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ABSTRACT

As a laser beam propagates into the skin, the effect
of light scattering spreads the beam radially outward on
each side, which decreases the beam’s effective fluence.
For this reason, a generally accepted paradigm in laser
hair removal is to use larger laser spots, for which the
effect of light scattering is expected to be smaller. In
this paper, we report on a thermal imaging study on the
influence of beam scattering when determining the
appropriate Nd:YAG (1064 nm) and Alexandrite (755
nm) laser treatment fluences for different laser beam
spot sizes and Fitzpatrick skin types.

Skin surface temperatures following pulsed laser
irradiation were measured for different laser spot sizes
and skin types. For the same incoming laser beam
fluence, the skin surface temperature was observed to
increase with the laser spot size. This dependence was
found to be in good agreement with a model that
assumes a spreading of the laser beam due to
scattering by the same absolute amount of about 1.8
mm in diameter, independently of the size of the
incoming beam diameter.
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I. INTRODUCTION

Laser hair removal has in recent years received
wide clinical acceptance in both medical and aesthetics
settings, because of its long-term results, non-invasive
nature, minimal treatment discomfort, and the speed
and ease with which procedures can be performed [1-
4]. Commercial laser and flashlamp light (IPL) systems

differ by wavelength, pulse duration, fluence, laser
beam delivery system and skin cooling method; all of
which have an effect on the outcome of the treatment
[5-16]. When deciding on the most appropriate light
source for laser hair-removal treatments, their tissue
interactions should be thoroughly analyzed and taken
into consideration. Long-pulsed Alexandrite (755 nm)
and Nd:YAG (1064 nm) solid crystal lasers have
become preferred wavelengths for hair removal due to
their effective absorption in the hair, and at the same
time sufficient penetration to the deeply located hair
roots within the skin [6]. In addition, as compared to
other devices, it is only these two types of light sources
that can deliver sufficiently high pulse powers at
sufficiently short pulse durations (in a range of
milliseconds) required for effective selective thermolysis
of the hair within the surrounding skin matrix.

The absorption of the Alexandrite laser’s wavelength
in melanin is higher than that of Nd:YAG. This makes
it more suitable for thermally damaging the melanin-
rich hair. However, Nd:YAG with its weaker
absorption in epidermal melanin, is safer for the
treatment of darker skin types as it minimizes the risk of
epidermal injury and pigmentary alteration. Therefore, a
device containing both laser sources represents an
optimal hair removal combination allowing safe and
effective hair removal for all skin types.

Achieving satisfactory results when using a laser to
treat unwanted hair depends on many factors. It has
been demonstrated that successful permanent hair
removal can only be achieved by injuring the bulb, the
bulge and the outer root sheath of the hair follicle [1].
Therefore, the region in which these structures lie is the
target for any method used to create the required injury
to permanently remove the hair. During the process of
laser hair removal, light is absorbed by chromophores
(usually melanin in the hair shaft and follicle) and
transformed into heat energy, resulting in a rise of the
hair temperature. When the temperature is high enough,
irreversible damage may occur to the hair structures,
thus preventing or altering the growth of the hair.
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Success is determined by tissue physics, hair physiology
and the laser wavelength used in the treatment. An
optimal laser fluence (ie., laser pulse energy per
irradiated area, in J/cm?) is the fluence that does not
cause epidermal injury, yet remains sufficiently high for
thermally damaging the hair after traversing the
epidermis and reaching the deeply lying target.
Therefore, to be able to select an appropriate fluence
one must, among other factors, understand how the
incident fluence is attenuated by the scattering of laser
light within the skin matrix. Namely, as a beam
propagates into the skin, light scattering spreads the
beam radially outward on each side, which decreases the
beam’s effective fluence as it penetrates into the skin
[17-21]. The influence of light scattering on the
effective laser fluence has been studied for Nd:YAG
(1064 nm) by numerical modeling and skin temperature
measurements [20], however, similar measurements for
the Alexandrite wavelength are lacking.

Another important factor when considering optimal
hair removal laser fluences is the skin type. The most
commonly used scheme to classify skin type according to
a person’s response to sun exposure in terms of burning
and tanning was created in 1975 by Thomas B.
Fitzpatrick [22, 23]. Laser hair removal is generally more
effective and safer for lighter skin with dark hair than
darker skin with dark hair because the epidermal melanin
competes as a significant chromophore and may leads to
excessive heating of the surrounding tissue, which may
result in adverse effects such as epidermal blistering,

hypopigmentation and scarring [6-9].

It is to be noted that the characteristics of laser
light absorption and scattering in human skin play an
equally important role in all dermatological
procedures, and not just in hair removal. This is
because most of dermatological and aesthetic laser
treatments are based on thermally modifying or
stimulating the treated tissue in a controlled manner.
This involves either heating the tissue to temperatures
below the critical temperature of tissue damage for
non-ablative protocols, or removing tissue, lesions,
vessels and other imperfections with the least possible
residual heat deposition in more aggressive protocols.

In this paper, we report on a systematic thermal
imaging study of the influence of beam scattering and
skin type with respect to induced skin temperatures
during dermatological treatments using Alexandrite
(755 nm) and Nd:YAG (1064 nm) laser.

II. MATERIALS AND METHODS

The lasers used in this study (see Fig. 1), were the
SP Dynamis®, TimeWalker®, and AvalanchelLase®

systems (all manufactured by Fotona d.o.0.). All three
systems are based on a dual-wavelength structure, with
the SP Dynamis and TimeWalker including Er:YAG
and Nd:YAG sources, and the Avalanchel.ase
consisting of Alexandrite and Nd:YAG laser sources.

The lasers were equipped with the following non-
contact handpieces (all manufactured by Fotona d.o.0.),
with top-hat beam profiles at different selectable laser
spot sizes (d) in a range from 2-30 mm: R33 (Nd:YAG;
d = 2-10 mm), R34 Nd:YAG; 4 = 15 and 20 mm), and
R35 (Nd:YAG and Alexandrite; d = 2-30 mm).

The following calibrated measurement devices were
used: a Quasar/PES0BF-DIF laser energy meter
(manufactured by Ophir Optronics Solutions Ltd), a
Molectron EM500/]50 laser energy meter (manufactured
by Coherent Molectron Ltd), a DS4034 Ultra Vision
digital oscilloscope (manufactured by Rigol Technologies,
GmbH), a Matis thermal imager (manufactured by
SAGEM, France), a FLIR A6750 SLS high-speed
thermal camera (manufactured by FLIR Systems, USA);
a ThermaCAM P45 thermal video camera (manufactured
by FLIR Systems, USA); and a FAST M3K high-speed
thermal camera (manufactured by Telops, Inc, Canada).
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Fig. 1: Fotona SP Dynamis® (top left), TimeWalker® (top
right), and AvalancheLase® (bottom) laser systems.
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a) Neodymium:YAG laser modalities

The Nd:YAG laser operates at a wavelength of
1064 nm. Its most important characteristic is that it
has very little affinity for water, which enables it to
penetrate the skin for several millimeters, allowing it to
reach and treat deeper structures [32]. Its predilection
for blood and melanin are very useful to extend the
range of applications that the Er:YAG laser cannot
cover. This laser is available with a wide variety of
selectable pulse durations (see Fig. 2), which extend
from microseconds (FRAC3 mode) to milliseconds
(VERSA mode) and seconds (PIANO® and PLLT
modes), enabling it to produce different effects on its
targets. One additional pulse option available for
Nd:YAG only in the TimeWalker and Dynamis
models is the Quasi Continuous Wave Mode (QCW),
which, when delivered through a fine laser fiber, can
be applied in surgical modalities such as laser lipolysis
[33], endovenous laser ablation (EVLA) [34] and in the
treatment of hyperhidrosis [35] or in skin subcision
when treating valley scars [36].
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Fig. 2: The variety of pulse modalities available for the
Nd:YAG and Alexandrite lasers in the SP Dynamis®,
TimeWalker® and Avalanchelase® systems. The QCW
mode is available only in the TimeWalker and Dynamis
models.

b) Alexandrite laser modalities

The Alexandrite laser operates at a wavelength of
755 nm. Its most important characteristic is that it has
a high affinity for melanin and a low affinity for water.
Its higher predilection for melanin in comparison to
Nd:YAG is very useful to complement the range of
Nd:YAG applications. This laser is also available with
a wide variety of selectable pulse durations (see Fig. 2),
which extend from microseconds (ACCELERA
mode) to milliseconds (VERSA mode) and seconds
(PIANO® mode), enabling it to produce different
effects on its targets.

¢) Thermal imaging experiment

A thermal camera was fixed in position above the
skin surface and focused on the treated skin site (Fig.
3). The laser beam was held at a fixed position and the
maximal temperature increase AT = (T — Tininia) Was
measured at the end of each laser pulse.

LASER

Fig. 3: E)i’periﬁlenfal‘set—up.

Measurements of the average skin surface
temperature increase within the central part of the
laser spot were performed in-vivo on skin of the
dorsal hand area of each patient. No external or
internal DMC™ (Dry Molecular Cooling) skin cooling
was applied.

The measurements were made on Fitzpatrick I1I-V

phototype patients [22, 23].

d) Dynamics of skin surface temperature evolution

The broad range of indications available with
Nd:YAG and Alexandrite lasers cannot be attributed
merely to their penetration depths and absorption
characteristics, but equally well to the dual skin-heating
dynamics of the temporal modalities available with
these lasers (see Fig. 4).
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Fig. 4: Nd:YAG (1064 nm) and Alexandrite (755 nm) beam
absorption and heat diffusion processes during a typical skin
procedure. There are four major tissue-heating processes
involved: a) Direct absorption of the laser light in the
dermis within the penetration depth of ~ 4-10 mm; b)
Selectively higher absorption of laser light within the
melanin-rich, 100 pm thick epidermis; c¢) Fast heat diffusion
from the highly heated epidermis to the underlying less
heated dermis; d) Relatively slow cooling of the heated bulk
tissue (epidermis and dermis) back to the initial temperature.

This is due to the fact that in spite of having
different penetration depths, both lasers have relatively
high partial absorption in the melanin-rich, appr.
dN,{)A/gX = 100 wm thick epidermis.

As a result of the absorption of the pulsed laser
radiation, the temperature of the thin superficial layer,
dnaaws: gets rapidly elevated. However, since this layer
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is relatively thin, this temperature increase does not
last long, due to the fast cooling provided by the rapid
diffusion of the absorbed heat deeper into the less
heated undetlying skin layers.

The rate of cooling can be estimated by
considering that the temperature of a heated tissue
layer with a certain thickness & decays with an
exponential decay (i.e., cooling) time 7 = (1/D) &,
where D = 0.11 mm? s is the thermal diffusivity of
the skin.

Based on the above approximate relation, the
cooling time 7ind and Tiaex Oof the 100 pm thick
epidermis can be estimated to be on the order of 7ing,
Ti-alex = 100 ms.

When considering the cooling rates of the
underlying bulk tissue, these rates are significantly
longer. In the case of the Nd:YAG or Alexandrite
laser, the bulk tissue below the strongly heated
superficial layer dng.u. gets heated not only by the heat
diffusion from the epidermis, but also predominantly
and directly by the Nd:YAG’s and Alexandrite’s laser
light penetrating through the epidermis, 4-10 mm deep
into the dermis (see Fig. 4).

The corresponding estimated cooling times (%) of

the bulk tissues are therefore on the order of Tong, 7o
Alex = 200-1000 s for Nd:YAG and Alexandrite.

Based on the above, and depending on the
duration (%) of the laser irradiation, the superficial
temperature dynamics during and following the
Nd:YAG and Alexandrite laser irradiations follows
one of the two temporal evolutions as shown in Fig. 5.
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Fig. 5: Temporal evolution of the skin surface temperature
during and following the Nd:YAG and Alexandrite laser
irradiation for short (a-Fast) and long (b-Slow) laser pulse
durations.

For laser pulse modalities with durations (%)
which are shorter than 7y, the skin surface temperature
exhibits two decay characteristics, fast and slow, where
the maximal temperature T, initially decays with the

fast-cooling time 7;, and then transitions into the
slower cooling rate 72 of the bulk tissue. On the other

hand, when #. is significantly longer than 7, this
gives the superficially heated layer sufficient time to
continuously equalize its temperature with the
underlying tissue, and therefore the skin surface
temperature exhibits only a single, slow decay curve

characterized by the bulk’s slow-cooling time 7.

A typical temporal evolution of the normalized

skin temperature increase, AT/AT e = (T-T0)/ (T-T )
following a laser pulse is shown in Fig. 6. The
temperature decay exhibited approximately two-

exponential behavior, with the decay time 7;describing
the decay behavior at short times, and the long decay

time 72 describing the decay behavior at long times.
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Fig. 6: Typical evolution of the normalized temperature
increase AT/AT,.. = (I-1y)/(T-T,w) during the cooling
phase [84]. The decay curve can be approximated by a
superposition of two exponential curves, with 77 describing
the decay behavior at short times and 72 describing the
decay behavior at long times.

Very roughly, the exposure time #, lLe., the
duration of the tissue’s exposure to T, can be
approximated by taking FWHM (full width half
maximum) durations of the thermal pulses: a) fy =
tu/2 + 77|10 (0.5)], for “fast” laser irradiations; and
b) tp = fuw/2 + T2|ln (0.5)|, for “slow” laser
irradiations [27].

In what follows, the terms “FAST” and “SLOW”
will be used for the following laser pulse modalities
and durations, as shown in Table 1.
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Table 1: Laser pulse duration modalities, as
incorporated in Fotona Nd:YAG and Alexandrite
laser systems.

Nd:YAG laser
FAST SLOW
PIANO
Mode FRAC3 | VERSA &PLLT
tiaser 0.1-2ms| 3-25ms | Seconds
Alexandrite laser
FAST SLOW
Mode ACCELERA| VERSA | PIANO
tiaser 0.1-2 ms | 3-25 ms | Seconds
e) Heating coefficient
In this report, the induced tissue surface

temperatures are quantified using a heating coefficient,
1= AT/F (in °C cm? /]), where AT (in °C) = Ty — T
is the maximal temperatute increase, and I (in cm?/J)
= Eus/ S tepresents the laser pulse fluence, whetre Ej.r
(in J) is the laser pulse energy and § (in cm?) is the
laser spot size area. For a circular laser spot the laser
spot size area is equal to S = md?/4, where dis the laser
spot diameter.

f) Influence of laser spot size

As a beam propagates into the skin, light scattering
spreads the beam radially outward on each side, which
decreases the beam’s effective fluence as it penetrates
into the skin (see Fig. 7) [17, 19, 20].

N | b)

Fig. 7: Influence of scattering on beam propagation. a) In
the absence of scattering, the beam remains focused and
can penetrate deeper into the tissue; b) Due to scattering the
beam spreads, and also gets reflected back to the melanin-
rich epidermis where it may get absorbed. Figure presented
with permission from [20].

An inexperienced laser system user may not
immediately recognize the importance of the spot size
of the incident beam as a treatment parameter.
However, due to random laser light scattering, the
spot size does make a difference to the treatment
outcome [19]. This is because the effect of beam
spreading is more pronounced for smaller spot sizes
where the spreading of the beam is not negligible in
comparison to the size of the incoming beam (see Fig. 8).
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increase in
beam size

Large relative
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Small decrease
in effective
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Fig. 8: Influence of scattering on the effective laser beam spot
size (d). The incident laser beam diameter d gets spread on

both sides by Ar, resulting in an effective beam diameter 4’ =

d + 2A4r. This effect is relatively less significant at larger spot
sizes. Figure presented with permission from [20].

As a result of beam scattering, the incident laser
beam diameter & gets spread on both sides by 4y,
resulting in an increased effective beam diameter &’ =
d + 2A4r. Therefore, the incoming laser energy (E)
initially contained in the incident beam spot area, § =
T d*/4, gets spread over a larger effective spot size
area, S’ = m 42/4. Accordingly, the incident fluence I
= Euw/S gets reduced to the effective fluence ' =
Esr/S” It is this reduced effective fluence that the
skin is exposed to, resulting in a lower AT, and
therefore in a lower heating coefficient, 7. Defining
the maximal heating coefficient as 7p=1{d = ®), the
heating coefficient at any spot size can then be
expressed as n'(d) =p (d) x 1o, where p(d) is the
scattering factor defining the reduction of the heating
coefficient due to scattering. The spot size dependent
effective fluence is then equal to I’ (d) = p (d) x .

ITII. RESULTS

a) Influence of laser spot size for fast modalities
In what follows, it will be assumed that for a very
large spot size of 4 = 30 mm, the scattering factor can
be approximated by p (4 = 30 mm) = py (d = ©) = 1.
The measured dependence of the scattering factor p
on the laser spot size diameter (d) for “fast” Nd:YAG
and Alexandrite laser modalities and different
Fitzpatrick skin types, is presented in Fig. 9.

As can be concluded from Fig. 9, the reduction of
the heating coefficient due to beam scattering is
approximately the same for both wavelengths,
Nd:YAG and Alexandrite, and all tested skin types.

Using the fit with 247 = 1.8 mm, and defining p (4 =
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30 mm) = 1, the approximate relative dependence of

the heating reduction factor p on the spot size is
presented in Table 3 below.
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Fig. 9: Dependence of the measured scattering factor (p)
on the incident laser beam spot size (d), for “fast” Nd:YAG
and Alexandrite laser modalities, and Fitzpatrick skin types
II and IV. The line represents a fit to the experimental data,

assuming that the effective beam diameter &’ = d + 2A4r gets
increased by the same distance, 247 = 1.8 mm.

Table 3: Relative dependence of the scattering factor

(p) on the laser spot diameter d, for the “fast”
Nd:YAG and Alexandrite laser modalities.

d{mm)[ 2 3 4 5 6 |10 | 15| 20 | 25 | 30
2 0.31| 0.44 |0.53|0.61|0.66/0.81/0.90(0.95/0.98| 1

b) Cooling times for FAST modalities

Figure 10 shows the measured temperature decay
times following a “fast” 1 ms long Nd:YAG laser
pulse for different Fitzpatrick skin types (Fig. 10).

30

25

20

AT (°C)

0 —t— —t ——

0 100 200 300 400 500 600

Time (msec)
Fig. 10: Skin surface temperature decay curves following a
1 ms Nd:YAG laser pulse duration, d = 4 mm spot size, ' =
30 J/cm?, for Fitzpatrick skin types 11-V.

The corresponding normalized temperature decay
curves, and temperature decay times 77 are shown in

Fig. 11 and Table 4.

AT/AT .

200

400

Time (msec)
Fig. 11: Normalized skin surface temperature decay curves
from Fig. 12. The dashed lines represent fits to the initial

fast decaying segments of the curves (7;), and the dotted
lines represent fits to the subsequent slower decaying
segments of the curves.

Table 4: Fast decay times for fast Nd:YAG
irradiations, for different Fitzpatrick times. The
decay times for the Alexandrite laser, characterized
by a higher absorption in melanin, are on the order
of 35 msec for all skin types.

Il 11 v \'J
88.5 89.3 36.2 34.4

T, (msec)

The estimated thermal exposure times (f.5) for
Nd:YAG and Alexandrite lasers are shown in Table 5.

Table 5: Estimated thermal exposure times (Zp) for
fast Nd:YAG and Alexandrite pulse modalities.

] 1]] v Vv
Nd:YAG 65 65 | 30 | 30
Alexandrite | 30 30 | 30 30

texp (mMs)

c) Influence of laser pulse duration for FAST
modalities
The dependence of the measured Nd:YAG laser
heating coefficient pp (¢ = 30 mm) on the laser pulse
duration and Fitzpatrick skin type is shown in Fig. 12.
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Fig. 12: Dependence of the measured Nd:YAG laser

heating coefficient po(d = 30 mm) on the laser pulse
duration and Fitzpatrick skin type.

As can be seen from Fig. 12, the heating coefficient
is slowly decreasing only for pulse durations #u. = 3
ms, and starts to quickly increase for pulse durations
tuser < 2 M.

In skin types where light is strongly absorbed
within the epidermis, the absorbed heat is
concentrated closer to the surface and the deeper-lying
dermal skin layers are less heated. Since conduction is
faster for larger temperature gradients, the darker skin
types can cool more readily into the slightly cooler
dermis below.

d) Heating coefficient for FAST modalities
Measured heating coefficients 770 (4 = 30 mm), for

Nd:YAG and Alexandrite laser wavelengths for pulse

durations #u.-= 3-10 ms, are presented in Fig. 13.
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Fig. 13: Heating coefficients 770 (¢ = 30 mm) for Nd:YAG and
Alexandrite laser wavelengths for pulse durations #,-= 3 ms.

The obtained heating coefficients 7o for the
Nd:YAG and Alexandrite lasers, for different laser
pulse durations and Fitzpatrick skin types are shown in

Table 6 below.

Table 6: Heating coefficients 7, for different laser
pulse durations and Fitzpatrick skin types, for
Nd:YAG and Alexandrite laser.

Nd:YAG laser
[ I m v Y Vi
0.2 ms 1.15 1.90 2.82 4.01 4.93
FRAC3 1ms 0.59 0.98 1.45 2.06 2.53
2 ms 0.48 0.78 1.18 1.63 2.00
3 ms 0.45 0.73 1.11 1.52 1.87
4ms 0.44 0.70 1.10 1.50 1.85
VERSA 10 ms 0.41 0.68 1.06 1.41 1.74
15 ms 0.40 0.65 1.03 1.34 1.66
25 ms 0.36 0.48 0.76 0.99 1.23
Alexandrite laser

tiaser 1} 11 v Y
0.2 ms 2.24 3.59 4.39 5.23
ACCELERA| 1ms 1.15 1.79 2.20 2.61
2 ms 1.09 1.48 1.82 2.16
3ms 1.07 1.38 1.69 2.01
4ms 1.05 1.36 1.67 1.95
VERSA 10 ms 1.04 1.30 1.61 1.88
15 ms 0.95 1.22 1.50 1.78
25 ms 0.70 0.90 1.11 1.32

e) Differences between SLOW and FAST
modalities
A schematic presentation of the difference in the
temperature distribution within the skin for “fast”
(VERSA modality) and “slow” (PIANO modality)
pulse durations is shown in Fig. 14 [31, 37, 38].
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Skin depth (mm)
Fig. 14: Calculated temperature distribution immediately
after a fast (VERSA mode) Nd:YAG laser pulse with #,. <
7; (a), and after a slow (PIANO mode) long duration
Nd:YAG laser pulse with % >> 7 (b). The figure is
reprinted with permission from [37].
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Figure 15 shows the measured temperature
evolution on the hand skin following Nd:YAG laser
radiation with a “slow” 1.5 s long PIANO pulse, and a
“fast” 20 ms long VERSA pulse, for the same pulse
fluence [39].

44 1

= VERSA 20 ms
-------- PIANO1.5s

0 10 20 30 40 50 60
Time (s)
Fig. 15: Measured temperature evolution of dorsal hand skin
following irradiation with the Nd:YAG laser PIANO (1.5 s)
pulse mode, and VERSA (20 ms) pulse mode. The laser
pulse fluence was the same for both pulse duration modes.
The figure is reprinted with permission from [37].

As expected from Fig. 14, the measured peak
epidermal temperature is higher with the fast 20 ms
long Nd:YAG laser pulse. After approximately 0.5 s
when the epidermal temperature gets equalized with
the temperature of the lower lying dermis, the surface
skin temperature has approximately the same
temperature decay dependence, regardless of the
Nd:YAG pulse duration. This demonstrates that with
the PIANO mode, the same temperatures of the bulk
dermis are achieved as with shorter pulse durations.
However, with the PIANO mode, high initial
temperature peaks in the epidermis are completely
avoided.

It is also important to note that with the long
duration (SLOW) modalities, the heating coefficients
and the cooling times are the same for both the
Nd:YAG and Alexandrite laser wavelengths. They are
also predominantly independent of the Fitzpatrick skin
type. This is because during the SLOW irradiations,
the heated epidermis has sufficient time to
continuously equalize its temperature with the
underlaying dermis, which essentially removes the
influence of the differences in laser absorption in the
epidermis. As an example, Fig. 16 shows the measured
skin  surface temperature evolution following
irradiations by Nd:YAG or Alexandrite PIANO pulses
of the same duration and fluence, with #,. = 30 s and
F=24]/cm2

39 >
28 AT =445%C —— Nd:YAG
9 4
: — Alexandrite
37 :
) P
= 369 1 77=0.19%Ccm?/)
= s | 7 1 F=24)/cm? tep=1255
/f‘ Yioser = 30s
34 44 !
______ L
33 S a— +——t + + t
0 20 40 60 80 100 120 140 160

Time (s)
Fig. 16: Comparison of the measured skin temperature
evolutions following irradiation with the Nd:YAG or
Alexandrite laser PIANO (% = 30 s) pulse mode, with the
same fluence of ' = 24 J/cm? Both irradiations result in the
same AT, = 4.45 °C, and essentially the same temperature
decay behavior.

Additionally, the influence of the laser spot size on
the heating coefficient (77) is different for the “slow”
pulse modality in comparison to that of the “fast”
modality, as presented in Fig. 9 and Table 3. This is
because during slow (long duration) modalities, the
heat diffusion in the radial direction becomes
appreciable as well, in addition to the beam scattering
in the radial direction. For this reason, the increase in
the heating coefficient does not saturate at 4 = 30 mm
(see Fig. 9) but was measured to continue increasing
for spot sizes up to d = 90 mm, and is projected to
continue higher (see Fig. 17).
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Fig. 17: Measured dependence of the heating coefficient on
the laser spot size for the “slow” (PIANO) Nd:YAG
modality. The data for 4 = 90 mm is obtained from

measurements using a Fotona L-Runner scanner irradiating
a skin area of 8 x 8 cm? [38].

100

f) Heating coefficient for SLOW modalities

The measured heating coefficients 7 for Nd:YAG
and Alexandrite laser wavelengths, and for different
laser spot sizes, as a function of the PIANO pulse
duration, are presented in Fig. 18.
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Fig. 18: Dependence of the heating coefficient 77 on the “slow”
(PIANO mode) pulse duration for Nd:YAG and Alexandrite
laser wavelength, and for different laser spot sizes.

IV. DISCUSSION

The thermal imaging test results demonstrate that
the range of laser output modalities available in the
Fotona  devices incorporating Nd:YAG and
Alexandrite laser technology (Fig. 2 and Table 1)
provides practitioners with the capability to adjust the
treated tissue’s temperature and thermal exposure time
depending on the treated indication.

It is important to note that it is not only the
amplitude of the tissue’s temperature elevation which
determines the extent of any thermal damage, but also
(and of equal importance) the duration of the elevated
temperature. The importance of the difference in the
cooling times for the three laser wavelengths and their
pulse modalities can be best appreciated by
considering that the thermal damage kinetics during
laser procedures is commonly described by the
Arrhenius damage integral [29], and that according to
the Arrhenius’ model the critical temperature (1.) for
irreversible tissue damage is higher for short thermal
exposures (%) and increases significantly for
extremely short duration exposutres [29].

A commonly used metric for tissue damage (£2) is
the ratio of the concentration of (undamaged) tissue
before thermal exposure (Cp) to the concentration of
native tissue at the end of the exposure time (C)). The
tissue damage is then calculated using the Arrhenius
damage integral calculated over the time of the
thermal exposure [29]:

Q=1n (Cy/C) = A lexp(-E/RT(®) dt . (1

Here, A is the frequency factor, i.e. the damage rate
(in s1), E is the activation energy [in J/kmol], and R is
the gas constant (R= 8.31 103 J/kmol K).

The tissue damage kinetics is then commonly
characterized by a critical (i.e., damage threshold)

temperature (1.) which is, assuming a square-shaped
temperature pulse with a constant temperature during
the thermal exposure time (%), defined by [31]:

Toi = E/ (R InfAley) @

and represents the temperature at which the
concentration of the undamaged tissue is reduced by a
factor of e (i.e., when Q2 = 1).

Studies of tissue damage dynamics demonstrate
that when considering extremely short and long
exposure times, cell viability cannot be described by a
single biochemical process [30]. For example,
measurements of damage threshold temperatures at
extremely short exposure times (commonly present
during Er:YAG laser treatments) exhibit a shift to
temperatures which are much higher than what would
be expected from a single biochemical process
characterizing the damage dynamics at long exposure
times [24-28].

Figure 19 shows the published measured critical
temperatures in soft human tissue for different exposure
times [24-29], together with the VHS (Variable Heat
Shock) model [30], which describes the dependence of
Toir on fop by assuming that the cell viability can be
described as a combined effect of two biochemical
processes that dominate cell survival characteristics at
very short and very long exposure times.
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Fig. 19: Dependence of the published measured critical
(damage threshold) temperatures T,; on the duration of
thermal exposure %, [29, 24, 25, 26, 27, 28], together with
the critical temperature curve according to the VHS model
[27, 30], representing the combined effect of two limiting
biochemical processes that define cell viability at extremely
long and extremely short exposure times.

Therefore, when evaluating an acceptable maximal
tissue temperature during a specific laser procedure, it
is important to take into account the thermal exposure
time, % (see Table 5).



Influence of Skin Type and Light Scattering on Induced Skin Temperatures during Nd:YAG and Alexandrite Laser
Treatments in Dermatology

V. CONCLUSIONS

In summary, the combination of Nd:YAG and
Alexandrite laser technology can be applied to a vast
spectrum of medical protocols that are present in the
clinician’s everyday practice, being capable of covering
treatments to the epidermis, dermis, mucosa,
subcutaneous tissue and fat by using the available set
of laser wavelengths and pulse modalities, and of the
corresponding tissue’s thermal exposure times.
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The intent of this Laser and Health Academy publication is to facilitate an
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experiences within the medical laser community. The contents of this
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equipment manufacturers. When in doubt, please check with the
manufacturers about whether a specific product or application has been
approved or cleared to be marketed and sold in your country.
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