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Background and Objective: In recent years, selective
photothermolysis (PT) based on broadband light and assisted
by skin vacuum (Photopneumatic Technology or PPx, by
Aesthera) was introduced into the aesthetic market
for epilation (hair removal) procedures. The present study
aimsto: (a) determine the overall effect of PPx on skin humidi-
ty and associated skin optical properties, and; (b) develop a PT
numerical model to study the spatial and temporal hair and
skin temperature variations during PPx epilation.
Methods: A customized cup was used to apply moderate
vacuum for 10 seconds on the forearms and faces of five
volunteers. Skin humidity was measured on test sites im-
mediately after vacuum application. A selective PT model
was developed and used to simulate transport of photons
from a broadband light source into human skin. The PT
model is experimentally validated using agar gel tissue
phantoms. Systematic numerical simulations are carried
out for fluences varying from 5.0 to 7.0 J/cm? and pulse
durations varying from 2.5 to 25 milliseconds.

Results: Results of in vivo skin surface humidity measure-
ments reveal that while absolute humidity varies between
30% and 75% between different volunteers and different
locations, vacuum has a minimal effect on it. Experimental
measurements of temperature variation during and after
broadband light treatment agree well with model predic-
tions. Numerical results indicate that average hair follicle
temperature increases as a linear function of fluence. Lon-
ger pulse duration results in lower follicle temperature.
However, immediately after each pulse, the temperature
distribution within the hair follicle is highly non-uniform:
the minimum temperature occurs at the follicle edge while
the maximum is located between the center and edge of the
follicle.

Conclusions: Vacuum appears to have minimal effect
on skin humidity. The PT model developed and validated
is expected to assist clinicians in the selection of
broadband light treatment parameters to achieve optimal
therapeutic outcomes during epilation procedures. Lasers
Surg. Med. 41: 161-169, 2009. © 2009 Wiley-Liss, Inc.
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INTRODUCTION

Flash lamps filled with either xenon or krypton xenon
gas, emitting light with a broad wavelength spectrum

© 2009 Wiley-Liss, Inc..

ranging from 400 to 1,200 nm are widely applied in der-
matologic practice, for example, epilation (removal of un-
wanted hair). Compared to conventional methods, for
example, shaving, plucking, and waxing, epilation using
broadband light is easy to perform with reduced pain,
proven efficacy, and demonstrated satisfactory cosmetic
outcome [1].

The mechanism of broadband light treatment is similar to
the selective photothermolysis (PT) that Anderson and
Parrish [2] proposed to describe the interactions between
tissue and laser beams [1], although the selectivity extends
to a wider spectrum of wavelengths and tissue depths [1,3].
Once delivered to skin, photons are selectively absorbed
depending on their wavelengths by different pigmented
tissue structures, for example, hair shaft and follicle, lead-
ing to rapid localized heating and various consequent
biological events, for example, protein thermal denatur-
ation. Epilation by broadband light is an alternative to laser
technology with various advantages over many clinical
lasers, such as the ability todeliver high fluences overlarger
areas compared to most clinical lasers, without the need of
sophisticated laser generators, crystals and flash pumps.
This makes the manufacturing of broadband light devices
simpler and less expensive.

A successful broadband light epilation treatment re-
quires careful management of treatment parameters.
In recent years, some efforts have been devoted to reducing
adverse effects, such as pain, transient erythema, purpura,
crusting, and hyper- and hypopigmentation [1]. In particu-
lar, the use of moderate vacuum to stretch the skin during
broadband light therapy has shown clinical success reduc-
ing pain due to the ensuing heat generation [4]. It has been
hypothesized that the application of vacuum yields a cooling
effect due to rapid evaporation of tissue water from the
superficial skin layers [4]. Ifthis hypothesisis true, the skin
surface should show a significant increase in the heat
transfer through it. Meanwhile, the tissue water concen-
tration underneath should decrease, leading to a variation
ofthe effective optical properties. The present paper studies
the effect of vacuum on tissue water evaporation by in vivo
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measurements of skin humidity on the forearms and faces of
five volunteers.

Development of numerical PT models is another ap-
proach for better understanding and administration of
light absorption therapy, while avoiding the adverse effects
of broadband light treatment described above. Dermatolo-
gists would benefit from a model that requires patient-
specific information (such as skin phototype and hair color-
)asinputs, toadvise on the appropriate management oflight
treatment protocols, including the selection of pulse fluence
and duration to achieve optimal therapeutic outcome.

Numerical modeling on the transport of high-intensity
light in biological tissue has been the subject of extensive
research since laser was widely applied in medical practice
in the 1980s [5]. To date, Monte Carlo (MC) is the most
widely and frequently used method regarded as the “gold
standard” to describe the transport of photons in biological
tissue [6]. MC is a flexible and descriptive, yet rigorous
method to simulate photon transport. It addresses the
“random walk” of photon propagation in a medium which
involves scattering and absorption. Probability distribu-
tions are used to describe the step size of photon movement
between photon-tissue interaction sites and the deflec-
tion angle for scattering. Using MC to simulate the pro-
pagation of monochromatic light in tissue, numerous works
have been published in the past two decades [5,7-14].

Unlike single wavelength lasers, broadband light sources
deliver polychromatic light with various intensities for
different wavelengths. Since MC requires input of the opti-
cal properties of tissue, such as absorption and scattering
coefficients and anisotropy factor (which are highly
wavelength-dependent), implementation of MC code to
study light-tissue interactions is challenging. Baumler
et al. [3] developed a diffusion approximation model to
address the transport of light photons in human skin.
In this work, the photon distribution was calculated for
a series of discrete wavelengths within the spectrum and,
thereafter, combined to calculate the temperature field of 2D
skin tissue including epidermis, dermis and blood vessels.

The present study develops a numerical PT model using a
MC code to compute the transport of photons, for example,
propagation, scattering and absorption, within human
skin. As a first order approximation, the optical properties
of epidermis, dermis and hair are estimated by means of
spectrum-intensity-weighted average. The output of the
MC code provides the energy deposition, that is, heat
source, for a subsequent heat diffusion (HD) computation
via a finite difference code. This PT model (composed of MC
and HD codes) is experimentally validated in vitro using
agar gel as a tissue phantom, and then used to conduct a
parametric study on pulse fluence and duration.

NUMERICAL MODEL

When light is aimed at skin, two primary physical pro-
cesses occur: transport of photons in the tissue and subse-
quent heat diffusion. Therefore, the present PT model is
composed of two interacting codes: MC and HD, which
compute each of those physical events, respectively.
Considering a cylindrical hair shaft vertical to the skin
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surface and rooted in the follicle, the calculation domain
of the MC and HD codes is setup in a cylindrical coordinate
system, which includes epidermis, dermis, hair shaft and
follicle, as schematically shown in Figure 1. The thickness of
epidermis and dermis is 70 um and 3.43 mm, respectively.
The radius of the modeled hair (r,) is 0.1 mm and that of the
follicle (r¢,) is 0.5 mm.

Monte Carlo (MC) Code

In this study, a MC code is implemented by revising the
3D modular adaptive grid numerical model developed by
Pfefer et al. [11]. The effective optical absorption coefficient
of epidermis, dermis and hair are estimated by means of
spectrum-intensity-weighted average according to:

Mg = My - Ufy * sfy + Mwater * Ufwaterx * Sfwater.x (1)

where u is the estimated optical absorption coefficient; vf
represents the volume fractions of water and chromophore,
that is, blood and collagen for dermis and melanin for
epidermis and hair, respectively; sfis the spectrum percent-
age absorbed by chromophore and water. Subscript x
represents epidermis, dermis and hair, respectively; y rep-
resents the chromophore; and water, x represents the water
in tissue x. Effective absorption coefficient of melanin,
Umeln, is computed (in cm™?) by:

1100
HMmeln = Zlmeln(/\)(l-7 x 10122 724%) (2)
Ao

" kal:h[T(r’o’t)_T;ir]

52/

. 1 »r
o Epidermis
oo
or : i
Lo Dermis aT_y
/ool or
Hair shaft : \
and follicle |~ ,, |
>
v /
z or’ 0

oz

Fig. 1. Calculation domain of Monte Carlo and heat diffusion
models.
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where I,.,(A) is the normalized spectrum profile of the
broadband light source that is absorbed by melanin, that is,
the normalized intensities of each specific wavelength from
Ao, the cut-offfilter wavelength to 1,100 nm, which satisfies:

1100

Zlmeln(/\) =1 (3)
Ao

In Equation (2), (1.7 x 10'2A7348) is the spectrum-depen-
dent absorption coefficient of melanin proposed by Jacques
[15]. Similarly, the effective absorption coefficient of dermal
blood and collagen, . is computed (in cm™Y) by:

1000
Mpe = Z Ib,C () [Mblood “Ufblood + Mbaseline (1 — UbeOOd)} (4)
Ao

where vfpi00a 1s the volume fraction of blood and I, ((A) is
the normalized spectrum profile of the broadband light
source that is absorbed by dermal blood and collagen, which
satisfies:

Zlb‘c()\) =1 (5)

Equation (4) uses ppaseline t0 represent the absorption
coefficient of bloodless dermis, which is primarily attributed
to the light absorption by collagen and can be expressed as
a function of wavelength [16]:

Mpaseline = 7.84 x 108,\*34255 (6)

Meanwhile, the absorption coefficient of blood, upi00q, 1S
estimated according to:

Mplood = 0-5ptp, (A) + 0.5pp10, (A) (7)

where ugp(A) is the absorption coefficient profile of de-
oxy-hemoglobin and Appo,(A) is that of oxy-hemoglobin
[16]. In Equation (1), wwater is calculated (in cm™1) by:

3000

o= YL |aesp(=3)| @

1000

where I (A) is the normalized spectrum profile of the
broadband light source that is absorbed by water, which
satisfies:

3000

leater()\) =1 (9)

1000

In Equation (8), [aexp(—A/b)] is the exponential regres-
sion of the absorption coefficient profile in the range of
1,000-3,000 nm, which is believed to be absorbed primarily
by water. This spectrum-intensity-weighted average
approach is applied to estimate the effective absorption
coefficient for epidermis, dermis, and hair.

Finally, the effective scattering coefficient is calculated
(in em ™) by:

1000

ps= > IM)(2x10°A71% 42 10%A7%)  (10)
Ao
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TABLE 1. Baseline Parameters Used in Monte Carlo
Code: Effective Optical Properties Estimated by
Spectrum-Intensity-Weighted Average

Epidermis Dermis Hair
Melanin volume concentration 0.10 n/a 0.30
Water volume concentration 0.05 0.05 0.25
Absorption coefficient (cm ™) 12.15 1.00 36.61
Scattering coefficient (cm™1) 13.45 13.45 1345
Refractive index 1.37 1.37 1.37
Anisotropy 0.79 0.79 0.79

where I(A)is the normalized intensity of the broadband light
source for specific wavelength, which satisfies:

1000

I =1
Ao

In Equation (10), 2 x 10°A 1% and 2 x 10'2A~* represent
the contributions from Mie scattering due to collagen
fibers and from Rayleigh scattering due to small tissue
structures, respectively [17]. It should be noted that in
Equations (1-11), the unit for wavelength (1) is nm.

Applying this spectrum-intensity-weighted average
method and considering the cut-off wavelength, A, to be
500 nm, the effective optical properties of epidermis, dermis
and hair are shown in Table 1.

(11)

Finite Difference Heat Diffusion (HD) Code

During broadband light exposure, absorption of photons
by skin converts the energy deposition into heat, resulting
in a heat diffusion process which can be described as
follows.

0Tx(r,2,1)

ot = aXVZ[TX(r,z,t)] + [Qx(rvzvt”

(12)
where T is temperature (°C), ¢ is time (seconds), « is the
thermal diffusivity of tissue (1.042 x 10~7 m?%second for
epidermis, 1.27x1077 m%second for dermis and
1.13 x 1077 m?%second for hair shaft and follicle [18]) and
Q@ is the heat generation due to absorption of photons
(W/m?), which is provided by the MC code. In Equation (12),
, the subscript, x, is used to represent various tissue
components considered herein: epidermis, dermis and
hair, respectively. Considering that skin surface tempera-
ture is usually lower than normal body temperature
(37°C), the initial temperature of the HD code is defined
as follows.

32 z2=0

T(r,2,0) = 32+%(37—32) 0<z<2mm (13)

37 z > 2mm
Equation (13) assumes an initial temperature of 32°C at

the skin surface (z =0) which increases linearly to 37°C at
z =2 mm, after which it remains constant.
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Fig.2. Invivoexperiments todetermine the effects of vacuum on skin humidity: (a) application

of vacuum; (b) measurement of skin humidity.

In the HD code, the skin surface is subject to a convective
thermal boundary condition with a constant heat transfer
coefficient, h:

oT
ks

where & is the conductivity of hair or epidermis, 4 is the heat
transfer coefficient, and T;, is the ambient temperature
(20°C). Central axis, z, is subject to an axisymmetric bound-
ary condition, while the lower and right boundaries are
assumed adiabatic (i.e., modeled unit is assumed to be
repetitive). The above mathematic model was discretized
and solved by an explicit finite difference code, in which the
stability conditions for the skin surface nodes are defined as
follows:

= h[T(I‘, O,t) - Tair] (14)

Fo(1+Bi)<%

where Fo and Bi are the finite-difference forms of the Four-
ier and Biot numbers, which are calculated according to:

(15)

a- At
RO (16)
Bi-" 'kAr (17)

In Equations (16) and (17), At is time step, k is thermal
conductivity of tissue (W/m-K) and Ar is the mesh size. This
stability condition is also met for interior nodes to avoid
instabilities and ensure convergence.

EXPERIMENTAL MATERIALS AND METHODS

Exploring Effect of Vacuum on Skin Humidity
by In Vivo Tests

To study the effect of vacuum on tissue water evaporation,
in vivo experimental tests were performed on five
volunteers’ forearms and faces. As shown in Figure 2a, a
vacuum cup was used to apply moderate vacuum of —16.93
kPa (—5” Hg) for 10 seconds. The skin humidity was then
measured immediately after the vacuum application using

MoistSense (Moritex U.S.A., Inc., San Jose, CA), a skin
humidity sensor with full scale of 100, as shown in
Figure 2b. The tests were repeated 10 times for each volun-
teer. It should be noted that volunteer 3 could not partici-
pate in the face humidity measurements, and thus was
replaced by volunteer 6.

Experimental Setup for PT Model Validation

To validate the aforementioned numerical PT model,
an experiment was performed to measure temperature
variation in a two-layer, agar gel skin phantom, subject to
light exposure. Difco™ granulated agar, purchased from
Voigt Global Distribution LL.C (Lawrence, KS) was used for
tissue phantom preparation. Two dyes: Direct Red 81,
obtained from Aldrich Chemical Co. (Milwaukee, WI) and
Chinese ink were used to vary the effective absorption
coefficient of the different tissue structures. According to
Table 2, agar gel suspensions were prepared by dissolving
the granulated agar, dyes, and full milk into boiling distilled
water. The concentrations of the dyes were determined
experimentally so that the measured effective absorption
coefficients of 1-mm-thick agar gel slides irradiated with
light were the same as those estimated for epidermis and
dermis by Equation (1).

The dyed agar gel suspensions were filled into an acrylic
cylindrical mold, in which a thermocouple (CO2-K type,
Omega, Stamford, CT) was fixed at a predetermined posi-
tion. With a 0.05 mm (0.002”) thick foil junction, this
thermocouple is recommended for extremely fast tempera-
ture measurements. The thermocouple signal was acquired

TABLE 2. Components of Epidermal and Dermal
Phantoms (Rest Is Water)

Granulated
agar (%) Dye Milk (%)
Epidermis phantom 2 0.5% Chinese Ink 1
Dermis phantom 2 2.467x107° M 1
Direct Red 81
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by a LABVIEW system (National Instrument, Austin, TX),
triggered by the signal from a photodiode, via a DAQ
board. During the experiment, 1-pulse, 2-pulse, and 3-
pulse broadband light pulse sequences were launched
by a Photopneumatic™ (PPx) system (Aesthera Corp.,
Pleasanton, CA), with 2.5 milliseconds duration for each
pulse and 200-millisecond intervals between consecutive
pulses. Cumulative light fluence was measured by a cus-
tomized broadband light energy meter, Comet IPL-30 x 15
(Ophir, Jerusalem, Israel). The experimental system is
schematically shown in Figure 3.

Concurrently, the PT model was used to simulate the
same experimental scenario, where the thermal diffusivity
oftissue phantoms (dyed agar gel) was assumed to be that of
water. Comparisons were then made between the experi-
mentally measured temperature variations of the tissue
phantom and those predicted by the numerical model.

Experimental Data Processing

During the experiments, tissue phantoms and the ther-
mocouple are exposed to light irradiation, which will in-
duce an artifact in the thermocouple signal due to the direct
absorption of light by the thermocouple bead. To reduce the
exposure area and minimize this artifact, the thermocouple
was fixed perpendicular to the irradiated surface. In addi-
tion, we applied an algorithm proposed by Manns et al. [19]
to quantify this artifact. The algorithm assumes that
the recorded temperature increase can be expressed as
follows:

AT(t) = A {1 _ exp (— ;)] Bt (18)
where AT(¢) is the temperature increase recorded by the
thermocouple, the exponential term on the right hand side
of the equation represents the temperature increase
due to direct absorption of light by the thermocouple, and
B (°C/second) is the slope of the linear temperature in-
crease due to the absorption of light by the medium, that is,
tissue phantoms. Applying Equation (18), one can quantify
and remove the artifact via a regression through experi-
mental data.
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RESULTS AND DISCUSSION

Effect of Vacuum on Skin Humidity

Figure 4 shows the results of skin humidity before and
after (shaded columns) the application of vacuum, where
Figure 4a shows the results measured from volunteers’
forearms while Figure 4b shows the results from faces.
Paired and two-tailed Student’s ¢-tests were performed
to analyze the forearm and face data, respectively. The
statistic analyses indicate that the application of vacuum
does not show a consistent and significant effect on skin
humidity (P-valueis 0.1432 for forearm and 0.4028 for face).
As a result, the application of vacuum is believed to have
minimal effect on tissue water concentration, which may
therefore be treated as a constant during the estimation of
optical properties. Also, because of this fact, it is reasonable
to assume a constant and relatively low convective heat
transfer coefficient, 2 (10 W/m?-K) [20], as the boundary
condition in Equation (14).
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Fig. 4. Results of in vivo experiments exploring the effects
of vacuum on skin surface humidity: (a) results from forearm;
(b) results from face.

Fig. 3. Schematic of experimental setup to validate numerical
model.
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Fig. 5. Comparison of experimental and numerical results:
temperature variation at predetermined position in two-layer
tissue phantom during and after IPL pulses.

Validation of PT Model

In order to validate the numerical PT model, experimen-
tal measurements were carried out. The purpose was to
study the temperature variation at a predetermined posi-
tion in a two-layer agar gel. The comparison between the
experimental results and the numerical model predictions
is shown in Figure 5. As seen, experimental and numerical
results agree well for both 2-pulse and 3-pulse light sequen-
ces. The agreement indicates that the MC code provides
accurate heat source information to the HD code. One can
also see that as the tissue phantom is cooling, for example,
t > 30 seconds, the experimental results become slightly
lower than the numerical results. The reason for this dif-
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ference may be that the heat lost from the tissue phantom
through the acrylic walls is neglected in the numerical
simulation, because it assumes adiabatic thermal bound-
aries for the bottom and side walls (see Figs. 1 and 3).

Temperature Map During Broadband
Light Therapy

Figure 6 shows the calculated temperature map of tissue
when subjected to a three-pulse light sequence, where the
three maps (a, b, and c) represent the time immediately
after the 1st, 2nd, and 3rd pulses, respectively. In the
calculation, the fluence per pulse is 4.8 J/em?, which is the
lowest energy density delivered by the PPx system. It can
be seen that temperature distribution in the calculation
domain is highly non-uniform: hair follicle and epidermis
show higher temperature than dermis. This result can be
understood by considering three factors: (1) effective ab-
sorption coefficient, (2) tissue spatial orientation with re-
spect to light incidence direction, and (3) distance to the
light source. For example, the maximum temperature al-
ways occurs at the upper-left corner of the domain, that is,
the tip of the hair shaft, since it has a high absorption
coefficient (36.61 cm™'), is directly irradiated by the pho-
tons, and the closest to the light source. In contrast, the
follicle at the bottom of the hair shaft is the farthest away
from the light source, so it always shows a lower tempera-
ture. Interestingly, the overall temperature in the follicle
is higher than that in the hair shaft between 0.5 and 2 mm
below the surface. The reason is that the hair shaft is
parallel to the light incidence direction. As a result, photons
passing through the epidermis (0.1 mm < r < 0.5 mm) have
minimal opportunity to propagate into the hair shaft unless
they are highly scattered, but they can readily be absorbed
by the protruding follicle.

c o

0.5

26

3.5
1 0 0.5 1
radial distance (mm)

Fig. 6. Calculated temperature map: (a) after 1st pulse; (b) after 2nd pulse; (¢) after 3rd pulse

(IPL fluence per pulse is 4.8 J/cm?).
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Temperature Distribution Along the Central Axis

Temperature distribution in the modeled hair and follicle
is one of our primary study interests. Figure 7 shows the
temperature distribution along the central axis of the do-
mainafter the 3rd pulse (¢ = 407.5 milliseconds), where light
fluences are 5.0, 6.0, and 7.0 J/cm?, respectively. The gray
insert outlines the geometry and position of the modeled
hair and follicle, which helps to locate the temperature
profile along the central axis. As seen, the calculated tem-
perature distribution is not as smooth as a deterministic
model would predict, since the MC code is a stochastic and
descriptive method and thus its outcome includes slight
randomness. It is not surprising that the temperature of
the modeled hair and follicle increases as light fluence
increases from 5.0 to 7.0 J/cm?. It can also be seen that
along the central axis, the maximum temperature occurs at
z=0, and a large temperature gradient exists between
0<z<0.5 mm, which is consistent with the temperature
map of Figure 6¢. Within the follicle (2.0 mm <z < 2.5 mm),
the temperature profile shows a local temperature maxi-
mum. In order to study the effect of fluence on the follicle,
we define an average follicle temperature, Ty, as follows:

_ 1
Ts01 :E;Ti

where n is the total number of temperature data points at
2.0mm <z <2.5mm, that s, 2,4, as indicated in the figure.

(19)

Parametric Study

A successful light based treatment requires a careful
management of parameters to avoid potential adverse ef-
fects and concomitant reactions, for example, erythema
which is always accompanied by edema, purpura, crusting,
hyper-, and hypopigmentation [1]. The primary parameters
include fluence and pulse duration. Figure 8 shows the
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Fig. 7. Temperature distribution along central axis after 3rd
pulse.
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Fig. 8. Effect of IPL fluence on average follicle temperature.

effect of fluence on Ty, after theilst, 2nd, and 3rd pulse,
respectively. It can be seen that Ty, increases with fluence
according to a linear function:

Tfol =a-+b- E; (20)

where Eyis the fluence per pulse in J/em?. Values of @ and b
can be obtained from data regression as shown in Table 3.
One can see that when Efis zero, Ty, is approximately 37°C,
the initial temperature for the tissue more than 2 mm deep,
which is reasonable.

Besides fluence, another critical parameter is the pulse
duration. A series of calculations have been conducted
considering different pulse durations. Figure 9 shows the
follicle temperature distribution along a horizontal line
(see insert in figure) in the follicle after the 3rd light pulse,
when the fluence per pulse is 7.0 J/em? and pulse duration,
tp, is 10, 15, 20, and 25 milliseconds, respectively.

From Figure 9 one can see that the follicle temperature
decreases as pulse duration increases, since the longer
pulse duration results in reduced pulse power, that is, pulse
energy per unit time, and allows longer time for heat diffu-
sion between the heated follicle and the surrounding dermal
tissue. On the other hand, it can be seen that for each
temperature profile, the temperature increases gradually

TABLE 3. Linear Regression Results for Coefficients
a and b in Equation (20)

a (°C) b (°C-cm?J) SD (°C)
1st pulse 36.998 1.292 5.453 x 107°
(t = 2.5 milliseconds)
2nd pulse 36.930 2.579 1.432 x 1075
(t =205 milliseconds)
3rd pulse 36.869 3.599 3.856 x 10~°

(¢ =407.5 milliseconds)
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Fig. 9. Temperature distribution along a horizontal line
after 3rd pulse when the pulse duration, ¢, is 10, 15, 20, and
25 milliseconds, respectively.

with r, reaches a maximum for r in the range of 0.35-
—0.40 mm, and then quickly drops down as r keeps increas-
ing to 0.5 mm, that is, toward the edge of the follicle.

In addition to pulse fluence and duration, extensive stud-
ies will be conducted on patient-dependent parameters,
including the concentrations of melanin and water in epi-
dermis and hair, which are used to quantify and estimate
the optical properties of target tissue. These results will be
reported shortly in a follow-up paper.

CONCLUSIONS

A photothermolysis (PT) model was developed to study
broadband light treatment for epilation (hair removal).
Photon propagation and energy deposition are described
by a MC code, which provides the heat source for a HD code,
solved by finite difference method. Together, the MC and
HD codes conform the PT model. For a first order approxi-
mation, optical parameters of target tissue, for example,
effective absorption coefficients and scattering coeffici-
ents of epidermis, dermis and hair, are estimated by means
of spectrum-intensity-weighted average. Experiments
were conducted to explore the effect of vacuum on tissue
water concentration and validate the PT model. Applying
the PT model, parametric studies were subsequently car-
ried out to determine the effects of light pulse fluence and
duration.

In vivo experimental results of skin surface humidity
reveal that the vacuum has minimal effect on tissue water
concentration. Using agar gel as a tissue phantom, experi-
mental measurements of temperature variation during and
after broadband light treatment agree well with model
predictions. Results of parametric studies indicate that the
average temperature of the hair follicle increases as alinear
function of light pulse fluence. Longer pulse duration
resultsin decreased follicle temperature. Immediately after
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each light pulse, the temperature distribution within the
hair follicle is highly non-uniform: the minimum tempera-
ture occurs at the follicle edge while the maximum is located
between the center and edge of the follicle. The PT model
developed and validated is expected to assist clinicians
in the selection of broadband light treatment parameters
to achieve optimal therapeutic outcomes during epilation
procedures.
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