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Abstract. Skin lesions are commonly treated using laser heating. However, the introduction of new devices into
clinical practice requires evaluation of their performance. This study presents the application of optical phantoms
for assessment of a newly developed 975-nm pulsed diode laser system for dermatological purposes. Such
phantoms closely mimic the absorption and scattering of real human skin (although not precisely in relation
to thermal conductivity and capacitance); thus, they can be used as substitutes for human skin for approximate
evaluation of laser heating efficiency in an almost real environment. Thermographic imaging was applied to
measure the spatial and temporal temperature distributions on the surface of laser-irradiated phantoms. The
study yielded results of heating with regard to phantom thickness and absorption, as well as laser settings.
The methodology developed can be used in practice for preclinical evaluations of laser treatment for dermatol-
0gy. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.8.085003]
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that the skin temperature in reality will be lower than that mea-
sured for proposed phantoms; yet, the difference should decline
when considering short laser pulses, as the role of thermal con-
ductivity decreases. In the proposed medical application of a
laser, when the energy is delivered to a targeted diseased tissue
in a time shorter than the tissue thermal relaxation time,'®!” it is
most important to investigate the maximal temperature which
the tissue can achieve. This depends on the volume density
of energy absorbed by the tissue, as well as its thermal capacity.
Temperature rise is proportional to the density of absorbed
energy and inversely proportional to the thermal capacity of tis-
sue. Thus, the differences in temperature between phantoms and
real skin can be recalculated accounting for differences in their
thermal properties. It is also known that the heat transport in the
skin is facilitated by blood flow.'®* The related heat convection
by blood decreases temperature in the real skin if compared
with phantom, which allows for more safety when applying the

1 Introduction

Optical skin phantoms are materials which mimic optical prop-
erties (reduced scattering coefficient u/, absorption coefficient,
u,), of human tissues."> Phantoms have known and controlled
properties, which enable them to be used as calibration stan-
dards for testing and development of optical noninvasive diag-
nostic methods.>” In the case of laser therapy, new devices
require assessment of their therapeutic efficiency before they
can be introduced into clinical practice. Such tests are com-
monly conducted on ex vivo tissues or on animals in vivo.
Since the distribution of light in phantoms is identical to that of
real tissues, we propose using optical phantoms simulating skin
optical properties as an equivalent for real human skin.®'° Such
phantoms are made of polyvinyl chloride plastisol (PVCP) as
a matrix material and zinc oxide (ZnO) nanoparticles as scatter-
ing agents. However, it must be mentioned that the thermal

properties of phantoms differ a bit from those of real skin:
the value of skin thermal conductivity—for human epidermis,
0.209 W m~! K~!; dermis, 0.293-0.322 Wm~! K~! (see Ref. 11
and its details) is slightly higher than that of PVCP ranges,
which is from 0.14 to 0.28 Wm~! K~!, both at 298 K; and for
thermal capacitance, the skin averages about 3200 J kg‘1 K1,
while the PVCP ranges from 1200 to 2000 Jkg~'K~!, at
298 K; data from the literature.'>"> Therefore, it is expected
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results of phantom investigations to a medical-therapy planning.
The problem of heat convection by blood vessel has not been
investigated in this paper and should be dealt with in future
works.

For a very short time after the irradiation, temperature rise is
inversely proportional to the heat capacity of the irradiated skin.
Yet, for longer times after irradiation, the heat conductivity of
the tissue layers beneath the skin, such as fat, muscle, and bones,
also affects the temperature distributions. However, in this
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paper, we are focused mostly on the skin thermal response after
the irradiation, when the tissue temperature is the highest. Thus,
the tissues lying under the skin would have no noticeable effects
on our measurements because they are relevant only for the
cooling rate, which happens over much longer time scales.

In this paper, we tested the phantoms with our previously
developed pulsed diode laser system with a 975-nm central
wavelength. This laser is intended to achieve deep penetration
into tissue, similar to that of common Nd:YAG lasers. Its advan-
tages are a much smaller cost and it is lightweight, which
increases the availability of devices based on pulsed diode lasers
on the market. The expected area of application of the aforemen-
tioned diode laser is treatment of hemangiomas and neurofi-
broma (Recklinghausen disease).!”*! The tests were conducted
with various laser settings to choose an optimal set of parameters
for pulsed photothermolysis therapy of skin lesions with mini-
mal damage to the tissues surrounding the target area. Irradiated
phantoms’ thermal effects were registered using an infrared (IR)
camera in the 8 to 14 ym range. Temperature spatial distribu-
tions and time profiles were recorded for phantoms with and
without introduced absorption and varied thickness, while con-
taining the same scattering (identical to x; of human skin). The
motivation behind creating a phantom with low (almost none)
absorption was to create a “basic” scattering phantom, which
could then be suited for a required skin phototype by adding
a specific concentration of absorbers, such as was done in
this paper, with the focus on skin phototype I. Moreover, testing
the scattering nonabsorbing phantom allowed us to check opti-
cal and thermal radiation distributions when incident light is not
absorbed and only scattering (which is roughly the same for all
phototypes) governs the photon migration paths. The surface
temperatures of phantoms were measured from both sides: on
the irradiated side as well as the backside to determine penetra-
tion of the laser radiation into the phantom.

2 Materials

2.1 Optical Phantoms

The phantoms possess optical parameters (absorption coefficient
U, and reduced scattering coefficient p;) close to the parameters
of real human skin in the near-IR wavelength range. We have
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developed and characterized three types of optical skin phan-
toms. All phantoms had roughly the same scattering coefficient,
similar to that of typical human skin. The phantoms were pro-
duced according to our previously developed procedures?>?
and consist of a PVCP as a matrix material, which gives the
phantom its shape and mechanical properties. The scattering
nanoparticles of ZnO are used to simulate the u; of real
human skin by precise determination of the required concentra-
tion and sizes. The third element is a black ink, which is a broad-
band absorbing agent. The nanoparticles and ink are mixed in a
solution, then sonicated to destroy particle clusters and poured
into molds of the required shape. After degassing, the mixture is
heated to about 180°C for 1 h. The PVCP polymerizes and
becomes transparent itself, concluding the phantom fabrication
process. Then the phantom parameters (x, and u,) are retrieved
by an inverse adding-doubling method from photometric mea-
surements.”*** Total reflectance and total transmission are
measured with a spectrophotometric system? with integrating
spheres (OL-750, Optronic Laboratories), while the sample
thickness and refractive indices>® are measured by optical coher-
ence tomography (Hyperion OCT System, Thorlabs) and the
Abbe refractometer (Atago, Japan), respectively.

The p] of prepared skin phantoms at the target wavelength of
975 nm is, as shown in Fig. 1(a), in the range of 2.09 to
2.69 mm~!, which is a close match to the optical properties
found in literature compilations of optical properties of tis-
sues,”*” which are in the range of 2.1 to 3.3 mm~' for epider-
mis, with slightly lower values for deeper tissues, such as dermis
1 to 3 mm~! and subcutaneous adipose tissue 1 to 1.8 mm™!.
Thus, we believe that our values are a good match to literature
data, especially considering the fact that our phantoms are
relatively thick and homogeneous and as such are an averaged
substitute of skin as a whole. The absorption properties are, in
general, more variable in the human population, so y, about
0.2 mm~! is also in the normal range for human skin. Based
upon the measurements, we conclude that the phantoms’ optical
properties, u, and p/, successfully mimic the optical properties
of typical human skin at the required wavelength.?>* The
parameters and their dependence on the wavelength in the
600 to 1100 nm range are presented in Fig. 1. The increment of
u! for the wavelength was fitted using an expression u! = al™",
with 4 in nm and g/ in mm~'. The resulting values of 4 are in
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Fig. 1 (a) Measured absorption coefficient and (b) reduced scattering coefficient of produced phantoms
used in this study. The properties of each phantom type for a specified wavelength (same as that of
a laser) are shown in the legend.
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the range of 1.035 to 1.093 for all phantoms, while parameter
“a” is between 2276 and 2990, with fit parameters 7> = 0.99
and y? <0.0001, which indicates a good fit. This confirms
that the reduced scattering coefficient in all phantoms follows
a roughly identical and expected wavelength dependence.'®?’

2.2 Laser System

A previously developed high-power pulsed diode laser radiating
at 975 nm was used for this study.”® The laser control system
enables the setting of the following parameters of a laser
pulse: a pulse length (z, from 2 us to ~66 ms with stepwise
increments At = 2 us), a pulse period (7, from 50 to 500 ms
with stepwise increments A7 = 10 ms), and a pulse-peak power
from O to 20 W. The laser diode is coupled to an optical fiber
with a 600-um core diameter. The laser radiation is emitted from
a bare fiber enclosed in a protective pen-shaped holder for easy
manipulation by the clinicians. We use a standard fiber certified
for medical applications. The laser exhibits a Gaussian beam
intensity profile in the transverse direction.

3 Methods

3.1 Thermal Effects of Laser Irradiation of Skin
Phantoms

To investigate the efficiency of a laser system for photothermal
therapy, we have conducted an experiment, simulating real
laser—tissue interactions and tissue thermal response. Optical skin
phantoms were treated by pulsed laser radiation. Subsequent
thermographic imaging®=* of the irradiated area was used to
measure the temporal profiles during and after the irradiation.
The laser-pulse parameters were varied to determine the optimal
values for tissue irradiation which would provide best results of
therapy.

Three types of phantoms were used, all with roughly the
same scattering coefficients. Two phantoms with a thickness
of 1 and 2 mm were denoted “absorbing” because their y,
matched that of the tissue. The other phantom with very low
absorption (i, = 0.04 mm~!), exhibiting only intrinsic absorp-
tion of the material was called the “nonabsorbing” phantom.
This phantom was also 1-mm thick. Use of such phantoms per-
mitted the investigation of heating effects related to the presence
of absorption in a sample, as well as determination of the
amount of heat transmitted through the sample with different
thicknesses. The chosen thickness is a clinically relevant exam-
ple of an average depth of the pathological features of human
skin®® and assessment of these two depths gives the fastest and
most valuable results. The skin phantoms were created to have
a rather large thickness and overall area as an approximation of
a two-dimensional slab with infinite thickness, in order to
achieve a natural optical and thermal radiation diffusion process,
as would normally happen in real skin. A smaller thickness
would result in unpredicted optical and thermal radiation distri-
bution dude to the boundary conditions at the backside of the
phantom. This is the case regardless of phantom thickness,
but becomes negligible with greater thickness. Thus, the actual
optical and thermal radiation distributions on the front side are
a very good approximation of the real situation. According to
the best of the authors’ knowledge, our approach is the best
possible approximate solution to this problem.

The experimental set-up is presented in Fig. 2 and consists of
a pulsed diode laser with a therapeutic head directly facing the
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Fig. 2 Scheme of the measurement setup, consisting of: (1) a diode
laser, (2) an optical skin phantom, (3) an infrared camera situated at
“front” side, and (4) “backside” position. Distances between the ele-
ments of the set-up are shown. The red line denotes the laser beam
at 975 nm, while the black lines represent the thermal radiation mea-
sured at 8 to 14 ym wavelength.

phantom from a distance of 30 mm, an optical skin phantom
mounted in the center, and two configurations of an IR camera
(VIGOcam v5, VIGO System S.A., Poland) with microbolom-
eter measuring at an 8- to 14-um wavelength.***” The camera
was calibrated prior to use with a supplied manufacturer black
body radiation source with a calibrated temperature sensor.
It was situated at 45 deg angle and at a 4-mm distance from
the phantom area, facing either the phantom from the laser
side (front side), to measure the temperature at the phantom
surface, or from the other side (backside), for determination of
the radiation passing through the bulk of the phantom.

The camera recorded images with a resolution of
384 x 288 pixels, which corresponds to a 22 X 15 mm? area
of a phantom, with a speed of 20 frames/s. The image recording
started prior to the laser irradiation, to measure the initial
temperature of the phantom. It continued during the laser irra-
diation, and shortly after ceasing the irradiation. Thus, the whole
process of heating from the initial state and part of the cooling
process was measured. After each measurement, the phantoms
were allowed to cool down back to the initial temperature before
starting another irradiation measurement.

4 Results

The thermal response of phantoms was measured for different
laser-pulse parameters, including pulse width z, pulse period T,
laser peak power P, and number of pulses N. The images were
recorded from the surface of a 1-mm thick absorbing phantom,
and the results are presented in Fig. 3(a). The laser power
was set at P = 10 W and period T = 50 ms. The temperature
increases with the number of pulses N, from O to 80, as well as
with the length of the pulse 7, from 15 to 25 ms. Measurements
presented in Fig. 3(b) were carried out on various phantoms at
set laser parameters: 7 =50 ms, 7 =25 ms, P = 10 W. For
absorbing (1, ~ 0.2 mm~!) phantoms with different thicknesses
(1 and 2 mm), the temperature has risen by about 25°C in both
cases. There is no significant change in temperature maximum
achieved regardless of the thickness (measured at front}—com-
pare Figs. 4 and 5. The phantoms without introduced absorption
(4, = 0.04 mm™") exhibit almost no thermal response, with
<1°C maximum increase in temperature—see Fig. 6.

Temporal evolution of temperature measured at the center of
the laser spot (maximum temperature) was measured before,
during, and shortly after laser irradiation of phantoms for laser
parameters (7 =50 ms, 7 =25 ms, P =10 W, and applied
number of pulses N = 60).

August 2015 « Vol. 20(8)
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Fig. 3 Temperature increase as a function of the number of pulses N, at constant peak P = 10 W and
T =50 ms, (a) for different pulse widths z for 1-mm thick absorbing (i, = 0.194 mm~") phantom and
(b) for different phantom thickness (frontal measurement) for pulse width = = 25 ms (b).
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Fig. 4 Measured spatial temperature distribution on the front (a) and back (b) surfaces of 1-mm thick
absorbing phantom; laser parameters: T =50 ms, =25 ms, N = 60, diameter of incident beam is
~10 mm.
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Fig. 5 Measured spatial temperature distribution on the front (a) and back (b) surfaces of 2-mm thick

absorbing phantom; laser parameters: T =50 ms, =25 ms, N = 60, diameter of incident beam is
~10 mm.
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Fig. 6 Measured spatial temperature distribution on nonabsorbing 1-mm thick phantom from front (a)
and backside (b); laser parameters: T =50 ms, r =25 ms, N =60, diameter of incident beam is

~10 mm.

The temporal profiles of temperature for front and backside
configuration of the camera for all considered phantoms are
presented in Fig. 7(a). Regardless of thickness (1 or 2 mm),
the same peak temperature is achieved at the front surface of
the phantoms. However, the thicker phantom exhibited a faster
rise of temperature and reached the maximum about 1 s earlier
than the thinner one. After the laser irradiation ceases, the heat
initially dissipates at a faster rate for the thicker phantom, but
the process decelerates and the temperatures for both phantoms
converge roughly after 15 s. The measurements related to back-
side imaging show significantly smaller maximal temperatures
for phantoms with greater thickness. A difference of 1 mm in
thickness corresponds to a drop of temperature of about 7°C
at the end of laser irradiation.

For thin phantoms, the cooling process observed from front
and backside proceeds at similar rates. A slightly slower temper-
ature decline on the back side is related to additional heat influx
from the hotter front side of the phantom. As the temperatures of
the front and back sides reach a similar level, further energy
dissipation from the irradiated to other cooler regions (and air)
on both sides is similar, as are their temperature temporal
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50 - e 2 mim, back, p,=0.204 mm”
——1 mm, front, 4,=0.194 mm"
sl N | 1 mm, back, u_=0.194 mm”
5 —— 1 mm, front, 4,=0.042 mm"
gé’ P Y A w4 mim, back, 1,=0.042 mm
=
®
g 35
5 -
30 4
25

0o 2 4 6 8 10 12
Time (s)

Temperature (°C)

evolutions (cooling rate). However, thicker phantoms exhibit
significantly different characteristics. First, the temperature in
the front side of the 2 mm phantom shows initially faster and
later slower energy dissipation from the irradiated region than
in the case of the thinner (1 mm) phantom. The initial faster
dissipation may be possibly related to the larger heat capacitance
of the thicker material. In the case of back side temperature, its
evolution is almost frozen during the first 7 s after laser irradi-
ation was turned-off, i.e., the thermal influx from the hotter side
balances the flux of dissipated energy. It should be added that
the maximum temperature on the back side of thicker phantoms
is much lower than that of thinner phantoms (less photons reach
the back side of thicker phantoms)—this decreases the dissi-
pated energy flux, which is related to temperature gradient.
Spatial profiles of temperatures at the front and back sides for
various phantoms are presented in Fig. 7(b). The profiles are
taken along the Y-axis as presented in Figs. 4-6, i.e., they
include maximum temperature of the distributions. The central
part of the distribution presents a character close to normal dis-
tribution, with side wings evident mainly for the front side mea-
surements. This central part represents the irradiation region
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Fig. 7 (a) Temporal profiles for different phantoms, measured from front and backside and (b) spatial
temperature profiles along Y-axis from Figs. 4 to 6 crossing temperature maximum, at the end of laser
irradiation, after ~3 s of exposure. Measurements were conducted using laser parameters: T = 50 ms,

r=25ms, N =60.
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where the diameter of Gaussian distribution is equal to 10 mm.
The side lobes are due to heat dissipation processes induced by
thermal conductivity. The side lobes in the case of back side
images can still be seen for thinner (1 mm) phantoms. For
thicker (2 mm) phantoms, the effect disappears. This behavior
can be explained, assuming a very small radiation flux (as is
absorbed in front layers) in the case of the 2-mm phantom,
so the main feature of profile is determined by thermal diffusiv-
ity from hotter regions. This means that in the case of studied
radiation (at 975-nm wavelength), the possible localization of
laser-illuminated area within tissue layers <2 mm depth (practi-
cally 0.5 absorption length) is limited. Both the temperature dis-
tributions in phantoms as well as irradiating laser beam intensity
in a transverse direction have a Gaussian profile. This, therefore,
proves that for short laser pulses, a volumetric rise in temper-
ature is proportional to the introduced energy. This is true
also for shallow tissues near the surface, which was measured
by a front side measurement. Since the heat capacity of the
phantom is roughly three times smaller than the heat capacity
of the skin, then knowing the temperature rise in a phantom,
and following a simple equation, it is possible to calculate an
approximate temperature rise for the skin, assuming the same
irradiation.

5 Conclusion

We have used optical skin phantoms, as a substitute for real
human skin, for preclinical evaluation of a 975-nm pulsed
diode laser. Optical phantoms are a reliable substitute for ex
vivo tissues because of their stable, known, and controlled prop-
erties, which reproduce absorption and scattering coefficients of
a real human skin. Spatial and temporal temperature distribu-
tions were recorded by an IR camera during and after laser irra-
diation of the phantom surface. Different laser parameters, such
as duration and number of the pulses, were used to evaluate their
heating efficiency. Measurements were carried out from the
front as well as the back of the phantoms in relation to laser
irradiation, to measure the changes in heating efficiency for
deeper layers. The influence of absorption coefficient of phan-
toms was also studied. The results show a huge dependency on
the absorption coefficient, with <1°C rise in temperature for
a nonabsorbing phantom. Backside measurements yielded a
reduction in achieved peak temperature by about 7°C for
1 mm and by 12°C for 2-mm thick phantoms, while preserving
the Gaussian profile of temperature distribution.

Results of this study allow for quantifying the heating effi-
ciency of laser radiation with regards to the laser settings and
phantom properties. The phantom absorption coefficient and
change in thickness were modified to assess its usefulness
for deeper skin diseases. We have shown that the use of phan-
toms as substitutes of human skin with subsequent thermo-
graphic imaging can be successively used for evaluation of
new lasers for dermatological purposes. This study served as
a preclinical test prior to the clinical trials conducted by a der-
matologist for treatment of skin diseases, such as hemangiomas
and neurofibroma, or to provide tumor cell thermally induced
apoptosis. Results of the presented investigations were helpful
in the determination of laser power range for medical therapy of
hemangiomas and neurofibroma performed by Szymanczyk,
a dermatologist from Warsaw Medical University in June 2014
(data are going to be published). It must be underlined that the
maximum temperature achieved in the real-skin treatment is
smaller than that in phantom experiments (due to higher heat
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conductivity and possible heat convection by blood), which
increases therapy safety.
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