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Incident Fluence Analysis for 755-nm Picosecond Laser
Treatment of Pigmented Skin Lesions Based on Threshold
Fluences for Melanosome Disruption
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Background and Objectives: In this study, the
threshold fluences for disrupting the melanosomes for
pigmented skin lesion treatment were determined using a
755-nm picosecond laser for clinical use. Based on the
melanosome disruption thresholds, incident fluences cor-
responding to the target lesion depths were evaluated in
stlico for different laser spot sizes.

Study Design/Materials and Methods: Melanosome
samples were isolated from porcine eyes as alternative
samples for human cutaneous melanosomes. The iso-
lated melanosomes were exposed to 755-nm picosecond
laser pulses to measure the mean particle sizes by
dynamic light scattering and confirm their disruption
by scanning electron microscopy. The threshold flu-
ences were statistically determined from the relation-
ships between the irradiated fluences and the mean
particle sizes. Incident fluences of picosecond laser
pulses for the disruption of melanosomes located
at different depths in skin tissue were calculated
through a light transport simulation using the
obtained thresholds.

Results: The threshold fluences of 550- and 750-
picosecond laser pulses were determined to be 2.19 and
2.49J/cm?, respectively. The numerical simulation in-
dicated that appropriate incident fluences of picosecond
laser pulses differ depending on the depth distribution of
the melanosomes in the skin tissue, and large spot sizes
are desirable for disrupting the melanosomes more deeply
located within the skin tissue.

Conclusion: The threshold fluences of picosecond laser
pulses for melanosome disruption were determined. The
incident fluence analysis based on the thresholds for
melanosome disruption provides valuable information
for the selection of irradiation endpoints for picosecond
laser treatment of pigmented skin lesions. Lasers Surg.
Med. © 2021 The Authors. Lasers in Surgery and Medicine
published by Wiley Periodicals LLC
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INTRODUCTION

The therapeutic application of picosecond lasers pro-
vides highly efficacious and minimally invasive treat-
ments for pigmented skin lesions through selective
photothermolysis [1]. Picosecond laser pulses with a
much shorter width than the thermal relaxation time of
the melanosomes (approximately 0.5-1ps) can confine
heat and increase the temperature owing to the high
peak-power density [2]. This process induces selective
melanosome disruption, resulting in treatment effects
[3,4]. As picosecond laser pulses propagate in skin tissue,
the incident fluence is attenuated by the epidermis and
dermis through their high-scattering nature [5,6].
Because skin tissues affected by pigmented lesions have
different depth distributions of melanosomes [7-9], the
extent to which the incident fluence reaches the target
lesions depends on their depth. Picosecond laser-tissue
interaction analysis based on optical attenuation and
threshold fluence for melanosome disruption enables the
estimation of the laser fluence reaching lesions at a given
skin-tissue depth. Thus, the appropriate irradiation pa-
rameters for picosecond laser treatment of pigmented
skin lesions can be determined.
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Threshold fluences of short laser pulses with various
widths have been investigated for selective melanosome
response [10-16], and the threshold fluences of
femtosecond-to-microsecond laser pulses for melanosome
disruption in laser skin treatment have been reported
[10,11]. Such studies visually observed the disruption
through the grossly apparent immediate whitening re-
sponse of the skin surface from increased optical scat-
tering. The incident fluences were affected by optical
attenuation in the skin before reaching the target mela-
nosomes. Melanosome disruption from the net threshold
fluences was not shown. Experimental analyses of
picosecond-to-microsecond laser pulses in selective retina
treatment have also been conducted using melanosomes
isolated from porcine and bovine eyes [12-16]. However,
these analyses investigated the threshold fluences for the
microbubble formation around the melanosomes, over-
stretching the retinal pigment epithelium (RPE) cell
membrane [17]. These reported values are inapplicable to
melanosome disruption. A detailed investigation into
melanosome disruption by picosecond laser pulses is re-
quired to evaluate the picosecond laser irradiation con-
ditions for pigmented skin lesion treatment.

Incident fluence analysis for picosecond laser treatment
of pigmented skin lesions based on threshold fluences for
melanosome disruption is discussed in this paper. Mela-
nosome samples isolated from porcine eyes were exposed
to 755-nm picosecond laser pulses for therapeutic use to
measure the mean particle sizes irradiated with varying
fluences by dynamic light scattering (DLS) and confirm
their disruption by scanning electron microscopy (SEM).
The threshold fluences were determined from the irradi-
ated fluences and the mean particle sizes. A Monte Carlo
simulation of light transport in tissue was conducted to
calculate the incident fluences of picosecond laser pulses
for the disruption of melanosomes located at different
skin-tissue depths. Because a Monte Carlo simulation can
produce a light distribution of skin tissue with high ac-
curacy [18-21], a threshold-based incident fluence anal-
ysis allows for a prediction of appropriate irradiation
conditions for picosecond laser pulses to reach pigmented
skin lesions with minimal damage to the surrounding
tissue.
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MATERIALS AND METHODS

Determination of Threshold Fluences of
Picosecond Laser Pulses for Melanosome
Disruption

Sample preparation of melanosome suspensions.
Melanosomes isolated from the RPE of fresh porcine eyes
(purchased from Tokyo Shibaura Zouki, Tokyo, Japan) were
prepared as alternative samples for human cutaneous
melanosomes [12]. They were dissected, and the lens and
vitreous removed. Subsequently, they were immersed in
distilled water briefly, and the neural retina was peeled off.
The RPE cells were extracted using a toothbrush and
suspended in distilled water. The suspensions were purified
using a glass microfiber filter with a 2.7-um pore size (1823-
090; Whatman, Buckinghamshire, UK) to collect the
melanosomes released from the RPE cells. Distilled water
was added to the purified suspensions such that the samples
had an optical density of about 0.05 at a wavelength of
755 nm when the sample thickness was 1 cm, thus providing
laser energy from the sample surface to the bottom. Because
no aggregation of the melanosomes was observed using an
inverted laboratory microscope (Leica DM IRB; Leica,
Wetzlar, Germany), the effects of the interaction between
the individual melanosomes were discounted. The
irradiation samples were stored at 4°C until use.

Laser system and irradiation setup. A 755-nm
picosecond alexandrite laser for therapeutic use
(PicoSure; Cynosure, Westford, MA) was employed. The
irradiation conditions are listed in Table 1. The
irradiation parameters were based on the nominal
values specified on the system operation manual
(PicoSure Operator Manual). Various fluences were used
to determine the threshold. The fluence was dependent on
the spot size; the larger the spot size, the lower the
fluence, for example, 2.0mm at 5.25J/cm?® for 550
picoseconds. The variance in the measured power
density over an incident beam obtained from the beam
profile data was within the range of —20% to +30% from
the averaged value. The samples that were to be
irradiated were added to Petri dishes to a 1-cm height
(179830; Thermo Fisher Scientific, Waltham, MA), under
which a sheet of black flocked paper (BFP1; Thorlabs,

TABLE 1. Irradiation Conditions for Picosecond Alexandrite Laser Based on the Nominal Values Specified on

the PicoSure Operator Manual

Picosecond alexandrite laser

Wavelength (nm)
Pulse width (ps)
Spot size (mm)

550

4.0, 4.4, 4.8
Fluence (J/cm?)

Repetition rate (Hz)
Output stability of fluence (%)
Variance of spot size (%)

2.0, 2.6, 2.8, 2.9, 3.0, 3.1, 3.2, 3.4, 3.6,

0.91, 1.09, 1.31, 1.62, 2.04, 2.19, 2.33,
2.50, 2.68, 3.11, 5.25

755
750
2.2,2.6,2.8,2.9,3.0,3.1, 3.2, 3.3, 3.4, 3.5, 3.6,
4.0, 5.0

1.02, 1.59, 1.96, 2.08, 2.20, 2.34, 2.49, 2.65,
2.83, 3.03, 3.25, 3.77, 5.26
1
+20

+10
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Newton, NJ) was placed to prevent backscattering. The
handpiece tip was fixed on the sample surface to maintain
a constant distance between the surface and the
irradiation port. The laser light was irradiated with the
beam divergence (full angle) of 11 to 77 mrad. The optical
axis was adjusted to be perpendicular to the sample
surface. During the irradiation, the samples were moved
with a motorized linear translation stage (SGSP20-
20(XY); Sigmakoki, Tokyo, Japan) at a speed of the laser
spot sizes per second in such a way that the entire surface
was irradiated without the overlapping of already
irradiated spots. The temperature of the samples was
maintained at 37°C during irradiation using a digital
temperature controller (T'S-P; As One, Osaka, Japan) and
a silicon rubber heater (SAM0310; Sakaguchi E.H VOC,
Tokyo, Japan).

Measurement of mean melanosome sizes for
determination of threshold fluences. In determining
the threshold fluences, melanosome disruption was
measured by comparing the mean particle sizes of
unirradiated melanosomes and melanosomes irradiated
with picosecond laser pulses. The measurements were
carried out with a particle size analyzer (Zetasizer
Nano ZS; Malvern, Worcestershire, UK) using DLS,
incorporating noninvasive backscatter optics. This
technique measures the time-dependent fluctuations in
the intensity of scattered light occurring from Brownian
motion [22]. The measurement results do not depend on
the number of particles [23]. The irradiated samples were
placed into disposable cells (BRA759116; As One). The
refractive indexes of the melanosomes and distilled water
were 1.65 and 1.33, respectively [24]. Each sample was
measured three times, and the values averaged.

Morphological observation of melanosomes
irradiated wusing picosecond laser pulses. The
morphologies of unirradiated melanosomes and

melanosomes irradiated with picosecond laser pulses
were observed using a SEM (JCM-5700; JEOL, Tokyo,
Japan) to confirm their disruption. Laser irradiation
was applied at a pulse width of 550 picoseconds and a
fluence of 5.25J/cm? because it was inferred that
melanosomes could be disrupted and clearly observed
under this irradiation condition from Figure 2. The
melanosomes were dried and platinum-coated to 5 nm
using an ion-sputtering system (E-1010; Hitachi, Tokyo,
Japan) to increase the electrical conductivity. The long
axes of the melanosomes in the scanning electron
micrographs were measured using an image
processing software, Imaged (National Institute of
Health, Bethesda, MD).

Statistical analysis. A two-tailed unpaired Student's
t-test determined a significant difference in the mean
particle sizes between unirradiated melanosomes and
melanosomes irradiated with picosecond laser pulses,
with a probability value of P <0.01 indicating statistical
significance.
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Incident Fluence Analysis of Picosecond Laser
Pulses for Melanosome Disruption in Skin Tissue

Theory on incident fluence analysis of
picosecond laser pulses. Pigmented lesions, such as
solar lentigines, nevus of Ota, acquired dermal
melanocytosis, and ectopic Mongolian spots were
distributed at different depths in the epidermis/dermis
[7-9]. Because an incident laser pulse is attenuated by the
epidermis and dermis owing to their high scattering,
incident fluences for picosecond laser irradiation to the
target lesions located at different depths can vary to
produce selective photothermolysis. The incident fluence
F(r) (J/em® delivering the threshold fluence into the
target melanosomes at position r is expressed as

F(r)-A-I(r) > Hy (1)

where A (cm?) is the laser spot area, I(r) (1/cm?) is the
relative fluence distribution at position r produced using
Monte Carlo simulations, and Hy, (J/em?) is the threshold
fluence of picosecond laser pulses for determining mela-
nosome disruption. Here, A - I(r) in Equation (1) was de-
fined as the light-propagation efficiency of skin tissue
from the irradiated surface to position r, a(r) (unitless
quantity) because it indicates the light distribution of skin
tissue when a unit of laser fluence is incident over the spot
area A. Substituting a(r) to Equation (1), the following
equation was obtained:

F(r)-a(r) > Hy (2)

The incident fluences F(r) were calculated using this
equation.

Monte Carlo simulation of light transport in skin
tissue. A 3D Monte Carlo code, mcxyz, was employed to
calculate the relative fluence distribution when skin
tissue was irradiated with a 755-nm picosecond laser
[25]. This light transport model is a computer simulation
of the light distribution within complex tissues consisting
of different types, each with its own optical properties. In
this simulation, a rectangular wave pulse with a uniform
square spot shape was assumed to be vertically irradiated
at the center of the skin surface [26,27]. The largest
absorption coefficient in the skin model was 0.49 mm™'
(Table 2) and the maximum power density was calculated
as 9.6 x10°W/cm? by dividing fluence by pulse width
[28,29]. The maximum power density is two orders of
magnitude less than the threshold for the nonlinear
excitation condition of the skin tissue [30]. The nonlinear
absorption induced through picosecond laser irradiation
can be negligible. The simulation was carried out for
180 million photons to achieve sufficient relative light
distributions of skin tissue. Figure 1 shows the numerical
model of human skin tissue geometry to calculate the
light distributions [5,31]. This numerical model comprises
the epidermis, dermis, subcutaneous fat layers, and three
different sized blood vessels in the dermis layer and the
model was constructed using 500 x 500 x 400 cubicle
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TABLE 2. Absorption u, and Reduced Scattering pu’
Coefficients and Anisotropy Factor g of Asian Human
Epidermis, Dermis, Subcutaneous Fat, and Blood at a
Wavelength of 755 nm

Jia (mm™1) s’ (mm™) g =)
Epidermis 0.49+0.19 4.28 +1.04 0.9
Dermis 0.05+0.01 2.20+0.43 0.9
Subcutaneous fat 0.04 +0.02 1.43+0.22 0.9
Blood 0.32 1.68 0.9

ua, and u' of each tissue layer are expressed as mean + standard
deviation.

voxels. The size of each voxel was 10 pm X 10 pm X 10 pm.
The depth direction of the model was set as the z-axis. The
skin surface was set at z=0 mm. The center of the model
on the xy-plane was set at (x, y)=(0mm, Omm). A
melanin layer mimicking pigmented skin lesions was
absent in the model. This numerical simulation calculated
the incident fluences to deliver the threshold on the
surface of a single melanosome located at a given depth
within the skin tissue, assuming that it absorbs the laser
light in the same way as the melanosome in water.
Absorption p, and reduced scattering pg’ coefficients, and
anisotropy factor g for Asian human skin tissues at a
wavelength of 755 nm were used in the skin model, as
listed in Table 2 [5]. Melanin in the normal epidermis was
simulated to be uniformly distributed in the epidermis
layer of the skin model. The effect of optical absorption by
the normal melanin was included in the p, of the
epidermis. The blood oxygen saturation was 96%.
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RESULTS

Determination of Threshold Fluences through DLS
Analysis and SEM Observation of Melanosomes

The mean particle sizes of unirradiated melanosomes
and melanosomes irradiated with picosecond laser pulses
were statistically compared to determine the threshold
fluences for melanosome disruption. Figure 2 shows the
mean particle sizes of melanosomes exposed to 550- and
750-picosecond laser pulses with varying fluences. The
mean particle sizes decreased with increasing irradiated
fluence. The mean particle sizes of unirradiated melano-
somes in Figure 2a were slightly larger than those in
Figure 2b, owing to individual differences in the melano-
some sizes. A statistical comparison indicated that the
mean particle sizes significantly changed when 550- and
750-picosecond laser pulses were irradiated at or above
2.19 and 2.49J/cm?, respectively. The morphologies of
unirradiated melanosomes and melanosomes irradiated
with picosecond laser pulses were then observed with
SEM to confirm melanosome disruption when the mean
particle sizes changed significantly (Fig. 3). Although the
unirradiated melanosomes retained their native shape
(Fig. 3(i)), the smooth surface structures were broken in
the irradiated melanosomes (Fig. 3(ii)). The lengths of the
unirradiated and irradiated melanosomes were 1.6 + 0.3
and 1.3 pm, respectively, and the sizes of the disrupted
melanosomes decreased, having consistency with the re-
sults of the DLS analysis. Therefore, the DLS analysis
and SEM observation resulted in determining the
threshold fluences for melanosome disruption for 550-
and 750-picosecond laser pulses as 2.19 and 2.49 J/ecm?,
respectively.

Laser light
Epidermis
by v® e
X
0.34 mm I R N e R R R R i R R R R kS
/
1.21 mm Dermis
(1.50 mm)

Capillary vessels
(10 pm in diameter)

Upper dermis
vessels
(50 pm in diameter)

Deep dermis
vessels
(80 pm in diameter)

Subcutaneous fat
(2.35 mm)

5.00 mm

4

z

Fig. 1. Numerical model of human skin geometry consisting of the epidermis, dermis,
subcutaneous fat, and three different sized blood vessels (capillary vessels, upper dermis

vessels, and deep dermis vessels).
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Fig. 2. Mean melanosome sizes after (a) 550- and (b) 750-picosecond laser pulse irradiations with
varying irradiation fluences measured using a particle size analyzer (n = 3). Error bars represent
the standard deviation (SD) of the mean melanosome sizes. The differences in the mean particle
sizes between irradiated (crosses and triangles) and unirradiated (diamonds) melanosomes were
statistically evaluated. Despite no significant differences in the crosses, there are significant
differences in the triangles (P <0.01). The threshold fluences of 550- and 750-picosecond laser

pulses disrupting the melanosomes were determined as 2.19 and 2.49 J/cm?, respectively.

(i) Control
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‘. X8,500 2uym
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Fig. 3. (a) Melanosome disruption was confirmed based on comparison of scanning electron
micrographs of (i) unirradiated melanosomes and (ii) melanosomes irradiated using a picosecond
laser. The 755-nm picosecond laser pulses were irradiated at a pulse width of 550 picoseconds and
a fluence of 5.25 J/cm?. (b) The melanosomes were shown with greater magnification. The long
axes of the melanosomes shown as the pink lines were measured using the Imaged. Scale bars in

(a) and (b) indicate 2 and 1 pm, respectively.

Incident Fluences of Picosecond Laser Pulses for
Melanosome Disruption in Skin Tissue

The incident fluences for the disruption of melanosomes
distributed at different depths in skin tissue were obtained
using Equation (2). Figure 4 shows the light-propagation
efficiencies a produced through Monte Carlo simulations
at spot sizes of 2, 3, and 4 mm. The light-propagation ef-
ficiencies tend to decrease with increasing depth in the
skin tissue. The maximum and minimum dispersions of a
were estimated using the SD of pu, and pug of each tissue
layer, derived from individual and body-site differences [5].
The maximum a was obtained from the minimum x, and

us' (mean — 1SD), whereas the minimum a was obtained
from the maximum u, and u’ (mean+ 1SD). The laser
pulse entering the skin tissue propagates radially
(Fig. 4(1)). The light-propagation efficiencies increase near
the dermal-epidermal junction owing to the backscattering
(Fig. 4(ii)).

Figure 5 shows the incident fluences of 550- and
750-picosecond laser pulses for the disruption of melano-
somes distributed at different depths in skin tissue when
the spot size is 2, 3, and 4 mm. The incident fluences in-
crease with increasing depth of the target melanosomes.
The deviation of the incident fluences increases as the target
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melanosomes are deeply distributed owing to the deviation distributed between the epidermis and lower dermis, dif-
of a. Because a increases near the dermal-epidermal junc- ferences of 5.3, 2.8, and 1.8 J/em? for a 550-picosecond laser
tion, the incident fluences are found to decrease at its depth.  pulse and 6.0, 3.1, and 2.1 J/em? for a 750-picosecond laser
In the incident fluences for the disruption of melanosomes pulse occurred at spot sizes of 2, 3, and 4 mm, respectively.
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DISCUSSION

The threshold fluences of the picosecond laser pulses
are one-order-of-magnitude larger than the values of
532-nm nanosecond laser pulses for transient micro-
bubble formation at a melanosome surface for selective
retina treatment [12,16]. Neumann and Brinkmann [12]
observed no hysteresis of the thresholds during repeated
irradiations or morphological alterations of the melano-
somes by optical microscopy after irradiation near the
threshold. In comparison, our experiment used a different
laser wavelength of 755 nm and determined the threshold
fluences for the different selective responses, that is,
melanosome disruption, which causes differences between
our values and those previously reported. Glickman et al.
[32] predicted the threshold fluence for melanosome dis-
ruption as 153.6 mJ/cm? when 10-nanosecond laser pulses
at a wavelength of 532 nm were irradiated approximately
1800 times at 10 Hz. Our threshold fluences are larger
than the reported values because they show those re-
quired for a melanosome disruption by a single pulse shot
and without multiple irradiations.

The threshold fluences of 550- and 750-picosecond laser
pulses were determined by evaluating the relationships
between the irradiated fluences and the mean particle
sizes resulting from the DLS analysis, and confirming
their disruption when the mean particle sizes changed
significantly using SEM. The decrease in the sizes of the
disrupted melanosomes in the DLS analysis was con-
sistent with the results of the SEM observation. Almost
no differences occurred between these threshold fluences
because both laser pulses meet the thermal confinement
condition of melanosomes. Because the output stability of
the picosecond laser fluences is +20%, the threshold flu-
ences might vary within that range. The effect of the
difference in the unirradiated melanosome sizes on the
thresholds is negligible (Fig. 2). This is because the ab-
sorbed laser energy density does not depend on the mel-
anosome sizes, and the thermal relaxation time of the
melanosomes is much smaller than the picosecond laser
pulse widths, and thus the laser pulses satisfy the
thermal confinement condition of the melanosomes re-
gardless of the individual differences in the melanosome
sizes. In Figure 2, there is almost no variation in the mean
particle sizes of melanosomes irradiated above the
threshold fluences. When the mean particle sizes irradi-
ated at or above the thresholds are compared with
those irradiated with the maximum fluences (5.25 and
5.26 J/em? for 550- and 750-picosecond laser pulses, re-
spectively), the differences were not significant for irra-
diations above 2.19 and 2.83J/cm® for 550- and 750-
picosecond laser pulses, respectively. This comparison
implies that irradiation at a larger fluence has almost no
effect on melanosome disruption.

The temperature rise needed for explosive vaporization
is reasonably similar between porcine RPE melanosomes
(136 £23°C) [12] and human cutaneous melanosomes
(112+7°C) [10] and is calculated from the irradiated
fluence and absorption coefficients of melanosomes. The

SHIMOJO ET AL.

absorption coefficient of porcine RPE melanosomes was
reported to be larger than that of human cutaneous mel-
anosomes [10,12], which might affect the threshold
fluences. Herein, picosecond laser pulses irradiated the
melanosomes suspended in distilled water. From a
thermal perspective, the interaction between the ab-
sorbing melanosomes and their surroundings are similar
to actual skin because there is little difference in thermal
diffusivity between the water and skin [12,33].

We calculated the incident fluences of picosecond laser
pulses for disruption of the melanosomes at different skin-
tissue depths using the threshold fluences obtained and a
Monte Carlo simulation. The measured power density of
the beam profile varied within the range of —20% to +30%
from the averaged value. The beam profiles were uniform
in the numerical simulations. When the power density of
the uniform beam profiles varied within the same range,
the calculated light distributions of skin tissue decreased
by 20% for the minimum power density and increased by
30% for the maximum power density. Therefore, the cal-
culated fluences varied within the range of —-20% at
minimum to +30% at maximum.

The simulation results were consistent with those re-
ported for picosecond laser treatment of dermal pig-
mented lesions using the same laser device as in our
experiment [34-36]. Clinical studies reported that pa-
tients with Fitzpatrick skin type III or IV suffering from
nevus of Ota, Hori's macules, or ectopic Mongolian spots
obtained good results without any complications through
picosecond laser irradiation at a pulse width of 750 pico-
seconds, fluences of 1.59-5.26J/cm?, and spot sizes of
2.2-4.0 mm. The irradiated fluences for spot sizes of 3 and
4 mm were within the range of the incident fluences when
the target melanosomes were distributed in the dermis.
The simulation results revealed that the incident fluences
needed for the disruption of melanosomes in skin tissues
differ when the melanosomes are located in the epidermis
and lower dermis, and the larger the spot size, the lower
the incident fluence required to disrupt melanosomes in
the deeper skin tissue (Fig. 5). These results have an
important clinical implication in demonstrating that the
appropriate choice of irradiation parameters is dependent
on the pigmented lesion depth. In a clinical study of
755-nm picosecond laser treatment of epidermal pig-
mented lesions in Asians, a fluence of 3.5 J/cm? gave rise
to marginal hyperpigmentation [37]. By contrast, our re-
sults indicate that a fluence of 1J/cm? of picosecond laser
pulses might be able to treat epidermal pigmented lesions
with less damage to the surrounding tissues. Considering
that our calculation used optical properties for Asian skin
tissue, differences in skin type can influence the incident
fluences obtained. The evaluations will compare the in-
cident fluences calculated using the values for Caucasian
and African skin tissues [5]. Figure 5 also shows a slight
decrease in the incident fluences when the target mela-
nosomes are around the dermal-epidermal junction.
Because a laser wavelength of 755 nm, employed for pi-
cosecond laser devices, penetrates deeply into the skin
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tissue [5] and has a large ratio of optical absorption by
melanin relative to hemoglobin [38], the laser light is
suitable for dermal pigmented lesion treatment [39-41].
The simulation results suggest that even if the appro-
priate incident fluences for disruption of melanosomes in
the dermis layer are chosen, unavoidable injury at the
junction may occur, often involving postinflammatory
hyperpigmentation or hypopigmentation [36,42]. The
design of a novel optical delivery system that allows a
sufficient quantity of laser energy to reach the deep layer
of skin tissue while reducing damage to the surface layer
is required [43].

When the short-pulsed laser energy is directed at
pigmented skin lesions, the therapeutic endpoint is
usually immediate whitening, corresponding to in-
creases in optical scattering with vacuolization of the
melanosomes [3,4,44,45]. However, Ohshiro et al. [36]
reported that patients with dermal pigmented lesions
obtained successful lightning without immediate
whitening in 12 of 16 treatments, implying that imme-
diate whitening is not needed to achieve clinical clear-
ance in picosecond laser treatments. Furthermore, im-
mediate whitening can also occur in melanosomes in
normal tissues that are distributed above pigmented
lesions, which makes distinguishing them from mela-
nosomes in pigmented lesions difficult. Therefore, it is
difficult to determine through a visual assessment if
the desired energy is delivered to the target lesions.
These contradictions suggest the necessary quantita-
tive evaluation of irradiation conditions for pigmented
lesion treatment based on the threshold fluences for
melanosome disruption and light-propagation analysis.
The calculated incident fluences can provide funda-
mental knowledge to establish quantitative indexes for
choosing the irradiation endpoint of picosecond laser
pulses. The validation of our simulation results will
lead to improved picosecond laser irradiation ap-
proaches for pigmented skin lesion treatment.

CONCLUSION

Threshold fluences of 550- and 750-picosecond laser
pulses for therapeutic use causing melanosome disruption
were determined to be 2.19 and 2.49 J/cm?, respectively.
Light transport simulations revealed that appropriate
incident fluences of picosecond laser pulses for the dis-
ruption of melanosomes in skin tissue are dependent on
their depth distribution. Choosing a larger laser spot size
can disrupt the melanosomes in the deeper part of the
skin tissue with minimal damage to the surrounding tis-
sues because a lesser incident fluence is necessary. An
incident fluence analysis based on the melanosome dis-
ruption thresholds provides information determining the
irradiation endpoint for picosecond laser treatment of
pigmented skin lesions. Validation is needed to establish
quantitative indexes and choose appropriate irradiation
parameters for picosecond laser treatment using novel
therapeutic laser devices.
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