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1 Introduction literature the Green'’s function method has also been applied
to the analysis of pulsed photothermal radiom¢RpPTR4-1°

and infrared tomographfiRT)"8signals in order to exam-
ine the temperature distribution within PWS skin following
laser irradiation. For analysis of PPTR signals the 1D linear
heat conduction equation is assumed to apply within the skin.
An inverse problem is then derived which can be solved to
give the temperature increase after laser irradiation. The
Green'’s function for a semi-infinite, thermally homogeneous

The heating effect of laser beams has found many applica-
tions in the medical field? including eye and heart surgery
and birthmark removal. Lasers are also used extensively in
integrated circuit fabrication for annealing semiconductors
and optical recording systems for storing information in a
multilayer recording mediurf.

In this paper simple expressions for the three-dimensional
(3D) time-dependent temperature distribution within a laser- _ . : " .
heated medium containing arbitrarily shaped light-absorbing mgdlum with Robln-.type boundary condltlons Is used to ob-
regions are derived. The thermal properties of the medium aret@in the Kemnel functioriknown as thermal point spread func-

assumed to be independent of temperature. Heat is producecﬁ'o.n (TPSH]. in this Inverse proplem which can be sglved
in the medium by absorption of optical energy from an inci- using a conjugate-gradient solution method to determine the

dent laser beam and diffuses through the medium in accor_unknqwn ilnitial tempgrature profile t.hrough the. depth of the
dance with the linear heat conduction equation. The well- Iaser-|rrad|ate_d m_atenal. For an_aly5|s of IRT signals the 3D
known Green’s function methdd is used to solve this heat Green's fu.nctllon-|s gsed to_ derive the TPSF and a 3D. tem_-
conduction problem. Expressions for the temperature distribu- perature d|str|but|or! Is obtained. The method prgsented n th's
tions within semi-infinite media have been examined pervi- paper should provide a useful and computationally rapid

ously using this approadii Temperature distributions in the means for comparative calculation of 3D temperature distri-

; . . butions in laser irradiated tissue.
absence of surface losses for laser angioplasty applications

have also been examined in Ref. 7 while convective surface
losses are included in Ref. 8. Surface precooling of the skin 2 Th L Heati
for port-wine stain(PW9S removal applications has been ex- .e0|jy 0 .aser ca ln.g o
amined in detail in Refs. 9—11. In this paper the case of a The situation being modeled is shown in Figure 1. The me-
finite-thickness medium is examined, resulting in much sim- dium, of thicknesdd, lies parallel to thecy plane. The whole
plified mathematical forms that allow a wide range of heat Medium is assumed to have the same thermal properties
generating rate cases to be solved. All spatial integrations arehich are independent of temperature. The laser beam of
performed analytically so that the solutions require only one Wavelengthi is incident along the positive direction and is
numerical integratioriwith respect to timeto be performed. ~ focused over a finite region of the medium. It is assumed to
As an example of the application of the method presented, cONSist of plane waves and to have constant radius over the
the heating of a blood vessel within the skin is examined. This région of focus. Light energy is absorbed within an arbitrarily
situation arises in removal of birthmarks, such as PWS, where Shaped absorbing region causing a rise in the temperature of
the laser is used to irreversibly damage the abnormal bloodthe medium. The temperaturg(r,t), at positionr, with co-

vessels causing the unwanted skin pigmentatigr®in the ordinates(x,y,2, and timet is given by the 3D linear heat
conduction equati

Address all correspondence to C. David Wright; electronic mail:
david.wright@exeter.ac.uk 1083-3668/2001/$15.00 © 2001 SPIE

74 Journal of Biomedical Optics * January 2001 * Vol. 6 No. 1



LASER
Xoft)
. X4 Xo
Air [

Yoll)  ore LAV
VeV . I
Y27 : Laser

y S AR P .].; path
_‘ , .+ .1+ Absorbing
IR iy " 4" region
RS TU Region of
22/ focus
d Medium
Air/ \

Fig. 1 Schematic illustration of the laser heating situation being mod-
eled. Optical power is absorbed by absorbing regions lying within the
region of focus of the scanning laser beam.

pCIT(r, 1)/ gt=KV2T(r,t)+S(r,t), (1)

wherep, C, andK are the density, specific heat, and thermal
conductivity of the medium material, respectively, &(d,t)
is a heat source term. The solution of Ef) will depend on

the initial and boundary conditions imposed. The method used Gxy(Sit|s',t")=
here is a generalization of the approach examined in Refs.

6—8 using appropriate Green’s functions. In situations where

Temperature Distributions in Laser-Heated Biological Tissue

the laser intensity modulation, angl, is a rate constant. The
first part of Eq.(4) models the heat source provided by the
laser beam and the second part is a distributed heat loss term.
In medical applications®*°this latter term may be used to
model heat loss by uniform perfusion of a liquidsually
blood) through laser-heated tissue.

The temperature distribution produced by thth light-
absorbing region can be written as

1 t
T(r,t =—f t—
(0= 28 |, pger PE PR
X1, (z, )M (X,y,t,7)d7, (5)
whereT is the laser pulse duratiom,is t—t’,
Q(7)=exp(— wy7), (6)
Zz(n) ! ! ! !
In(z,7)= GZ(Z,I|Z it )Sabsorbn)(z )dz’, (7)
z3(n)
X2(n) Ya(n)
Mn(x,y,t,r)zf f Gyy(st|s',t")
X1(n) ¥ Y1(n)
X Spasef s, t")dx" dy’. ()

The xy dependence of the Green’s function is given by

% (x—x»2+<y—y02”
exp — ,
durt

4

wT

©)

boundary heat losses can be modeled by the inclusion of thewhere is the medium diffusivity(K/pC).

boundary conditions in the Green'’s function the temperature

distribution can be evaluated using the general solution to Eq.

The mathematical details of the approach used to deter-
mine the temperature distribution throughout the heated re-

(1) which gives the temperature change due to absorption of gion are given in the Appendix. In Appendix 1 the laser

energy from the laser source as

1 [t
T(r,t)=—f f G(r,tir' t")S(r’ t")dVv'dt’, (2
pCJolv,,
where V,,, is the volume of the region of interest and
G(r,t|r’,t") is the medium Green’s function. For heat con-
duction problems the Green’s function can be writteh as

G(r,tr',t") =Gy (st]s',t")G(zt|z' 1), (3)

wheres is the position vector of the poirtk,y).

An arbitrarily shaped light-absorbing region can be ap-
proximated by a numbeN s of finite-sized, rectangular par-
allelepiped regions defined by the [imithxy ) ,Xo(m],
[Y1(ny »Y2(mls @and[Zyny .25y, (for nfrom 1 toNg,g in the
X, ¥, and z directions respectively. The different light-
absorbing regions may have different optical properties. The
source term in Eq(1) is the laser energy transformed into
heat energy within light-absorbing regions of the medium. For
laser heating the source term is assumed to be of the form

S(r,t)= Slasep(syt)sabsorhjn)(z) p(t)— prpT(I’ 1), (4)

whereS;se(St) is the laser power densit§,,sorn)(2) is the
heat generating rate for theh light-absorbing regionp(t) is

power density profile is assumed to be Gaussian with, for
completeness, arbitrary time-dependent deflectignandyy

in the x andy directions, respectivelfto allow for the mod-
eling of a moving laser beam if required\nalytic solution of

x" andy’ integrations in Eq.8) gives the expression for
M(x,y,t,7) in Eqg. (A 1.2). Analytic solution of Eq.(8) for

the top-hat laser profile, commonly used in clinical applica-
tions, is generally not possible. However, the case of constant
illumination over an infinite radius is soluble and may be used
as an approximation to the top-hat case. This is also covered
in the Appendix.

As discussed in Sec. 1, expressions for the temperature
distributions within semi-infinite media have been examined
extensively using the Green'’s function method. However, the
expressions obtained are in general quite complicaiea.
this paper the case of a finite-thickness medium is examined.
The Green’s functioz dependence in this case can be written
in the simple form

Gz(z,t|z’,t’)=mE:0 ArBm(2)Bm(z')exp — a?u1),
(10
where A,,, Bn(z) and a, are dependent on the boundary
conditions imposed at the top and bottom surfaces of the me-
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dium. The simple form of the(z,7) dependence of tions of photon transport can be used to determine fluence

G,(z,t|z',t") means that all solutions of E7) for the finite- rates in turbid medi&??~>*but may require long computer
thickness medium can be written in the form runtimes. Diffusion theoy?>~?"provides a relatively accurate
description of light propagation in absorbing and scattering
* media and closed-form analytic expressions can be found for
In(z.7)= 2 lnAnBu(2)exp—adur), (11 the fluence rate in many simple 1D cases. An exponential
m=0 expression for attenuation of light due to a combination of
wherel ,, is an appropriate function ah given by absorption and scattering provides reasonable agreement with

transport theory results within the tiss(avay from boundary
| szm)B NS "z 12 surfaceg and has often been used as an approximation to the
™ L m(Z") Sapsoron)(2')dZ (12 heat generating _ral?@;zg with a suitably chosen effective at-

tenuation coefficient. More complicated fluence rate approxi-
and can be solved analytically for many heat generating rate mations are available but are not considered here. However,
models>® The solution of Eq.(12) for an exponential heat  these are often simple combinations of decaying and growing
generation rate is given in Sec. 2 of the Appendix. The infinite exponentials with suitably chosen paramefgr& 2722300
summation in Eq(11) can be truncated to a finite sum as  that the expressions given in Sec. 2 of the Appendix are also
described in Ref. 6. . . S applicable in such cases.

Since the heat conduction equation of Ef). examined in The heating of blood within the skin is now examined for
this paper is linear the total temperature distribution can be application to PWS removal. PWS are congenital vascular
obtained by simply summing the temperature distributions maiformations of the dermis and laser treatment is based on
produced by each of the individual absorbing regions using selective heat deposition into the ectatic dermal blood vessels
the expression given in Sec. 3 of the Appendix. In order t0 g produce irreversible thermal damage to these target vessels
obtain the temperature distributions for some specific casesyhile keeping the surrounding connective tissue and the over-
the time integral in Eq(A3.1) is evaluated as described in  |ying epidermis intact? Selective absorption of green or yel-

Ref. 6. low light by the oxyhemoglobin in the blood leads to rela-
tively selective coagulation of the PWS capillaries.
3 Heat Generating Rate Model for the Skin One approach for modeling PWS skin is to approximate

the network of enlarged blood vessels by a finite-thickness
layer of blood within the dermis giving a thréer four) layer
structuré®®! consisting of epidermis, dermis, blood plexus
(and underlying dermjsIn Refs. 32 and 33 a two-layer skin
model is used, consisting of epidermal and bloodless dermal
layers. In Ref. 32 a single rectangular, blood-filled tube is
_ embedded in the dermis to approximate the presence of a
S(r.t)=ayg(r.v), (13 blood vessel while in Ref. 33 a single cylindrical blood vessel
wherea is a constant ands(r,t) is the light fluence-rate dis- is used. In Ref. 34 small dermal blood-carrying capillaries
tribution (the locally available light intensity within the tis-  within the dermis are approximated by homogeneously dis-
su@. The fluence rate depends on the component of the tissuetributing blood in the dermis surrounding the single vessel in
that is absorbing the lightchromophorg and is usually the model of Ref. 33. In Refs. 12 and 35 these small capillar-
strongly wavelength dependent. The main ultraviolet- ies are approximated by using an extra layer of dermal blood
absorbing chromophores are proteins and nucleic acids, whileabove the single vessel in the model of Ref. 33. More realistic
water is the primary chromophore in the infrared region. For Monte Carlo optical models can evaluate the fluence rate for
visible wavelengths proteins and pigments are two of the most skin containing multiple cylindrical blood vess&$* and
important chromophores. In particular, the oxygenated hemo- even a real PWS tissue morphology obtained by 3D recon-
globin protein in blood has strongly wavelength-dependent struction of a PWS biops3f.
absorption peaks in the visible region at approximately 418,  For the purposes of this paper the medium is assumed to
542, and 577 nm while the dark melanin pigment in skin consist of epidermis, dermis, and blood. For light and moder-
causes intense wideband absorption of visible Ifgfit®?the ately pigmented skin, for which laser treatment of PWS is
absorption decreasing with increasing laser wavelength. suitable, the light-absorbing melanin is mainly concentrated in
If biological tissues were simply light-absorbing media the the region of the epidermal/dermal junctibtt**"-*Conse-
resulting spatial light distribution could be described by the quently, the epidermis is modeled here by two infinite-length,
exponential Lambert—Beer law. This is a reasonable approxi- infinite-width, and finite-thickness lay€ras shown in Figure
mation when the primary absorbing chromophore is water. 2. In the upper epidermal layer there is photon scattering only,
However, tissues are turbid media and photons may be ab-giving attenuation of the beam. In the lower epidermal layer
sorbed or scattered by structures within them, with both pro- there is both photon absorption and scattering, giving both
cesses leading to attenuation of the laser beam. Photon scatheat generation and beam attenuation. It is noted that for
tering does not contribute to the heating of the tissue. The highly pigmented skin there is also a high melanin content in
generation of heat is due only to photons that are absorbed inthe upper layers of the epidermis and laser treatment for PWS
the tissue. The presence of photon scattering means that actuak not recommended.
light distributions can be substantially different from those The dermis consists mainly of connective tisS(ehich is
estimated using the Lambert—Beer law. Monte Carlo simula- mostly collagen. For this nonpigmented tissue photon absorp-

In models for the heating of biological tissue the tesfm,t)

in Eqg. (1) is used to represent the source terms in both the
transport equation for light propagation and the heat conduc-
tion equation. In the heat conduction equation the amount of
photon energy absorbed by the tissise
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Fig. 2 Schematic illustration of the skin model for the tissue irradia-
tion example under consideration. Light is absorbed in the lower epi-
dermal layer and in 19 light-absorbing blood regions approximating
the target blood vessel.

tion is almost negligible for wavelengths greater than 500
nm2 and it is assumed that no heat is generated within it.
However, the beam is attenuated to some extent due to photo
scattering by the collagen fibet$332Optical diffusion theory
provides a good approximation to transport theory fluence
rates for the dermis in the visible wavelength raiigend
adequately describes the variation with time of the surface
temperaturé’

Temperature Distributions in Laser-Heated Biological Tissue

tion, andd,, is the thickness of blood in the target blood vessel
section as defined in Figure 2. Clearly, the valued pdnddy
are different for each of the absorbing regions making up the
target blood vessel. The value df, will lie in the range
(0,dg), wheredg is the diameter of the target blood vessel,
giving d4 asdy—dg/2, whered, is the distance of the center
of the target blood vessel below the epidermis/dermis inter-
face. It is noted that the reduced scattering coeffiéi€ris
used as the effective beam attenuation coefficient for the up-
per epidermis.

For completeness, the attenuation of the laser beam by the
dermis below the target blood vessel is given by

Pata)(Z' +deyt+de+dg+dp)
Z, € (OadD_dd_db)v

(18

wheredp, is the thickness of the dermis. If there is no target
vessel in the path of the laser beam the attenuation of the laser
rIoeam by the dermis is given by

=exXd — Yefta)Z' |-

Z'e (O,dD)
(19)

Attenuation and heat generation in the thmbout 6 um)

Patt(d)(Z' + deu+ del) = exn: — ’Yeff(d)zl ]:

For blood the photon absorption is a more important pro- blood vessel walls is not included in this simple model.
cess than scattering, especially at wavelengths corresponding An effective attenuation coefficient found using optical
to the peaks in the oxygenated hemoglobin absorption spec-diffusion theory;?°is given by

trum mentioned earliér?! Thus, the Lambert—Beer law can
be assumed to apply with the blood absorption coefficient
used as the effective attenuation coefficiéhn this paper a
single cylindrical target blood vessel is approximated by the
19 infinite length(in the x direction, finite-depth(in the z
direction and finite-width(in the y direction absorbing re-
gions illustrated in Figure 2. In principle multiple blood ves-
sels or a real PWS morphology could be used.

For simplicity, the attenuation of the laser beam in each of

Yet— \/37a[7a+(1_g)75]1 (20)

where y, and vy, are the absorption and scattering coeffi-
cients, respectively, anglis the mean cosine of the scattering
angle for the appropriate tissue component. It is noted that
and vy, are generally very wavelength dependent.

Making use of the attenuation factors defined in Ed4)—
(19), the heat generating rates for each of the regions of the
medium are

the four regions described is assumed to be exponential with

appropriately chosen attenuation coefficients, giving

Patt(eu)(zl )= eXF{ —(1- geu) 'YS(eu)Z, ]: Z'e (O:deu)v
(14

Paten(Z' +de)) =€Xd — Yerten2']: 2" €(0dg), (15

Patia) (2" +deytde) =X — Yera)2' - 2" €(0,dg) ,(16)

Paib)(2" + eyt dei+dg) =X — va2']: 2'(0,dp),

17
where Pagey » Pattens Pata) @nd Pagpy describe the beam
attenuation in the upper and lower epidermis, derghis-
tween the epidermis and the target blood vessaid blood
respectively,ysy is the scattering coefficient for the upper
epidermis,ge, is the mean cosine of the scattering angle for
the upper epidermisy.) is the effective attenuation coef-
ficient for the lower epidermisyeq) is the effective attenua-
tion coefficient for the dermisyy, is the absorption coeffi-
cient for the bloodd.,andd,, are the thicknesses of the upper
and lower epidermis, respectively, is the distance from the

epidermis/dermis boundary to the top of a blood vessel sec-

Savsoriien(2') =01 2" €(0,dey), (21)
Sabsortien(Z" + dey)
= E Patgen(dew) Yace) X X~ YefenZ'): 2z €(0de),
(22)
Sabsoripd) (2" +deytde)=0: 2" €(0dy), (23

Sabsorbb)(Z’ + deu+ del+ dd)

= E Patien(ded) Paten(de) Patid)(da) Ya(b)
Xexq_ ya(b)zl): z' E(O,db), (24)

whereE is the ratio of fluence rate to incident laser irradiance
at the tissue surface ang, is the absorption coefficient for
the lower epidermis. Equatiof23) is used for all regions of
the dermis.

Multiple scattering can cause the light fluence rate just
below the surface of the tissue to be larger than the incident
irradiancet> The increase in fluence rate relative to the inci-
dent irradiance may be about 2—5 with even larger ratios oc-
curring for hollow organs such as blood vessels that act as
integrating spheres. Therefore, the valueeahay be signifi-
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cantly larger than unity, especially for closed cavities. Monte where T myain and Tamcorg @re the ambient temperatures of
Carlo fluence rate calculation$3 indicate a value folE of the air and body core, respectively, add andH, are con-
about 3 for the case under consideration. Scattering also ex-vection coefficients for the upper and lower medium/fluid
tends the light fluence rate beyond the lateral dimensions of boundaries, respectivelid,; andH, are zero or positive and
the incident irradiance. The magnitude of these effects and control the rate of heat flow from the medium surfaces and
their importance depends strongly on the scattering and ab-their values depend on the type of fluid and the flow regife.
sorbing properties of the tissue and the diameter of the laserThe boundary condition given by E¢R7) for a semi-infinite
spot relative to the penetration depth of the light. medium has been used elsewhere to examine the effects of
In the model of Figure 2 there is only a single, isolated surface precooling methods, such as sapphire contact
target blood vessel. In reality there will be many blood vessels cooling'® and cryogen spray coolifigh in PWS treatment.
present in the dermal layer of the skin. Any blood vessels  The finite-thickness medium temperature model should
anterior to the target vessel will cause additional attenuation give results in agreement with the semi-infinite medium
of the laser beam intended to damage the target, especially ifmodel provided that the medium thickness is chosen to be
it is deep within the dermis. In Ref. 34 the presence of this larger than the maximum distance that heat can diffuse
dermal blood is modeled by assuming that there is a fragtion through the layer from its source during the time period under
of blood homogeneously distributed through the dermis. Lin- consideration. For the case under consideration this means
ear interpolation between blood and bloodless-dermis optical that the chosen thickness for the dermis in the model should
parameter values is used to give bloody-dermis values. Forsatisfy
example, the absorption coefficient for bloody dermis is given

as dp—do—da/2> L nay, (29

Yabd)=PYam) (1 =P)Yac) (25 where L . is the maximum heat diffusion distance in time

wherey, () is the absorption coefficient for the bloodless der- Tperioa A réasonable approximation t0nay (Ref. 3 is
mis. Values for the scattering coefficient and mean cosine of

the scattering angle for the bloody dermis are found in the L ey~ 4 /,U«T eriod (30)
same way and the effective attenuation coefficient for the P
bloody dermis is then found using EO). The value ofp For simplicity it is now assumed that the initial air, skin, and

lies in the range 0—1. “Normal” skin has @value of about  core temperatures are equal and set to 30°C. Strictly speaking
0.01 (i.e., about 1% dermal blood contgnwhile in PWS the surface heat loss should be taken proportional to the tem-
cases p values are about 0.05-0.1. An alternative perature difference across the medium interface instead of the
approach*is to represent the dermal blood by an additional temperature difference with respect to the initial skin tempera-
thin, attenuating blood layer in the dermis between the epider- ture as implied by Eq€27) and(28). However, the simplified

mis and the target blood vessel. assumption should be valid for very short laser pulse dura-

Having defined the heat-generating rate within the medium tions or for situations where the region outside the heated

it is now necessary to consider the evaluation of the tempera-medium acts as a heat siffkThe z-dependent part of the
ture distribution. Definindl' (r,t) as the increase in tempera- problem can then be solved using the method described in

ture above the ambient skin temperatufgmyskin . for an Sec. 2 of the Appendix. The full temperature distribution is
incident laser power of 1 W, then the temperature within the then obtained using E¢A 3.1) in Sec. 3 of the Appendix.
skin for an incident laser powd?, (in W) is given by For situations where the medium cannot be assumed ther-
mally homogeneous, where heat generating rates are more
Tein(r, 1) =PoT(r,t) + Tampyskin) - (26) complicated, or where more general boundary conditions are

Assuming that the skin can be modeled as a thermally homo-'mposed;1 finite-differencé**1 =% or finite-element
geneous medium the method outlined in Sec. 2 can be used tomethOdé can be used.

obtain the required temperature distribution. Thedepen-

dence ofT(r,t) for a Gaussian laser profile and for uniform

illumination is given in Sec. 1 of the Appendix. 4 Results
When there is forced convection of heat from the surfaces In order to apply the model derived in the case of PWS re-
of the medium into a steady stream of surrounding fluiel, moval it is necessary to use appropriate values for the physi-

cooling in a draughtNewton’s Law of Cooling states that the cal, optical, and thermal parameters of the various skin com-
rate of heat loss from the body is proportional to the tempera- ponents. There is much discussion of these in the literature.
ture difference between the body and the surrounding fluid.  Useful information on the location and size of light absorb-
For this case, Robin-type boundary conditions for the tem- ers within the skin, and estimates of the energy density re-
perature at the top and bottom surfaces of the medium applyquired to destroy PWS vessels, can be obtained via

and are given by PPTRY18and IR measurements. Temperature profiles
through the depth of the skin obtained from PPTR signals
ITsin(r )/ 92=H1(Tepinr, 1) = Tampain):  2=0, clearly distinguish heating of epidermal melanin and PWS
(27 blood vessel$® A narrow peak is seen in the temperature
profile within the epidermis due to melanin absorpttofi=1°
IT i1, 1)/ 2= —Hp(Tein(r,1) = Tampcore):  2=d In Ref. 11 there is a subsurface temperature peak at a depth of

(,28) approximately 75-80um, probably corresponding to the

78 Journal of Biomedical Optics * January 2001 * Vol. 6 No. 1



Temperature Distributions in Laser-Heated Biological Tissue

epidermal/dermal boundary. Computé&tD) epidermis tem- the selective targeting of blood vessels it is necessary to use a
perature increases derived from these measurements allow fofaser wavelength close to one of the oxy-hemoglobin absorp-
estimation of a limiting laser dose corresponding to the tem- tion peaks mentioned earlier. However, the wavelength
perature of melanosome explositMbove this energy den-  should also be chosen to reduce the attenuation and absorp-
sity limit there is risk of epidermal injury leading to long term tion of the laser beam by epidermal melanin, so that most of
changes of pigmentation and scarriig. the laser energy reaches the PWS vessels and does not cause
Below the epidermal temperature peak the PPTR measure-excessive heating ofand damage jothe epidermis. Since
ments reveal a broad band of increased temperature valuegpidermal melanin absorption decreases with increasing
occurring at tissue depths of 100—6@M.111*-%Hemoglobin wavelength a long laser wavelength should be used. In par-
distribution within the skir(obtained from microscopic obser- ticular, values of 577 nniRef. 13 and 585 nnt/?>3*have
vation of histologic sections of biopsied skiis in good been found to be effectivé;* and the latter value is used
agreement with this part of the temperature prdfiladicat- here.
ing that it is due to heated blood. This broad band of increased  Using Monte Carlo model&;*® the energy deposition in
temperature values is not due to individual PWS vessels butthe epidermis is estimated to lie in the range of 3050 J/cm
represents an average temperature increase due to the networénd in blood vessels in the range of 50-350 J/déar an
of vessels! As heat diffuses to the skin surface, that from incident laser irradiation energy density of 1 W/ctwalues
PWS vessels and the surrounding dermis will mix to an ex- depend to some extent on laser wavelepgtiThe optimal
tent, and the actual rise in temperature of an individual PWS radiant exposure should cause irreversible damage to the
vessel may be much higher than the average temperature valdeepest PWS vessels while sparing the overlying epidermis
ues suggested by PPTR resfts. and surrounding dermis. Since the vasculature of any given
Using IRT, 3D temperature distributions within the skin PWS and the skin pigmentation are patient specific the opti-
are obtained that clearly show the network of heated PWS mum laser energy density is found to be highly patient depen-
blood vessel$® The results indicate a depth of 5m (=25 dent. Purpura threshold values lie in the range of 3-4.25
um) for epidermal melani{ and a depth of 150—350m*"18 Jient (Refs. 45 and 4Bwhile values for full treatment gen-
for PWS blood vessels, in good agreement with PPTR resultserally lie in the range of 6-12 J/&i*® The values of 3.45
and values obtained from actual PWS biopsfe€.The IRT and 8 J/crhare used here. The energy density is related to the
images can be used for assessment of the vascular charactespot size and pulse duration by B 1.7) in Sec. 1 of the
istics of proposed treatment sites. Also, since temperaturesAppendix.
within individual PWS vessels can be evaluated, it should be  Consideration of the penetrating properties of light sug-
possible to optimize the dosimetry for their irreversible gests that the spot diameter should be larger than 3'#ifn.
destruction® Larger spot size gives greater penetration déptfhus, the
Taking the results of the studies described above into ac- laser spot sizes used are much larger than the dermal distances
count, a model for human skin is used here that comprises abetween PWS blood vessels, which are about 0.1-0.5
two-layer epidermis, a dermis, and an embedded cylindrical mm2¢41=*34ere a spot size of 5 mm is assumed.
blood vessel, as shown in Figure 2. The top epidermis layer is  The laser pulse duration should be long enough to heat the
20 um thick and is relatively melanin free and nonabsorbing. PWS vessels to temperatures capable of causing irreversible
The lower epidermis layer is 4Am thick and is assumed to  wall damage, but short enough to avoid excessive heating of
contain the light absorbing melanin. The PWS “blood ves- the epidermigby direct laser power absorptipand the der-
sel” is assumed to lie at a depth of 2(@n and is 10Qum in mis (by diffusion of heat from the hot blogd The thermal

diameter. relaxation time for PWS skin is about 1 rtfs®® A pulse du-
Typical values for the optical parameters of many types of ration of 0.45 ms is commonly us&clinically.
biological tissue are availabf&® including those for the epi- A summary of all relevant parameters used in the simula-

dermis, dermis, and blood at the wavelengths used in PWStions is given in Table 1. Using these values in E@4)—(24)
removal'>%2-34 Thus, absorption and scattering coefficients leads to an epidermal energy deposition rate of about 45
and angles used in the examples presented here are as showw/cn? and blood energy deposition rates of about 100—350
in Table 1. However, it should be borne in mind that skin W/cm® (depending on the vessel diameter, depth, and dermal
properties such as pigmentation, that are different for each blood percentageor an incident laser irradiation energy den-
individual, will influence the absorption and scattering sity of 1 W/cn?, in good agreement with values obtained from
coefficients® Monte Carlo optical modeling of a real PWS morpholdgsf*

Thermal conductivity and diffusivity values for many The maximum heat diffusion distantg,,,is around 15Qum,
types of biological tissue are also given in Ref. 1. Thermal as estimated from E¢30) (for a time period of about 10 ms
parameter values for the epidermis, dermis, and blood used inThis means that for the finite-thickness medium approxima-
finite difference laser-heating models are given in Refs. 41 tion to be valid the minimum value for the thickness of the
and 42. The values for these three components are not toodermis is about 40Q:m. This is much less than the actual
dissimilar, so that the assumption of thermal homogeneity that dermis thickness so that the bottom surface cooling coefficient
is used in this paper should be reasonable to a first approxi-H, may, not unreasonably, be set to zero. Initially the top
mation. surface cooling coefficiertl; and the skin perfusion raie,

The important laser parameters for PWS removal are the are also set to zero, their effects being analyzed l&tee
wavelength, spot size, modulation pulse duration, and incident Figure 5.
energy density. The wavelength is important because of the Figure 3 thus shows the variation of temperature through
absorption characteristics of the various skin components. Forthe medium depth along the beam axis at the end of a 0.5 ms
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Table 1 Numerical values for the optical and thermal parameters for the medical laser heating examples.

Model parameter Value Model parameter Value
Pulsed dye laser Middle layer 47.0 mm™
Wavelength A 585 nm Bottom layer 12.9 mm™
Beam 1/e radius r 2.5 mm, » Embedded cylinder 46.7 mm™!
Scanning speed v 0m/s Mean cosine of scattering angle g
Pulse length T, 0.5and 5 ms Top layer 0.79
Laser energy density Eg4 3.45 and 8 J/cm? Middle layer 0.79
Medium Bottom layer 0.79
Material Human skin Embedded cylinder 0.995
Top layer Upper epidermis Ratio of fluence rate to incident laser 3
irradiance at tissue surface E
Middle layer Lower epidermis
Thermal conductivity K 0.53
Bottom layer Dermis Jm™sleC!
Embedded cylinder Blood Specific heat pC 4.6 Mm=3C™!
Thickness d 0.5 mm Ambient temperature—air 25°C
Top layer 20 um Ambient temperature—skin 30°C
Middle layer 40 um Ambient temperature—deep body core 37°C
Bottom layer 0.44 mm Perfusive losses in the skin
Embedded cylinder depth 200 um Typical perfusion rate for skin w, 0.002-0.02 s~
Embedded cylinder diameter 100 um Perfusion rate used for example in text w,, 100 57!
Absorption coefficient y, Surface losses to the air
Top layer 0 mm™! Typical top surface convection coefficient 100 m™
1
Middle layer 1.8 mm™!
Typical top surface evaporation coefficient 2000 m™!
Bottom layer 0.024 mm™! H,
Embedded cylinder 19.1 mm"! Top surface cooling coefficient used in text 80000 m™!
H
Scattering coefficient vy ]
. Bottom surface convection coefficient used 0
Top layer 47.0 mm in text Hy

pulse for a Gaussian profile laser with incident power density reaches the highest temperatures, leading to coagulation and
of 6.9 kW/cnt, giving a laser energy density of 3.45 Jicm  vaporization of the bloo&® This destruction of the abnormal
The results for a bloodless dernfise., p equal to zerpand blood vessels causing PWS eventually results in normal-
various levels of dermal blood are shown. The temperature of looking skin. There is only a minor rise in temperature of the
the blood in the target vessel rises most significantly. The epidermis and dermis so that there should be little or no pe-
results for 8% dermal blood match model results for a real ripheral tissue damage. The epidermal temperature is not af-
PWS morphology welf? The occurrence of temperatures fected by the value op in this simple model.

greater than 100°C does not necessarily mean that the blood Figure 4 shows the temperature distribution at the end of
will boil (as mentioned later in Sec,).5The target vessel the 0.5 ms pulse for a case having 8% dermal blood. The
blood reaches lower peak temperatures for highealues as temperature rise is clearly concentrated in the upper region of
expected. The generation of heat in the target blood vesselthe blood vesséf For the short pulse used there is very little
and subsequent temperature increase to beyond about 60-diffusion of heat out of the light-absorbing regions.

70°C should cause irreversible damage to the blood vessel Figure 5 shows the variation of temperature through the
wall and coagulation of the blood, resulting in removal of the medium depth along the beam axis for the case of constant,
abnormal blood vessels. The top surface of the blood vesselrather than Gaussian, laser intensity profile. Cueyds for a
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Fig. 3 Temperature vs depth along the beam axis at the end of a 0.5
ms, 3.45 J/cm? Gaussian profile laser pulse of 2.5 mm radius for the
tissue irradiation example defined in Table 1 and Figure 2 for various
values of dermal blood content.

Fig. 5 Temperature vs depth along the beam axis at the end of the
laser pulse for constant irradiation using 8% dermal blood content
and (a) 0.5 ms pulse with energy density 3.45 J/cm?; (b) 5 ms pulse
with energy density 8 J/cm?; (c) 5 ms pulse with energy density 8 J/cm?
with a top surface loss coefficient, H;, of 80000 m™'; (d) 5 ms pulse
with energy density 8 J/cm? with a perfusion rate w, of 100 s,

laser energy density of 3.45 J/émnd 8% dermal blood con-

tent. These results are indistinguishable from those of Figure

3, indicating that the shape of the wide laser profile does not effect of perfusion over short laser heating periods is also
seriously affect the temperature distribution in the vicinity of expected to be small.

the blood vessel. Curvéb) of Figure 5 shows the effects of

increasing the pulse duration to 5 ms and the incident laser

energy density of 8 J/ctnWhen using this longer pulse the 5 Discussion

heating of the epidermis. Curve) of Figure 5 shows the  sjons for temperature distributions within finite-thickness me-
temperature distribution obtained using a surface loss coeffi- 4ia with simple perfusive and surface losses. The medium
cientH, equal to 80000 m"*'° This large skin/air surface  may contain any number of light-absorbing parallelepiped re-
loss term here causes only minor reduction of the temperaturegions. These may have different optical properties but, for the
in the upper 1Qum of the skin. Clearly, this simulated cooling  time domain approach used here, must have similar thermal
is not as effective as methods analyzed in Refs. 9-11 and 42properties to the medium in which they lie. For situations in
where cryogenic precooling of the Skoln applied for 20-100 which the absorbing regions have thermal properties which
ms before laser heating gave a 10—-40°C reduction in tempera-gre significantly different from those of the nonabsorbing re-

ture over the top 100—-20am of the skin. It is also apparent  gions the results are not gdoelnd numerical solution tech-
from these results that the effects of convection and evapora-piques, such as the finite differed&@®1442and finite

tion, that are modeled by much smaller vafuésr H, than element* methods should be used.

that used her¢see Table J, will be negligible for the short The temperature distribution expressions derived are quick

heating periods used in PWS applications. Cutjeof Figure  and easy to use and produce results that match quite well

5 shows the temperature distribution obtained by |nC|Ud|ng those of more Computationa”y intensive approaéﬁé%f‘z

skin perfusion rates, i.ew, values, of 100 " Since this  The simple time domain model does however have various

value is much larger than actual perfusion rates in tisghe, limitations resulting from the physical, optical, and thermal
simplifications adopted, and these are discussed below.

Physical simplifications include the following assump-

J (mm) tions:
01 » The interfaces between different layers are all flat and
parallel. On a microscopic scale the air/skin interface is
0 quite rough and therefore it scatters incident radiatith.
Viewed from above, the surface of the skin contains
creases forming an approximate triangular grid leading
01 to variations in the skin profile. The peak-to-valley ver-

Fig. 4 Temperature contours vs (y, z) for x=0 at the end of a 0.5 ms,
3.45 J/cm? Gaussian profile laser pulse of 2.5 mm radius for the tissue
irradiation example defined in Table 1 and Figure 2 for 8% dermal
blood content (i.e., p=0.08).

tical depth of these creases is aboutsfl and the mean
horizontal spacing between creases is about 400

The melanin absorber consists of a homogeneous layer
within the epidermisMelanosomes are however of sub-
micron size and melanocytes are about 2550 in
diametert® Thus, the melanin absorbers may be better
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» The medium power absorption and heat generating rates

Thermal simplifications include the following assump-
tions:

modeled as a random distribution of discrete absorbers surface precooling of the skin prior to laser heating more
in the region of the epidermal/dermal interface. general boundary conditions of the form of E(&7) and
The dermis consists a homogeneous structure of connec-  (28) are required.

tive tissue containing blood vessela fact, the dermis o _ _ _
also contains many other structures, including lymph In addition it is pertinent to note the following points:
vessels, hair follicles, sweat glands, sebaceous glands,
muscles, and nervé$ that may affect both its optical
and thermal properties.

The ectatic blood vessels causing the PWS are simple
long, cylindersIn practice, a complex network of blood
vessels is observed83641-43

 Values for the absorption and scattering coefficiepts
and ys measuredn vivo seem to be much smaller than
the values fronin vitro measurements. Therefore, care
must be taken to use suitable values for the optical prop-
erties for biological tissue.

Photocoagulation and dehydration may lead to changes

Optical simplifications include the following assumptions: with temperature of both the thermal and optical proper-

ties of the tissue and blood.

The transition of vaporization into boiling, which may
cause the temperature to plateau at 108°8,not con-
sidered in the model presented here. The occurrence of a
100°C plateau depends on such factors as the laser beam

can be modeled using exponential functions with attenu-
ation coefficients derived from optical diffusion thedty

is debatable whether light propagation in biological tis-
sue can be adequately treated by photons whose propa-

gation (including absorption and scatterinig described power density and tissue mechanics and mass transfer
by transport theory. Diffusion theory results are derived properties. The critical vaporization temperature for
as approximate solutions of the transport equation and blood in a laser-heated vessel is not known. A value of
since the exponential attenuation of light in tissue is sim- 100°C is often assumed since this is the boiling point of
ply an approximation in reasonable agreement with 1D water. However, due to superheating effects, tissue tem-
diffusion theory fluence rate resultaway from bound- peratures can exceed 100°C prior to vaporization with
ary surfacep the use of Eqs(14)—(19) and (21)—(24) critical temperatures up to 180°C being reported for laser
represents a considerable simplification. At optical and ablation of aorta.

near-infrared wavelength®.3—2 um) there is very in-

tense photon scattering within human tisdis® that ex- Clearly, many of the simplifications used to derive the

ponential attenuation may not be an appropriate model. model relate to assumptions of spatial and temporal homoge-
In particular, subsurface maxima are often seen in the neity in the physical, optical and thermal properties of the
fluence rat&?® and these are not modeled by a simple medium. The use of Monte Carlo optical models in conjunc-
decaying exponential. This said, optical diffusion theory tion with finite difference thermal models provides a means of
does adequately describe the fluence rate in many simulating more realistic situatio$*? However, the time
cases’ domain method presented here is exceptionally rapid, produc-
The optical properties of the epidermis, dermis, and ing in a matter of seconds on a modest IBM-PC type platform
blood are spatially homogeneaushis may be too re-  results that match quite well, for the examples presented,
strictive since the structure and pigmentation of tissue those of much more complicated approaches.

show considerable variability. The effects of this vari-

ability are examined using a simple optical motfel.

There is blood homogeneously distributed in the dermis
There may be significant differences in the fluence rate 6 Conclusions

distributions produced for multiple blood vessel configu- A time domain method has been used to derive simple expres-

rations and homogeneous dermal blood distributions. gjons for the temperature distributions obtained by laser heat-
However, the homogeneous model with appropriate at- joq \yithin finite-thickness, thermally homogeneous media

tenuation paé?meters can accurately represent discretgy;y, surface losses described by Newton’s Law of Cooling.
blood vessels. Analytical evaluation of the spatial part of the linear heat
conduction problem for an exponential power absorption
function leads to a temperature solution that is given as a
single integral with respect to time that may be readily and

» The skin can be treated as a thermally homogeneous rapidly evaluated using simple numerical integration algo-

medium There may be differences in the thermal prop- rithms. The model has been applied to the heating of blood
erties of the epidermis, dermis, and blood due to their vessels within the dermis for PWS removal. The temperature
differing chemical and physical components. Different distributions obtained are in good agreement with those pro-
skin component thermal properties can be used in finite duced using considerably more computationally intensive
difference models for laser heatifity:* Monte Carlo optical and finite difference thermal models. The
Surface losses can be modeled by Newton's Law of presence of perfusion and surface losses during laser heating
Cooling If there is significant difference in the ambient do not appear to produce significant reduction of tissue tem-
temperatures of the air, skin, and body core or if there is peratures.
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Appendix

1 The xy Dependence of the Temperature

Distribution

The laser power density profile is assumed to be Gaussian
with arbitrary deflectionxy andy, in the x andy directions,
respectively, giving

P
Stasel )= 3 X~ [ (X—Xo)*+ (Y~ yo)2JIr?},
(A 1.1

where Py is the incident laser power andis the 1/e beam
radius. Analytic solution ok’ andy’ integration® in Eq. (8)
givesM(x,y,t,7) for the Gaussian laser profile as
Mn(X,y,t,7)=Pgd(X,y, T)K(X,Xg, T)[L(X,X0,X2(n) T)
—L(X,X0,X1(m) » 7) IK(Y,Y0,7)
X[L(Y,Yo,Y2(n)»T) —L(Y,Y0,Y1(m) » T s

(Al1.2
wherePy is the laser power density given by
Po
Pd:?' (A 13)

Iy, =r?exf = C+y?)/(r*+4un)]/(r*+4pu7),
(A 1.4

K(&&,7)=exl &(2£— £/ (rP+4ur)],
(A1.5)

(E4—Or?+ (61— ép)dur
r\/4,u7'\/r§+4,u7' .

1
L(§.§o,§1.r)=§erf{
(A1.6)

The incident laser energy density is given by

(A7)

The top-hat profile, which produces a uniform illumination
over a finite radius, is given by

Eq=PoTp/(mr?).

P
Slaseﬁsut):ﬂ_jlgi (X—XO)2+(y—y0)2$R2_
(A1.8

Analytic solution of Eq.(8) for this case is generally not
possible. However, the solution for uniform illumination over
the wholexy plane can be obtained by lettindend to infinity

in the solution for the Gaussian profile to give

Temperature Distributions in Laser-Heated Biological Tissue

M n(X,y,t, T) = Pd[E(Xixl(n) \T) = E(X1X2(n) vT)]
X[E(Y, Y1) ) —E(Y,Y2m), T ]y

(A1.9
where
1 —
E(§,§1,7)=§erfc{é\r/27§ . (A1.10

Temperature distributions found using this result will closely
‘approximate those produced by a top-hat profile whose radius
is much greater than the extent of the main light-absorbing
regions in thexy plane.

2 The z Dependence of the Temperature
Distribution

When there is forced convection of heat from the surfaces of
a medium into a steady stream of surrounding fliuiel., cool-

ing in a draughtNewton’s Law of Cooling states that the rate
of heat loss from the body is proportional to the temperature
difference between the body and the surrounding fliaist
sumed here to be at an ambient temperature of BSr this
case the boundary conditions for the temperature at the top
and bottom surfaces of the medium are

aT(r,t)/9z=H T(r,t): z=0, (A2.1)

aT(r,t)/9z=—H,T(r,t);: z=d, (A2.2

whereH, and H, are convection coefficients for the upper
and lower medium/fluid boundaries, respectivefy. andH,
are zero or positive and control the rate of heat flow from the
medium surfaces and their values depend on the type of fluid
and the flow regimé®

The Green’s function for a finite-thickness medium with
surface heat losses given by E¢A.2.1) and(A 2.2) is given
by Eq.(10) and them-dependent factors can be writter? as

1d : m=0H;=H,=0
0 : m=0H;+H,>0
A= 2a%, N ,
d(a?+H3)+Hy+H amtH) "
m 1 1 2 ar2n+H§
(A2.3
B (z)=coq a,z) +Hisin(an2)/ay. (A2.4)

When bothH; andH, are zeroa,, is given bymar/d.® For
cases having nonzekd, and/orH, values ofa,, are found by
solving

tan apd) = am(Hy+Hy)/ (a2 —HiHy), (A2.5)
which can be rewritten in the foffn
[x*—(H1d)(Hzd)]sin(x) — (H; +H;)dcog x) =0,
(A 2.6)
wherex is a,d.
A simple heat generating rate model which fits many prac-
tical situations quite well is the exponential
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Sabsorbn)(z)zcn exd — yn(z— Zl(n))]y (A2.7)

whereA,, and vy, are appropriate constants. Using this in Eq.
(12) gives®

mn=Cnl D(Z1(n)) — D(Zan) €XP — ¥ah) 1 (a2 + ¥2),

(A2.9)

where h, (=2, —21(n)) is the thickness of theth light-
absorbing region and

D(2) = (yn+Hy)cos amz) — (af— yoH1)SiN amz)/ .

(A2.9)

The simple Lambert—Beer law h&, equal toy,,, which is
the absorption coefficient for the light-absorbing region.

3

The Final Temperature Distribution

Since the heat conduction equation of EL).is assumed to be

linear the total temperature distribution can be obtained by 17.

simply summing the temperature distributions produced by
each of the individual absorbing regions giving

This can be used to evaluate the temperature distribution 22

Py [t

T(r,t)=PC

}p(t—T)Q(T)J(X.y,T)

t—min{t,Tp

X K(eroaT)K(yiyO ’ T)

Nabs
X n§—:l In(z, )[L(X,X0,X2(n)» 7)

_L(XaXval(n) 17-)][L(y1y01y2(n) !T)
—L(Y,Y0:Y1(n), 7 1dT. (A3.1)

within a thermally homogeneous medium containing light-
absorbing regions with different optical properties.
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