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Abstract
Introduction: Many clinical studies and protocols have been written about laser treatment for fair
skin phototypes. However, for dark-skinned phototypes, information is limited, and the risk of burns
is higher, especially if the same settings are recommended for fair skin. Competitive epidermal
melanin absorption decreases the light energy reaching dysplastic vessels in a port-wine stain (PWS),
preventing the vessel from achieving the temperature of the desired clinical result. Therefore, the
choice of safe laser settings for different skin phototypes can be realized using numerical modeling
of PWS vessel heating. This study aimed to demonstrate the algorithm for choosing both effective
and safe photodestruction of dilated dermal vessels in PWS with the copper vapor laser (CVL) at 578
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2022 Methods: We used the multilayered skin model with different melanin content for detecting the
safe laser parameters for PWS treatment. The calculation of the selective heating of the vascular
component with CVL radiation at yellow 578-nm wavelengths for different skin phototypes was
performed via Matlab mathematical programming system and its application Femlab for solving
partial differential equations using the Finite element method.
Results: We determined the location, depth, and size of blood vessels that could be selectively
heated to coagulation temperature for different skin prototypes. CVL fluence values need to be
reduced almost two times for skin phototype IV than for skin phototype Il to provide safe CVL
treatment. The maximum depth of the location of the vessels, which can be selectively heated to
coagulation temperature, also decreased for dark skin phototypes. Histological and histochemical
findings validated the results of our calculations.
Conclusion: To our knowledge, the use of numerical simulation to optimize has not yet been
considered. According to our calculations, CVL could selectively heat the dilated vessel, which
occurred in purple and proliferative-type PWS for dark skin at the reduced fluence range and depth.
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Introduction

“Port-wine stains” (PWSs) are capillary malformations
consisting of dilated vessels, ranging from 10 microns to
474 microns in diameter.' The vessels in PWSs are located
in the dermis at a depth of up to 750 microns.>* PWS is
divided into four grades of ectasia based on the vessel
diameter range according to https://birthmark.org/pws-
paper-by-dr-mihm-and-1-rozell-shannon/.

Copper vapor laser (CVL) radiation at a yellow
wavelength at 578 nm provides the maximum heating
selectivity of dysplastic vessels and clinical effectiveness
and safety in the PWS treatment of patients.* The choice
of laser treatment parameters allows the photodestruction
of dysplastic vessels in PWSs with minimal post-radiation
changes in dermal collagen.’

There has been little clinical data using the CVL in
PWS treatment in Asian people with Fitzpatrick skin type
III-V.57 PWS treatment is more difficult and unpredictable
in patients with darker skin phototypes since skin of color
absorbs light energy better than fair skin. Laser treatment
of PWSs in patients with skin of color remains challenging.

We use numerical modeling to determine the safe CVL
settings for selectively heating the dysplastic vessel to
coagulation threshold temperature without overheating
the surrounding tissue for patients with different skin
phototypes.

Model
The simulation was based on the theory of radiation
transfer in the diffusion approximation and thermal
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conductivity theory. For modeling, we used the Matlab
mathematical programming system and its application
Femlab for solving partial differential equations using the
Finite element method.*’

The geometry of the model is shown in Figure 1. A
three-layer model, including the dermis, in which the
vessel was located, the epidermis with a thickness of 70
microns, and the epidermal basal layer, with a thickness of
15 microns, represented the skin. The vessels of different
diameters were located in the dermis at depths more
than 150 microns from the skin surface. The optical and
thermophysical constant values were taken from.>*!!
Table 1 demonstrates absorption coefficients at 578 nm
for main skin chromophores, thermal conductivity, and
diffusivity constants.

Our simulations were based on the optical and thermal
diffusion processes’ dynamics using radiation transfer
theory (in the diffusion approximation) and the heat
conduction theory. In order to calculate the temperature
distribution in the skin, the thermal conductivity equation
was used':

orT (7,t)

pec T=(v;<VT (7.0))+0 (7)

where p = density, c = thermal capacity, t =time, k= a-p-c
- thermal conductivity, and «a =thermal diffusivity.

The Q(F) value is the heat source bulk density in a

collimated and diffusion components, and E = radiation
energy density.

The collimated illuminance component was decaying
by the exponential law due to absorption and scattering'*

E(7,$,) =E (7.5, exp(—,1)

Here E,(7,§,) is the intensity at the 7 point in the
absence of the medium (tissue), s o = the direction of the
primary beam propagation, y =u +p_- total attenuation
coefficient, u =absorption coefficient, u_ =scattering
coefficient, and /=the depth of the unchanged photons’
propagation in the tissue between the biological tissue

entry point and the 7 point of the volume element under
consideration.

In order to solve the thermal conductivity equation, it
is required to know the illuminance distribution in the
medium, which was calculated using the equation of
radiation transfer in the diffusion approximation':

Table 1. Absorption Coefficients of Main Skin Chromophores and Parameters
Used for the Calculation

Constant Ref

Hb absorption

coefficient, mm~ 20.7725 1

Melanin absorption

coefficient, mm! 41.585 11

. 1. Density, Thermal Capacity, Thermal
medium calculated as follows' ke/m’ kK Conductivity, W/mK
0= u (i) o [10] [10] [10]

% Epidermis 1120 3050 0.29
where p =absorption coefficient, =g(7) total Dermis 1080 3500 0.41
illuminance at the 7 = (x,y) point, including both the Blood 1000 4350 0.65
Laser light
Vessel diameter 10 mem i\/essel diameter 100 mcm Vessel diameter 300 mcm
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Figure 1. The Geometry of the Model. d - vessel diameter, h - distance from the skin surface to the upper point of the vessel (location depth). We control the

temperature of the different points of vessels with diameters of 30, 100, 300 microns, located at various depths in the dermis (b).
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Vo, (7F) =3, 14,9, (F)+3u 14,
E7,$,)-3u.gV-(E(7.5,)5,)=0

Where ¢, (7) is the illuminance diffusion component

at the 7 point, u =p +(1-g)u, - attenuation transfer
coefficient, and g=average cosine of the scattering angle
(scattering anisotropy factor).

The calculated distribution of light intensity at a 578
nm CVL wavelength is shown in Figure 2a. The calculated
temperature distribution at the end of CVL exposure time
of 200 ms is shown in Figure 2b.

The concentration of melanin in the basal layer for skin
phototypes IT and IV in the calculation was taken 5% and
14% respectively.* The temperature distribution in the

(a) Radiance distribution, 578 nm
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vessel and different skin layers was calculated at various
CVL settings (see Figure 1).

We calculate the effective depth of selective vessel
heating by the CVL radiation for skin phototypes II and IV
to a temperature of 65-100°C at which their coagulation
can occur.”

Results and Discussion

Figure 3 represents the result of our calculation for skin
phototype II. We can see the maximum temperature of
nine blood vessels with a diameter of 30, 100, 300 microns,
located at various depths of 370, 670, and 920 microns
respectively, under the skin surface after exposure for 200
ms with CVL radiation at a 578-nm wavelength. We can

( Temperature distribution, 578 nm, 200 ms, 12 Jiem?
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Figure 2. The Calculated Distribution of Light Intensity at a 578-nm CVL Wavelength in the Arbitrary Unit (a) and Calculated Temperature Distribution at the
End of CVL Exposure Time of 200 ms (b). Vessel diameter — 300 microns, vessel depth — 500 microns.
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Figure 3. The Distribution of the Maximum Temperature of Three Vessels With a Diameter of 30, 100, and 300 Microns, Located at a Depth of 370, 670,
and 920 Microns Respectively, Under the Skin Surface, Heated by CVL Radiation At a 578-nm Wavelength With an Exposure Time of 200 ms for Il Skin

Phototype. Fluence value of 12 J/cm?.
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see the tissue temperature below 65 degrees Celsius and
vessel temperature higher than 65 degrees Celsius. In that
case, we can get the selective vessel heating regime, which
is safe for PWS treatment.

The CVL fluence values at which the tissue and vessel
temperature reaches more than 65°C correspond to the
upper limit of selective vessel heating. Using the fluence
values above this limit leads to nonselective vessel heating,
that is, “hot iron effect””

Due to the competing absorption of melanin for skin
of color, we can suggest a narrower therapeutic fluence
range and a smaller effective depth at which CVL
selectively heats the vessels compared to skin phototype
II. According to our calculations, CVL fluence values
need to be reduced almost twice for patients with skin of
color.

Our calculation also demonstrated the diameter
range and effective depth at which selective heating of
PWS vessels provided for different skin phototypes (See
Figure 4). The calculated maximum depth at which
vessels of various diameters can be selectively heated
to the temperature of 65-100 degrees Celsius for skin
phototypes II and IV is listed in Table 2. The maximum
effective depth of the location of the vessels decreased up
to three times for skin phototype IV compared to skin
phototype II. The diameter ranges of PWS vessels, which
CVL can treat, remains the same.

We compared the results of our simulations with the
histological and histochemical investigations of PWS
treatment with CVL radiation for various skin phototypes.

The maximum depth of CVL (at a 578-nm wavelength)
selective vessel heating was found to be 0.7 mm in
histological studies of Tan et al'® and Walker et al.””
Neumann et al showed that for Caucasian skin, selective
heating of PWS blood vessels with small perivascular
fibrosis was observed at CVL fluence values of 8-15 J/cm?,

and diffuse coagulation necrosis epidermis and dermis at
CVL fluencies of 20 J/cm?.!

Simultaneously, histological findings of PWS treatment
with CVL for skin phototypes III-V indicate the selective
vessel coagulation at fluencies of 6-8 J/cm?and diffuse
coagulation necrosis at fluencies of more than 10]J/cm*"
They also found that the maximum penetration depth at
which vessel selective coagulation can occur for CVL was
0.4 mm; the range of fluences at which the selective vessel
damage can occur is much narrower for skin of color than
that for Caucasian skin.

OCT measurements demonstrated the depth
(226.89+61.14 microns) and diameter (125.63+19.09
microns) of dilated vessels for the purple-type PWS
and the depth (195.59+59.45 microns) and diameter
(193.93+32.43 microns) for the proliferative-type PWS.2
Another OCT data indicates that the PWS lesion presents
blood vessels of a mean diameter of 114+92 microns at
the mean depth of 304 £ 99 microns.'

According to our calculations, CVL provided the
selective heating of PWS dilated vessels at such depths
and diameters.

Thus, the calculated fluence range and penetration
depth of PWS treatment with CVL for the results of
different skin phototypes are in good agreement with the
experimental data.

Table 2. Calculated Maximum Depth in microns (mcm) at which selective
vessel heating occurs for more than 65°C for skin phototypes Il and IV

Vessel diameter,
mcm

10 20 30 50 100 200 300

Maximum depth
for Skin phototype 145 265 465 715 915 825 515
I, mcm

Maximum depth
for Skin phototype 100 120 140 215 365 270 -
1V, mcm

1600

1T skin type, 200 ms, E=11,4+23,6 Jiem?
1400 - —— IVskin type, 200 ms, E=8,3+10,7 J/cm2

1200 -

1000 -

800 -

Hmax, mcm

600 -

400 -

200 /—\

0 50 100

150 200 250 300

Dv, mcm

Figure 4. Maximum depth H__ at which PWS vessels of different diameters can be selectively heated to the temperature of 65-100 °C with CVL for skin

phototypes Il and IV.
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Conclusion

CVL fluence values need to be reduced almost twice
for skin phototype IV than skin phototype II to provide
selectivity. It corresponds to a smaller depth for selective
PWS vessel heating. CVL can selectively heat dilated
vessels of 10-200 microns in diameter, which occur in
purple and proliferative-type PWS for different skin
phototypes. The results presented in this paper will be
useful in optimizing the modes of PWS dysplastic vessel
heating. A computer simulation is a valuable tool for
adjusting laser settings according to the skin phototypes,
specific diameter, and location of the dysplastic vessels in
PWS.

The computer simulation method opens up the
possibility of personalized adjustment of the parameters
of patients’ laser treatment according to the individual
assessment of the skin’s optical pattern. It can serve as the
basis for software development for the new generation of
laser medical systems.
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