absorp
tion of light. 

The adverse effects of treatment with the copper vapour laser are few compared 
to those associated with argon treatments, and although the number of patients 
was insufficient to confirm our suspicion that fewer adverse effects occur with higher 
levels of power, we nevertheless postulate that this may be the case. The physical 
reason for such a phenomenon would be that, at high levels of power, the exposure 
times are shorter and the heat is contained within the immediate surroundings of 
the ectatic vessels. 

We have also described the difficulty we encountered in treating non-Caucasian 
patients, which was due primarily to the blocking of light to the capillaries by the 
overlying melanin. 

The theoretical work (Anderson and Parrish 1981; van Gernert et al., 1982; van 
Gernert et al., 1986; Pickering et al., 1989) suggests that the optimal exposure time 
is in the range of 3-10 ms. Our shortest exposure time is 40 ms, while the longest 
pulsed dye laser is about 0.45 ms. Our direct correlation between high power (or 
fast scan rate) and colour change seems to confirm this theoretical work. 
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The thermal relaxation time of a structure is an estimate of the time required for 
that structure to release a certain fraction of the heat within it. In the case of blood 
vessels this time is normally defined as: 

The time it takes for the central temperature to fall to half way between 
its peak temperature and the temperature of the structures surroundings. 

To calculate this time we begin with the fundamental law of heat conduction (in 
one dimension): 

where 

dQ 
dt 

Q is the heat within the structure, 

t is the time, 

"l is the thermal conductivity, 

dT = -'flA
dx 

A is the area through which the heat is conducted, 

T is the temperature (K), and 

x is the path length of the conducted heat. 

(F.l) 

In the case of a blood vessel we have a cylindrical structure oflength l and radius 
r. The heat contained within this structure when at a temperature D.T above its 
surroundings is: 

(F.2) 

If we approximate the temperature gradiant ( ~';) as b.rT and allow the vessel 
length to be long in comparison to the radius so that most of the heat conducts 
through the vessel walls, then by substituting into equation F.l, we have for a 50% 
drop in the relative peak temperature a thermal relaxation time ( r) of: 
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1 
= 4 rj 

(F.3) 

This illustrates the approximate nature of the thermal relaxation time. This 
equation, with the values for p, Cv, and rJ from table 1 Pickering et al, 1989a, 
gives a thermal relaxation time for a 30 Jtm diameter vessel of 0.3 ms, and a 100 ttm 
diameter vessel of 3.5 ms. 

Similarly we may calculate the thermal relaxation time of a sphere. This is: 

Tsphere = (F.4) 

In particular if we approximate erythrocytes and melanosomes as spheres then 
we have a thermal relaxation time for a 5 Jtm diameter erythrocyte of 0.006 ms and 
for a 0.7 Jtm diameter melanosome of 0.0001ms. 

The calculation of the thermal relaxation time is most useful if it happens to be 
considerably longer than the illumination time. In this case we may estimate that 
most of the energy absorbed within the structure will result in a temperature rise 
or phase change, rather than be conducted away from the structure. 

Two applications of this principle are particularly important. The :first is with 
pulsed dye lasers with pulse lengths much shorter than 0.006 ms (usually 0.0003 ms, 
0.001 ms, or 0.0015ms). An erythrocte has a mass of approximatey 6.5 X 10-11 

gm. Thus, with a heat of vaporisation of 2274 J gm-1, 1.5 X 10-7 J of energy would 
need to be absorbed at the boiling point of the haemoglobin in order to vaporise 
the cell totally. If we approximate this erythrocyte as a disk of 5 ttm diameter and 
a volume the same as a sphere of this diameter, approximately 27% of the incident 
light will be absorbed. To raise the sphere to a temperature of 100 °C would require 
approximately 0.3 J/cm2 • Any excess energy would therefore result in vaporisation 
of some of the haemoglobin within the cell. The resulting rapid expansion of the 
steam is likely to cause cell and vessel wall rupture. This phenomenon has been 
observed at these illumination times. 

The second application of the thermal relaxation time of a structure uses a similar 
argument to above but with respect to melanosomes. This suggests that at 351 nm 
and with a pulse length much shorter than 0.0001 ms, approximately 0.04 J /cm2 

will heat the melanosome to 100 °C. Additional energy would result in some of 
the melanosome vaporising. The skin surface threshold fluence for melanosome 
degradation at this wavelength is 0.12 J /cm2 (Murphey et al. 1983). 

The other potential use for considering thermal relaxation times is when assessing 
for some heating time scale whether structures are thermally isolated from each other 
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or not. If the illumination time is much longer than the thermal relaxation time of 
the structure then during its heating a considerable amount of heat will be conducted 
away and surrounding structures can be expected to be heated. However, what is 
of major importance is the separation between structures. Close, or in contact, 
structures such as erythrocytes within blood vessels are unlikely to be thermally 
isolated, except on the shortest of illumination times when the total heat generated 
is small. Yet, structures such as blood vessels are thermally isolated except with 
the very long (hundreds of milliseconds) illumination times. For example we find 
that for a 50 p,m diameter vessel, a 30 ms illumination time, and a maximum blood 
temperature of 100 °C that the maximum temperature at a distance of 95 p,m above 
the vessel lumen is 35.9 °C. The average inter-vessel distance (Barsky et al. 1980) 
is 120 p,m. Thus, we conclude that for all but the longest illumination times that 
the vessels are, on average, thermally isolated from one another. However, some 
vessels may be exceptionally close to one another, or may be sufficiently close to the 
epidermis, for them not to be thermally isolated. 
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