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Abstract

Laser technology has been increasingly used to achieve minimally invasive treatment. The use of
picosecond lasers for the treatment of pigmented lesions has been clinically investigated to improve
the safety of the conventional nanosecond laser treatments. Despite its promising clinical results,
rapid and effective clinical applications have been limited due to the difficulties in quantitative
evaluation of the treatment effect. To tackle these problems, this study proposes “a computational
laser treatment,” a laser treatment platform for rapid and effective clinical applications of novel
laser devices with reproducible and precise laser treatment in the physical world by quantitatively
evaluating the treatment effect and designing a treatment protocol that maximizes the treatment
outcome in a virtual world. As a specific example, a computational laser treatment using picosecond
laser is developed to demonstrate the feasibility of computational clinical trials and the design of
numerical indices for setting the irradiation parameters.

Chapter 1 provides the background on the utilization of lasers for minimally invasive treatments,
summarizes the issues in the clinical application of picosecond lasers, and describes the concept
of computational laser treatment. The significance of the proposed platform in preclinical and
clinical trials and laser treatments is also presented.

Chapter 2 shows the optical properties of Asian epidermis, dermis, and subcutaneous fat
measured with a double integrating sphere spectrophotometer and inverse Monte Carlo technique.
A light transport model with the measured optical properties provided a quantitative evaluation
of optical penetration depth and energy deposition in Asian skin for various combinations of
irradiation parameters, which is difficult to measure in clinical studies.

Chapter 3 investigates the morphologies of melanosomes irradiated with picosecond laser
analyzed by dynamic light scattering and scanning electron microscopy. The results confirmed
that the threshold fluences for melanosome disruption were 2.19 and 2.49 J/cm? for 550- and 750-ps
laser pulses, respectively. The thresholds obtained allow for the construction of a mathematical
model to provide numerical indices for setting the irradiation parameters in computational laser
treatment.

In Chapter 4, a nonlinear absorption-based analysis of melanin was performed to quantitatively
evaluate energy deposition in melanosomes. Nonlinear absorption by melanin was found to have
a significant influence on the treatment mechanism. The computational analysis demonstrates that
the difference in treatment effect between picosecond and nanosecond lasers can be evaluated,
augmenting preclinical and clinical evaluations.

Chapter 5 highlights the evaluation of photothermal skin damage caused by a novel picosecond
laser device with a computational simulation of light propagation and thermal diffusion in skin.
The photothermal damage caused by the novel device was shown to be less than that caused by
the approved laser devices. The result of the comparison demonstrates that computational laser

treatment can be applied to computational clinical trials for the partial replacement of preclinical



and clinical trials.

In Chapter 6, incident fluences of picosecond laser were calculated with a mathematical model
based on the optical properties of the skin and the disruption threshold fluence. The validity of
the calculated fluences was confirmed by comparison with the reported clinical study results. The
simulation results demonstrate that computational laser treatment can provide numerical indices
for setting distinct irradiation endpoints.

Chapter 7 discusses the prospects of the impacts of computational laser treatment on the
processes of device development through regulatory evaluation to clinical use in the field of laser
medicine.

Chapter 8 provides the overall conclusion. The proposed computational laser treatment offers
a quantitative and reproducible evaluation method for picosecond laser treatment for the augmen-
tation and partial replacement of preclinical and clinical trials and robust setting of irradiation

parameters.
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Chapter 1

Introduction

1.1 Laser treatment as a minimally invasive treatment

In an effort to achieve medical care that improves patient well-being and quality of life, laser
technology has been increasingly used for diagnosis and therapy. Lasers are unique in their abilities
of power density, directionality, coherence, monochromatic wavelength, and short pulse, which
enable the delivery of energy to biological tissues selectively, with high resolution, and without
contact. Depending on the parameters of the laser light, tissue can be affected by photobiological
[1], photochemical [2], photothermal [3], or photomechanical [4] effects. The appropriate choice of
irradiation parameters provides specific laser-tissue interactions for the treatment of target lesions
or tumors. Thus, lasers are a versatile tool to provide a minimally invasive treatment that preserves
the function and cosmetic appearance of organs. Many types of laser have been applied in a wide
range of clinical departments, including dermatology [5], plastic surgery [6], cosmetic surgery
[7], neurosurgery [8], ophthalmology [9], dentistry [10], and gastrointestinal surgery [11]. One
property of using a laser over common surgical tools, such as a surgical knife, monopolar, bipolar,
thermal cautery, and ultrasonic vibrations, is to provide a treatment without resection. The use
of lasers is especially powerful in the treatment of organs where the preservation of cosmetic

appearance is strongly desired, such as skin.

1.2 Clinical application of picosecond lasers for a potentially safe
treatment

The use of picosecond lasers for the treatment of pigmented lesions has been clinically investigated
to improve the safety of the conventional nanosecond laser treatments [6, 12]. Pigmented lesions are
usually the result of abnormal production of dendritic melanocytes in the dermis or overproduction
of melanin by melanocytes in the epidermis. These lesions often occur in Asians and cause cosmetic
and psychological burdens on patients, which significantly reduces their quality of life [13].
Nanosecond lasers whose pulse width is shorter than the thermal relaxation time of melanosomes,
approximately 50 ns, can confine heat inside melanosomes, and increase temperature owing to

the high power density (see Fig. 1.1(a), (b)) [14]. This process induces selective disruption of



melanosomes, resulting in treatment effects [15, 16]. However, the long recovery time and the risk
of complications, such as erythema, blistering, hypopigmentation, and PIH, remain major concerns
for Asian skin, with its higher epidermal melanin content [17-20]. Picosecond lasers satisfy the
thermal confinement condition of melanosomes more strongly than nanosecond lasers, and thus
the damage is more localized to the lesions [21]. Furthermore, their pulse width is comparable to
or shorter than the stress relaxation time of melanosomes, approximately 700 ps [22]. Picosecond
lasers can generate a photomechanical effect more efficiently than nanosecond lasers to disrupt
melanosomes (see Fig. 1.1(c)) [23]. The influence of different pulse widths on the treatment effect

needs to be evaluated to provide well-established modalities for the treatment of pigmented lesions.

(a) Continuous laser (b)  Nanosecond laser (c) Picosecond laser
| - »
@@
%@
® Melanosome © Thermally-denatured area }J( Thermal stress wave

Figure 1.1: (a) Continuous lasers cause thermal diffusion to normal tissues. (b) Nanosecond lasers
can confine heat inside melanosomes because the thermal confinement condition of melanosomes
is satisfied. However, the long recovery time and the risk of complications remain major concerns
for Asian skin. (c) Picosecond lasers can confine heat inside melanosomes more locally, and
generate a photomechanical effect more efficiently than nanosecond lasers because their pulse
widths are comparable to or shorter than the stress relaxation time of melanosomes.

1.3 Drawbacks in clinical evaluation and practice of picosecond laser

The evaluation of the safety and efficacy of picosecond laser irradiation to tissue is required
for clinical applications. Because lasers inject energy into tissues, the light distribution in skin
affects the treatment effect. However, direct measurements of spatial distributions of light and
subsequent photothermal and photomechanical effects are difficult because of the high scattering
nature of tissue. Furthermore, during picosecond laser, the physical phenomena are too fast to
make direct observations. Therefore, the clinical evaluation of picosecond lasers has relied on
statistical comparison of the safety and efficacy with nanosecond laser treatments and histological
analysis of laser-irradiated tissues [24-29]. Picosecond laser treatments tended to record higher
mean safety and efficacy scores than nanosecond laser treatments [26—29]. Controversially, some
clinical studies reported significant differences in efficacy between picosecond and nanosecond

lasers [27, 28], while other clinical studies with a similar protocol reported a different conclusion,



that the difference did not reach statistical significance [29]. Additionally, whether significant
differences were detected varied between investigators and subjects [27, 28]. In terms of the
setting of the irradiation parameters, the spot size was almost similar, ranging from 2 to 4 mm, but
nanosecond laser treatments used approximately double the fluence of picosecond laser treatments
[24, 26-29]. To resolve the ambiguities in the clinical evaluation, a laser-tissue interaction-based
analysis is desired to quantitatively evaluate differences in treatment effect between different laser
pulses.

In clinical practice, the appropriate choice of picosecond laser irradiation parameters, including
wavelength, fluence, pulse width, and spot size, is critical to maximizing treatment outcome. It
is urgently necessary to develop established indices to determine the irradiation parameters [30].
However, the current setting is highly dependent on the laser surgeon’s skill and experience.
The irradiation parameters are adjusted by their visual assessment of immediate or early tissue
reactions after the laser shot [31]. Inappropriate settings cause adverse events such as scarring and
burning. Additionally, there are clinical reports of successful clearance at low fluences without
the skin reaction [32, 33]. These clinical study results suggest that it remains difficult to provide
standardized treatment with picosecond laser. The irradiation parameters should be designed
based on numerical indices to provide an optimal treatment protocol, leading to the determination
of distinct irradiation endpoints. The drawbacks in clinical evaluation and practice of picosecond

laser treatment are summarized in Fig. 1.2.

Process from device development to clinical use

. . . Regulatory .
Preclinical and clinical trlals Clinical use

Lack of quantitative evaluation methods  Dependent on surgeon’s skill & experience
Ambiguities in clinical evaluations Adverse events in treatment session

Device
development

Figure 1.2: Drawbacks in the clinical evaluation and practice of picosecond laser.

1.4 Digital twin simulation of picosecond laser-skin interactions

In response to the above issues, digital twin simulations have the potential to provide a promising
platform for evaluating the treatment effect and designing a treatment protocol. The “digital twin”
concept is an in silico representation of the physical world to optimize design and control processes
of products while connecting the physical world and a model in real time, and has been pioneered
in engineering industries [34]. Recently, such computational approaches for regulatory evaluation
and treatment have begun to be deployed in the medical field, including medical devices and
pharmaceuticals [35-38]. By accurately reproducing the treatment procedure on a computer with
virtual patient models obtained from measurements, the computational approach can overcome the
difficulties in directly measuring the treatment effect and setting the treatment conditions.

For a digital twin simulation of picosecond laser treatment, mathematical models of picosecond



laser-skin interactions are required. With recent advances in computational modeling and simulation
of biomedical optics, light transport models based on an MC method or diffusion approximation
allow for computational simulations of physical phenomena in tissue induced by laser irradiation
with high accuracy [39-41]. The mechanism of action of picosecond laser has been modeled
from linear optical absorption and subsequent photothermal and photomechanical effects and has
been computationally simulated at the tissue or cellular scale [23, 42—44]. In this model, the light
distribution of short-pulsed lasers in skin tissue is calculated approximating the temporal pulse
profile as a delta-like function [45], because the speed of light propagation in skin is much faster
than the speed of thermal diffusion and stress propagation. However, it is not applicable to the
evaluation of the impact of different pulse widths that satisfy the thermal and stress confinement
conditions on the treatment effect. Furthermore, the high power density of a picosecond laser pulse
causes nonlinear absorption by melanin [46]. The influence of nonlinear absorption by melanin on
the treatment effect becomes more pronounced with increasing power density. The construction
of mathematical models taking power density into account is essential for comparative evaluation
between different laser pulses. The removal of pigmented lesions with short-pulsed lasers results
from the disruption of melanosomes through the absorption of light propagated through the skin
by the internal melanin [47]: The complex laser-skin interactions involve the tissue, cellular, and
molecular scales. The construction of mathematical models requires a multiscale analysis of laser-
skin interactions. In addition to mathematical models, physical parameters of the skin are necessary
for computational simulations. Such parameters can be obtained using optical measurements such

as spectroscopy and inverse problem analyses with the light transport model [48—50].

1.5 Concept of computational laser treatment

This study proposes “a computational laser treatment,” a laser treatment platform for rapid and
effective clinical applications of novel laser devices with reproducible and precise laser treatment
in the physical world by quantitatively evaluating the treatment effect and designing a treatment
protocol that maximizes the treatment outcome in a virtual world, as shown in Fig. 1.3. Laser-
tissue interactions are quantified with computational simulations using mathematical models of
laser treatment and optical structural data of the patient’s tissue to evaluate the treatment effect.
Because the irradiation parameters can be easily set on a computer, a comprehensive analysis of
the irradiation parameters and a complement of physical phenomena that are difficult to measure
in preclinical and clinical experiments can be taken into account in the evaluation. Furthermore,
a treatment protocol that maximizes the treatment outcome can be designed by fast repetition of
the above process based on the results of the evaluation. The designed treatment protocol can be
reproduced using advanced optical devices and robot-assisted technology. The proposed platform
will contribute to the establishment of computational clinical trials that augment and partially
replace preclinical and clinical trials with reproducible and precise laser treatment regardless of

the surgeon’s skill and experience.
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Figure 1.3: Concept of computational laser treatment. This platform quantitatively evaluates the
treatment effect and designs a treatment protocol that maximizes the treatment outcome in a virtual
world for rapid and effective clinical applications of novel laser devices with reproducible and
precise laser treatment in the physical world.

1.6 Aim of this study

This study aims to develop a computational laser treatment using picosecond laser. Despite the
potential of picosecond lasers to provide a highly safe treatment of pigmented lesions, rapid and
effective clinical applications have been limited due to the difficulties in quantitative evaluation of
the treatment effect. To address the issues, picosecond laser-skin interactions are experimentally and
computationally analyzed at the tissue, cellular, and molecular scales to construct mathematical
models of treatment and measure the physical parameters of the skin. The applicability of the
developed computational laser treatment to partially replace preclinical and clinical trials and to

achieve reproducible and precise laser treatment is then evaluated.

1.7 Outline of this dissertation

For multiscale analysis of picosecond laser-skin interactions, optical properties of Asian epidermis,
dermis, and subcutaneous fat are measured with a DIS spectrophotometer and iMC technique to
quantitatively evaluate picosecond laser propagation in skin tissue in Chapter 2. Threshold fluences
of picosecond laser for melanosome disruption are determined with DLS and SEM in Chapter 3.
A nonlinear absorption-based analysis of melanin is performed to quantitatively evaluate energy
deposition in melanosomes in Chapter 4. For rapid and effective clinical applications of novel

laser devices, the feasibility of computational clinical trial is demonstrated by evaluating the



photothermal skin damage caused by a picosecond laser device with a computational simulation

of light propagation and thermal diffusion in skin in Chapter 5. Incident fluences of picosecond

laser are calculated with a mathematical model based on the optical properties of the skin and

the threshold fluences for melanosome disruption to provide numerical indices for setting the

irradiation parameters in Chapter 6. The prospects of computational laser treatment are discussed

in Chapter 7. The overall conclusion is provided in Chapter 8.
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Chapter 2

Measurement of optical properties of
Asian epidermis, dermis, and
subcutaneous fat

2.1 Introduction

Light distributions in skin tissue provide fundamental information for predicting the outcome of
computational laser treatment using picosecond laser [1]. Skin tissue consists primarily of three lay-
ers, including the epidermis, dermis, and subcutaneous fat. The irradiated pulsed light is scattered
and absorbed while propagating through each layer. The light absorbed by the lesions is translated
into photothermal and photomechanical effects, resulting in treatment effects. On the other hand,
excessive light absorption by normal tissue surrounding the lesions risks thermal damage. The
light distribution in skin tissues is therefore a key factor in predicting the treatment outcome. One
limitation in the prediction is the difficulty in direct measurements of light distribution in tissue
due to scattering and absorption.

Light transport models based on an MC method and physical parameters including optical
properties and structural parameters of tissues have been developed to evaluate optical diagnosis and
laser treatment [2, 3]. These models enable computational simulations to calculate light distribution
in skin tissues, overcoming the technical challenges associated with direct measurements. The
accuracy of the simulated light distribution depends on the optical properties because they differ
depending on the skin type. Since pigmented lesions are common in Asians, high accuracy of
the optical properties of Asian skin tissues is necessary to evaluate the safety and efficacy of
picosecond laser treatment. Several papers have reported optical properties of each skin layer
obtained from in vitro measurements [4, 5]; however, all the works have measured only Caucasian
and African skin tissues. The validity of estimating the absorption coefficients of each Asian skin
layer from the concentrations of chromophores, including blood, water, and melanin, has not yet

This chapter was originally published under the title, “Measurement of absorption and reduced scattering coefficients
in Asian epidermis, dermis, and subcutaneous fat tissues in the 400- to 1100-nm wavelength range for optical penetration
depth and energy deposition analysis” by Yu Shimojo, Takahiro Nishimura, Hisanao Hazama, Toshiyuki Ozawa, and
Kunio Awazu in Journal of Biomedical Optics 25(4):045002 (2020).
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been verified in detail. Although in vivo measurements have also been performed [6, 7], optical
properties and structural data of each layer cannot be easily determined because there are a large
number of variables involved in solving inverse problems [8, 9]. The construction of a virtual
human skin model with optical properties of Asian skin tissues allows for the calculation of light
distributions in Asian skin with higher accuracy in computational laser treatment.

This chapter presents a measurement of the optical properties of Asian epidermis, dermis, and
subcutaneous fat in the VIS-NIR range with a DIS spectrophotometer and iMC technique. The
use of this spectrophotometer allows the simultaneous measurement of diffuse reflectance Ry and
total transmittance 7T;, and reduces sample degradation during measurement. When comparing
measured Ry and T; with simulated Rq and T; with the iMC technique, respectively, the optical
properties of Asian epidermis, dermis, and subcutaneous fat can be obtained. To confirm the
validity of the measured optical properties of each layer, the measured values are compared
with the reported values for Caucasian and African skin tissues. Using a light transport model
with the measured optical properties, computational simulations are performed to analyze optical
penetration depth ¢ and energy deposition S for different types of skin and various combinations
of irradiation parameters. These analyses allow for the complement of measurement data that
are difficult to obtain in preclinical and clinical experiments due to technical challenges [10].
Therefore, computational simulations will provide laser device manufacturers and laser surgeons
with a better understanding of the light behavior in each layer of Asian skin and how changes in

skin types can cause differences in light distribution in skin.

2.2 Materials and Methods

2.2.1 Sample preparation

Freshly discarded specimens of Japanese human skin tissue were obtained from surgeries at the
Department of Dermatology of Osaka City University, immersed in a solution of saline, and then
delivered to Osaka University. A study protocol approved by the Research Ethics Committee of
Osaka University (approval number: R 29) and the Ethics Committee of the Graduate School of
Medicine of Osaka City University (approval number: 4252) was followed and each participating
patient signed an informed consent form before surgeries. Skin specimens from the face, abdomen,
thigh, axilla, clavicle, and ear of adult patients were used. The specimens were stored at low
temperature (4°C) until sectioned into the epidermis, dermis, and subcutaneous fat. The number
of sectioned specimens was 21, 20, and 15, respectively. In total, 15 epidermis samples, 20 dermis
samples, and 15 subcutaneous fat samples were successfully separated and then measured and
analyzed. The time taken from sample preparation to measurement did not exceed 50 hours for the
epidermis and dermis and 12 hours for the subcutaneous fat. The subcutaneous fat was cut with
surgical scissors. The epidermis and dermis were then separated with surgical tweezers using a split
skin technique [11]. The skin samples were incubated in PBS (163-25265, FUJIFILM Wako Pure
Chemical Corporation, Japan) containing 2 mM EDTA (06894-14, Nacalai Tesque, Japan) and 1
mM phenylmethylsulfonyl fluoride (160-12183, FUJIFILM Wako Pure Chemical Corporation) for
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48 hours at 4°C with a daily exchange of the solution. The thickness of each section was measured
at three points using a high-precision digital micrometer (MDE-25MX, Mitutoyo, Japan) with a
precision of +1 ym and averaged. The thickness of the epidermis, dermis, and subcutaneous fat
sections ranged from 0.09 to 0.32, 1.03 to 2.10, and 1.21 to 1.90 mm, respectively. The lateral
size of the sectioned tissues was around 20 mm X 20 mm. The sections were sandwiched between
glass slides (S1112, Matsunami Glass Ind., Japan) without (or with minimal) compression, and the
thickness was fixed using spacers. The samples were sealed with scotch tape to prevent desiccation

during measurement.

2.2.2 DIS spectrophotometer

The R4 and T; were obtained with a DIS spectrophotometer (see Fig. 2.1) as previously reported
[12]. In the setup, a xenon lamp (L2273 and C8849, Hamamatsu Photonics, Japan) was used.
The light was focused into a 1 mm spot on the sample, which was mounted between the 100 mm
outer diameter reflectance and transmittance spheres (CSTM-3P-GPS-033SL, Labsphere, USA).
The integrating spheres were made of Spectralon®, which is a solid thermoplastic that exhibits the
highest diffuse reflectance of any material or coating in the 250-2500 nm band. All ports of the
integrating spheres had a diameter of 10 mm. The sample size was larger than the diameter of
the sample port. After incident light was illuminated onto the samples, the diffusely reflected and
transmitted light from the sample was diffused in the integrating spheres and then detected through
an optical fiber (CUSTOM-PATCH-2243142, Ocean Optics, USA) connected to a spectrometer
(MAYP10161, Maya2000-Pro, Ocean Optics) that is sensitive in the 400-1100 nm wavelength
range. The exposure time for the measurement was 500 ms. Ry and 7; were measured at five
points in the samples and averaged. The DIS spectrophotometer was calibrated using a diffuse
reflectance standard (SRS-20-010, Labsphere) and a transmittance filter JCRM130, Japan Quality
Assurance Organization, Japan). A diffuse reflectance standard (SRS-99-010, Labsphere) and a
beam trap (BT610, Thorlabs, USA) were used to measure the background of the R4 spectrum.

VIS-NIR spectrometer

L3 L4

Figure 2.1: Schematic diagram of DIS spectrophotometer. Al, aperture (¢ = 1 mm); A2, aperture
(¢ = 4 mm); CL, concave mirror; IS, integrating spheres; L1, convex lens (f = 70 mm); L2, concave
lens (f = —60 mm); L3, concave lens (f = =50 mm); S, Sample; L4, convex lens (f = 30 mm); XL,
xenon lamp.
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The Ry difference between the measured and standard values was found to be within 0.7% for
wavelengths below 1000 nm and within 2.5% above 1000 nm (Figs. 2.2(a),(c)). The larger
difference above 1000 nm was caused by the wavelength dependence of the integrating spheres
and the spectrometer. The reflectance of the integrating spheres and the detection sensitivity of
the spectrometer decreased in the NIR range. The difference in the measured 7; was within 0.2%

(Figs. 2.2(b),(d)). All measurements were made at room temperature (23°C).
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Figure 2.2: (a), (b) Comparison of the measured and standard values of diffuse reflectance Ry and
total transmittance Ty, respectively. (c), (d) Differences between the measured and standard values
of Ry and Ti, respectively.

2.2.3 Data processing technique

The optical properties were determined from the measured diffuse reflectance Ry exp. and total
transmittance Tt exp. With an iMC technique [12]. First, possible ranges of optical property values
were estimated according to Ref. [13] and sets of optical properties were prepared in 0.1 mm™!
increments. The diffuse reflectance Rq cq. and the total transmittance T; ¢, were then calculated
with the sets of optical properties prepared and the geometry of the sample using an MC simulation
[14]. The Ry ca1. and Tt . values were then compared with the Ry exp. and Tt exp. values, respectively,
and the differences were calculated. Finally, the estimated optical properties were accepted as the

optical properties of the samples if the relative differences were smaller than 0.5%. Otherwise,
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sets of optical properties that minimized the differences between the measured and calculated
values were taken, and the above steps were repeated in smaller increments until the measured
and calculated values were agreed upon within 0.5%. This iterative process produced the set of
optical properties of each skin layer that most closely matched the Ry exp and Ty exp values. The
anisotropy factor g was assumed to be 0.9, which is a typical value for many types of tissue [15].
The refractive indices of epidermis, dermis, and subcutaneous fat were fixed at 1.34, 1.39, and

1.44 at a wavelength of 633 nm, respectively [3].

2.2.4 Geometry of the modeled skin tissue

To calculate 6 and S using the measured optical properties, a virtual human skin model was
constructed. Figure 2.3 shows the skin model consisting of the epidermis, dermis, and subcutaneous
fat. In the dermis, three different sizes of blood vessels, namely the capillary plexus, the upper
dermis blood vessels, and the deep dermis blood vessels, were modeled to simulate the distribution
of blood vessels. Table 2.1 shows the parameters of the blood vessels used in the model [16].
The capillary plexus was 150 pum in thickness. The upper dermis blood vessels and the deep
dermis blood vessels were lined at a depth of 340 and 1210 um, respectively. The skin model was
constructed using 500 x 500 x 400 cubic voxels. The size of each voxel was 10 ym X 10 um x 10
um. The depth direction 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) = (0 mm, 0 mm). The thicknesses of the epidermis

and dermis layer were set to the average of the measured values.

2.2.5 Optical penetration depth and energy deposition analysis

A 3D MC simulation was performed to calculate ¢ and S [17]. This computational simulation
enables a calculation of the light distribution in a complex tissue composed of many types of tissue,
each with its own optical properties. Uniform circular beams with diameters of 2, 3, and 4 mm were
assumed to enter the skin model vertically at (x, y) = (0 mm, O mm). The ¢ and S were calculated at
wavelengths of 405, 532, 595, 632, 694, 755, 800, 980, and 1064 nm, which are available for current
picosecond laser treatment. The measured optical properties at each wavelength were assigned
in the skin model. The optical properties of human blood at each wavelength are summarized in
Table 2.2 [18-20]. The blood oxygen saturation was 96%. The g was assumed to be 0.9 [15].
The simulation was carried out for 180 million photons to achieve a sufficient distribution of light

fluence in the skin tissue.

Table 2.1: Parameters of blood vessels. Table reproduced with permission from Ref. [21].

Depth of the center [um] Volume fraction [%] Diameter [pum]

Capillary plexus 230 4 10
Upper dermis blood vessel 340 30 50
Deep dermis blood vessel 1210 10 80
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Figure 2.3: Virtual human skin tissue model consisting of the epidermis, dermis, subcutaneous fat,
and three kinds of blood vessels (capillary plexus, upper dermis blood vessels, and deep dermis
blood vessels). Figure reproduced with permission from Ref. [21].

Table 2.2: Absorption u, and reduced scattering p " coeflicients of human whole blood. The blood
oxygen saturation was 96%. Table reproduced with permission from Ref. [21].

Wavelength [nm]  u, [mm~']  p’ [mm~1]

405 176.03 2.53
532 23.43 2.11
595 3.89 1.96
632 0.39 1.88
694 0.19 1.77
755 0.32 1.68
800 0.44 1.61
980 0.59 1.41
1064 0.30 1.34
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2.3 Results

2.3.1 Optical properties of Asian epidermis, dermis, and subcutaneous fat

The optical properties of Asian epidermis, dermis, and subcutaneous fat were measured in the
400-1100 nm wavelength range. Figure 2.4 shows the R4 and T; spectra of Asian epidermis,
dermis, and subcutaneous fat. The optical properties were obtained by comparing the measured
Rg4 and T; values with the values calculated with the iMC technique. Figure 2.5(a) shows the
absorption coefficient u, spectra of epidermis, dermis, and subcutaneous fat. The higher SDs
compared to the detection sensitivity of the optical setup were caused by individual differences and
body-site differences of the samples used. The yu, values of the epidermis decreased with increasing
wavelength. The absorption by the epidermis was remarkably higher than that by the dermis and
subcutaneous fat due to the large absorption by melanin in the epidermis. The absorption by
melanin increases steadily at shorter wavelengths over the 250-1200 nm wavelength range [22].
There was a marked dispersion of the y, values in the 400600 nm wavelength range owing to the
difference in melanin content between samples obtained from photoexposed and photoprotected
skin [23]. In the u, spectrum of the dermis, hemoglobin absorption peaks at 403 and 573 nm and
a water absorption peak at 968 nm were observed. The hemoglobin absorption peaks were not
pronounced, because the blood in the samples was removed during the sample preparation. In the
Ua spectrum of the subcutaneous fat, hemoglobin absorption peaks appeared around 416 and 575
nm, and a broad band of bilirubin absorption between 400 and 500 nm. The increase in SD in the
absorption bands was caused by differences in blood content in different tissue samples. Figure
2.5(b) shows the reduced scattering coefficient ug” spectra of epidermis, dermis, and subcutaneous
fat. The ug’ values of the epidermis were noticeably higher than those of dermis and subcutaneous
fat. The ug’ values decreased with increasing wavelength. The steady decrease could be attributed
to the decrease in the contribution of Rayleigh scattering and the increase in the contribution of

Mie scattering with increasing wavelength [24].

2.3.2 Effect of sample preparation on optical properties

The sample preparation technique could have influenced the evaluation of the optical properties
[25, 26]. The effect of sample preparation during epidermis and dermis separation was investigated
by comparing the optical properties of skin tissue consisting of epidermis and dermis (epidermis
+ dermis) before and after sample preparation. For measurement before sample preparation,
epidermis + dermis separated from subcutaneous fat was immediately used. For measurements
after sample preparation, the same epidermis + dermis was immersed in PBS for 48 hours at 4°C.
Figure 2.6 shows the u, and g’ spectra of epidermis + dermis before and after sample preparation,
and the relative difference of the u, and ug" values after sample preparation. The mean u, after
sample preparation was lower than before sample preparation. The largest difference in the u,
values was —35% at 432 nm. In the 400-570 nm wavelength range, the difference was significant
because most of the blood in the sample was removed by the soak solution. However, in the
wavelength range longer than 570 nm, the relative difference was within the SD of the result before
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Figure 2.4: (a) Diffuse reflectance Rq and (b) total transmittance 7; spectra of (i) epidermis, (ii)
dermis, and (iii) subcutaneous fat averaged over the 15, 20, and 20 samples, respectively. The
shaded area represents the SD. Figure reproduced with permission from Ref. [21].

18



(a) (b)
(i) (i)
6.0 14
5.0 12
10
T8
£
. 6 |
3
4 +
- 2 i
0 . . . . 0 " " " " " "

400 500 600 700 800 900 1000 1100
Wavelength [nm]

400 500 600 700 800 900 1000 1100
Wavelength [nm]

(iii)

1.2 4.0
10 | 35
3.0
08 —25
50.6 gz.o
S 215 |
10
02 | 05 |
0 PR — = 0 .

400 500 600 700 800 900 1000 1100
Wavelength [nm]

400 500 600 700 800 900 1000 1100
Wavelength [nm]
(ii)
10

pg' [mm-]

0 I I I I I I
400 500 600 700 800 900 1000 1100

Wavelength [nm]

(iif)

400 500 600 700 800 900 1000 1100
Wavelength [nm]

Figure 2.5: Wavelength dependences of (a) absorption coefficient y, and (b) reduced scattering
coefficient ug” of (i) epidermis, (ii) dermis, and (iii) subcutaneous fat averaged over the 15, 20, and
20 samples, respectively. The shaded area represents the SD. Figure reproduced with permission
from Ref. [21].
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Figure 2.6: (a), (b) Wavelength dependences of absorption u, and reduced scattering u” coefficients
of epidermis + dermis before and after sample preparation. The solid and broken lines show the
values before and after sample preparation, respectively. (c), (d) Wavelength dependences of the
relative differences between the u, and u” values of epidermis + dermis before and after the sample
preparation. The solid line and dotted lines represent the relative differences in the u, and ug’
values, and +1SD, respectively. Figure reproduced with permission from Ref. [21].

sample preparation, as shown in Fig. 2.6(c); therefore, it was considered not significant. The
difference in the u ” values was approximately +10% throughout the wavelength range and showed
a gradual increase with increasing wavelength. The difference was regarded as not significant.
The SDs of both pu, and p” values increased from 1000 nm to 1100 nm due to the low detection
sensitivity of the used setup in the NIR range.

2.3.3 Optical penetration depth and energy deposition

The 6 and S were calculated with a computational simulation based on the light transport model
and the measured optical properties as shown in Table 2.3. The ¢ was defined as the depth at
which the fluence inside the skin model falls to 1/e (36.8%) of the incident fluence. Figure 2.7(a)
shows the ¢ at various wavelengths. To estimate the dispersion of ¢ in skin tissue, the maximum
and minimum values of § were calculated using the SDs of the u, and ug’ values of each tissue
layer. The maximum ¢ was obtained from the minimum u, and y" values (mean — 1SD), while

the minimum § was obtained from the maximum y, and y’ values (mean + 1SD). The § depended
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Table 2.3: Absorption u, and reduced scattering us" coefficients (mean = 1SD) of Asian epidermis,
dermis, and subcutaneous fat at typical wavelengths available for laser skin treatments. Table
reproduced with permission from Ref. [21].

Wavelength Epidermis Dermis Subcutaneous fat
[nm] pa [mm™'] g mm™'] g [mm™'] g mmT'] g [mmT'] pg [mm!]
405 332+ 1.51 995+2.02 043+0.10 646+1.77 0.62+034 2.56+0.94
532 144 +£0.69 7.04+148 0.10+0.03 396+0.89 0.15+0.07 1.89+045
595 1.13+0.53 6.02+1.33 0.07+0.02 335+0.71 0.09+0.05 1.77+0.33
632 094 +041 555+1.25 0.07+0.02 3.06+0.62 0.07+0.03 1.72+0.30
694 0.72+0.29 4.89+1.15 0.06+0.02 2.64+053 0.06+0.02 1.60=+0.26
755 049 +0.19 428 +1.04 0.05+0.01 220+043 0.04+0.02 1.43+0.22
800 0.39+0.15 398+1.00 0.05+0.01 2.01+039 0.04+0.02 1.37+0.20
980 0.17+£0.09 3.17+0.85 0.07+0.01 145+029 0.04+0.02 1.18+0.17
1064 0.13+0.10 2.85+0.86 0.05+0.01 134+029 0.03+0.02 1.11+0.16

on irradiation wavelength. At 405 and 532 nm, the light penetrated the upper dermis. At 595,
632, 694, 755, and 800 nm, the light penetrated the deep dermis. At 980 and 1064 nm, the light
penetrated the subcutaneous fat. Figures 2.7(b)—(d) show the comparison of ¢ at the spot diameters
of 2, 3, and 4 mm between the three types of skin. The ¢ increased with increasing spot diameter
due to forward scattering by the skin tissue. Therefore, the required fluence can be reduced as the
diameter of the spot increases [27]. The ¢ did not differ significantly between skin types when
taking into account the dispersion of optical properties.

The S was obtained by multiplying the fluence and the p, value of each tissue. Figure 2.8
shows the differences in skin type in the S profiles along the depth z axis at 500, 700, and 900 nm.
The amount of light energy delivered to each tissue varied depending on wavelength. The peaks
occurred in the epidermis and blood vessels owing to absorption by melanin and hemoglobin,
respectively. The energy deposited in Caucasian subcutaneous fat was larger than that in Asian
and African subcutaneous fats. The maximum S at 500 nm appeared in the capillary blood vessels.
The maximum S in Asian skin was lower than in Caucasian skin tissue. At 700 nm, the maximum
S was observed in the epidermis. The maximum S in Asian skin was two times higher than that
in Caucasian skin and two times lower than that in African skin. At 900 nm, the maximum S was
found in the capillary blood vessels in Caucasian and Asian skins and the epidermis in African

skin. The maximum S in African epidermis was four times higher than in Asian epidermis.

2.4 Discussion

The validity of the optical properties of Asian epidermis, dermis, and subcutaneous fat was
evaluated by comparison with the reported values of Caucasian and African skins. Figure 2.9(a)
shows the comparison of the u, values of each layer in Asian skin with the reported values of
Caucasian and African skins. The u, values of Asian epidermis were between those of Caucasian
and African epidermises in the entire wavelength range because the darkly pigmented skin contains
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Figure 2.7: (a) Optical penetration depths ¢ at spot diameter of 3 mm and wavelengths currently
available for clinical use in dermatology and plastic surgery. (b)—(d) Comparisons of ¢ at spot
diameters of 2, 3, and 4 mm between the three skin types. The broken lines at 0.15 mm and 1.65
mm show the boundaries between the epidermis and the dermis, and between the dermis and the
subcutaneous fat, respectively. Figure reproduced with permission from Ref. [21].

more melanin than the lightly pigmented skin [23]. These results were in good agreement with
the in vivo study by Tseng et al. [7]. The u, values of Asian dermis and subcutaneous fat were
comparable to the reported values in the wavelength range of more than 700 nm [4, 5]. In the
shorter wavelength range, the u, values of Asian dermis were lower than the reported values. This
seems to be caused by blood absorption. The in vitro p, values reported by Salomatina er al. [4]
included blood absorption. On the other hand, the effect of blood in the dermis on the u, values
obtained was almost eliminated because the specimens were soaked in a solution. In the ex vivo
study by Simpson et al. [5], “dermis” indicated the tissues from the skin surface to the bottom of
the dermis (including the epidermis). Therefore, the reported values included absorption by the
epidermis. The u, values of Asian subcutaneous fat in the wavelength range shorter than 700 nm
were lower than the u, values of Salomatina et al. [4] owing to the blood in the samples. Simpson
et al. [5] also reported the u, values, which were lower than those measured in this experiment by
half. They removed blood from their samples to exclude the influence of hemoglobin on the y,
values.

Figure 2.9(b) shows the comparison of the u" values of each layer in Asian skin with the
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Figure 2.8: Differences in energy deposition S profile on the z axis (x = y = 0 mm) between
different skin types at the wavelengths of (a) 500 nm, (b) 700 nm, and (c) 900 nm. The broken lines
at 0.15 mm and 1.65 mm show the boundaries between the epidermis and the dermis, and between
the dermis and the subcutaneous fat, respectively. Figure reproduced with permission from Ref.

[21].
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reported values of Caucasian and African skins. The ug" values of Asian epidermis and dermis
were similar to the reported values in magnitude and slope across the entire wavelength range [4, 5].
The difference indicated that the epidermis and dermis of these groups have similar compositions
in terms of average scatter size and density. The u" values of Asian subcutaneous fat were lower
than the values reported by Salomatina et al. [4] They attributed the increase in the scattering
coefficient to the presence of connective tissue septa composed of thicker and denser collagen-
elastin nets in subcutaneous fat samples obtained from the facial or scalp area. Compared with
the ex vivo study by Simpson et al. [5], the us’” values were higher. This disagreement was likely
related to unavoidable differences in the tissue sample storage and preparation procedure used.
Their samples were refrigerated for five days and allowed to return to room temperature before
being dissected.

In the iMC technique, the g value was assumed as 0.9 for each type of tissue. So far, the
measured u, and ug” values of each skin layer had the insensitivity to g used for the iMC technique
[5]. A small variation (< 1%) was observed in the u" values and negligible change in the u,
values when the g value was changed between 0.8 and 0.95 [5]. Figure 2.10 shows the u, and ug’
values of the samples after sample preparation measured in Subsec. 2.3.2 using g = 0.8, 0.9, and
0.95. The u, and ug" values obtained using the different g values were almost the same, indicating
that the measurement of u, and us" values was insensitive to the g value. The SDs of the u, and
us’ derived from the individual and body-site differences of the samples were more dominant than
the variations in the obtained u, (< 2%) and ug’ values (< 1%) caused by changing g values,
respectively.

The effect of sample preparation on the u, values in the hemoglobin absorption band was
significant. The volume fraction of blood after sample preparation was estimated to be 0.2% from
the comparison of the u, values before and after sample preparation. The results were inconsistent
with the reported value of 5.4% [16], which indicated that the absence of blood was mainly caused
by immersion in solution during the delivery of the specimens. Roggan ef al. postulated that
storage of specimens in solution caused hemoglobin loss, resulting in considerable changes in the
Ua values [26]. The measured u, values were therefore regarded as bloodless parameters. To apply
such parameters for clinical purposes, the u, values of blood must be considered to reproduce the
actual in vivo situation.

The ¢ and S in skin tissue have complemented the measurement data for various combinations
of irradiation parameters that are difficult to obtain in preclinical and clinical experiments due to
the technical challenges [10]. The differences in § were not significant between skin types, while
¢ increased with increasing spot size. These results suggested that differences between skin types
might have an insignificant effect on the depth of the treatment. In the S calculation, the degree
of peaks observed in the epidermis and blood vessels varied depending on wavelength and had
significant differences between the skin types. The S of the epidermis was affected by the difference
in the u, values of the epidermis between the skin types. Because the S distribution is a heat source
in skin tissue, thermal damage to the skin can be calculated using the heat conduction equation

[29]. The difference in damage to the epidermis and blood vessels between the skin types can
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Figure 2.9: (a) Absorption u, and (b) reduced scattering u " coefficients of (i) epidermis, (ii)
dermis, and (iii) subcutaneous fat are compared with the reported values of Caucasian and African
skins. The crosses correspond to Caucasian epidermis, dermis, and subcutaneous fat [4]. The
open diamonds correspond to African epidermis [28]. The open and closed triangles correspond
to African dermis and Caucasian subcutaneous fat, respectively [5]. The error bars represent the
SD of the reported values. Figure reproduced with permission from Ref. [21].
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Figure 2.10: Wavelength dependences of (a) absorption u, and (b) reduced scattering us” coeffi-
cients of epidermis + dermis for g = 0.80 (red), 0.90 (blue), and 0.95 (green). The shaded area
represents the SD for g = 0.90. Figure reproduced with permission from Ref. [21].

affect the treatment outcome. This analysis leads to the evaluation of the risk of complications such
as burning, dyspigmentation, and scarring [30]. These results demonstrated that computational
simulations with the measured optical properties can provide detailed and quantitative evaluation
of picosecond laser propagation in skin tissue depending on the irradiation parameters and skin
type.

The measured skin samples were obtained from a variety of body sites, ages, and sexes. This
may have introduced variations to the u, and s’ spectra. Furthermore, the thickness of each skin
layer varies individually and site-dependently [31]. The accumulation of sufficient knowledge of
these differences will allow the construction of virtual human skin models for various sites and will
improve their clinical applicability. Using these skin models in combination with light transport

models will improve the precision of computational simulations for laser skin treatment.

2.5 Conclusion of this chapter

The optical properties of Asian epidermis, dermis, and subcutaneous fat were measured in the 400—
1100 nm wavelength range with the DIS spectrophotometer and iMC technique. The u, values of
Asian epidermis differed markedly from those of Caucasian and African epidermises, while the g’
values of each layer in Asian skin were similar to those of the other types of skin. Computational
simulations using a layered skin model and the measured optical properties analyzed ¢ and S in skin
tissue. The ¢ and S complemented the measurement data for various combinations of irradiation
parameters that were difficult to obtain in preclinical and clinical experiments. The computational
simulations allow for the light propagation analysis in each Asian skin layer for computational laser

treatment using picosecond laser.
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Chapter 3

Determination of threshold fluences for
melanosome disruption

3.1 Introduction

Studies performed in Chapter 2 have measured the optical properties of Asian epidermis, dermis,
and subcutaneous fat as a tissue-scale analysis of picosecond laser-skin interactions. Computational
simulations with these parameters have provided light distributions in the skin for various irradiation
parameters. In the removal of pigmented lesions with picosecond laser, the treatment effect is
achieved by selective disruption of melanosome structures through the absorption of local fluence
[1]. For effective treatment, the local fluence at the target should be greater than the threshold
for melanosome disruption while at the same time, the local fluence in normal tissue should be
minimal. A threshold-based analysis can provide numerical indices for setting the irradiation
parameters in computational laser treatment.

Threshold fluences for selective melanosome responses with short-pulsed laser of various
widths have been measured [2-6]. The threshold fluences of femtosecond-to-microsecond lasers
for melanosome disruption in laser skin treatment have been reported [7, 8]. These studies visually
observed the disruption through the immediate whitening of the skin surface from increased optical
scattering. The fluences obtained were affected by optical attenuation in the skin before reaching the
target melanosomes. Melanosome disruption from the net threshold fluences was thus not shown.
Experimental analyses of picosecond-to-microsecond lasers for selective retina treatment have also
been performed using melanosomes isolated from porcine and bovine eyes [2—-6]. However, these
analyses investigated the threshold fluences for microbubble formation around melanosomes to
overstretch the RPE cell membrane [9]. These reported values are not applicable to melanosome
disruption. A detailed investigation of melanosome disruption by picosecond laser is required to

design a treatment protocol that maximizes the treatment outcome.

Portions of this chapter were originally published under the titles, “Incident fluence analysis for 755-nm picosecond
laser treatment of pigmented skin lesions based on threshold fluences for melanosome disruption” by Yu Shimojo,
Takahiro Nishimura, Hisanao Hazama, Nobuhisa Ito, and Kunio Awazu in Lasers in Surgery and Medicine 53(8):1096—
1104 (2021) and “Experimental analysis of morphological change in melanin for multiscale modeling of picosecond
laser skin treatment” by Yu Shimojo, Takahiro Nishimura, Hisanao Hazama, and Kunio Awazu in Proceedings of SPIE
11640, Optical Interactions with Tissue and Cells XXXII; 1164005 (2021).
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Here, this chapter presents experimental analyses of picosecond laser-melanosome interac-
tions to determine the threshold fluences for melanosome disruption. The mean particle sizes of
melanosomes irradiated with picosecond laser for different fluences are measured by DLS, and
their morphological changes are confirmed by SEM. From the relationships between the irradiated
fluences and the mean particle sizes, the threshold fluences are determined. Furthermore, because
melanosome disruption is triggered by optical absorption by the internal melanin, the effect of
melanin on picosecond laser-melanosome interactions is investigated. These experimental anal-
yses will help to create a mathematical model for computational laser treatment based on the

picosecond laser-melanosome interactions.

3.2 Materials and Methods

3.2.1 Sample preparation

Melanosomes isolated from the RPE of fresh porcine eyes (purchased from Tokyo Shibaura Zouki,
Japan) were prepared as alternative samples for human cutaneous melanosomes [2]. They were
dissected, and the lens and vitreous were removed. Subsequently, they were briefly immersed in
distilled water, 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, UK) to collect melanosomes released from RPE cells.
Distilled water was added to the purified suspensions such that the samples had an optical density of
approximately 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, Germany), the
effects of the interaction between the individual melanosomes were discounted. The samples were
stored at 4°C until use.

Synthetic melanin powder produced by oxidation of tyrosine with hydro peroxide (M8631,
Sigma-Aldrich, USA) was used to prepare melanin samples. Melanin powder was mixed with
distilled water at a ratio of 1 mg melanin to 1 mL distilled water. This mixture was ultrasonicated
for 15 minutes to disperse the melanin powder and centrifuged at 10,000 rpm for 10 minutes.
The decanted melanin suspension was filtered with a 0.22-um pore size polyvinylidene fluoride
membrane (SLGVR33RS, Merck Millipore, Germany) to remove large insoluble aggregates. The

filtered melanin suspension was homogeneous [10].

3.2.2 Laser system and irradiation setup

A 755-nm picosecond alexandrite laser device for therapeutic use (PicoSure, Cynosure, USA) was
employed. Table 3.1 shows the irradiation parameters. The irradiation parameters were based on
the nominal values specified in the system operation manual (PicoSure Operator Manual). Various
fluences were used to determine the thresholds. The fluence was dependent on the spot size; the

larger the spot size, the lower the fluence, e.g., 2.0 mm at 5.25 J/cm? for 550 ps. The variance
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in the measured fluence over an incident beam obtained from the beam profile data was within
the range of —20% to +30% from the average value. The samples that were to be irradiated were
added to Petri dishes at a height of 1 cm (179830, Thermo Fisher Scientific, USA), under which
a sheet of black flocked paper (BFP1, Thorlabs, USA) was placed to prevent backscattering. The
tip of the handpiece was fixed on the sample surface to maintain a constant distance between the
surface and the irradiation port. The laser pulse was irradiated with a beam divergence (full angle)
of 11-77 mrad. The optical axis was adjusted to be perpendicular to the sample surface. During
the irradiation, the sample was moved with a motorized linear translation stage (SGSP20-20(XY),
Sigmakoki, Japan) at a speed of the spot size per second in such a way that the entire surface was
irradiated without overlapping the already irradiated areas. The temperature of the samples was
maintained at 37°C during irradiation using a digital temperature controller (TS-P, As One, Japan)
and a silicon rubber heater (SAMO0310, Sakaguchi E.H VOC, Japan).

Table 3.1: Irradiation parameters of picosecond alexandrite laser based on the nominal values
specified on the PicoSure Operator Manual. Table reproduced with permission from Ref. [11].

Picosecond alexandrite laser

Wavelength [nm] 755
Pulse width [ps] 550 750
Spot size [mm] 2.0,2.6,2.8,2.09, 2.2,2.6,2.8,2.9, 3.0,
3.0,3.1,3.2,3.6 3.1,3.2,3.3,34,
4.0,44,4.8 3.5,3.6,4.0,5.0
Fluence [J/cm?] 0.91,1.09, 1.31, 1.62, 1.02, 1.59, 1.96, 2.08, 2.20,
2.04,2.19, 2.33, 2.50, 2.34,2.49, 2.65, 2.83,
2.68,3.11,5.25 3.03, 3.25,3.77,5.26
Repetition rate [Hz] 1
Output stability of fluence [o] +20
Variance of spot size [%] +10

3.2.3 Measurement of mean particle sizes of melanosomes and melanins

Melanosome disruption was measured by comparing the mean particle sizes of unirradiated
melanosomes and melanosomes irradiated with picosecond laser to determine the threshold. The
particle size measurements were performed using DLS (Zetasizer Nano ZS, Malvern, UK), incor-
porating noninvasive backscatter optics. This technique measures the time-dependent fluctuations
in the intensity of scattered light that occur from Brownian motion [12]. The measurement results
do not depend on the number of particles [13]. The irradiated samples were placed in dispos-
able cells (BRA759116, As One) with an optical path length of 10 mm. The refractive indices of
melanosomes and distilled water were 1.65 and 1.33, respectively [14]. Each sample was measured
three times and the values were averaged. For melanin samples, the same experimental protocol
was used to measure the mean particle size. Laser irradiated the melanin samples at a wavelength
of 755 nm, a pulse width of 550 ps, and a fluence of 5.25 J/cm?.
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3.2.4 Morphological observation of melanosomes and melanins

Unirradiated melanosomes and melanins, and melanosomes and melanins irradiated with picosec-
ond laser were observed by SEM (JCM-5700, JEOL, Japan) to confirm their morphological change.
Laser irradiation was applied at a wavelength of 755 nm, a pulse width of 550 ps, and a fluence of
5.25 J/cm? because it was inferred that melanosomes could be disrupted and clearly observed under
this irradiation condition from Fig. 3.1. The melanosomes and melanins were dried and coated
with platinum to a thickness of 5 nm using an ion sputtering system (E-1010, Hitachi, Japan) to
increase the electrical conductivity. For melanosome samples, the long axis was measured using
ImageJ (NIH, USA).

3.2.5 Transmittance measurement of melanins

The transmittance of the melanin samples used in the particle size measurements was measured with
a spectrophotometer (U3500, Hitachi, Japan) to evaluate their optical properties. The picosecond
laser was irradiated with the same condition as for the DLS analysis and SEM observation.

3.2.6 Statistical analysis

A two-tailed unpaired Student’s #-test determined a significant difference in the mean particle sizes
between unirradiated samples and samples irradiated with picosecond laser. The probability value
of P < 0.01 indicated statistical significance.

3.3 Results

3.3.1 Threshold fluences for melanosome disruption

The mean particle sizes of unirradiated melanosomes and melanosomes irradiated with picosecond
laser were statistically compared to determine the threshold fluences for melanosome disruption.
Figure 3.1 shows the mean particle sizes of melanosomes exposed to 550- and 750-ps laser
pulses with varying fluence. The mean particle sizes decreased with increasing irradiated fluence.
The mean particle sizes of unirradiated melanosomes in Fig. 3.1(a) were slightly larger than
those in Fig. 3.1(b) owing to the individual differences. Statistical comparison indicated that
the mean particle sizes significantly changed when 550- and 750-ps laser pulses were irradiated
at or above 2.19 and 2.49 J/cm?, respectively. The morphologies of unirradiated melanosomes
and melanosomes irradiated with picosecond laser were then observed with SEM to confirm
melanosome disruption when the mean particle sizes changed significantly (Fig. 3.2). Although the
unirradiated melanosomes retained their native shape (Fig. 3.2(i)), the smooth surface structures
were broken in the irradiated melanosomes (Fig. 3.2(ii)). The lengths of the unirradiated and
irradiated melanosomes were 1.6 + 0.3 and 1.3 um, respectively, and the sizes of the disrupted
melanosomes decreased, showing consistency with the results of the DLS analysis. Therefore, the
DLS analysis and SEM observation resulted in determining the threshold fluences for melanosome

disruption as 2.19 and 2.49 J/cm? for 550- and 750-ps laser pulses, respectively.
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Figure 3.1: Mean particle sizes of melanosomes irradiated with (a) 550- and (b) 750-ps laser
pulses with varying fluences (n = 3). The error bars represent the SD. 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-ps laser pulses
disrupting the melanosomes were determined as 2.19 and 2.49 J/cm?, respectively. Figure repro-
duced with permission from Ref. [11].
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Figure 3.2: (a) Melanosome disruption was confirmed by comparing scanning electron micrographs
between (i) unirradiated melanosomes and (ii) melanosomes irradiated with picosecond laser. The
picosecond laser was irradiated at a wavelength of 755 nm, pulse width of 550 ps, and 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 ImageJ. The scale bars in (a) and
(b) show 2 and 1 um, respectively. Figure reproduced with permission from Ref. [11].
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3.3.2 Change in morphological characteristics of melanins

The unirradiated melanins and melanins irradiated with picosecond laser were analyzed by DLS
and SEM to confirm the morphological change caused by picosecond laser irradiation. Figure
3.3 shows the mean particle sizes of unirradiated melanins and melanins exposed to 550-ps laser
pulses with a fluence of 5.25 J/cm? measured by DLS. Although the mean particle size of irradiated
melanins slightly decreased, the statistical comparison indicated that the mean particle sizes did not
change significantly between unirradiated and irradiated melanins. Figure 3.4 shows the scanning
electron micrographs of unirradiated melanins and melanins exposed to 550-ps laser pulses with

a fluence of 5.25 J/cm?

. The melanins appeared to be formed by aggregates. The unirradiated
melanins retained their smooth surface structures (Fig. 3.4(a)) while the irradiated melanins still

retained the native structures (Fig. 3.4(b)).

150

145

140

135

130

Mean particle size [nm]

125

120

Unirradiated melanins Irradiated melanins

Figure 3.3: Mean particle sizes of unirradiated melanins and melanins irradiated with picosecond
laser. The picosecond laser was irradiated at a wavelength of 755 nm, pulse width of 550 ps, and
fluence of 5.25 J/cm?. The error bars represent the SD. Statistical comparison of the mean particle
sizes between unirradiated and irradiated melanins indicated no significant difference. Figure
reproduced with permission from Ref. [15].

3.3.3 Change in optical properties of melanins

Figure 3.5 shows the transmittances of unirradiated melanins and melanins irradiated with pi-
cosecond laser. There was almost no transmittance change in the samples. This result showed that

melanins did not change their optical properties by picosecond laser.

3.4 Discussion

The threshold fluences of 550- and 750-ps laser pulses were determined by evaluating the relation-
ships between the irradiated fluences and the mean particle sizes measured by DLS and confirming
the melanosome disruption when the mean particle sizes changed significantly by SEM. The de-
crease in the sizes of the disrupted melanosomes resulting from the DLS analysis was consistent
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Figure 3.4: Morphologies of (a) unirradiated melanins and (b) melanins irradiated with picosecond
laser. The picosecond laser was irradiated at a wavelength of 755 nm, pulse width of 550 ps, and

fluence of 5.25 J/cm?. The scale bars show 1 um. Figure reproduced with permission from Ref.
[15].
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Figure 3.5: Transmittances of unirradiated melanins and melanins irradiated with picosecond laser.

The picosecond laser was irradiated at a wavelength of 755 nm, pulse width of 550 ps, and fluence
of 5.25 J/cm?.

with the results of the SEM observation. Almost no difference was found between the threshold
fluences because both laser pulses satisfy the thermal confinement condition of melanosomes. Be-
cause the output stability of fluence was +20%, the threshold fluences may vary within this range.
The effect of the difference in the size of unirradiated melanosomes on the thresholds was negligible
(Fig. 3.3). This is because the laser pulses satisfy the thermal confinement condition regardless
of individual differences. In Fig. 3.3, there was almost no variation in the mean particle sizes
of melanosomes irradiated above the threshold fluences. When the mean particle sizes irradiated
at or above the thresholds were compared with those irradiated with the maximum fluences (5.25
and 5.26 J/cm? for 550- and 750-ps laser pulses, respectively), the differences were not significant
for irradiations above 2.19 and 2.83 J/cm? for 550- and 750-ps laser pulses, respectively. This
comparison suggested that irradiation at a fluence higher than the thresholds had little effect on
melanosome disruption.
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The threshold fluences obtained were one order of magnitude greater than the values of 532-
nm nanosecond laser for transient microbubble formation on a melanosome surface for selective
retina treatment [2, 6]. Neumann and Brinkmann [2] observed no threshold hysteresis during
repeated irradiations, nor morphological changes in melanosomes by optical microscopy after
irradiation at or near the threshold. In contrast, the experiments in this chapter used a different
laser wavelength of 755 nm and determined the threshold fluences for the different selective
responses, i.e., melanosome disruption. These differences could cause a variance between the
values obtained and those previously reported. Glickman er al. [16] predicted the threshold
fluence for melanosome disruption to be 153.6 mJ/cm? when a 10-ns laser pulse at a wavelength
of 532 nm was irradiated approximately 1800 times at 10 Hz. The determined threshold fluences
were greater than the reported value because they were the fluence required to disrupt melanosomes
with a single pulse rather than multiple pulses.

The temperature rise necessary for explosive vaporization is reasonably similar between porcine
RPE melanosomes (136 + 23°C) [2] and human cutaneous melanosomes (112 + 7°C) [7], and is
calculated from the irradiated fluence and absorption coefficient of melanosomes. The absorption
coefficient of porcine RPE melanosomes was reported to be larger than that of human cutaneous
melanosomes [2, 7], which might affect the threshold fluences. Herein, picosecond laser irradiated
the melanosomes suspended in distilled water. From a thermal perspective, the interaction between
the melanosomes and their surroundings was similar to the actual skin because there is little
difference in thermal diffusivity between water and skin [2, 17].

The DLS analysis and SEM observation of melanins found that the morphological characteris-
tics of melanins irradiated with picosecond laser were not significantly changed. The transmittance
measurement also indicated that the optical properties of melanins irradiated with picosecond laser
were not significantly altered. These results suggested that melanins do not change their optical
structures and are involved as a heat source in picosecond laser treatment of pigmented lesions. In
the investigation of the melanosome response to picosecond laser, the smooth surface structures
were broken in melanosomes irradiated by 550-ps laser pulses with a fluence of 5.25 J/cm?. Ther-
mal diffusion from melanins that absorb picosecond laser energy might disrupt the lipid bilayer
membranes within melanosomes. The verification using melanin from animal models will be
necessary to extrapolate the results to studies of human epidermal melanin.

The melanin aggregates were on the order of 1 um (Fig. 3.4), while the mean particle sizes
of melanins resulting from the DLS analysis were about 140 nm (Fig. 3.3). The DLS analysis
measured the melanin suspensions while the SEM observation dried the suspensions. During the
drying, the melanin aggregates were formed. This did not affect the results of the comparison
to evaluate the effect of picosecond laser on the morphologies. This investigation used synthetic
melanin for irradiation samples. The epidermis has been reported to contain melanin with diameters
of 30 to 159 nm [18, 19]. The mean particle size of the unirradiated melanins was within the range
of the diameter of epidermal melanin. The absorption coefficient of synthetic melanin was reported
to be on the order of magnitude the same as that of natural melanin at the irradiation wavelength

[20]. The energy deposition in the melanin samples was similar to that in natural melanin.
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The obtained threshold fluences help to predict the incident fluences necessary for computa-
tional laser treatment using picosecond laser. Irradiated fluence is attenuated by the skin. This
optical attenuation can be calculated using a light transport model with the optical properties
measured in Chapter 2. Creating a mathematical model that combines the threshold and the light
transport model enables a calculation of incident fluences required for the local fluence at the
target to be over the threshold, leading to the design of numerical indices for setting the irradiation

parameters in computational laser treatment.

3.5 Conclusion of this chapter

The DLS analysis and SEM observation confirmed that the threshold fluences were 2.19 and
2.49 J/em? for 550- and 750-ps laser pulses, respectively, while there was almost no change in
the morphological and optical characteristics of melanins irradiated with picosecond laser. The
results suggested that melanin is involved as a heat source to damage melanosomes in picosecond
laser treatment of pigmented lesions. These fundamental findings related to picosecond laser-
melanosome interactions will allow for the construction of a mathematical model to provide

numerical indices for setting the irradiation parameters in computational laser treatment.
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Chapter 4

Nonlinear absorption-based analysis of
energy deposition in melanosomes

4.1 Introduction

A detailed evaluation of irradiation parameters, including fluence, wavelength, and pulse width,
is essential to provide safe and efficacious laser treatment. Studies performed in Chapter 3
have obtained threshold fluences for melanosome disruption with picosecond laser, and have
discussed that the threshold can be used for a mathematical model for evaluating incident fluences in
computational laser treatment. Laser wavelengths have been chosen based on the spatial distribution
of pigmented lesions and the difference in absorption between melanin and hemoglobin; 755 and
1064 nm are commonly used for deep lesions and 532 nm for upper lesions [1-3]. The appropriate
pulse width for treatment has been determined based on the thermal and stress confinement
conditions of melanosomes [4, 5]. Since the speed of light propagation is much faster than the
speed of thermal diffusion or stress propagation, the light distribution is calculated approximating
the temporal pulse profile as a delta-like function [6]. This model is therefore not applicable
to evaluating the effect of different pulse widths that satisfy the thermal and stress confinement
conditions on the light distribution. Analysis of the effect of different short pulse widths on energy
deposition in melanosomes is needed.

Melanosomes deposit laser energy through optical absorption by the internal melanin. This
underlying process for treatment has been analyzed based on linear absorption of local fluence
[7-9]. However, laser pulses with picosecond to nanosecond widths are absorbed by melanin
in a nonlinear manner owing to their high power density [10, 11]. The influence of nonlinear
absorption by melanin on the treatment effect becomes more pronounced with increasing power
density. Since the power density changes as the pulse width changes, a quantitative evaluation
of the energy deposition considering nonlinear absorption allows for a comparative evaluation of
treatment with different short-pulsed lasers.

Nonlinear absorption by melanin has been investigated using laser pulses at various wave-

This chapter was submitted under the title, “Nonlinear absorption-based analysis of energy deposition in
melanosomes for 532-nm short-pulsed laser skin treatment” by Yu Shimojo, Takahiro Nishimura, Toshiyuki Ozawa,
Daisuke Tsuruta, and Kunio Awazu to Lasers in Surgery and Medicine.
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lengths [11-14]. Fluorescence of melanin excited by resonant NIR two-photon absorption has
been detected [15, 16]. The measurements have indicated that a high power density causes
nonlinear absorption by melanin based on sequential two-photon absorption, and a nonlinear
absorption process of melanin can be modeled as sequential two-photon absorption. For the non-
linear absorption-based analysis of energy deposition, absorption cross-sections and nonradiative
lifetimes of melanin are required. In pump-probe spectroscopies in the UV and NIR ranges, the
nonradiative relaxation dynamics of melanin have been measured [13, 14]. However, the physical
parameters in the VIS range, which is available for short-pulsed laser treatment, are still lacking.
Furthermore, the relationships between the nonradiative pathways and lifetimes have not been
revealed. The relationships and parameters allow for the calculation of nonlinear absorption co-
efficients of melanin based on the electron population dynamics of each energy level. A detailed
investigation of nonlinear absorption by melanin in the VIS range is required to evaluate the safety
and efficacy of short-pulsed laser treatment in terms of energy deposition in melanosomes.

In this chapter, a nonlinear absorption-based analysis of energy deposition in melanosomes
for 532-nm short-pulsed laser treatment of pigmented lesions is presented. Energy deposition is
obtained from the accumulation of absorbed energy in melanosomes during a laser pulse, and
thus, the nonlinear absorption behavior of melanin in response to power density is modeled. The
absorption cross-sections and nonradiative lifetimes of melanin are determined from transmittance
measurement. The energy deposition in melanosomes is calculated with varying fluences and
pulse widths, including actual clinical parameters. As the effect of nonlinear absorption by
melanin on melanosome disruption increases with increasing power density, it is hypothesized that
the analysis shows that picosecond lasers deliver optical energy to melanosomes more efficiently
than nanosecond lasers. The computational analysis will allow a computational laser treatment
to establish numerical indices for setting appropriate pulse widths and to evaluate the safety and
efficacy of short-pulsed laser treatment.

4.2 Materials and methods

4.2.1 Nonlinear absorption model of melanin

Nonlinear absorption by melanin for 532-nm laser irradiation is described based on sequential
two-photon absorption consisting of the singlet ground (Sp), first excited (S1), and second excited
states (Sz) [13]. Figure 4.1 shows the simplified Jablonski diagram of the nonlinear absorption
by melanin. A two-photon absorption process occurs via a real intermediate state in the singlet
state because melanin exhibits linear absorption over the UV-NIR range [13, 16]. Therefore,
the nonlinear absorption model simulates excitation between the singlet ground and first excited
states, excitation between the singlet first and second excited states, and nonradiative decays. The
nonlinear absorption model assumes that the absorbed photon energy is released nonradiatively
owing to the low radiative quantum yield [17]. At an extremely high-power density, LIOB via
multiphoton absorption can occur. The power density of interest is lower than the threshold of 10'3
W/cm? [10]. The nonlinear absorption model assumes that LIOB is negligible. The rate equations
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describing the nonlinear absorption model can be written as follows:

dns (l) 1
d—ot = —Woins, (1) + T—lnsl(t)
dns, (1) 1 1
dl = Woins, (1) — (le + —) ns, (1) + —ns, (1) , 4.1)
t T] [y
dns, (1) 1
d—zt = Wians, (1) — T—znsz(f)

where ng, (1), ns, (), and ng, (¢) are the time-dependent populations of each electron state. ng, (),
ns, (t), and ng,(¢) satisfy a boundary condition provided by population normalization ns,(f) +
ns, (t)+ns,(t) = 1, and the initial condition ng,(0) = 1. Wy; and W), are the transition probabilities
in the singlet ground and excited states, respectively. 7; (i = 1, 2) are the nonradiative lifetimes of
melanin. The transition probabilities are defined as ¢oyp; and ¢o,, respectively, where ¢ is the
irradiated photon density, I/hv, with I as the intensity of the irradiated laser pulse, o1 and o2
are the one-photon absorption cross-section for the first and second absorption steps, respectively.
When a laser pulse is irradiated to melanin, the population of the Sy state is excited to the S; state
in proportion to the power density of the laser pulse, to the absorption cross-section, and to the
initial population of the Sy state. A population fraction of the S; state is excited to the S, state,
and the excited population relaxes back to the S; state with a nonradiative lifetime, 7. The other

fraction of the S; state relaxes back to the Sy state with a nonradiative lifetime, 7.
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Figure 4.1: Nonlinear absorption model of melanin based on sequential two-photon absorption.
The solid arrows show the electron transition in the first and second absorption steps, and the
dashed arrows show the nonradiative decays.

4.2.2 Sample preparation

Synthetic melanin (M8631, Sigma-Aldrich, USA) was dissolved in PBS and DMSO solutions to
prepare the two types of melanin samples. For the PBS-based samples, melanin was mixed at
a ratio of 6 mg melanin to 10 mL PBS solution (163-25265, FUJIFILM Wako Pure Chemical

Corporation, Japan). The mixture was ultrasonicated for 30 minutes to disperse the melanin and
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centrifuged at 4,000 rpm for 30 minutes. The melanin suspension was decanted to remove the large
insoluble aggregates. For the DMSO-based samples, melanin was dissolved in DMSO solution
(D4540, Sigma-Aldrich) at a concentration of 0.03 mg/mL and ultrasonicated for 15 minutes. The
samples were placed in a quartz cell (S15-UV-2, GL Sciences, Japan) with a thickness of 2 mm for
transmittance measurements. The two prepared melanin solutions were homogeneous, and light
scattering in the samples was neglected because the concentration was so low that the Lambert’s

law could be applied to transmittance measurements [18].

4.2.3 Absorption spectroscopy

The linear dependence of melanin absorption was evaluated with absorption spectroscopy. The
absorbance of the melanin samples was measured using a spectrophotometer (U3500, Hitachi,
Japan). From the measured spectra, the transmittances through linear absorption were obtained,

and compared with those calculated in Sec. 4.2.6.

4.2.4 Experimental setup for laser power density-dependent transmittance mea-
surement

Figure 4.2 shows the experimental setup for the measurement of the laser power density-dependent
transmittance. A 532-nm pulsed laser (LS-2131M-10, Lotis TII, Belarus), which produces 6-ns
pulses at a repetition rate of 10 Hz, was used. The output stability was 0.9%. The pulse width
was evaluated by the FWHM of the pulse shape, which was measured with a silicon detector (818-
BB-21, Newport, USA) and a digital oscilloscope (TDS3054C, Tektronix, USA). Since nonlinear
absorption depends on power density, the transmittances at various power densities were measured
by varying the pulse energy with the same pulse width. The laser beam was directed through a
half-wave plate (WPMH10M-532, Thorlabs, USA), a polarization beam splitter (PBS12-532-HP,
Thorlabs), and neutral-density filters (NEKO1, Thorlabs) to control the pulse energy. The laser
beam reflected off the polarization beam splitter was blocked by a beam trap (BT610, Thorlabs).
The transmitted laser beam was reflected off two mirrors (NB1-K13, Thorlabs) and guided to a
sample. The laser beam was then focused by a plano-convex lens (LA1509-A, Thorlabs) onto a
sample. The focus beam area was 9.4 x 1073 mm?. The Rayleigh length was 2.2 mm, which was
smaller than the sample thickness. The laser beam in the focal region could be approximated as
a parallel beam. The input and transmitted laser pulse energies were measured with an energy
meter (PE-25C, Ophir Optronics, Israel) in the far field after collimating the laser beam with a
plano-convex lens (LA1509-A, Thorlabs).

4.2.5 Measurement of laser power density-dependent transmittance

The laser power density-dependent transmittance of the melanin samples was measured in order
to obtain the absorption cross-sections and nonradiative lifetimes of melanin. The values were
obtained as the ratio of the laser energy transmitted through the melanin sample to the laser energy

transmitted through the blank sample. Each laser energy was measured for a single shot, and the
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Figure 4.2: Experimental setup for laser power-dependent transmittance measurement. BT, beam
trap; EM, energy meter; HWP, half-wave plate; L1, L2, plano-convex lens (f = 100 mm); M1, M2,
mirror; NDF, neutral-density filter; PBS, polarization beam splitter; S, sample.

power density was evaluated by dividing the pulse energy by the spot area and the pulse width.
The input laser energy was adjusted from approximately 10 pJ to 1.4 mJ so that the input power
density was in the range of approximately 0.01-1 GW/cm?, which included the range of clinical
parameters [19-21]. The sample was inserted into a cuvette holder (CVH100/M, Thorlabs) along
with an outside spacer (CM-2, GL Sciences) and placed at the focus. The melanin sample was
stirred for every measurement to avoid heat accumulation and degradation owing to laser irradiation.
The measurement was performed three times. The amount of energy transmitted through the blank
samples was measured before every measurement to ensure that it was kept within the set power
density range. LIOB was not observed in the samples because the transmittance did not decrease
rapidly or bubbles were not generated [11].

4.2.6 Determination of absorption cross-sections and nonradiative lifetimes

The absorption cross-sections and nonradiative lifetimes were determined by fitting the transmit-
tances calculated with the nonlinear absorption model to the transmittances measured for various
power densities with a nonlinear least-squares algorithm. The transmittance was calculated as the
ratio of the fluence transmitted through the sample to the input fluence. Each fluence was obtained
by integrating the measured temporal profile of the pulse power density.

/_: I1(t,1)dr
/_ : 1t O)dt’

where I(z,[) is the laser intensity transmitted through a sample with a thickness of / and /(¢,0)

T = 4.2)

is the input intensity. The input intensity is attenuated by sequential two-photon absorption while

penetrating the sample, and the attenuation takes the form

dIEltZ, 2) _ —No(ooins, (1, z) + o1ams, (t,2))1 (1, 2), (4.3)

where Ny is the number of melanins per unit volume and ns, (#, z) and ng, (¢, z) are obtained from
Equation 4.1. No(oo1ns,(t, z) + o12ns, (2, z)) is the nonlinear absorption coefficient of the melanin
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sample. Ny is usually determined from Ny = a/(NaM), where a is the concentration of melanin,
M is the molecular weight, and N4 is the Avogadro number. However, the molecular weight of
melanin is difficult to determine because of its inherent diversity and complex chemical structure
[22]. The concentration of melanin dissolved in PBS solution could not be determined because
the insoluble aggregate was removed. Ny was determined by fitting, as well as the absorption
cross-sections and nonradiative lifetimes, and it was validated by comparing the transmittance
calculated by T = exp(—Npop1/) and that measured by absorption spectroscopy. The fitting was
controlled by MATLAB (2022a, MathWorks, USA), and Equations 4.1 and 4.3 were solved with
the Runge-Kuta method. The accuracy of the fit was evaluated using Pearson’s y? test statistic at

a significance level of 5%.

4.2.7 Open-aperture z-scan measurement

The number of photons involved in nonlinear absorption by melanin was estimated to confirm that
the sequential two-photon absorption process is valid for the nonlinear absorption mechanism of
melanin at a wavelength of 532 nm [23]. For the estimation, the z-scan profile of the transmittance
of melanin dissolved in PBS solution was measured using an open-aperture z-scan technique [24].
For the z-scan measurement, the experimental setup shown in Fig. 4.2 was modified to move
the sample manually along a dovetail optical rail (RLAO75/M, Thorlabs). As in Sec. 4.2.5, the
sample was stirred at each measurement position to avoid heat accumulation and degeneration by
laser irradiation. The measurement was performed three times. The measured z-scan profile was
compared with the profile calculated using the theoretical formula of normalized transmittance

through n-photon absorption [25]:

THPA = ’ (44)

1
n—1|n-1
I
1+ﬂnLeﬁ"( 0 ) }

1+ (z/20)?

where 3, is the effective n-photon absorption coefficient, which is related to the multiple absorption
coefficient [26, 27]; L.g is the effective thickness of the sample (Leg = (1 —exp(—(n—1)al))/((n—
1)a), where « and [ are the one-photon absorption coefficient and the thickness of the sample,
respectively); Iy is the input power density at the focus (0.98 GW/cm?); and z, is the Rayleigh
length. o was obtained from the average of the transmittances measured at the three points from
the minimum and maximum sample positions, and S, was determined by fitting the calculated

data with the measured data for n = 2, 3.

4.2.8 Energy deposition analysis of melanosomes

The energy deposition in a melanosome during a single laser pulse was calculated with varying
fluence and pulse width. The melanosome was assumed to be a spherical object of melanin
aggregation with a diameter of 1 ym [28]. Scattering of the incident laser pulse by the adjacent

tissue components was neglected because it was assumed that the melanosome absorbed the laser
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light in the same way as a melanosome in water [29]. The effect of surface reflection was also
neglected [11]. The energy deposition was calculated by integrating the energy deposition rate in

a melanosome during laser pulse irradiation as follows:

E:/w/ua(t,r)l(t,r)dth, 4.5)
-0 JV

where u,(¢,r) is the nonlinear absorption coefficient of melanosomes (r shows the position inside
the melanosome); [ is the fluence rate with a Gaussian temporal pulse profile; and V is the
volume of a melanosome. The nonlinear absorption coefficient of melanosomes was defined as
No(oo1ns,(t,1) + 01205, (2,1)), and calculated with the physical parameters obtained from the
PBS-solution melanin samples. Ny is the density of melanins inside a melanosome, defined as
No = a/oy;, where « is the one-photon absorption coefficient of melanosomes [30]. The laser
pulse irradiation was simulated under the conditions of 532 nm wavelength, 100 ps—100 ns pulse
widths, 0.25-1.75 J/cm? fluences with an increment of 0.25 J/cm?2, and a single shot. The incident
power densities calculated by dividing the fluence by the pulse width were lower than the highest
density used in the transmittance measurement. Additionally, a computational analysis of clinical
parameters was performed to comparatively evaluate the safety and efficacy of short-pulsed laser
treatment. The irradiation parameters were those used in clinical studies comparing 532-nm
picosecond and nanosecond laser treatments of epidermal pigmented lesions [19-21, 31]. The
energy deposition was calculated with and without taking into account nonlinear absorption by
melanin. The energy depositions obtained were compared with the threshold value for explosive

vaporization of melanosomes, which was calculated from
Eq = pcVAT, (4.6)

where p (1.41 g/cm3) is the density [32], ¢ (2.55 J/(g-K)) is the specific heat [32], and AT
(approximately 100 K) is the temperature rise for explosive vaporization of melanosomes [33, 34].

4.3 Results

4.3.1 Laser power density-dependent transmittance

The absorbance of the melanin samples was measured to calculate the transmittance through linear
absorption. Figure 4.3 shows the absorbances of melanin dissolved in PBS and DMSO solutions.
Both absorbances decreased monotonically with increasing wavelength. The transmittances of
melanin dissolved in PBS and DMSO solutions at a wavelength of 532 nm were calculated as
92.7% and 80.8%, respectively, from the relationship of 7 = 10™4, where A is the absorbance.
Figure 4.4 shows the measured laser power density-dependent transmittances of melanin dissolved
in PBS and the DMSO solutions and fitted data. The transmittances were almost constant at a
low power density (< 50 MW/cm?), showing a linear dependence of the absorption by melanin.
On the other hand, as the power density increased, the transmittances decreased dramatically,

showing a nonlinear dependence of the absorption by melanin. The y? test statistic did not indicate
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significant differences between the measured and fitted data (y* = 0.02 and 0.01 for the PBS- and
DMSO-solution melanin samples, respectively). The fitting curves showed good agreement with
the measured transmittances for both PBS- and DMSO-solution melanin samples.
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Figure 4.3: Absorbances of melanin dissolved in PBS and DMSO solutions in the wavelength

range of 300-800 nm. The blue solid and red dashed lines show the measured data for PBS- and
DMSO-based samples, respectively.
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Figure 4.4: Laser power density-dependent transmittances of melanin dissolved in PBS and DMSO
solutions. The red circles and crosses show the measured data with the SD for PBS- and DMSO-
based samples, respectively. The blue solid and dashed curves show the fitted data obtained
from the nonlinear absorption model for PBS- and DMSO-based samples, respectively. The laser

irradiation parameters were 532 nm for wavelength, 18 MW/cm? to 2.5 GW/cm? for power density
at the focus, and a single shot.

4.3.2 Absorption cross-sections and nonradiative lifetimes

Table 4.1 shows the resulting parameters of the absorption cross-sections and nonradiative lifetimes.
No was determined as (2 + 1) x 10!7 and (5 + 1) x 10! 1/cm? for PBS- and DMSO-solution
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melanin samples, respectively. The obtained oy values were of the same magnitude as the
literature value of 5 x 10718 cm? at a wavelength of 800 nm [15]. The obtained oy values
were within the reported values of the typical orders of 10~!7—107'¢ ¢cm? for an absorption cross-
section for the second absorption step [35]. The determined nonradiative lifetimes had picosecond
and subnanosecond components. Previous experiments reported nonradiative lifetimes in the
same ranges [13, 14, 36, 37]. The obtained results were consistent with the reported values.
Using the oy; and Ny, transmittance through linear absorption was calculated as (93.3 + 1.6)%
and (82.8 + 1.3)% for the PBS- and DMSO-solution melanin samples, respectively. These two
calculations were in agreement with within 2% pt of the transmittances measured by absorption
spectroscopy. Furthermore, the Ny of the DMSO-solution melanin sample was estimated based
on the relationship of Ny = a/ (p%ﬂr3), where a (0.03 mg/mL) is the concentration of the DMSO-
solution melanin sample, p (1.41 g/cm?) is the density [32], and  (15-75 nm) is the radius of a
melanin particle [38]. The estimated N ranged from 1.2 x 106 to 1.5 x 10'® 1/cm?, in which the
fitted value was included. These agreements showed the accuracy of the obtained parameters.

Table 4.1: Absorption cross-sections and nonradiative lifetimes of melanin.

Parameter Melanin in PBS solution Melanin in DMSO solution
o1 [x10718 cm?] 1.8+0.7 2.1+£05

o1z [x10717 cm?] 6+3 48+0.5

7| [ns] 0.15+0.05 0.03 +£0.01

7 [ps] 1.2+0.2 6+3

The standard error was calculated from three experiments.

4.3.3 Number of photons involved in nonlinear absorption by melanin

Figure 4.5 shows the measured data through the open-aperture z-scan technique and the fitted data
for n = 2 and 3. The decrease in transmittance around the sample position of z = 0 mm was
indicative of the decreased transmittance of 532-nm nanosecond laser at the focus. This can be
attributed to reverse-saturable absorption, such as multiphoton absorption and multiple absorption
[39]. Since melanin exhibits linear absorption at 532 nm, multiple absorption was involved in
the nonlinear absorption mechanism of melanin. « was obtained as 0.247 cm~! from the three
experiments, and 8, and 33 were determined as 2.5 cm/GW and 4.7 cm’/GW?, respectively. The
coefficients of determination for n = 2 and 3 were 0.965 and 0.843, respectively. A comparison of
the two fitted data indicated that n = 2 showed better agreement with the measured data. From these
results, it could be concluded that the multiple absorption process by 532-nm short-pulsed laser

was attributed to sequential two-photon absorption, validating the nonlinear absorption model.

4.3.4 Energy deposition in melanosomes

Energy deposition in a melanosome was numerically analyzed using the nonlinear absorption

model and the physical parameters obtained. Figure 4.6 shows the energy depositions for various
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Figure 4.5: Normalized transmittances of melanin dissolved in PBS solution measured by an
open-aperture z-scan technique and calculated transmittance obtained using the fitting curves for
n = 2 (solid line) and 3 (dashed line), respectively. The error bars represent the SD of the three
experiments. The laser irradiation parameters were 532 nm for wavelength, 0.98 GW/cm? for
power density at the focus, and a single shot.

fluences and pulse widths. The energy deposition increased with increasing fluence and increased
with decreasing pulse width owing to nonlinear absorption by melanin in the nanosecond range.
The energy deposition reached a maximum at a pulse width of 150 ps for 0.50 J/cm?, 230 ps
for 1.00 J/cm?, and 300 ps for 1.50 J/cm?. These picosecond laser pulses delivered optical
energy on average approximately 3.1 times more efficiently than a 5-ns laser pulse at the fluence
levels. The pulse width at which energy deposition was maximal depended on the irradiated
fluence, and melanosomes efficiently absorbed optical energy at subnanosecond pulse widths. The
energy deposition decreased as the pulse width decreased from the pulse width at which the energy
deposition was at a maximum. This is because the nonlinear absorption coefficient of melanosomes
at shorter pulse widths did not increase even at a high fluence compared to that at the pulse width
at which the energy deposition was maximized.
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Figure 4.6: Energy depositions in melanosomes for different fluences and pulse widths.
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4.3.5 Numerical comparison of energy deposition between short-pulsed laser clini-
cal treatments

The differences in treatment effect between picosecond and nanosecond lasers were evaluated in
terms of energy deposition in a melanosome with and without considering nonlinear absorption by
melanin. Figure 4.7 shows the energy deposition calculated with the clinical parameters, as listed
in Table 4.2. Four relevant clinical studies were found [19-21, 31], but one of them was removed
from the evaluation because it did not mention the values of pulse width used in treatment [31].
The picosecond laser treatments used lower fluences than the nanosecond laser treatments. The
maximum energy deposition was calculated from the maximum fluence or the minimum pulse
width, while the minimum energy deposition was calculated from the minimum fluence or the
maximum pulse width. Considering only linear absorption, the energy depositions by picosecond
lasers were smaller than those by nanosecond lasers. Compared to the threshold, the energy
depositions by nanosecond lasers were comparable, while the energy depositions by picosecond
lasers were smaller. On the other hand, considering nonlinear absorption, a picosecond laser
provided partially a similar amount of energy as a nanosecond laser in Study A, and a greater
amount of energy than a nanosecond laser in Study B. In Study C, a picosecond laser provided
a smaller amount of energy than a nanosecond laser. Both energy depositions by picosecond
and nanosecond lasers were larger than the threshold. The computational analysis demonstrated
that picosecond lasers produced treatment effects at lower fluences in terms of energy deposition,

showing consistency with the clinical study results.

4.4 Discussion

Nonlinear absorption by melanin at a wavelength of 532 nm was modeled based on sequential
two-photon absorption in the singlet state. Previous studies reported that fluorescence emission
from nonlinear absorption by melanin in the NIR range was derived from sequential two- or three-
photon absorption [15, 40], while the nonlinear absorption process at 532 nm has been poorly
investigated. In the z-scan experiment, the fitted data for n = 2 showed better agreement with
the measured data. Since melanin exhibits linear absorption over the broad wavelength range,
excitation from the singlet state was considered the main pathway for the second absorption step
[13]. Therefore, nonlinear absorption by melanin at a wavelength of 532 nm was characterized
based on the sequential two-photon absorption. Because the number of photons involved in
nonlinear absorption by melanin depends on the excitation wavelength, further investigation of the
nonlinear absorption mechanism is required to apply energy deposition analysis to other excitation
wavelengths. Energy deposition analysis of melanosomes with a laser wavelength appropriate for
benign pigmented lesions can be performed by modeling the wavelength dependency of nonlinear

absorption by melanin.
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Table 4.2: Short-pulsed laser clinical treatment conditions for epidermal pigmented lesions.

Study Wavelength Pulse width Fluence Spot size  Skin type Endpoint

A[20] 532nm 750ps  03-0.5J/cm®> 3mm [LIV,V W'
2 ns 0.5-1.2 J/cm? 3 mm
B[21] 532nm 450 ps 0.3-0.5J/cm? 3-4mm IILIV,V SIW#
10 ns 0.6-0.8 JJem? 3-4 mm
C[19] 532nm 750 ps 0.2-0.5J/cm? 3,4mm I IV SIW#
5-10 ns® 1.2 J/em? 3 mm

T IW, immediate whitening.

¥ SIW, slight immediate whitening.

% The nanosecond laser treatment was performed for a skin biopsy of the lesion to compare
the differences in skin reaction from the picosecond laser treatment.
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Figure 4.7: Energy depositions in melanosomes calculated with the laser irradiation parameters
used in Studies (a) A, (b) B, and (c) C (see Table 4.2). The calculations were performed with and
without taking into account nonlinear absorption by melanin. The maximum value was obtained
from the maximum fluence or the minimum pulse width, while the minimum was obtained from
the minimum fluence or the maximum pulse width. The dashed lines show the estimated threshold
energy deposition.

The transmittance measurements used synthetic melanin for the melanin samples. The obtained
oo1 was of the same order of magnitude as the literature value at a wavelength of 800 nm, but
slightly smaller. The magnitude relationship was inverse to the increase in linear absorption
with decreasing wavelength, which may have been caused by the different types of melanin used
[41]. The nonradiative lifetimes obtained were close to those determined by previous pump-
probe experiments using various melanins, including human samples [13, 14, 36, 37]. This may
have been because the linear absorption spectral shape of the synthetic melanin used was similar
to that of human melanin, i.e., a broad absorption spectrum. The similarity of the lifetimes
suggested that similar molecules were targeted and similar energy levels were excited between the
previous experiments and ours [13]. The time scale of energy relaxation processes depends on
the surrounding medium (see Table 4.1). While the melanin samples used were in solution, in
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vivo melanin is packaged within melanosomes, which may affect absorption cross-sections and
nonradiative lifetimes. Such parameters derived from in vivo melanin can be determined using
photoacoustic techniques with high absorption contrast [42].

The computational analysis demonstrated that picosecond lasers produced treatment effects
at lower fluences than nanosecond lasers in terms of energy deposition (see Fig. 4.7). The
energy depositions by picosecond lasers were less than the threshold without considering nonlinear
absorption, and vice versa with considering nonlinear absorption. The analysis of Studies A and B
with the nonlinear absorption model showed that the picosecond lasers provided a similar or greater
amount of energy than the nanosecond lasers. In these clinical studies, picosecond lasers removed
epidermal pigmented lesions more effectively with a lower incidence of PIH at lower fluences than
nanosecond lasers [20, 21]. The shorter the pulse width, the more localized the damage [43]. The
efficient energy delivery was considered to result in a safer and more efficacious treatment using
picosecond laser. The analysis of Study C showed that the nanosecond laser provided a greater
amount of energy than the picosecond laser when nonlinear absorption was taken into account.
The clinical study showed a greater degree of tissue damage with the nanosecond laser from
histological comparison [19]. The length of subsequent thermal diffusion from melanin inside
during the nanosecond laser [44], estimated by 67 = 24/D77,,, where D7 is the thermal diffusivity
of melanin (1.4 x 1073 cm?/s) [32] and 7, 18 the pulse width, was approximately two to three
times longer than during the picosecond laser. The excessive energy deposition and large thermal
diffusion were considered to decrease the safety of the nanosecond laser treatment. In summary,
the nonlinear absorption-based analysis of the clinical studies demonstrated the differences in
treatment effect between picosecond and nanosecond lasers reported in clinical studies can be
evaluated.

The results of the computational analysis suggested the potential to establish distinct irradiation
endpoints because the energy depositions calculated with the nonlinear absorption model were
larger than the threshold. Short-pulsed laser treatment of epidermal pigmented lesions has a risk
of PIH, especially in darker skin types [45]. The determination of desirable irradiation endpoints
is therefore strongly required for safer treatment [46]. In the current clinical setting, the irradiation
endpoint is usually immediate whitening after the laser shot [19-21, 46]. However, there is a
clinical study that reported successful whitening without the phenomenon [47]. A previous study
also indicated that a lower fluence of picosecond laser could produce treatment effects [29]. These
studies suggest that immediate whitening may not always be necessary. Validation of the numerical
results will lead to an improved selection of irradiation parameters for the treatment of epidermal
pigmented lesions. The computational analysis assumed energy deposition in melanosomes in
water, but energy deposition in epidermal melanosomes could be greater because the fluence
rate in the tissue increases from that of an incident laser pulse owing to backscattering by the
surrounding tissue [48]. Additionally, a temporal laser pulse profile stretches owing to multiple
scattering by the tissue [49]. This effect may shift the energy deposition shown in Fig. 4.6 to
a value at a longer pulse width. The effects of the surrounding tissue on energy deposition in

melanosomes need to be considered.
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The computational analysis also indicated that a robust evaluation of the treatment effect be-
tween different short-pulsed lasers can be provided. Currently, picosecond laser treatment has been
evaluated by statistical comparison with nanosecond laser treatment in clinical studies. However,
whether significant differences in the safety and efficacy were observed varied between clinical
studies [20, 20, 21]. In terms of irradiation parameters, a spot size of 2—4 mm remained almost
similar, but the nanosecond laser treatments used approximately twice the fluence of the picosecond
laser treatments [20, 21, 31, 50]. In contrast, as a result of the nonlinear absorption-based analysis,
it was confirmed that picosecond lasers produced treatment effects at lower fluences owing to the
efficient energy delivery by picosecond laser. The numerical comparisons using clinical parameters
demonstrated that the differences in treatment effect between picosecond and nanosecond lasers
reported in clinical studies can be evaluated. This finding suggested the feasibility of computational

simulations augmenting preclinical and clinical evaluations.

4.5 Conclusion of this chapter

The nonlinear absorption-based analysis with the measured absorption cross-sections and nonradia-
tive lifetimes was performed to evaluate energy deposition in melanosomes. The picosecond laser
was found to be most efficient in delivering energy to melanosomes. The computational analysis
demonstrated that nonlinear absorption by melanin has a significant influence on the mechanism
of short-pulsed laser treatment and can explain the difference in treatment effect between picosec-
ond and nanosecond lasers reported in clinical studies. These results suggested the feasibility of

computational simulations for the augmentation of preclinical and clinical evaluations.
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Chapter 5

Picosecond laser-induced photothermal
skin damage evaluation by
computational clinical trial

5.1 Introduction

Studies performed through Chapters 2 to 4 have analyzed picosecond laser-skin interactions at
the tissue, cell, and molecular scales. The obtained physical parameters of the skin and the light
transport model have enabled computational simulations of picosecond laser treatment to calculate
the light distribution in the skin, melanosomes, and melanin. The results have suggested that
computational simulations can augment preclinical and clinical studies. Based on these findings,
this chapter will address the question of how computational laser treatment can be applied to
computational clinical trials for rapid and low-cost clinical applications of novel laser devices.
As a specific example, photothermal skin damage induced by a novel picosecond laser device
is evaluated based on a comparison with approved picosecond and nanosecond laser devices in a
computational clinical trial. A comparison of photothermal damage will confirm that computational
laser treatment can provide the same results as those achieved in clinical trials.

In laser skin treatment, a significant amount of laser energy is injected to produce the treatment
effect. There is a risk of damage to normal tissues surrounding the surgical site. Because laser
treatments should be performed under the condition that the risk is acceptably small, the evaluation
of damage to normal tissue is required in preclinical and clinical evaluations. Although the risk
evaluation can be performed by ex vivo and in vivo experiments [1-3], such experiments have
difficulties in that the physical phenomena induced by picosecond laser are too fast to make direct
observations. For this reason, conventional trials have required statistical comparison between
large groups of patients and histological analysis of laser-irradiated tissues [4]. These processes
require massive amounts of time and cost, which prevents smooth clinical applications. Due to

delays in the regulatory evaluation, some picosecond lasers have been used without regulatory

This chapter was originally published under the title, “Picosecond laser-induced photothermal skin damage evalu-
ation by computational clinical trial” by Yu Shimojo, Takahiro Nishimura, Hisanao Hazama, Nobuhisa Ito, and Kunio
Awazu in Laser Therapy 29(1):61-72 (2020).
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approval in Japan; as a result, medical malpractices or accidents have occurred [5]. Because this
problem also presents a barrier to the development and clinical application of novel laser devices,
not only quantitative and reproducible but also rapid and low-cost methods for the evaluation of
laser treatment are urgently required.

As a third trial, in addition to preclinical and clinical trials, computational clinical trials can
evaluate the safety and efficacy of laser treatment [6]. In computational clinical trials, preclini-
cal and clinical evaluations are performed by computational modeling and simulation of a laser
treatment procedure. The trials offer quantitative and reproducible scientific evidence because
computational simulations can reproduce physical phenomena induced by laser irradiation. Ac-
cording to reports from the FDA, computational simulations help investigate how a treatment
behaves in many clinically relevant cases, without temporal, financial, or ethical considerations
[7]. Computational simulations can exclude individual differences between subjects, variations
in surgical technique by operators in clinical trial data, and uncertainty of scientific evidence for
extrapolation of animal study data to humans. Once computational clinical trials are established,
they can have huge potential to reduce barriers to the development of novel laser devices, aug-
ment and partially replace preclinical and clinical trials, and facilitate rapid and low-cost clinical
applications of laser devices.

For computational clinical trials, mathematical models of laser-tissue interactions are required.
By modeling light transport in skin with the MC method, diffuse reflectance spectra of tissue were
simulated for quantitative monitoring of chromophores in biological tissues. The model yielded
results that agree reasonably well with the in vivo measurement when a skin model was provided
with reasonable physical and structural parameters of the tissues [8]. By modeling the thermal
response of tissue, laser tissue coagulation has been simulated [9, 10]. The validity of the model was
evaluated by comparing it with MRI-based temperature data obtained from the in vivo experiment.
The computational simulation of the temperature distribution showed good agreement with the
MRI-based data. [9]. By modeling light and heat transfer in tissue, photothermal effects, including
tissue coagulation and vaporization, for the laser treatment of benign prostatic hyperplasia have
been simulated [11, 12]. The simulation results were found to be consistent with the results
of the ex vivo experiment [11]. These models enable computational simulations to reproduce
light propagation and thermal diffusion in tissue. Therefore, computational simulations of light
propagation and thermal diffusion can be applied to evaluate photothermal skin damage between

novel and approved laser devices.

5.2 Materials and Methods

5.2.1 Computational clinical trial model

The computational clinical trial evaluates the approved laser device (Device A) versus the approved
laser devices (Devices B and C) due to the history of approval of Devices B and C before Device
A. Device A was a picosecond alexandrite laser with a wavelength of 755 nm. Device B was a
nanosecond alexandrite laser with a wavelength of 755 nm, and Device C was a picosecond Nd: YAG
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laser with wavelengths of 532 and 1064 nm. Table 5.1 shows the specifications of picosecond
and nanosecond laser devices. The computational simulation assumed that all the absorbed laser
energy was converted to heat to calculate the maximum photothermal damage induced by laser
irradiation. As indicators of photothermal damage, optical penetration depth 6, temperature rise
T, and thermal damage rate P in normal skin tissue are employed. ¢, T, and P in normal skin
tissue were compared between the novel and approved laser devices. Figure 5.1 describes the
steps of computational modeling and simulation: an MC simulation of light propagation [13], a
finite difference method for thermal diffusion calculation [14], and an Arrhenius model to quantify
thermal damage [15]. Light propagation in skin tissue is calculated to obtain energy deposition.
The MC simulation assumes a linear absorption process [13]. Nonlinear absorption induced by
picosecond laser leads to the formation of LIOB and the subsequent creation of plasma above the
irradiance threshold of 10'2-10'3 W/cm?2 [16]. The threshold is two orders of magnitude greater
than the maximum power density of Devices A, B, and C. Thus, the nonlinear absorption process
is assumed to be negligible in this trial. Furthermore, tissue damage due to photoacoustic effects is
also assumed to be negligible. The highest generation of stress waves by Device A was estimated at
0.1 MPareferring to Ref. [17, 18]. The calculated value is three orders of magnitude lower than the
damage threshold of 30 MPa [19]. From the calculated fluence distribution, ¢ is obtained. Here,
heat diffusion during a laser pulse can be negligible because the thermal confinement condition is
satisfied. Based on this approximation, thermal diffusion can be calculated by setting the initial
value of a heat source as the energy deposition distribution after laser irradiation. From the
calculated distribution, 7 and P are calculated. The degree of thermal damage depends on the
temperature of the skin tissue and the exposure time at that temperature [20, 21].

Table 5.1: Specifications of picosecond and nanosecond laser devices numerically evaluated in a
computational clinical trial. Table reproduced from Ref. [22].

Device A Device B Device C
Wavelength 755, 532 nm 755 nm 1064, 532 nm
Pulse width 550-750 ps 50-100 ns 750 ps, 2 ns
Spot size 1.5-10 mm (O) 2—-6 mm (¢) 2-8 mm (¢)
Fluence 0.21-6.37 J/cm? 1.6-18 J/cm? 0.2-10.0, 0.2-2.5 J/cm?

Repetition rate  Single, 1-10 Hz  Single, 1-10 Hz Single, 1-10 Hz

5.2.2 Three-dimensional numerical skin tissue model

A 3D numerical skin model was constructed as described in Chapter 2. The skin model consisted
of the epidermis, dermis, and subcutaneous fat. The dermis included three different sizes of blood
vessels; capillary vessels, upper dermis vessels, and deep dermis vessels. The skin tissue model
was constructed with cube voxels of 500 x 500 x 400 elements. The voxel size was 10 ym X 10
pm X 10 ym. The depth direction was set along the z axis. The skin surface was set as z = 0
mm. The vertical plane to the z axis was defined as the xy plane. The center of the skin surface

was (x, y) = (0 mm, 0 mm). The thickness of the epidermis, dermis, and subcutaneous fat was set
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Figure 5.1: Schematic diagram of the computational modeling and simulation of light and heat
transfer. After creating a numerical skin model, light propagation in the skin is calculated with
optical properties to produce the spatial distribution of energy deposition S(x, y, z). By using the
energy deposition distribution as the initial value of a heat source, thermal diffusion is calculated
to obtain the temperature distribution 7'(x, y, z, ). From the calculated temperature rise, the spatial
distribution of thermal damage rate in the skin model is obtained. Figure reproduced from Ref.
[22].

as 0.1, 1.1, and 2.8 mm, respectively [23]. Each voxel was assigned the absorption and scattering
coefficients, and anisotropy factor, as listed in Table 5.2. The absorption coefficients of the dermis

and subcutaneous fat were bloodless parameters.

5.2.3 Light propagation calculation

An MC simulation was used to calculate the light distribution in normal skin tissue [13]. The
collimated laser beam with uniform spatial distribution was irradiated vertically to the skin surface.
The laser wavelength was set to 532, 755, or 1064 nm, according to the specifications of the laser
devices. The MC simulation was carried out for 12 million photons to achieve a sufficient light

distribution.

5.2.4 Thermal diffusion calculation

The T by laser irradiation is determined by the heat capacity and thermal conductivity of skin,
and the heat is diffused at a speed proportional to the temperature gradient. Thermal diffusion
promotes an increase in the temperature of normal tissues and causes cell necrosis and protein
coagulation [34]. The time variation of the temperature distribution in skin was calculated using
the heat conduction equation [14]:

oT
pe- = kV?T + S, (5.1
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Table 5.2: Optical, thermal, and damage parameters for light and heat transfer simulation. Table
reproduced from Ref. [22].

Epidermis Dermis Fat Blood
Optical properties
A=532nm [24-27]
Absorption coefficient [mm™'] 1.43 0.053 0.09 10.0
Scattering coeflicient [mm~!] 60.5 38.8 31.4 29.5
Anisotropy factor [-] 0.9
A =755 nm [24, 25, 27, 28]
Absorption coefficient [mm~!] 0.46 0.025 0.01 0.3
Scattering coeflicient [mm~!] 394 23.8 21.7 32.1
Anisotropy factor [-] 0.9
A =1064 nm [24, 25, 27, 29]
Absorption coefficient [mm™!] 0.16 0.024 0.05 0.2
Scattering coeflicient [mm™'] 29.1 17.7 16.9 25.0
Anisotropy factor [-] 0.9
Thermal properties [30-33]
Thermal conductivity [x1073 W/(cm-K)] 2.09 3.00 2.05 4.92
Specific heat [J/(g-K)] 3.60 3.22 2.30 3.84
Density [g/cm?’] 1.19 1.12 0.97 1.00
Internal heat source [W/cm?] Output from MC simulations
Damage parameters [15]
Frequency factor [1/s] 8.82 x 10%* (T < 53°C), 1.297 x 10°! (T > 53°C)
Activation energy [J/mol] 6.028 x 10° (T < 53°C), 2.04 x 10° (T > 53°C)
Gas constant [J/(mol-K)] 8.314

where p [g/cm3] is the density, ¢ [J/(g-K)] is the specific heat, £k [W/(cm-K)] is the thermal
conductivity, and S [W/cm?] is the internal heat source, as shown in Table 5.2. The heat source
term was present during a laser pulse. This equation was solved with the finite difference technique.
The adiabatic boundary conditions were applied to the boundaries at z = 4.0 mm and x, y = + 2.5
mm. The convective surface boundary condition was applied at the boundary between air and skin

tissue.

oT
-k 6_ = h(Tair - Tsurface), (5.2)
t 220

where i [W/(cm?-K)] is the heat transfer coefficient between the air and skin (0.001 W/(cm?-K))
[35], Tyir [°C] is the temperature at the air, and Tyyace [°C] is the temperature at the skin surface.
The initial skin and air temperatures were set to 32 and 24°C, respectively. The temporal step
size during and after laser irradiation was one-hundredth of a pulse width and 10 nanoseconds,

respectively.

5.2.5 Thermal damage calculation

The P was quantified with the Arrhenius model with experimentally derived parameters (frequency

factor, A and activation energy, E,). The model is based on a unimolecular formulation of the
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standard rate process model of tissue damage in chemical kinetics. This model can be used to
predict the probability of irreversible thermal damage and to calculate a non-dimensional damage

. JcO] _ ‘ E,
Q1) =1In {m} = A/o exp {—RT(T) }dt, (5.3)

where C () [M] is the remaining concentration of undamaged tissue at exposure time ¢ [s], A [1/s]

parameter Q [-] from

is the frequency factor, E, [J/mol] is the activation energy for the denaturation of molecules, and R
[J/(mol-K)] is the gas constant, as shown in Table 5.2. The concentration ratio of damaged tissue
to undamaged tissue at exposure time 7 [s] was expressed using the damage parameter € with the

following equation [15]:
P [%] = 100[1 — exp{—-Q(7)}]. 5.4

The thermal damage of 63.2% (€2 > 1) was applied to the threshold for irreversible thermal damage,

such as cell necrosis and protein coagulation [15].

5.2.6 Irradiation conditions

The laser irradiation conditions for the three devices are listed in Table 5.3. Severe conditions
indicate the conditions that provide the maximum fluence in the specification. Clinical conditions
indicate the typical conditions used in tattoo removal [4, 36]. The spot shape of Device A was
square, while those of Devices B and C were circular. The repetition rates were set at 10 Hz. The
thermal diffusion by single pulse irradiation was analyzed for 100 ms to compare Device A with
Devices B and C. Because the repetition rate was the highest in their specifications, 7 and P were

severely evaluated. Cooling during and after laser irradiation was not considered.

Table 5.3: Simulation conditions of picosecond and nanosecond laser irradiations. Table repro-
duced from Ref. [22].

Severe conditions Clinical conditions

A B C A B C
Wavelength [nm] 755 755 1064 532 755 755 1064 532
Pulse width [ns] 0.55 50 0.75 0.55 50 0.75
Spot size [mm] 20 2(¢) 2(¢) 3 3(¢) 3(9)
Fluence [J/cm?] 6.37 18 10 2.5 2.83 10 4.6 1.65
Repetition rate [Hz] 10
Cooling None

5.3 Results

5.3.1 Light propagation in the skin model

The difference in ¢ between Device A and Devices B and C was evaluated. The 6 was defined as
the depth at which the fluence within the skin model reaches 1/e (36.8%) of its original fluence at
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the surface. Figure 5.2(a) shows the fluence distributions. The irradiated laser pulse was diffused
radially due to scattering. Figure 5.2(b) shows the energy deposition distributions. The laser
energy was well absorbed by the epidermis and blood vessels. Figure 5.3 shows the ¢ of the three
devices. The ¢ of Device A was 0.85 mm, while the ¢ of Device B, Device C with a wavelength
of 1064 nm [Device C (4 = 1064 nm)], and Device C with a wavelength of 532 nm [Device C (4 =
532 nm)] were 0.82, 0.86, and 0.51 mm, respectively. The ¢ of Device A was placed between the 6
of Device C (1 = 1064 nm) and Device C (4 = 532 nm). The comparison indicated that the 6 was
similar between Device A and Device C. Figure 5.4 shows the energy deposition profile on the z
axis. Laser irradiation with Device B delivered a greater amount of energy to the subcutaneous fat
than with Device A. Therefore, it was confirmed that the ¢ of Device A is equivalent to those of
Devices B and C.

5.3.2 Temperature rise

Figure 5.5 shows the time variation of temperature profiles on the z axis for 100 ms after laser
irradiation. Immediately after laser irradiation, temperature peaks were found in the epidermis,
capillary vessels, upper dermis vessels, and deep dermis vessels, and these temperatures reached
a maximum. After 100 ms, the temperature peaks in the blood vessels nearly disappeared due
to thermal diffusion. Although the temperature peak in the epidermis became smooth, the peak
was still higher than that before laser irradiation. Figure 5.6 shows the maximum temperature
of each tissue. Under the severe conditions, the maximum temperature of each tissue after laser
irradiation with Device A was not the largest compared with Devices B and C. Moreover, except in
the epidermis, the maximum temperature of each tissue under the severe conditions with Device A
was lower than that under the clinical conditions with Devices B and C. Therefore, it was confirmed
that the 7 with Device A is lower than those with Devices B and C.

5.3.3 Concentration ratio of thermally damaged tissue

The P values were calculated using the T values. After 100 ms, the P peaks were found in the
epidermis, capillary vessels, and upper dermis vessels. The maximum P with Device A was 1.2
x 1072% at most in the epidermis, while those with Devices B and C (1 = 1064 nm) were 42 and
7.5 x 107%9%, respectively, in the epidermis, and that with Device C (1 = 532 nm) was 99% in the
capillary vessels. The P with Device A was much less than the threshold of 63.2%. Therefore, it
was confirmed that the P with Device A is equivalent to that with Devices B and C.

5.4 Discussion

Comparing Fig. 5.5(a) and (b), the shape of the temperature profile was similar, while the degree
was different. Under the set irradiation conditions, Devices A and B had the same wavelength,
but the set pulse width and fluence were different. The thermal diffusivities Dy = k/pc of
epidermis, dermis, and subcutaneous fat are 4.88 x 1074, 8.32 x 107#, and 9.19 x 10™* cm?/s,

respectively. The thermal relaxation time can be written as Tiermal = d? /4D, where d is the
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Figure 5.2: Spatial distributions of (a) fluence and (b) energy deposition in the skin model on the
zx plane after laser irradiation with (i) Device A (755 nm, 2 mm O, 6.37 J/em?), (ii) Device B (755
nm, 2 mm ¢, 18 J/em?), (iii) Device C (1064 nm, 2 mm ¢, 10 J/ecm?), and (iv) Device C (532 nm,
2 mm ¢, 2.5 J/cm?) under the severe conditions. Figure reproduced from Ref. [22].
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Figure 5.3: Optical penetration depth ¢ in the skin model. Figure reproduced from Ref. [22].
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Figure 5.4: Energy deposition profiles in the skin model on the z axis with x = y = 0 after laser
irradiation under the severe conditions. Figure reproduced from Ref. [22].
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Figure 5.5: Time variations of temperature profiles in the skin model for 100 ms after laser
irradiation with (a) Device A (755 nm, 2 mm 0, 6.37 J/cm?), (b) Device B (755 nm, 2 mm ¢, 18
J/em?), (¢) Device C (1064 nm, 2 mm ¢, 10 J/cm?), and (d) Device C (532 nm, 2 mm ¢, 2.5 J/cm?)
under the severe conditions. Figure reproduced from Ref. [22].

thickness. The Tiermal Values of epidermis, dermis, and subcutaneous fat were 0.051, 3.6, and 21.3
s, respectively. Because the pulse width was much shorter than Tinermar, the thermal confinement
condition was satisfied. Therefore, fluence had a more pronounced effect on the 7 than the pulse
width. Furthermore, the temperature after 100 ms was kept higher than the initial temperature
(Fig. 5.5). The simulation results suggested that the repetition rate of 10 Hz resulted in the
accumulation of thermal damage. Continuous pulse irradiation to the same area may cause an
excessive temperature rise because of heat accumulation. It may be required to provide a sufficient
interval between laser pulses and to cool the skin tissue during operation to reduce thermal damage.

A novel picosecond laser was evaluated based on photothermal damage to normal skin tissue
immediately after the laser shot. The computational simulation assumed that all the laser energy
was converted into heat to calculate the maximum photothermal damage. Since acute damage
was considered in the simulation, the necessary modeling after light absorption by the skin is
a temperature rise and thermal damage. The temperature distribution can be computationally
reproduced using the heat conduction equation. Furthermore, the use of computational simulations

is a standard for evaluating thermal damage because necessary parameters, such as a threshold
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for irreversible thermal damage, have already been obtained [37]. Therefore, the evaluation of
photothermal damage was achieved by calculating 7 and P. In the light propagation calculation,
the MC simulation assumed the linear absorption of picosecond laser. However, picosecond
laser can induce nonlinear absorption owing to the high power density, which affects the light
distribution in skin tissue [38]. The light transport model considering nonlinear absorption will
improve the accuracy of the quantitative evaluation of the effects of picosecond lasers on skin
tissue, as described in Chapter 4. For abnormal skin tissues, pigments such as melanosomes and
tattoo particles are disrupted by photomechanical effect and cleared by macrophages and other
phagocytes [39]. Mathematical models of photomechanical and biological effects will enable
computational simulations to quantitatively evaluate the long-term treatment outcome.

The accuracy of the optical and thermal parameters affects the simulation results of photother-
mal damage. The mathematical model assumed that the dynamics of the optical properties of the
skin tissue resulting from the increase in temperature were constant. Several studies reported that
¢ becomes shorter when the tissue is coagulated [40-42]. This suggested that the calculated P
was estimated to be more severe in deep tissues than in reality. However, P in deep tissues such
as the dermis and subcutaneous fat were lower than the threshold. Therefore, the dynamics of
the optical properties were negligible in the evaluation of the photothermal skin damage. The T
could be overestimated because the cooling effect of blood perfusion was not considered in the
thermal diffusion calculation. It is known that the cooling effect resulting from vasculature causes
a change in the temperature distribution and reduces the degree of thermal damage [43]. However,
the knowledge of physical properties has not been accumulated enough to reproduce the cooling
effect by a mathematical model. Experimental analyses will be required to model the cooling effect
resulting from blood flow.

The simulation results demonstrated that the photothermal skin damage caused by Device A
was less than that caused by Devices B and C. Clinical studies reported that picosecond laser
treatment had less or comparable side effects than nanosecond laser treatment [44, 45], confirming
that the simulation results were consistent with the clinical study results. Since thermal damage is
one of the indicators of safety [46], computational clinical trials could partially replace preclinical
and clinical trials. It is desirable to conduct a safety and efficacy evaluation of laser devices
with various combinations of parameters, including pulse width, spot size, fluence, and repetition
rate. Conventional evaluations of novel laser devices require a time-consuming and expensive
process due to the many combinations of irradiation parameters in preclinical trials and the
number of subjects required to obtain reliable data in clinical trials [4, 36, 47-51]. Compared
to preclinical and clinical trials, computational clinical trials can provide a rapid and low-cost
evaluation of laser devices because of the simple operation of setting the parameters on a computer.
Furthermore, computational clinical trials investigate laser-tissue interactions by computational
modeling and simulation. They provide a quantitative and reproducible evaluation of laser devices.
The implementation of computational clinical trials for regulatory evaluations is expected to

accelerate the clinical applications of novel laser devices.
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5.5 Conclusion of this chapter

A computational clinical trial was performed to evaluate the photothermal skin damage induced by

a novel picosecond laser device. The T and P of skin tissue between the novel laser device and the

approved laser devices were compared by computational simulation, and the photothermal damage

caused by the novel device was shown to be less than that caused by the approved laser devices.

These results demonstrated that computational laser treatment can be applied to computational

clinical trials for the partial replacement of preclinical and clinical trials. The accumulation of

clinical data and physical parameters will improve the reliability of computational clinical trials.
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Chapter 6

Incident fluence analysis based on tissue
optical properties and threshold
fluences for melanosome disruption

6.1 Introduction

Picosecond lasers have treatment effects on benign pigmented lesions by selective disruption of
melanosomes. In clinical practice, irradiation endpoints are usually determined by a visual assess-
ment of immediate whitening after the laser shot, corresponding to an increase in optical scattering
with vacuolization of the melanosomes [1]. Because the determination is highly dependent on the
surgeon’s skill and experience, adverse events to unintended tissues, such as erythema, blistering,
hypopigmentation, and PIH, have been caused by inappropriate settings of the irradiation parame-
ters. In particular, patients with darker skin types have a higher risk of these events [2, 3]. A robust
setting of irradiation parameters considering skin type is strongly required for safer treatment.

In picosecond laser treatment, multiple factors, including laser wavelength, pulse width, flu-
ence, spot size, and skin type, contribute to the treatment outcome [4]. To provide a standardized
treatment, these irradiation parameters should be optimized to maximize treatment outcomes.
Computational modeling and simulation of picosecond laser treatment can provide quantitative in-
formation to determine irradiation parameters [5]. In tattoo removal, the minimum incident fluence
for treatment was estimated using a computational simulation of light transport and subsequent
photothermal and photomechanical effects [6]. However, an evaluation of the effect of skin type
on light distribution in picosecond laser treatment has remained lacking. During picosecond laser
propagation in the skin, the incident fluence is attenuated by the epidermis and dermis depending
on their optical properties [7, 8]. Additionally, because the depth of abnormal melanosomes in
the skin varies with the type of pigmented lesions [9-11], the extent to which the incident fluence
reaches the target lesions depends on the depth of the lesions. A mathematical model based on

Portions of this chapter were originally published under the title, “Incident fluence analysis for 755-nm picosecond
laser treatment of pigmented skin lesions based on threshold fluences for melanosome disruption” by Yu Shimojo,
Takahiro Nishimura, Hisanao Hazama, Nobubhisa Ito, and Kunio Awazu in Lasers in Surgery and Medicine 53(8):1096—
1104 (2021).
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the optical properties of the skin and the threshold fluence for melanosome disruption enables
computational laser treatment to estimate the incident fluence depending on the patient’s skin type
and the depth of lesions.

This chapter demonstrates that computational laser treatment can provide numerical indices
for setting the irradiation parameters for reproducible laser treatment regardless of the surgeon’s
skill and experience. Incident fluences for picosecond laser treatment are analyzed using an
MC simulation combined with the optical properties of the skin (Chapter 2) and the threshold
fluences for melanosome disruption (Chapter 3). The calculated incident fluences are comparatively
evaluated between skin types. Because MC simulations can calculate light distribution in skin
tissue with high accuracy [12-15], the computational laser treatment allows for the prediction
of irradiation parameters for the laser to reach pigmented lesions with minimal damage to the
surrounding tissue. The numerical indices obtained can provide guidelines for surgeons to deliver

safe and efficacious picosecond laser treatment.

6.2 Materials and Methods

6.2.1 Theory on incident fluence analysis for picosecond laser treatment

The incident fluence was analyzed at a wavelength of 755 nm, which is available in picosecond
laser systems for clinical use. Pigmented lesions such as solar lentigines, nevus of Ota, and ectopic
Mongolian spots were located at different depths in the epidermis or dermis. An irradiated laser
pulse is attenuated by the epidermis and dermis, depending on their optical properties. The incident
fluence F(r) [J/cm?] delivering the threshold fluence to the target melanosomes at position r is

therefore expressed as
F(r)-A-I(r) > Hy, 6.1)

where A [cm?] is the laser irradiated area, I(r) [1/cm?] is the relative fluence distribution at position
r depending on the optical properties of the skin, and Hy, [J/cm?] is the threshold fluence of a
picosecond laser pulse for melanosome disruption, which was set to 2.19 and 2.49 J/cm? for 550-
and 750-ps laser pulses, respectively, from the results in Chapter 3. Here, A - I(r) was defined
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 in skin tissue when a unit of laser
fluence is incident over the spot area A. Substituting «(r) into Equation 6.1, the following equation
was obtained:

F(r) . a(r) > ch. (62)

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

6.2.2 Numerical human skin tissue model

A numerical model of human skin tissue was constructed to calculate the light distributions
depending on skin type, as described in Chapter 2. Figure 6.1 shows the numerical skin model
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comprising of the epidermis, dermis, subcutaneous fat layers and three different sized blood vessels
in the dermis layer [7]. The model was constructed using 500 x 500 x 400 cubic voxels. The
size of each voxel was 10 ym X 10 um X 10 yum. 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, ¥) = (0 mm, 0 mm). In the model, a melanin layer mimicking pigmented lesions was
absent. The incident fluences to provide the threshold for a single melanosome located at a given
depth of the skin tissue were calculated, assuming that it absorbs the laser light in the same way
as the melanosome in water. To compare the incident fluences between skin types, absorption g,
and reduced scattering u” coefficients, and anisotropy factor g for Caucasian, Asian, and African
human skins at a wavelength of 755 nm were input, as listed in Table 6.1 [7]. Melanin in the
normal epidermis was simulated to be uniformly distributed in the epidermis. The effect of optical
absorption by normal melanin was included in the y, values of the epidermis. The blood oxygen

saturation was 96%.

Laser light
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(80 pum in diameter)
| 5.00 mm
A

z

Figure 6.1: Numerical model of human skin geometry consisting of the epidermis, dermis, sub-
cutaneous fat, and three different sized blood vessels (capillary vessels, upper dermis vessels, and
deep dermis vessels). Figure reproduced with permission from Ref. [16].

6.2.3 MC simulation of light transport in skin tissue

A 3D MC simulation was used to calculate the relative fluence distribution depending on the optical
properties of the skin [17]. In this simulation, it was assumed that a rectangular temporal laser
pulse was vertically irradiated at the center of the skin surface [18, 19]. The largest u, value in the

skin model was 4.9 cm~! (see Table 6.1) and the maximum power density was calculated as 9.6
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Table 6.1: Absorption u, and reduced scattering us’ coefficients, and anisotropy factor g of the
epidermis, dermis, subcutaneous fat, and blood at a wavelength of 755 nm.

Epidermis Dermis Subcutaneous fat  Blood
Caucasian
iy [mm™1] 0.24 0.05 +0.01 0.04 +0.02 0.32
us’ [mm~'] 428 +1.04 2.20+0.43 1.43 £0.22 1.68
g [-] 0.9
Asian

o [mm~'7  0.49+0.19 0.05+0.01 0.04 +£0.02 0.32
us’ [mm~'] 428 +1.04 2.20+0.43 1.43 +0.22 1.68

g [-] 0.9

African

o [mm~!] 2.98 0.05 +0.01 0.04 £0.02 0.32
u [mm~'] 428 +1.04 2.20+0.43 1.43 +£0.22 1.68
g [-] 0.9

GW/cm? by dividing the fluence by the pulse width [20, 21]. The maximum power density was
two orders of magnitude lower than the threshold irradiance for the nonlinear excitation condition
of the skin tissue [22]. The nonlinear absorption induced by picosecond laser irradiation was
negligible. The simulation was carried out for 180 million photons to achieve sufficient relative

fluence distributions in skin tissue.

6.3 Results

6.3.1 Light-propagation efficiency

Figure 6.2 shows the light-propagation efficiencies @ of Asian skin tissue at spot sizes of 2, 3, and
4 mm. The a tended to decrease with increasing depth. The maximum and minimum dispersions
of @ were estimated using the SDs of the u, and u " values of each tissue, which were derived
from individual and body-site differences [7]. The maximum « was obtained from the minimum
U and ug” values (mean — 1 SD), while the minimum « was obtained from the maximum y, and
us’ values (mean + 1 SD). The laser pulse entering the skin tissue propagated radially (Fig. 6.2(1)).
The « increased near the dermal-epidermal junction owing to the backscattering (Fig. 6.2(ii)).

6.3.2 Incident fluence of picosecond laser for Asian skin

The incident fluences for the disruption of melanosomes located at different depths in Asian skin
were obtained using Equation 6.2. Figure 6.3 shows the incident fluences of 550- and 750-ps
laser pulses for melanosome disruption in the skin when the spot size is 2, 3, and 4 mm. The
incident fluences increased with increasing depth of the target melanosomes. The deviation of the
incident fluences increased as the target melanosomes were deeply located owing to the deviation
of @. Because « increased near the dermal-epidermal junction, the incident fluences were found

to decrease at its depth. Figure 6.4 shows the detailed comparison of incident fluence focusing
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Figure 6.2: Light-propagation efficiencies a calculated with MC simulation for square spots of
(a) 2, (b) 3, and (c) 4 mm. (i) Spatial distributions on the zx plane and (ii) depth profiles along
the z axis with x = y = 0. The broken lines at 0.15 and 1.65 mm exhibit the boundaries between
the epidermis and dermis, and between the dermis and subcutaneous fat, respectively. Figure
reproduced with permission from Ref. [16].
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Figure 6.3: Incident fluences F of (a) 550- and (b) 750-ps laser pulses for disruption of melanosomes
with different depth distributions in skin tissue calculated at square spots of (i) 2, (ii) 3, and (iii) 4
mm. The broken lines at 0.15 mm exhibit the boundary between the epidermis and dermis. The
depth range of subcutaneous fat is not shown since pigmented lesions are located in the epidermis
and dermis. Figure reproduced with permission from Ref. [16].
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Figure 6.4: Comparison of incident fluences between different sizes of a circular spot in the
epidermis, upper dermis, and deeper dermis. The irradiation parameters were a wavelength of 755
nm and a pulse width of 550 ps.

on spot size. Differences in incident fluence between the epidermis and the deep dermis were
observed for spot sizes of 2, 3, and 4 mm: 5.0, 2.7, and 1.8 J/cm? for a 550-ps laser pulse and 5.7,
3.1, and 2.1 J/cm? for a 750-ps laser pulse. In the deep dermis, increasing the spot size from 2 mm
to 4 mm reduced the incident fluence by 55%.

6.3.3 Comparison between different skin types

Figure 6.5 shows the comparison of the incident fluences between Caucasian, Asian, and African
skins. The pulse width was 550 ps and the spot size was 3 mm. The incident fluences for epidermal
lesions were 0.67, 0.74, and 1.52 J/cm? while those for deep dermal lesions were 3.21, 3.49, and
6.76 J/cm? for Caucasian, Asian, and African skins, respectively. The incident fluences for Asian
skin were similar to those for Caucasian skin and approximately half those for African skin due to

a lower concentration of melanin in the epidermis.

6.4 Discussion

The lesion depth-dependent incident fluences of picosecond laser were calculated taking into
account the skin type. The simulation results for Asian skin were consistent with those reported
for picosecond laser treatment of dermal pigmented lesions using the same laser device as in
our experiment [23-25]. Clinical studies reported that patients with Fitzpatrick skin type III or
IV who suffer 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 ps,
fluences of 1.59-5.26 J/cm?, and spot sizes of 2.2—4.0 mm. The incident fluences calculated for
spot sizes of 3 and 4 mm were within the range of the reported incident fluences when the target
melanosomes were located in the dermis. The simulation results revealed that the incident fluences

necessary for melanosome disruption in skin tissue differ when melanosomes are located in the
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Figure 6.5: Comparison of incident fluences between different skin types in the epidermis, upper
dermis, and deeper dermis. The irradiation parameters were a wavelength of 755 nm, a pulse width
of 550 ps, and a circular spot of 3 mm.

epidermis and deep dermis, and the larger the spot size, the lower the incident fluence required
to disrupt melanosomes in deeper skin tissue (Fig. 6.3). These results have an important clinical
implication in demonstrating that the appropriate choice of irradiation parameters depends on the
depth of pigmented lesions. In a clinical study of 755-nm picosecond laser treatment of epidermal
pigmented lesions in Asians, a fluence of 3.5 J/cm? gave rise to marginal hyperpigmentation [26].
In contrast, the results indicated that a fluence of 1 J/cm? of picosecond laser could be capable
of treating epidermal pigmented lesions with less damage to the surrounding tissues. Figure 6.3
also shows a slight decrease in the incident fluences when the target melanosomes were around the
dermal-epidermal junction. Because a laser wavelength of 755 nm, employed for picosecond laser
devices, penetrates deeply into skin tissue and has a large ratio of optical absorption by melanin
relative to hemoglobin [7, 27], the laser light is suitable for the treatment of dermal pigmented
lesions [28-30]. The simulation results suggested that even if the appropriate incident fluences
are chosen to disrupt melanosomes in the dermis layer, an unavoidable injury at the junction may
occur, often involving PIH or hypopigmentation [25, 31]. The design of a novel optical delivery
system that allows a sufficient amount of laser energy to reach the deep layer of skin tissue while
reducing damage to the surface layer is required [32].

When short-pulsed laser energy is directed at pigmented skin lesions, an irradiation endpoint
is usually immediate whitening [33—-35]. However, Ohshiro et al. [25] reported that patients with
dermal pigmented lesions obtained successful lightning without immediate whitening in 12 of
16 treatments, suggesting that immediate whitening is not needed to achieve clinical clearance in
picosecond laser treatment. Furthermore, immediate whitening can also occur in melanosomes in
normal tissues located above pigmented lesions, making it difficult to distinguish them from the
melanosomes in pigmented lesions. The determination through a visual assessment is therefore
difficult if the desired energy is delivered to the target lesions. These contradictions suggest the

need for a quantitative evaluation of irradiation parameters for the treatment of pigmented lesions.
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The calculated incident fluences can provide fundamental knowledge to establish numerical indices
for determining distinct irradiation endpoints of picosecond laser. Because the optical properties
of the tissue and the depth of the lesions can be measured, the validation of the simulation results

will lead to the design of a treatment protocol tailored to a patient.

6.5 Conclusion of this chapter

The light transport simulation revealed that the appropriate incident fluences of picosecond laser
for pigmented lesions depend on the skin type and the depth of the lesions. The incident fluences
for Asian skin were similar to those for Caucasian skin while approximately half those for African
skin. Choosing a larger spot size can disrupt melanosomes in deeper tissue with minimal collateral
damage because a lesser incident fluence is necessary. These results demonstrated that computa-
tional laser treatment can provide numerical indices for determining distinct irradiation endpoints.
These indices will contribute to designing a treatment protocol tailored to the optical properties of

a patient and developing novel laser devices.
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Chapter 7

Prospects of computational laser
treatment

This study has developed a computational laser treatment based on the experimental and compu-
tational analyses of picosecond laser-skin interactions at the tissue, cellular, and molecular scales.
The obtained optical properties of Asian skin tissues have enabled computational simulations to
calculate light distribution in human skin and provide quantitative data that are difficult to obtain in
preclinical and clinical experiments. Furthermore, threshold fluences for melanosome disruption
have been determined, and the involvement of nonlinear absorption by melanin in this process has
been elucidated. The constructed mathematical models have provided a quantitative evaluation of
the difference in treatment effect between picosecond and nanosecond lasers. The computational
laser treatment based on the mathematical models and the physical parameters has demonstrated
the computational clinical trial from a perspective of photothermal damage and the design of
numerical indices for setting the irradiation parameters. Based on these results, this chapter will
discuss the prospects of the impacts of computational laser treatment on the processes of device
development through regulatory evaluation to clinical use in the field of laser medicine.

Computational laser treatment can provide insights into the development of novel laser devices.
Chapters 2 to 4 have revealed changes in light distribution in skin, melanosomes, and melanin
for various combinations of irradiation parameters through computational simulations. Because
the light distribution significantly affects the treatment effect, the comprehensive evaluation of
irradiation parameters is expected to allow for the prediction of the range of laser device settings
necessary for treatment effects. Currently, optimal irradiation parameters have not necessarily
been employed in laser devices despite the recent advances in laser technology (the expansion of
laser wavelengths and pulse widths and the increase in laser output power), because lasers have
historically been applied clinically in the order of successful oscillation. Computational laser
treatment can reform the current situation and promote the development and evaluation of laser
devices with a new framework in which laser device specifications are determined based on the
predictions of treatment outcomes from computational simulations, and then laser devices are
developed.

Computational laser treatment also provides clues to create the principle of a less invasive laser
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treatment than current laser treatments. The principle of current laser treatments has provided
safe and eflicacious treatment using laser wavelengths with a large difference in optical absorption
between diseased and normal tissues. However, because the irradiated laser light undergoes
multiple scattering in tissue, the diffused laser light causes unavoidable absorption by normal
tissue, resulting in adverse events. The results in Chapter 6 have shown that even when the
irradiation parameters are chosen based on the developed numerical indices, it could be difficult
to avoid damage to superficial normal tissues when deep lesions are treated. This indicates a
limitation of current laser treatments based on wavelength selectivity in the treatment of deep
lesions. Multiphoton absorption-based NIR femtosecond laser treatment has been developed to
address the problem, but the applicable depth is limited to <0.4 um [1], which is insufficient for the
treatment of pigmented lesions. Recent advances in optical devices, such as spatial light modulators,
have allowed the compensation for optical scattering in the diffusive regime by wavefront shaping
[2—4]. Coagulation and vaporization will be confined to lesions by designing light distribution in
tissue using computational laser treatment. When the designed irradiation parameters are evaluated
with the maximum permissible exposure, it is expected that a truly lesion-selective laser treatment
that is noninvasive to normal tissue can be achieved.

Computational laser treatment can be a promising platform for computational clinical trials
of novel laser devices, as shown by the results in Chapter 5. With the increase in economic and
time burdens of preclinical and clinical trials, laser treatment simulations offer medical device
industries a means of reducing development costs and time to market [5, 6]. Computational
modeling and simulation allow for the rapid evaluation of the performance of laser devices, the
safety and efficacy of laser treatment, and the patient-selection criteria through relatively low-cost
simulation. Therefore, they are poised to augment and partially replace device developments and
traditional preclinical and clinical trials. Moreover, regulators and administrators are increasingly
accepting of the incorporation of computational simulations into the evaluation of medical devices
[7, 8]. In 2016, the FDA Center for Devices and Radiological Health published “Reporting of
Computational Modeling Studies in Medical Device Submissions” to provide guidance on the
utilization of computational simulations in preclinical trials to support medical device applications
[9]. In Japan, the Japan Agency for Medical Research and Development published “Development
Guideline on in silico Evaluation 2019 (Guidance)” in 2019 to provide a guideline regarding in
silico evaluation for medical devices [10]. Furthermore, the PMDA Scientific Committee released
“Report of the Expert Group on the Approach to the Review of Medical Device Software Using
Computer Simulation” in 2021, which describes an approach to applying computational simulations
to the evaluation of medical devices [11]. These reports from the FDA and the PMDA indicate the
growing importance of computational simulations as an evaluation method for medical devices.

Computational laser treatment has shown that the irradiation parameters, including pulse width,
fluence, and spot size, can be optimized based on quantitative analysis of laser-skin interactions,
in contrast to the current laser treatment, which relies on the surgeon’s experience and skill. The
numerical indices obtained have already been deployed in clinical studies [12, 13], thus contributing

to the standardization of the setting of the irradiation parameters and the improvement of the
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surgeon’s technique. Such numerical indices can be applied to the treatment of vascular lesions
[14], tattoos [15], and melanoma [16] because the principle of laser treatment is similar to that of
pigmented lesions. Recently, noninvasive measurements, such as optical coherence tomography
[17] and photoacoustic tomography [18], have allowed the spatial distribution of pigmented lesions
to be measured. Furthermore, the robot-assisted technique has allowed precisely targeted laser
irradiation [19, 20]. Integrating the optical measurements of a patient and the robot-assisted
technique into mathematical models of laser treatment will enable the design of a treatment
protocol tailored to a patient and precise laser irradiation based on the designed protocol. Future
development of laser devices equipped with observation and control systems will be needed.
Although simulations have become prevalent in laser treatment, there are still many barriers
to their widespread use. Applications of computational laser treatment are currently targeted at
predicting immediate reactions to laser irradiation, such as photothermal and photomechanical
effects. However, the primary interest of dermatologists and plastic surgeons is not only the
immediate response of the patient after the procedure but also how the patient’s skin will respond
in the long term. This limitation of computational laser treatment poses a challenge for pathological
and immunological simulations, such as macrophage phagocytosis. Computational laser treatments
are still in the early stages and require further development of theory, as skin responses are built
based on rule-based phenomenological models [5, 21, 22]. The ability to predict how the skin
will recover in response to laser treatment is essential for making long-term predictions related
to subsequent treatment interventions and will greatly expand the applicability of computational

simulations in laser treatment.
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Chapter 8

Conclusion

The study aimed to develop a computational laser treatment using picosecond laser for rapid
and effective clinical applications of laser devices with reproducible and precise laser treatment.
Picosecond laser-skin interactions were experimentally and computationally analyzed at the tissue,
cellular, and molecular scales to construct mathematical models of treatment and measure the
physical parameters of the skin. The applicability of the developed computational laser treatment
to the partial replacement of preclinical and clinical trials with the realization of reproducible and
precise laser treatment was then evaluated.

Chapter 2 showed the optical properties of Asian epidermis, dermis, and subcutaneous fat
measured with the DIS spectrophotometer and iMC technique. The absorption coefficients u,
of Asian epidermis differed markedly from those of Caucasian and African epidermises, while
the reduced scattering coefficients us’ of each layer in Asian skin were similar to those of the
other types of skin. Computational simulations using a layered skin model and the measured
optical properties analyzed the optical penetration depth ¢ and energy deposition S in skin. The
¢ and S complemented measurement data that were difficult to obtain in preclinical and clinical
experiments. The computational simulations allow for the light propagation analysis in each Asian
skin layer for computational laser treatment using picosecond laser.

In Chapter 3, the DLS analysis and SEM observation confirmed that the threshold fluences for
melanosome disruption were 2.19 and 2.49 J/cm? for 550- and 750-ps laser pulses, respectively,
while there was almost no change in the morphological and optical characteristics of melanins
irradiated with picosecond laser. The results suggested that melanin is involved as a heat source
to damage melanosomes in picosecond laser treatment of pigmented lesions. These fundamen-
tal findings related to picosecond laser-melanosome interactions will allow for the construction
of a mathematical model to provide numerical indices for setting the irradiation parameters in
computational laser treatment.

The nonlinear absorption-based analysis with the measured absorption cross-sections and
nonradiative lifetimes was performed to evaluate energy deposition in melanosomes in Chapter
4. The picosecond laser was found to be most efficient in delivering energy to melanosomes.
The computational analysis demonstrated that nonlinear absorption by melanin has a significant

influence on the mechanism of short-pulsed laser treatment and can explain the difference in
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treatment effect between picosecond and nanosecond lasers reported in clinical studies. These
results suggested the feasibility of computational simulations for the augmentation of preclinical
and clinical evaluations.

Chapter 5 highlights the evaluation of photothermal skin damage induced by a novel picosecond
laser device in a computational clinical trial. The temperature rise and thermal damage of skin
tissue were compared between the novel device and the approved devices with a computational
simulation, and the photothermal damage caused by the novel device was shown to be less than that
caused by the approved devices. These results demonstrated that computational laser treatment
can be applied to computational clinical trials for the partial replacement of preclinical and clinical
trials. The accumulation of clinical data and physical parameters will improve the reliability of
computational clinical trials.

The light transport simulation revealed that the appropriate incident fluences of picosecond
laser for pigmented lesions depend on the skin type and the depth of the lesions in Chapter 6.
The incident fluences for Asian skin were similar to those for Caucasian skin while approximately
half those for African skin. Choosing a larger spot size can disrupt melanosomes in deeper tissue
with minimal collateral damage because a lesser incident fluence is necessary. These results
demonstrated that computational laser treatment can provide numerical indices for determining
distinct irradiation endpoints. These indices will contribute to designing a treatment protocol
tailored to the optical properties of a patient and developing novel laser devices.

Chapter 7 discussed the prospects of computational laser treatment. To achieve medical care
that improves patient well-being and quality of life, there is a growing demand for rapid and efficient
processes of device development through regulatory evaluation to clinical use. Computational
laser treatment can be a promising platform to facilitate the processes including the development
of novel laser devices and treatment principles, the rapid and low-cost regulatory evaluation, the
establishment of numerical indices for setting irradiation parameters, and the design of a treatment
protocol tailored to a patient. Although applications of computational laser treatment are currently
targeted at predicting immediate reactions to laser, future constructions of mathematical models
for laser-induced biological responses will allow for long-term predictions related to subsequent
treatment interventions and will greatly expand the applicability of computational simulations in
laser treatment.

In conclusion, this study has demonstrated a computational laser treatment based on the mul-
tiscale analysis of picosecond laser-skin interactions. Since computational simulations provide a
reproducible and quantitative evaluation of the treatment effect, computational clinical trials that
augment and partially replace preclinical and clinical trials and robust setting of irradiation param-
eters based on numerical indices are achieved. With the recent focus on computational simulations
in regulatory evaluations and the advance in optical measurement techniques, computational laser
treatment can be a promising platform for rapid and low-cost clinical applications of novel laser

devices and the design of a treatment protocol tailored to a patient.
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