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Abs t r ac t .  Port-wine stain is a congenital bir thmark consisting of an abnormal density of blood 
vessels in the upper dermis. The enlarged blood volume gives the lesion a red to purple colour. 
The  aim of the treatments is to destroy the vessels to the extent necessary for obtaining a 
normal skin coloration. Thus, in principle, all relevant information about the lesion should be 
contained in a reflectance spectrum in the visible. However, the relation between the reflectance 
spectrum and tissue parameters such as scattering, melanin content and blood distribution is 
somewhat composite. This work tries to enlighten this relation in terms of a very simple 
analytical mathematical  model, and it is demonstrated that  such a model at least will contribute 
to a qualitative understanding of the relevance of the various parameters. 

INTRODUCTION 

At present, the best therapeutic technique for 
port-wine stains (PWS) is laser-induced selec- 
tive photothermolysis. The principle is to 
induce thermal damage to the vessels in such a 
manner that  the temperature of the surround- 
ing normal dermis is maintained below the 
threshold for damage (1) .  Selectivity is 
obtained by choosing the proper wavelength 
together with a pulse duration that  is equal to 
or smaller than the time required for heat to 
diffuse across the target. The wavelength is 
selected to correspond to a high absorption in 
blood together with small absorption in dermis 
and epidermis. The selected wavelength is usu- 
ally 577 nm which corresponds to an absorp- 
tion peak in oxyhaemoglobin, or 585 nm which 
is close to an isosbestic point in the absorption 
spectrum of haemoglobin and oxyhaemo- 
globin. The dimensions of the vessels vary over 
a range of 10-200 ~m in diameter, but ectatic 
venules up to 300#m are also found (Fig. 1). 
The vessels are typically located at a depth 
from the skin surface of 200-300 Fm and deeper. 

The optical penetration depth in whole 
blood in the wavelength region 577-585 nm is 

about 30-40 #m, and the penetration depth in a 
typical PWS region with 5% average biood 
content is in the range of 100-200~m. The 
pulse duration of present commercially avail- 
able devices is limited to 0.45 ms, correspond- 
ing to a thermal diffusion length of about 
10Fm in tissue. The depth of damage to the 
vessels is therefore limited by the optical pen- 
etration depth. 

Fading of the intense red/purple colour of 
the lesions requires that  the diffuse reflection 
coefficient in the green/yellow region (X=500- 
600 rim) is increased from the typical value of 
0.1-0.2 for PWS and up to the value of 0.2-0.3 
for normal skin. This can be obtained if the 
dermal blood content is reduced to normal 
values for depth up to about 500~00~m. 
Deeper located vessels will give rise to a faint 
bluish-black appearance, very much in the 
same manner as normal larger vessels are seen 
on the volar side of the extremities. A complete 
return to normal skin colour requires that  the 
diffuse reflectivity in the red region (X=600- 
750 rim) is brought up also to normal values, 
requiring that  normal blood content is 
obtained in the upper 800-1000~m dermal 
layer. 
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Fig. 1. Histopathology of port-wine stain. 

Thin, shallow PWS lesions with thickness 
less than about 200/~m might demonstrate 
excellent blanching after one to two treat- 
ments whereas a thick lesion might show very 
little improvement after the same treatment. 
Treatment of deep lesions might also be diffi- 
cult because the optical fluence will be attenu- 
ated in the overlying normal dermis. The opti- 
cal dose in normal dermis at a depth of 500- 
600/zm will only be about 50-70% the dose 
immediately below the epidermis. However, 
the blanching of the PWS region is not only 
dependent upon reduction in blood content of 
the upper dermal layers; it is equally important 
that  the scattering properties of epidermis and 
dermis are preserved during the treatment. 
The normal epidermal and dermal scattering 
coefficients are typically a factor of 10 larger 
than for muscle tissue. A reduction of this 
coefficient by a factor of 4-5 has the conse- 
quence that  even though excessive dermal 
blood content is returned to normal values, 
the skin will still maintain the typical PWS 
coloration. 

Overheating of the epidermis and the dermis 
during treatment with a subsequent necrosis 
and scarring will alter the scattering coeffi- 
cient. Epidermal overheating is primarily due 
to absorption in melanin, hence a high content 
of melanin can be a limitation to a good thera- 
peutic result; The possibility for epidermal 
overheating also increases with repeated treat- 
merits even if the irradiant  dose is kept the 
same. The epidermal fluence in treated and 
blanched regions will, due to an increase in the 
internally backscattered light, be about 20% 
higher than in the untreated region. 

However, it is possible to protect the epider- 
mis from thermal damage by selectively cool- 

ing it prior to laser exposure (2, 3). Selectivity 
is obtained by taking advantage of the dynam- 
ics of the cooling process. A sudden cooling of 
the skin surface will create a cold region that  
expands into deeper dermal layers with time. 
The cold region propagates into skin as a 
dispersive wave, and the time required to 
reach a certain depth is proportional to the 
square of the distance from the surface. 
The time delay before the cold front will reach 
the layer of the abnormal port-wine stain blood 
vessels at a typical depth of 2-300/~m, is of the 
order of 100 ms. Therefore, if the duration of 
the cooling is less than 50 ms, it is possible to 
cool the epidermis without affecting the tem- 
perature of the dermis. In t reatment  of deep 
lesions it might be necessary to increase the 
optical dose well above the threshold level for 
epidermal damage. In such cases the epidermis 
and the upper 300/~m of the normal dermis can 
be protected from an unacceptable tempera- 
ture rise by cooling for about 200 ms prior to 
firing the laser pulse. 

A good therapeutic response might also 
require tha t  the epidermis and dermis have a 
normal structure prior to treatment: PWS 
lesions with abnormal low scattering might 
never obtain normal coloration even if 
repeated treatments have restored a normal 
blood vessel density in the entire dermis. 

The present study evaluates the influence on 
the visual appearance of normal skin and port- 
wine stains by scattering, melanin content and 
blood distributions. The analysis uses a simple 
mathematical analytical model based on opti- 
cal diffusion theory. The reason for using such 
a simple model is that  it enables an under- 
standing for the importance of the various 
parameters. It should also be remembered that  
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any mathematical  mode] of a complex, inhomo- 
geneous structure, such as skin must be based 
on very extensive simplifications. However, 
even though the predicted values might only 
be of semi-quantitative character, they will 
still carry significant qualitative information. 

The presented model may give a qualitative 
understanding that  might be useful when 
establishing the treatment protocol. 

PROPERTIES OF BLOOD AND SKIN 

The optical properties of human erythrocytes 
at 685nm wavelength are reported as 
,ttsc,b=55.09 X 10 -12 m 2, #~c,b=0.059 x 10-12 m 2, 
and gb=0.9949 for, respectively, the scatter- 
ing cross section, the absorption cross section 
and the average cosine of the scattering 
angle (4). 

The corresponding coefficients for whole 
blood with haematocri t  H is (5), 

H 
]Aa,b ~ #ac,b VZ 

H ( 1 - H ) ( 1 . 4 - H )  
~s,b = Psc,b 

Ve 
H ( 1 - H ) ( 1 . 4 - H )  

Iz~,b = Psc,b 
Ve 

(1) 

(1 -gb) 

where /ta, b, /~,b and / ~ , b  are, respectively, 
the absorption coefficient, the scattering co- 
efficient and the reduced scattering coef- 
ficient. The erythrocyte volume ve is 
ve=l .25  x 10 -16 m 3. 

The spectral dependence of the absorption 
coefficient for 80% oxygenated blood at physi- 
ological concentration (150 g 1- ~ haemoglobin 
or H=0.41) is shown in Fig. 2. The graph, 
which is based on the following empirical- 
analytical approximation, corresponds well 
with data in the li terature for the visible part 
of the spectrum (6, 7) 

#~ = H  25 000(30e- + 2e 

+ 3 . 2 e - \ ~ ;  + 2 . 4 e - \ ~ ]  + 0 . 2 5 e - \ ~ )  

?~-6ooV /~-76oV {~-9oo V 
+ 0 . 0 3 5 e - \ ~ Y  +0.01e-\  -$6-) + 0 . 0 7 5 e - \ ~ /  

(2) 
The wavelength X is in nm. 

57 

105 

09 

10 4 

~ 10 3 

I i r 

400 500 600 700 800 900 
Wavelength (nm) 

Fig. 2. Absorption coefficient versus wavelength in whole 
blood of haematocrit H=0.41 with 80% oxygenation: 

The scattering coefficient of the dermis and 
the epidermis is reported to be strongly 
wavelength dependent in the ultra-violet 
region. The wavelength dependence is more 
weak in the 450-800 nm region where the coef- 
ficient is almost proportional to the inverse 
wavelength. The scattering coefficient has 
been reported to be/G=50 mm 1 at ),=577 nm 
(8-10). The wavelength-dependent scattering 
coefficient thus becomes, 

29 x 106 
(3) 

where ~Us, e and,us, d are, respectively, the epider- 
mal and dermal scattering coefficients, and the 
wavelength, X, is in nm. Very few reported 
experimental values for dermal scattering 
coefficients are available, but a value of 
#s.d=21.7mm -1 at ~,=633nm has also been 
reported (8). 

The scattering is strongly forward directed 
and the average cosines of the scattering angle 
are reported to be in the region of g=0.8. The 
following expressions for the wavelength 
dependence of g is reported (8) 

g e ~ g d = 0 . 6 2 + 2 9  • 10 -5 X (4) 

where X is in nm. 
The scattering coefficient of the port-wine 

stain region will be estimated as the weighted 
average between the properties of blood and 
normal dermis. The scattering coefficient and 
the reduced scattering coefficients are thus 
expressed, 
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tts.pw = =,u .d(1 -Bpw=) 

~sc.b 
H(1 - H ) ( 1 . 4 - H )  

Ue 
B pWS 

p:.pw==p=,e(1 -gd)(1 -Bpw ) 

(5) 

H ( 1 - H ) ( 1 . 4 - H )  
+ Ps<.b (1 --gb)Bpws 

Ve 

The absorption coefficients of the epidermis, 
the normal dermis and of the port-wine stain 
region will correspondingly be expressed as 
weighted averages of melanin and blood 
absorption. The melanin absorption is strongly 
wavelength dependent and in the wavelength 
region 500-900 nm it is approximately propor- 
tional to the fourth power of the inverse wave- 
length (6). The absorption coefficients can thus 
be expressed, 

/'694~ ~ 
 o,=p . . . .  69,t - ) 

Pa,pws=t~a,bBpw= + Pa,,(1-Bpw=) 

In the mathematical  model the epidermal/ 
papillary dermis layer will be defined as a layer 
of uniform thickness containing all the 
melanosomes. The non-planar geometry of the 
stratum papillare implies that  the absorption 
in blood in the papillae should be taken into 
account for this layer. The absorption coef- 
ficient of the epidermal layer,/l  .... is therefore 
taken as  the sum of the average melanin 
absorption ~ . . . .  G94 at 694 nm), blood absorp- 
tion due to blood in the papi]lae (average blood 
fraction, Be, in the total epidermal layer) and 

.... which is a non-melanin and non-blood 
related absorption in the dermis and epider- 
mis. This last value is taken to correspond to 
the absorption coefficient of low absorption 
tissues such as the human eye and uterine 
tissue, i.e. typically ~ta,~=0.025 mm -1 at 600- 
900 nm (11). The absorption coefficient in the 
dermis, ~,d,  is taken as the contribution from 
the blood fraction, Bd, together with the same 
wavelength independent term as in the epider- 
mis, e.g. the total  absorption coefficient at 
585 nm with a blood fraction of 1% will be 
Ila,d=0.26 nun-1.  The absorption coefficient of 
the port-wine stain layer, ~,pw=, is taken as the 
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weighted average of the contribution from the 
blood fraction, Bpw =, and the bloodless dermis. 

The average absorption coefficient of epider- 
mal melanin was measured in vivo with irradi- 
ance from a pulsed laser. The properties were 
evaluated from the threshold irradiated flu- 
ence for immediate whitening of the epidermis 
(12). In order to avoid artefacts from absorp- 
tion in haemoglobin, the measurements were 
done at 694 nm where skin absorption is domi- 
nated by melanin. The measurements were 
done with a free-running ruby laser with 0.5 ms 
pulse length. The thermal diffusion length in 
epidermis for this pulse length, i.e. 10~tm, is 
larger than both the melanosomal dimension 
(0.5-1~tm) and the inter-melanosomal distance 
(2-5 ~m), but still short compared to the epider- 
mal thickness (60-100 ~m) (3, 13). The heat will 
therefore be almost uniformly distributed over 
the epidermis, and very little heat  will diffuse 
out of the epidermal layer during the pulse. 
The average epidermal absorption coefficient 
can therefore be found from the approximate 
expression (see Appendix, equations A7 and 
AS), 

•AT ~AT 
- ( 7 )  

P .... 69t+Pa'"-  X%~ )~W~ 

where AT=80K is the temperature rise 
required to increase the temperature from the 
normal value of 30 ~ to the threshold level for 
thermal damage at 110 ~ (14). The parameters 
(~tot,K,~ and A~ are respectively, the sub- 
surface fluence rate, the thermal conductivity 
(0.45W mK -1) (11), the thermal diffusivity 
(1.1 • 10 -7 m 2 s-1) (11) and the pulse length 
(0.5 ms). The incident energy density is given 
by W 0. The diffuse reflection coefficient is 
given by 7, and/~a,~ is the non-melanin related 
tissue absorption coefficient. The parameter A 
characterizes the internal reflection of diffuse 
light at the skin-air  interface. This parameter 
is determined by the index of refraction of 
skin. This index of refraction decreases with 
water content and a maximum of n=1.55 is 
reported for s tratum corneum (11, 15). The 
value for A is calculated to A=0.17 for an 
index of refraction equal to n= 1.4. The subsur- 
face fluence rate is a factor of (1+7/A) larger 
than the incident irradiation (see Appendix, 
equation A13). 

The measurements give values for the 
threshold incident fluence W 0 from 10-15 to 
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Fig. 3. Penetration depth in skin and PWS vs wavelength. 
Average melanin absorption coefficient: fair Caucasian 
,Ua, m,694=0.300 mm -1, African/Za, m , 6 9 4 = 2  mm-L Scattering 
coefficient: epidermis//s,e,577=50 mm -~, dermis 
/,t s,d,577=25 mm -1 . 

20-25 J cm -2. The lower set of values was 
found for moderately dark Asian and 
Caucasian skin (Middle East), and the upper 
values are for fair Caucasian skin (North 
European). The diffuse reflection coefficients 
at 694nm for moderately dark Asian and 
Caucasian skin (Middle East) were determined 
to be 0.42-0.48 and the corresponding values 
for North European skin were 0.45-0.55. These 
values determine an average absorption coef- 
ficient for moderately dark skin in the range of 
t t  . . . .  694=0.535-0.905mm -1 and a correspond- 
ing set of values for fair skin of~t . . . .  694---0.280- 
0.325 mm -1. However, no epidermal damage 
was observed in sun-protected North 
European skin for an incident fluence up to 

�9 about 30 J cm-2,  thus indicating an average 
melanin absorption coefficient less than 
# ..... 694=0.225mm -1. The actual absorption 
coefficient of the individual melanosomes will, 
since they occupy only 0.1-1% of the epidermal 
volume, be  two to three orders of magnitude 
higher than the average value. 

The calculated penetra t ion depths versus 
wavelengths in the epidermis, the dermis and 
the port-wine stain region are shown in Fig. 3. 
The volume fractions of blood in epidermis/ 
papillary dermis, dermis and PWS are, 
respectively, 0.2%, 1% and 5%. 

DISCUSSION 

Measured in vivo, diffuse reflectivity for vari- 
ous types of normal skin is shown in Fig. 4. The 
spectra were measured with an integrat ing 
sphere. Spectra N.E.1 and N.E.2 were 

0.7 

0.6 

0.5 

0.4 
~9 

0.3 

;~ 0.2 

0.1 ~ 

I I I I I I 

450 500 550 600 650 700 750 800 
Wavelength (rim) 

Fig. 4. In vivo diffuse reflectance spectra for human skin 
of various pigmentation (see text for abbreviations). 
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Fig. 5. Reflection coefficient of skin vs wavelength. N.E.: 
Fair Caucasian (North European); M.E.&A.: Caucasian 
(Middle East) and Asian; Af.: African. 

measured on North European skin. The curve 
marked N.E.1 was measured on a fairly white 
region on the volar sid e of the upper arm 
whereas N.E.2 gives the results for the sun- 
tanned dorsal side of the same arm. Spectra 
A.1 and A.2 were taken at the dorsal side of the 
forearm of two Asian males having moderately 
pigmented skin, and curve M.E. gives values 
from the same region of a Caucasian male from 
the Middle East. The lower curve, Af., gives 
the corresponding spectrum for a female of 
African origin. 

The corresponding calculated reflectance 
spectra are shown in Fig. 5. The calculat ion 
is based on a simple two-layer model (see 
Appendix, equation A14). The blood volume 
fractions in the epidermis/papillary layer and 
in the dermis are, respectively, 0.2% and 1%. 
The epidermal and dermal scattering coef- 
ficients are, respectively,/q.e,svv=50 mm-1  and 
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Fig. 6. Diffuse optical fluence rate versus depth in 
epidermis (0-100/~m) and dermis. Wavelength 694 nm. 
(See Fig. 5 legend.) 

~s,d,577=25 m m - 1 .  The upper  curve  is val id  for  
an average  melan in  absorp t ion  coefficient cor- 
responding  to ve ry  fair  Nor th  E u r o p e a n  skin, 
t t . . . .  G~4 = 0 . 3 m m  1; the  middle cu rve  corre-  
sponds to Middle  Eas t  and modera te ly  pig- 
mented  Asian skin, tt . . . .  694=0.8 m m -  1; and the  
lower curve  gives the  ref lect ion coefficient for  
Afr ican  skin,/~ . . . .  694-:2.0 Irln2 1 

The ref lect ion spec t ra  of Caucas ian  skin 
c lear ly  demons t ra t e  the  haemoglob in  absorp- 
t ion  for wave lengths  shor te r  t h a n  600 nm, 
whereas  the  spec t rum of  Afr ican  skin  is 
domina ted  by melan in  absorpt ion.  

The  co r re l a t ion  be tween  the ca lcu la ted  spec- 
t ra  in Fig. 5 and  the  measured  ones in Fig. 4 is 
good. However ,  the  fact  t ha t  the ca lcu la ted  
values  t end  to be h igher  t han  the  measu red  
ones might  ind ica te  tha t  the  used va lues  
for the  ep idermal  and dermal  sca t t e r ing  
coefficients are  somewhat  too high. 

The ref lect ion coefficient in the  r ed -nea r -  
infra-red region,  which  is abou t  one order  of  
magn i tude  h igher  t h a n  the  specular  ref lected 
light, is due to the  build-up of a s t rong diffuse 
f luence ra te  in the  epidermis and upper  der- 
mis. A typica l  d i s t r ibu t ion  for the  diffuse 
f luence ra te  in this  wave leng th  reg ion  is 
shown in Fig. 6, which  shows the  diffuse 
f luence ra te  a t  694nm wave leng th  for an  
inc ident  col l imated beam with  power  densi ty  
normal ized  to uni ty.  The  diffuse f luence ra te  
in Caucas ian  and Asian skin is thus  abou t  
3.5-4.5 t imes h igher  t h a n  the i r rad iance .  The  
cor responding  va lue  for Afr ican  skin is abou t  
2.5. The  to ta l  f luence ra te ,  i.e. the  sum of  the  
power  densi ty  in the unsca t t e r ed  col l imated  
inc ident  beam and  the  diffuse f luence rate ,  is 
shown in Fig. 7. The  cor responding  distr ibu- 
t ions for a wave leng th  in the yel low par t  of 
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Fig. 7. Total optical fluence rate versus depth in epidermis 
(0-100/~m) and dermis. Wavelength 694 nm. (See Fig. 5 
legend.) 
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Fig. 8. Diffuse optical fluence rate versus depth in 
epidermis (0-100 ttm) and dermis. Wavelength 585 nm. 
(See Fig. 5 legend.) 
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Fig. 9. Total optical fluence rate versus depth in epidermis 
(0-100/~m) and dermis. Wavelength 585 nm. (See Fig. 5 
legend.) 

the  spect rum,  i.e. 585 nm, are  shown in Figs 8 
and 9. 

Ca lcu la ted  re f lec tance  spect ra  for  Caucas ian  
skin wi th  PWS are  shown in Fig. 10. The 
average  me lan in  absorp t ion  coefficient 
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Fig. 10. Reflection coefficient of normal skin and PWS with 
different blood fractions (5% and !0%) vs wavelength. 
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Fig. 11. Total optical fluence rate versus depth in 
epidermis (0-100 ffm) and dermis. Wavelength 585 nm, 

~t . . . .  694--0.4rain -1 cor responds  to modera t e ly  
fai r  Caucas ian  skin. The  ca lcu la t ion  is based 
on  the  two-layer  model  assuming tha t  the  PWS 
inflicts the  en t i re  dermis (see Appendix,  equa- 
t ion  A14). The upper  curve  corresponds  to a 
normal  dermal  b lood con ten t  of 1% whereas  
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the  middle and  the  lower  curves  cor respond  to, 
respect ively ,  PWS wi th  5% and 10% blood 
content .  The  ep idermal /papi l la ry  dermis 
b lood f rac t ion  is 0.2%, and the  epidermal  and 
dermal  sca t te r ing  coefficients are, respect ively,  
/ts,577=50 mm -1 and/xs,577=25 mm - t .  A simple 
es t imate  of the  redness  of the  skin can be found 
f rom the ra t io  be tween  the  ref lect ion coef- 
f icient in the  green/ye l low and in the red par t  
of  the  spectrum,  e.g. f rom the  ra t io  be tween  the  
diffuse ref lec tances  at  550 nm and  650 nm. A 
low Value of  this  ra t io  cor responds  to an  
in tense  red co lour  and  a value  equal  to 1 
cor responds  to a complete  whi te  surface. The  
ra t io  is abou t  0.5 for  the  PWS regions  shown in 
Fig. 10 and the  ra t io  is about  0.6 for normal  
skin  colora t ion .  

The cor responding  d is t r ibu t ion  of the  to ta l  
opt ica l  f luence in the  dermis and epidermis at  
585 nm wave leng th  is shown in Fig. 11. 

High  ref lec t iv i ty  is s t rongly  dependent  on a 
h igh  sca t t e r ing  coefficient. An example of the  
effect of a lower  ep idermal  sca t te r ing  is shown 
in Fig. 12(a) where  the  epidermal  sca t te r ing  
coefficient  has  been  reduced  by a fac tor  of 2 
compared  wi th  the  va lue  used in Fig. 10. 
F igure  12(b) shows the  addi t iona l  effect of  a 
lower  dermal  scat ter ing.  

The resul ts  shown in Fig. 12(a, b) show th a t  
a r educ t ion  of the  sca t t e r ing  coefficient by a 
fac tor  of  2 has  a s ignif icant  impact  on the  
reflect ivi ty.  This effect is fu r the r  demons t ra t ed  
in Fig. 13. The  upper  two curves  correspond,  
respect ively ,  to normal  dermis wi th  1% blood 
and  to a PWS wi th  5% blood content .  The  
sca t t e r ing  coefficients have  the  same values  as 
those  used in Fig. 5. The  lower  curve  corre- 
sponds, however ,  to a normal  1% blood con- 
t en t  whereas  the  epidermal  and  the  dermal  
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Fig. 12. Reflection coefficient of normal skin and PWS vs wavelength. (a) Scattering coefficient epidermis #s,~77=25 mm -1, 
dermis #s,577=25 mm -1. (b) Scattering coefficient epidermis #s,577=25 mm -1, dermis ~s,577=12.5 mm -1. 
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Fig. 13. Reflection coefficient of normal skin (upper curve), 
PWS (middle curve) and skin with normal dermal blood 
content but with reduced scattering (lower curve). 

sca t t e r ing  coefficients a re  reduced  to ps,~77 = 
1 0 m m - 1 .  I t  should  be no ted  t h a t  this  low 
va lue  is stil l  two  to t h r ee  t imes  l a rge r  t h a n  the  
s ca t t e r i ng  coefficients for mos t  o the r  t issues.  
The r educed  s c a t t e r i n g  resu l t s  in a s igni f icant  
r edden ing  and  d a r k e n i n g  of no rm a l  skin.  

The  inf luence of the  th ickness  of  the  PWS 
layer  on the  re f l ec tance  s pec t rum  can  be evalu-  
a ted  in t e rms  of a th ree - l aye r  ana ly t i ca l  model  
(see Appendix ,  equa t ions  A7 and  A8). F igu re  
14(a) shows v a r i a t i o n  in the  re f l ec tance  a t  
585 nm as func t ion  of the  th ickness  of  the  PWS 
region.  The  PWS layer  is a s sumed  to s t a r t  a t  
the  de rma l / ep id e rm a l  b o u n d a r y  a t  100gm 
depth,  and  the  th i ckness  is va r i ed  f rom 0 to 
1.4 mm. The ref lec ted  ye l low l ight  is r educed  
wi th  inc reas ing  l ayer  t h i ckness  up to a b o u t  
150-200 pm; any  l ayer  t h i c k e r  t h a n  th is  would  
a p p e a r  to have  an  inf ini te ly  la rge  th ickness .  
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The co r r e spond ing  resu l t  for  694 nm wave-  
l eng th  is shown  in Fig. 14(b). The  re f lec tance  
he re  is dec reas ing  wi th  inc reas ing  l ayer  th ick-  
hess up to a b o u t  800-1000/~m. Shal low,  th in  
PWS les ions  will  t he re fo re  h a v e  a more  well- 
defined red  co]our  t h a n  th i ck  lesions;  the  addi- 
t iona l  r educ t ion  in b a c k s c a t t e r e d  red  l ight  in 
t h i cke r  les ions  will r esu l t  in a more  da rk  
r ed /b l ack i sh  colour.  

The  co r r e spond ing  inf luences  on the  reflec- 
t ion  coefficient f rom the dep th  of the  PWS 
layer  a re  shown  in Fig. 15. The  PWS layer  
is a s sumed  to s t a r t  a t  a va r i ab l e  depth  
f rom s t r a t u m  pap i l l a r e  whe rea s  it  a lways  
ex tends  down to the  d e r m a l / s u b c u t a n e o u s  fa t  
b o u n d a r y  region.  The  ref lec ted  yel low l ight  
inc reases  wi th  inc reas ing  dep th  for dep ths  up 
to a b o u t  400-500/lm as shown  in Fig. 15(a). The  
ref lec ted  red and  near - inf ra - red  l ight  inc reases  
wi th  i nc r ea s ing  dep th  up  to a b o u t  800-1000 # m  
[Fig. 15(b)]. Sha l low PWS migh t  the re fo re  
a p p e a r  more  b r i gh t  red t h a n  deeper  lesions.  
The  b r igh t  red will  shif t  t owards  more  deep red 
as the  dep th  of  the  les ion inc reases  to abou t  
400-500/~m, and  deeper  les ions will  a p p e a r  
more  b lue /b lack i sh .  This  p h e n o m e n o n  is the  
same effect t h a t  gives l a rge  s u b c u t a n e o u s  
blood vesse ls  in n o r m a l  skin  the  b lue /b l ack i sh  
colour.  

The  m e a s u r e d  re f lec tance  spec t r a  of  a young  
adul t  female  C a u c a s i a n  PWS pa t i en t  is shown  
in Fig. 16. The  u p p e r  cu rve  in th is  f igure gives 
the  ref lec t ion  coefficient of  n o r m a l  sk in  (sun- 
t a n n e d  uppe r  back)  and  the  lower  cu rve  gives 
the  va lue  in a r eg ion  wi th  a PWS on  the  uppe r  
back.  The  two middle  curves  give the  spec t r a  
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Fig. 14. Reflectance versus PWS thickness at (a) 585 nm and (b) 694 nm wavelength. Fair Caucasian skin 
#a,m,694=O.3 mm -1. Scattering coefficients: #s,e=#s,d=50 mm -1. Blood fractions normal dermis 1.5%, PWS 15%. Epidermal 
thickness 0.1 mm and PWS extends from stratum papillare. 
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Fig. 15. Reflectance versus depth of PWS a t (a )585 nm and (b)694 nm wavelengths. 
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Fig. 16. In vivo reflectance spectra for normal skin and 
PWS of a young adult Caucasian female. 
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from two red/purple PWS regions on the upper 
arm. 

CONCLUSIONS 

The visual appearance of normal skin and 
PWS is determined by scattering, melanin con- 
tent  and blood volume fraction in the different 
layers of the skin. An efficient blanching of 
treated PWS requires not only that  the blood 
vessel density in the upper dermis is reduced to 
normal values: it is equally important that  the 
epidermal and dermal scattering properties are 
maintained. 
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APPENDIX 

The analysis uses a simple mathematical  ana- 
lytical model based on the optical diffusion 
theory. Although the validity of the diffusion 
theory is limited in thin regions such as the 
epidermal layer, the precision of the calculated 
values for the reflection coefficient is good. The 
reason for this is that  the reflected light has 
contributions not  only from very superficial 
regions but also from deeper dermal layers. 
The diffusion approximation assumes an 
almost isotropic light distribution and radi- 
ance L can be expressed by a series expansion 
of the form (4, 16) 

(A1) 

where 9 and j are, respectively, the fluence 
rate and the diffuse photon flux vector. The 
first term in this series expansion corresponds 
to an isotropic radiance and the second term 
represents the deviation from isotropy in the 
direction given by the unit  directional vector  1 

The irradiance on a surface normal to the 
flux then becomes, 

i 
E = ~ +~- (A2) 

4 - 2  

where the + and - signs are valid for, respec- 
tively, a surface facing against the flux and 
along the flux. The diffuse photon flux vector  
is given by, 

= - ~grad(p (A3) 
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The diffusion constant  is given by ~=l /3~ t t r  = 

1/3~Us(1- g)+~ta) where ~ltr , ].Is, g and ~/a are, 
respectively, the t ransport  coefficient, the scat- 
tering coefficient, the average cosine of the 
scattering angle and the absorption coefficient. 

The steady-state equation of cont inui ty  can 
be expressed, 

d i v j  = - p,cp + q (A4) 

where q is the source density of diffuse pho- 
tons. These two equations can be combined to 
yield, 

q (A5) 

where 5 = ~(1 /3~ t r f l a )  is the optical penetra t ion 
depth. 

The boundary conditions between two scat- 
tering media can be expressed by the continu- 
ity of i rradiance in the forward and backward 
directions, i.e. 

% Jl (P2 J2 
4 

q)l J l  (4)2 J2 
4 2 4 2 

(A6) 

This equation can also be expressed in terms 
of cont inui ty of the fluence rate together  with 
continuity of the flux. 

A very useful boundary condition at the 
skin-air  interface is obtained by relat ing the 
reflected part  of the irradiat ion a t  the inside of 
the interface to the irradi t ion propagating 
back into the skin (16) 

((P J) ~ J 
Reff 4+2 = 4  2 (A7) 

where Ref  f is the effective reflection coefficient. 
The value of Reff  tha t  can be found by integrat- 
ing the Fresnel reflection coefficient for un- 
polarized light over all angles of incidence is 
0.431 and 0.493 for respectively an index of 
refraction of n=1.33 and n=1.40. 

This condit ion can also be expressed in the 
form, 

j = A ( p  (A8) 

where A = (1 - Rerr)/2( l+ Rerfl. The basic criterion 
of optical diffusion theory that  the flux shall be 
much smaller than the fluence rate is thus only 
satisfied to a limited degree at the surface 
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where A=0.2  - 0.17 for n=1.33 - 1.4 (16). How- 
ever, the ratio is small enough to justify the 
use of the diffusion theory as a reasonably 
good approximation. 

A three-layer model of the skin is composed 
of an epidermal layer extending to depth d~, a 
normal dermis extending from d~ to d 2 and a 
PWS layer extending from depth d 2 to infinity. 
The depth of the epidermal layer is taken to 
the deepest region of the stratum papillare. 
This definition implies that  the epidermal/ 
stratum papillare layer will contain the blood 
in the papillae in addition to all the melanin. 

The incident light density P first undergoes 
specular reflection at the skin-air  interface 
and the transmitted light P0 is assumed to be 
gradually scattered to an isotropic distribu- 
tion. The source density of diffuse photons in 
the layers will thus be expressed, 

O < x < d  1 
ql =POP',1 e-~'''~ 
d~ <x <d  z 
q2 = PoPs1,2 e - ' U ' r " d ' e - ' U ' " = ( x - d ' )  

d 2 < x < ~  
q 3  = P o#~. 3 e  - ~ ' " * d * e  - u , , ,~( ,~  - d~) e - ,.~.,(x - ,~o 

(A9) 

where x is the distance from the skin surface 
and /z~,=/~,(1-g) is the reduced scattering 
coefficient. The indices 1, 2 and 3 refer, respec- 
tively, to the epidermis, the normal dermis and 
the dermis with PWS. 

The solutions in the different regions can 
thus be written, 

2 1 Po51#s,1 
q)l --~1(1 2 2 

2 1 Po52#s,2 
(P2--~2(1 2 2 

- - / Z t r , 2 5 2 )  

2 1 Po53/As,3 
(P3 =~3(1 2 2- - - , / / t r , 3 5 3 )  

x 

+ A s e - E  

x x 

e-~ ..... +Ale-~l  +A2e~ 

x x 

e-  ",. ,<e- ",, ~(x-<) + A 3e- ~ + A4e 

e - i , , , , , d ~ e  , u , , , 2 ( d 2 - d ~ ) e - , U , , . 3 ( x - - d 2 )  

(A10) 

The values for the constants A I - A  5 can be 
found by using the boundary condition given 
in equation A8 at the skin-air  interface 
together with the conditions of continuity of 
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fluence rate and flux at the epidermis-dermis 
boundary and at the normal dermis-PWS der- 
mis boundary (equation A6). The diffuse reflec- 
tion coefficient from the skin can then be 
expressed by, 

j Ix=o (All)  
7=  Po 

which follows from equations A3 and A10. 
The diffuse fluence rate in the upper epider- 

mal 4ayer, ie the stratum corneum, can be 
expressed, 

q)[x=o - j [ x = ~  3,P 0 (A12) 
A 1 - R e z  

When taking the unscattered incident flux 
into account, the total subsurface fluence rate, 
q)tot, thus becomes, 

(2(1 + Rez )  l~Po (A13) %~176176 - 1----~r162 7+ 

The expression for the reflection coefficient 
in the three-layer model is of very simple math- 
ematical structure. However, it is somewhat 
composite and will therefore not be writ ten out 
in detail. The reflection coefficient of the two- 
layer model follows from equations A3, A10 
and Al l ,  

dl  

{ ( 5 ~ - l ) ( 5 2 + l ) [ ~ 1 5 1 ( ~ 2 + 5 2 A ) c ~  \3~2 

sin  ] } 
The spectra shown in Figs 3 and 5-8 are calcu- 
lated from this equation whereas the values in 
Figs 9 and 10 are found from the three-layer 
model given in equation A9. 




