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a b s t r a c t

The objective of this paper is to analyze the temperature distributions and heat affected zone in skin
tissue medium when irradiated with either a collimated or a focused laser beam from a short pulse
laser source. Experiments are performed on multi-layer tissue phantoms simulating skin tissue with
embedded inhomogeneities simulating subsurface tumors and as well as on freshly excised mouse
skin tissue samples. Two types of lasers have been used in this study – namely a Q-switched pulsed
1064 nm Nd:YAG short pulse laser having a pulse width of 200 ns and a 1552 nm diode short pulsed laser
having a pulse width of 1.3 ps. Experimental measurements of axial and radial temperature distribution
in the tissue medium are compared with the numerical modeling results. For numerical modeling, the
transient radiative transport equation is first solved using a discrete ordinates method for obtaining
the intensity distribution and radiative heat flux inside the tissue medium. Then the temperature distri-
bution is obtained by coupling the bio-heat transfer equation with either hyperbolic non-Fourier or par-
abolic Fourier heat conduction model. The hyperbolic heat conduction equation is solved using
MacCormack’s scheme with error terms correction. It is observed that experimentally measured temper-
ature distribution is in good agreement with that predicted by hyperbolic heat conduction model. The
experimental measurements demonstrate that converging laser beam focused directly at the subsurface
location can produce desired high temperature at that location compared to that produced by collimated
laser beam for the same laser parameters. Finally the ablated tissue removal is characterized using his-
tological studies as a function of laser parameters.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Laser interaction with tissues can be categorized into several
mechanisms which include photo-thermal, photo-mechanical
(or photo-acoustical), and photo-chemical [1,2]. A more recent area
of study is the phenomenon of plasma-mediated ablation, some-
times called photo-ablation, which can be achieved using short
pulsed lasers [3,4]. These four mechanisms can occur individually
or in combination depending upon laser parameters. Amongst
these mechanisms, the one most easily quantified and commonly
observed is the photo-thermal effect. This effect can be achieved
during laser–tissue interaction through high energy deposition
and vaporization of water in the tissue. The Photo-thermal mech-
anism of tumor irradiation has been used for applications like la-
ser-induced hyperthermia (HT) [5], laser-induced interstitial
thermotherapy (LITT) [6] and interstitial laser photocoagulation
therapy (ILP) [7] all of which involve localized heating of cancerous
or tumor tissue. Hyperthermic treatment is often utilized in com-
bination with other treatments such as chemotherapy in order to
more effectively destroy tumor tissue than either treatment alone
ll rights reserved.

321 674 8813.
[8,9]. Interstitial laser-induced thermotherapy has been studied for
the treatment of head and neck cancers [10,11] as well as liver can-
cer [11,12]. This treatment involves the destruction of tumors by
directly heating them in situ as an alternative to some combination
of surgery, radiation, and chemotherapy. Interstitial laser photoco-
agulation is a therapeutic technique for the ablation of tumors
using a low power laser for an extended duration, on the order of
8–10 min and was originally reported by Brown in 1983 [13]. Opti-
cal fibers are often used for delivery of the laser light and enable
patients to be treated without requiring a major surgical proce-
dure. This technique has been studied for treatment of many tu-
mors, including those of the liver, urinary tract, and breast with
positive clinical outcomes [7,14,15].

Though majority of the tumor irradiation techniques use con-
tinuous wave (CW) or long pulsed laser, however, short pulsed la-
sers are recently being preferred for these applications [16]. The
ability to produce highly localized heating at the desired location
has made pulse laser more attractive for tumor irradiation than
CW lasers. This is because for the same energy input, the instanta-
neous peak power attained during pulsed laser irradiation is great-
er than that obtained in CW laser irradiation [17].

It has been well established that the tissues are sensitive to the
temperature rise. The thermal impact on tissue changes drastically
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Nomenclature

c speed of light
Cp specific heat of tissue
Cb specific heat of blood
fD focused depth
H sample height
I scattered diffuse intensity
Ic collimated intensity
j thermal conductivity of tissue
ka absorption coefficient of tissue
ke extinction coefficient
ks scattering coefficient of tissue
L0 maximum intensity
n refractive index of tissue medium
q heat flux
qr radiative heat flux
r; z spatial coordinates
R sample radius
RD beam radius at the focal plane
R0 beam radius at the sample surface
S source term

t time
tp pulse width of laser beam
T temperature
Ta temperature in arterial blood
uðtÞ unit step function

Greek symbols
a thermal diffusivity of tissue
dðtÞ Dirac delta function
l;g; n direction cosines
q density of tissue
qb density of blood
s relaxation time
xb blood perfusion rate
U phase function
X solid angle
/ azimuthal angle
r standard deviation
rs Stephan–Boltzmann constant
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when the temperature rise exceeds 43 �C [18]. It has been found
that peak temperature in the range of 60–80 �C is required to en-
sure complete tumor necrosis without any post-treatment trauma
[19]. However, it has been also observed that temperature required
to kill the tumor tissue depends on the exposure time [20,21]. Rob-
inson et al [22] has predicted that temperature elevation to at least
56 �C for 1 s or more should be sufficient to kill cancer cells. Thus
there is no general consensus in the literature about the exact ex-
tent of temperature rise and exposure time necessary for complete
tumor ablation.

Adoption of proper beam delivery technique is very important
to initiate photo-thermal or photo-ablative effects for complete
destruction of tumor. Selection of proper beam delivery technique
depends mainly on the location of the tumor in the body. If the tu-
mors are located deep inside the body then fiber-optic delivery
system is used to transport laser light to the tumor site [23,24].
These fibers deliver the beam either in the form of collimated beam
or in the form of diffused beam. Due to the collimated or diffused
nature of the beam as used in tumor irradiation therapies like la-
ser-induced hyperthermia and LITT, high power and long exposure
time is required to achieve the desired fluence. This often leads to
significant heat spread damaging surrounding healthy tissues.
Moreover, fibers are often inserted into the tumor site to achieve
volumetric heating. The same technique of fiber-optic delivery of
laser light is also used for irradiating subsurface tumors. However,
for skin tumors or subsurface tumors this perforation of the skin
can be eliminated if a converging laser beam focused at the subsur-
face location is used. It has already been demonstrated that
depending on the wavelength of irradiation, depth of penetration
during laser–tissue interaction can reach as deep as 1 cm [25].
However, if collimated or diffused beam is used, most of the energy
gets absorbed by tissue at the skin surface.

The technique of focusing a laser beam at the treatment loca-
tion using a converging lens can reduce the absorption of laser en-
ergy by the skin. Due to the concentration of energy in a focused
beam, it can penetrate the skin and reach greater depths without
significant attenuation. A theoretical study has already been per-
formed demonstrating this significant increase in peak absorption
at the focal plane [26]. As a result of peak absorption at the focal
plane, a desired subsurface temperature higher than the surface
temperature can be achieved. This technique has been used for
applications such as Non-ablative Dermal Remodeling [27,28]
and treatment of striated muscles [29]. In this paper, this tech-
nique of using converging laser beam focused at the subsurface tu-
mor location is used to achieve desired temperatures within the
tumor tissue while keeping the surface temperature under control.

A detailed understanding of bio-heat transfer phenomenon is re-
quired to design a new method which can ensure accurate and con-
trolled deposition of energy into the exact location of biological
tissues with minimum collateral thermal damage to adjoining
healthy tissue during any laser therapy. Substantial efforts have
been made previously to develop a complete theoretical model con-
sidering the inherent complexity of the heat transfer process in tis-
sue medium. Traditional analysis of heat transfer by conduction in
biological tissues is performed using Fourier’s law. In Fourier’s law,
heat conduction is assumed to be an instantaneous process with an
infinite speed of propagation of the thermal signal, indicating that a
local thermal change causes an instantaneous perturbation in the
temperature at each point in the medium, even if the intervening
distances are very large. To consider a finite speed of propagation,
damped wave models have been proposed which lead to a hyper-
bolic heat conduction equation [30] or dual phase lag (DPL) equa-
tion [31]. With the development of this damped wave model
theory of heat diffusion, an important parameter called thermal
relaxation time ðsÞ needs to be considered [31–34]. Thermal relax-
ation time is a material property which indicates the time required
for the heat flux to adjust or relax to the changes in the temperature
gradient. It has already been demonstrated that calculations of heat
transfer processes which occur for time periods less than the relax-
ation time of the medium may yield incorrect results if the Fourier
model is used for applications such as burning of skin subjected to
instantaneous heating [35] and cryo-preservation of skin [36].

Comparison of results obtained from numerical modeling with
the experimental measurements is of prime importance for design-
ing efficient technique of thermal treatment of tumors. For the
study of heat affected zone in skin tissue phantoms using
collimated laser beam, experimental measurements have been
compared with numerical modeling results obtained using
one-dimensional Fourier heat conduction model [37] and two-
dimensional axisymmetric hyperbolic heat conduction formula-
tions [38]. The validity of the use of hyperbolic heat conduction
formulation for the case of bologna meat samples when irradiated
with a collimated laser beam from a short pulse or CW laser source
has been also reported in the literature [38].
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Fig. 1. Schematic of tissue phantom containing inhomogeneity.
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Most of the previous numerical works have modeled the laser
source term in bio-heat transfer equation by either Lambert’s law
or diffusion approximation. The scattering effect is hardly incorpo-
rable in Lambert’s law. The diffusion approximation is limited to
predominant scattering medium. Such treatment can introduce
significant error in radiation flux distribution in practical nonho-
mogeneous tissue medium [39] during short pulse laser irradia-
tion, in which case light suffers significant scattering in most
region and strong localized absorption in the target spot. Therefore,
it is necessary to consider complete light transport through the tis-
sue medium for analyzing bio-heat transport in tissues during
short pulse laser irradiation.

Measurement of temperature rise in tissues during laser irradi-
ation helps determine the size of the heat affected zone, but it does
not show the extent of cellular damage produced during laser irra-
diation. A detailed histological study is therefore required to corre-
late energy input, temperature rise, and the extent of cellular
damage. The ability to provide direct visual information of thermal
damage produced by the laser made this technique essential for
both fundamental and application oriented studies. Histological
analysis of morphological changes has been used extensively to
study the mechanism of tissue ablation [40–42] and tissue welding
[43].

Various histological techniques, such as plastic embedding
technique, paraffin embedding technique, and frozen section tech-
nique, have been used depending upon the type of tissue and res-
olution of the image required [44]. Among them, the frozen section
technique is most commonly used in the study of therapeutic ef-
fects of lasers because of the simplicity of the technique and short
processing time. The simplicity of the technique helps eliminate
artifacts which are produced due to lengthy and extensive method
of tissue processing as in the plastic embedding technique. There-
fore, in this paper, the frozen section technique is used for histolog-
ical analysis.

No study has been reported in the literature dealing with vali-
dation of experimental measurements with numerical models for
the case of tissue irradiation using focused laser beam from a short
pulse laser source. The current work focuses on comparing exper-
imental and numerical axial and radial temperature distributions
in single-layer phantoms and multi-layer tissue phantoms simulat-
ing skin which contains inhomogeneities that simulate a tumor
and freshly excised mouse skin tissue samples. Skin tissue consist-
ing of epidermis, dermis, and underlying muscles has different
optical properties in each layer. The tissue samples are irradiated
by a Q-switched Nd:YAG pulse laser and a 1552 nm diode short
pulsed laser source which is focused directly at the inhomogeneity
location in phantoms and at the surface or subsurface locations for
the case of tissue sample using a converging lens. The effectiveness
of using a focused beam rather than a collimated beam to obtain
the required temperature rise at the region of interest with smaller
heat affected zone is demonstrated. The experimental results are
compared with the numerical results obtained using Pennes’ bio-
heat transfer equation coupled with either Fourier parabolic or
non-Fourier hyperbolic heat conduction model. Results of multi-
layer tissue phantoms are also compared with those of single-layer
tissue phantom. Finally the ablated tissue removal is characterized
using histological studies for different laser parameters.
2. Mathematical formulation

2.1. Mathematical model

The intensity redistribution inside the tissue medium as shown
in Fig. 1 due to scattering of light in the tissue medium is obtained
by solving the transient radiative transport equation [45,46]:
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where I is the scattered diffuse intensity, ke and ks are the extinction
coefficient and the scattering coefficient, respectively, / is the azi-
muthal angle, U is the phase function, X is the solid angle, c is the
velocity of light in the medium, r and z are the spatial coordinates,
l;g; n are direction cosines, t is the time, and S is the source term
due from laser irradiation.

To calculate the source term S, the laser beam is assumed to be
Gaussian in both the spatial and temporal domains and it is ex-
pressed as follows:

Sðr; z;X; tÞ ¼ ks

4p
Icðlclþ gcgþ ncnÞ ð2Þ

where the unit vector of ðlc;gc; ncÞ represents the collimated laser
incident direction. The collimated intensity Ic is given by

Icðr; z; tÞ ¼ L0 expf�4 ln 2� ½ðt � z=cÞ=tp � 1:5�2g

� expð�2r2=rðzÞ2Þ expð�kezÞ ð3Þ

where L0 is the maximum intensity of the laser beam at the sample
surface, tp is the laser pulse width, and rðzÞ is the beam radius vary-
ing with z for which the peak intensity drops to the e�2 value.

In the case of a converging laser beam as used in this paper
which is focused at a depth of z ¼ fD, the standard deviation rðzÞ
in Eq. (3) which varies with z can be expressed as follows:
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where rð0Þ is the standard deviation of radial intensity distribution
at the sample surface, R0 is the beam radius at the surface of the
sample and RD is radius of the beam at the focal plane.

Once the intensity distribution within the tissue medium is ob-
tained using Eqs. (1)–(3), the corresponding temperature distribu-
tion is calculated by numerically solving Pennes’ energy equation
coupled with the proper heat conduction model. In this paper both
Fourier parabolic heat and non-Fourier hyperbolic heat conduction
models are considered.

Pennes’ energy equation for the case of tissue medium has the
following form:

�r � qðr; z; tÞ �xbqbCbq½Tðr; z; tÞ � Ta� � r � qrðr; z; tÞ

¼ qCp
oTðr; z; tÞ

ot
ð5Þ

where q is the density of tissue, qb is the density of blood, xb is
blood perfusion rate, Cp is the specific heat of tissue, Cb is the spe-
cific heat of blood, T is the temperature, Ta is the temperature in
arterial blood, q is the heat flux and qr is the radiative heat flux.
The term xb is set to zero if there is no blood perfusion as is the case
for tissue phantoms and tissue samples.

The radiative heat flux can be expressed in terms of tempera-
ture using previously calculated intensity distribution in the fol-
lowing way:

r � qrðr; z; tÞ ¼ ka 4n2rsT4 �
Z

4p
UðX0;XÞIðr; z;X0; tÞdX

� �
ð6Þ

where n is refractive index of tissue medium and rs is Stephan–
Boltzmann constant.

Heat flux due to conduction within the tissue medium can be
expressed in terms of temperature distribution using either Fourier
or non-Fourier heat conduction model. Heat conduction consider-
ing Fourier heat conduction model is expressed by following
equation:

qðr; z; tÞ ¼ �jrTðr; z; tÞ ð7Þ

where j is the thermal conductivity of tissue and r is the gradient
operator.

The above parabolic diffusion equation implies an infinite speed
of propagation of the thermal wave through the tissue medium. To
eliminate this assumption of infinite speed of propagation of the
thermal signal, a non-Fourier damped wave heat conduction model
that takes into account finite speed of propagation of heat wave is
considered and is given by [38,47–49]

qðr; z; tÞ þ s oqðr; z; tÞ
ot

¼ �jrTðr; z; tÞ ð8Þ

where s is the relaxation time of the medium.
Eqs. (5)–(7) or 5,6,8 are simultaneously solved using suitable

numerical scheme to obtain final temperature distribution as pre-
dicted by Fourier or non-Fourier heat conduction models,
respectively.

The boundary conditions that are used are the following: (i) all
the boundaries except the top laser incident surface are insulated,
(ii) at the top surface convective heat exchange (convective heat
transfer coefficient = 10 W/m2 K) with surrounding ambient air
(25 �C) is considered, (iii) the temperature profile is symmetric
about the z-axis, and (iv) initially ðt ¼ 0Þ the temperature is equal
to the ambient temperature and its derivative with respect time
are zero everywhere in space. In the present tissue phantom model
and tissue samples, the following simplifications are introduced:
(1) radiation emission from the tissue phantom is neglected be-
cause the tissue blackbody intensity is much smaller than the inci-
dent laser intensity; (2) tissue optical and thermal properties are
thermally stable during the heat transfer process; (3) blood perfu-
sion and thermal evaporation and/or phase change of tissue during
the heat transfer process are not considered.
2.2. Solution scheme

The transient discrete ordinates method (TDOM) with S10

scheme is employed for the solution of the transient radiation
transfer equations given by Eqs. (1)–(3). To solve the hyperbolic
heat conduction equations, MacCormack’s predictor-corrector
scheme is adopted. For information on the numerical schemes
and accuracy validations, please refer to the recent publications
of the co-authors [46,50]. Therefore, the details of the numerical
methods are not repeated here. In the present calculations, a pulse
train irradiation is considered and the heat conduction calculation
starts following the temperature rise due to the first pulse incident.
For layered-tissue phantoms, non-uniform grids are employed in
order to capture precisely the heat transfer process.
3. Experimental methods

The schematic of the experimental set-up is shown in Fig. 2.
Two types of lasers are used in this study: (1) a Q-switched short
pulse Nd:YAG laser operating at a wavelength of 1064 nm and hav-
ing a temporal pulse width ðtpÞ of 200 ns (FWHM) and (2) a
1552 nm desktop diode laser (Raydiance Inc.) operating at a wave-
length of 1552 nm and having a temporal pulse width ðtpÞ of 1.3 ps
(FWHM). For the Nd:YAG laser, the beam radius before the lens is
1 mm. The converging lens used for focusing the beam at the focal
distance of 40 mm has a beam diameter of approximately 100 lm.
For the case of 1552 nm laser the beam is focused using a high
power 20�microscope objective which focuses the beam to a spot
diameter of approximately 10 lm for a focal length of 21 mm. Dur-
ing the experiment the laser power is constantly monitored using a
power meter. The samples are well insulated on all sides (except
on the irradiated face) to prevent heat loss to the surroundings.
A thermal imaging camera (IR Flexcam Pro, Infrared Solutions) is
used to record the radial surface temperature profile of the sam-
ples. The images are recorded with computerized data acquisition
system and processed with National Instruments IMAQ Vision
Builder Image processing software. The camera provides a mea-
surement range of 0–350 �C with a sensitivity of ±0.09 �C at
30 �C. The spectral response of the camera is 8–14 lm. For the axial
temperature measurements in the tissue phantom, holes are
drilled up to the central axis at discrete locations along the length
of the phantom (see Fig. 1). T-type thermocouples having diameter
of 0.5 mm are inserted into the holes for temperature measure-
ments. Temperature readings of the thermocouples are recorded
through a computerized data acquisition system using Labview
Software. These thermocouples provide a measurement range from
0 �C to 480 �C with a sensitivity of ±1 �C and 0.2 s of response time.

Experiments are performed on both single-layer and three-layer
tissue phantoms replicating skin layers and having an embedded
inhomogeneity simulating tumors using Nd:YAG laser (Fig. 1).
The phantoms are composed of araldite, DDSA (dodecenyl succinic
anhydride) resin and DMP-30 (hardener) mixed in the ratio
1:0.87:0.04. Titanium dioxide particles (mean diameter = 0.3 lm)
are added as a scatterer to the sample. India ink is used as the ab-
sorber. Details about phantom preparation can be found in the pre-
vious papers of the authors [51]. The layered-tissue phantom
consists of three-layers having different optical properties repre-
senting epidermis, dermis, and fatty tissues of human skin. The
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thickness, absorption coefficient ðkaÞ, and scattering coefficient ðksÞ
of each layer of 1064 nm are tabulated in Table 1 [52,53]. For sin-
gle-layer tissue phantom, the base tissue matrix has bulk average
absorption coefficient ðkaÞ ¼ 0:051 mm�1, and scattering coeffi-
cient ðksÞ ¼ 6:14 mm�1. These values are obtained by calculating
weighted average of properties of different layers of layered-tissue
phantom. The density (q) of the medium is 1000 kg/m3, thermal
conductivity (j) is 0.35 W/m K, and the specific heat ðCpÞ is taken
as 4200 J/kg K for all layers of tissue medium [35]. Inhomogeneities
are drilled in tissue phantoms having scattering coefficient of
12.28 mm�1 and absorption coefficient of 0.051 mm�1.

Experiments are also conducted with freshly excised skin tissue
samples having thicknesses of 5–6 mm obtained from mice using
both Nd:YAG and 1552 nm diode lasers. A typical tissue cross-sec-
tion is 20 mm � 30 mm. The density (q), thermal conductivity (j),
and specific heat ðCpÞ are taken as 1000 kg/m3, 0.35 W/m K, and
4200 J/kg K, respectively [54]. The thickness and optical properties
of three different layers of the mouse skin tissues are presented in
Tables 2 and 3 at wavelength of 1064 nm and 1552 nm, respec-
tively [55].

After ablating the tissue with the laser, histological analysis is
performed to analyze the damage zone produced by laser irradia-
tion. The frozen sectioning technique is used for histological stud-
ies. The resolution provided by frozen section technique is
Table 1
Optical properties of different layers of human skin tissue at 1064 nm [52,53]

Layer Thickness
(mm)

Absorption coefficient ðkaÞ
(mm�1)

Scattering coefficient ðksÞ
(mm�1)

Epidermis 0.05 0.355 8.237
Dermis 3 0.049 8.237
Fatty tissue 10 0.050 5.5

Table 2
Optical properties of different layers of mouse skin tissue at 1064 nm [55]

Layer Thickness
(mm)

Absorption coefficient ðkaÞ
(mm�1)

Scattering coefficient ðksÞ
(mm�1)

Epidermis 0.05 0.7 8.0
Dermis 3 0.044 8.0
Fatty tissue 3 0.04 7.0
sufficient to observe thermal damage in the tissue caused by laser
irradiation. In this technique the ablated portion of the tissue is cut
along with some surrounding non-irradiated tissue right after the
ablation and embedded in the cryomold made of OCT (optimal cut-
ting temperature) compound. Then sections of thickness 20 lm are
cut using Cryostat. The temperature inside the Cryostat is main-
tained at �24 �C during sectioning. The sections are stained using
Hematoxylin and Eosin (H&E) stain which is a rapid staining meth-
od that is commonly used due to its simplicity. This progressive
stain creates stained sections which have deep blue nuclei with a
pink or rose-colored background of other cytoplasmic structures.
Once the sample preparation is complete, slides are viewed under
an optical microscope using 40� magnification.

The ablation depth and width can be measured using image
processing software (Scandium) in order to correlate ablation vol-
ume to laser parameters. The software is calibrated to provide
measurements in millimeters corresponding to the magnification
at which an image is captured. In this way, laser-induced damage
volumes are calculated for a particular set of laser parameters.

4. Results and discussion

In this paper, temperature distributions in a tissue medium
during a short pulse laser irradiation has been obtained both
experimentally and numerically. Radial and axial temperature
distributions are obtained in three-layer and single-layer tissue
phantoms and in freshly excised tissue samples for the case of both
collimated and focused laser beam using Nd:YAG laser. Experi-
ments are also performed on freshly excised tissue samples using
1552 nm wavelength laser to obtain the radial temperature distri-
bution. Numerical modeling results are obtained for both hyper-
bolic non-Fourier and parabolic Fourier case by solving a coupled
set of equations consisting of the transient radiative transport
Table 3
Optical properties of different layers of mouse skin tissue at 1552 nm [55]

Layer Thickness
(mm)

Absorption coefficient ðkaÞ
(mm�1)

Scattering coefficient ðksÞ
(mm�1)

Epidermis 0.05 1.00 12.5
Dermis 3 0.80 9
Fatty tissue 3 0.50 7.5
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equation and Pennes’ bio-heat transfer equation as discussed in
previous section.

Experiments are performed on a three-layer inhomogeneous
tissue phantom using a focused laser beam. The embedded inho-
mogeneous simulated tumor is drilled 2 mm underneath the phan-
tom surface. For the case of the focused laser beam, the laser is
focused directly at the inhomogeneity location (z ¼ 2 mm) using
a converging lens. It has already been discussed earlier that a tem-
perature rise to approximately 43 �C is required for successfully
irradiating tumors. Therefore, the sample is irradiated until 43 �C
temperature rise is obtained at the focal plane, which is at the
inhomogeneity location. The surface temperature is measured
using a thermal camera and the temperature at z ¼ 2 mm is mea-
sured using thermocouples.

It has been observed that the accuracy of prediction provided by
hyperbolic heat conduction model depends on proper choice of
thermal relaxation time (s). The value of s depends on the
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propagation velocity of thermal wave which is dependent on mate-
rial structure and properties. Although its value has been measured
for biological media such as bologna meat samples [33], the exact
value of thermal relaxation time (typically having values in the
range of 5–100 s) is unknown for most of the tissues. Fig. 3(a)
shows radial temperature distribution at the inhomogeneity loca-
tion, respectively, for the case of three-layer tissue phantom for
different relaxation times (ranging from 10 s to 20 s). The results
obtained using Fourier heat conduction model is also plotted.
These numerically predicted results are compared with corre-
sponding experimentally measured temperature distributions.
The error bars plotted in the Fig. 3(a) represent uncertainty in
experimental measurements. Considering a 99% confidence inter-
val, the precision index for a total of three runs is calculated. The
standard deviation between the three runs at each individual nodal
point is evaluated. Thus the total uncertainty values at each nodal
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Fig. 4(b). Comparison of radial temperature distribution between collimated and
focused laser beam irradiation for a three-layer tissue phantom containing
inhomogeneity.
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point is the product of the precision index times the standard devi-
ation. It is observed that a maximum total uncertainty of 1.5 �C is
obtained for thermal camera and 1.2 �C for thermocouples. It is
clear from Fig. 3(a) that for human skin tissue phantom, non-Fou-
rier heat conduction model matches better with the experimental
measurements for s ¼ 15 s. On the other hand Fourier model
predicts a significant lower temperature rise. Location of thermo-
couples at different radial locations used to measure radial temper-
atures may not be accurate and hence some deviation between
experimental measurements and hyperbolic model is observed
particularly for locations away from the laser beam axis. Corre-
sponding axial temperature distribution along with error bars plot-
ted in Fig. 3(b) also shows that hyperbolic heat conduction model
for s ¼ 15 s matches well with experimentally measured tempera-
ture distribution. This suggests that while studying heat transfer
phenomena for a time scale shorter than the thermal relaxation
time of the material, s is one of the governing parameters. Without
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Fig. 5(a). Comparison of radial temperature distribution at the inhomogeneity lo-
cation between a single-layer and a three-layer tissue phantom for focused laser
beam irradiation.
considering proper value of s, bio-heat transfer models involving
such analysis will produce erroneous temperature distributions.
Therefore, for the case of tissue phantoms the value of s is taken
as 15 s.

Once selection of proper value of s for the numerical model is
accomplished, experiments are performed to demonstrate the
advantage of using focused laser beam for subsurface tumor irradi-
ation. Fig. 4(a) shows the temperature rise at the inhomogeneity
location with time for both the cases of collimated and focused la-
ser irradiation. The plot shows experimental data along with
numerical modeling results obtained from hyperbolic heat conduc-
tion and Fourier heat conduction models. It is observed that con-
verging laser beam focused at the subsurface location can
produce much higher temperatures at that desired location com-
pared to a collimated laser beam which is necessary for subsurface
tumor irradiation. The deviation of experimental data from numer-
ical modeling results is due to the limitation of placing the thermo-
couple at the exact location. Fig. 4(b) shows comparison of radial
temperature distribution between experimental measurements
and numerical modeling results obtained at inhomogeneity loca-
tion (at z = 2 mm) for collimated and focused laser irradiation after
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10 s of laser exposure. It also emphasizes that focused beam is very
effective in obtaining higher temperature rise below the surface at
the desired location while keeping surface temperature compara-
tively lower thereby causing minimal thermal damage. On the con-
trary, collimated laser beam produces high temperature at the
surface with a gradual decay of temperature along the depth. Cor-
responding axial temperature distribution is plotted in Fig. 4(c). In
this figure, temperature distributions obtained from the hyperbolic
heat conduction model shows a wave phenomenon. Experimental
measurements could not capture this effect due to the limitation of
placing thermocouples very close to each other (currently there is a
separation distance of 2 mm between two consecutive
thermocouples).

After demonstrating the advantage of using focused laser beam
and performing model validation studies in a layered-tissue phan-
tom, experiments are conducted to compare the temperature
distribution between a single-layer and three-layer tissue phan-
toms. Conventionally, skin is treated as a single-layer medium for
simplicity. But in reality, skin is a multi-layered medium having
different thicknesses, scattering, and absorption coefficients in
each layer (see Table 1). The goal of this part of the work is to
investigate whether single-layer approximation of layered skin tis-
sue is reasonable approximation or not. The radial temperature
distribution at the inhomogeneity location (z ¼ 2 mm) for the case
of a single-layer tissue phantom is compared with that of a three-
layer tissue phantom in Fig. 5(a). It is evident from figure that for
the case of three-layer tissue phantom, the peak temperature rise
is less but the radial heat spread is slightly more than that of sin-
gle-layer tissue phantom. These differences can be attributed to
the consideration of average optical properties throughout the
whole tissue phantom in case of single-layer model. Also, axial
temperature distribution (Fig. 5(b)) obtained from thermocouples
placed at various depths of the phantom shows lower peak
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sample.
temperature rise (obtained at z ¼ 2 mm) and smaller axial heat
spread for three-layer tissue phantom. This is due to greater atten-
uation of laser beam caused by higher absorption coefficient of the
first layer of three-layer tissue phantom as compared to single-
layer tissue phantom. The top layer of the skin (epidermis) has high
absorption coefficient which results in higher temperature rise at
the surface in three-layer model than that of single-layer model.
Also, a sharp temperature rise is observed for three-layer tissue
phantom due to change in optical properties between first and
the second layer. These results demonstrate that there is difference
in heat affected zone in single-layer and three-layer model and
hence skin should be modeled as a layered medium to analyze
bio-heat transport phenomenon during short pulse laser irradia-
tion of tissues.

After validating the numerical model for the case of tissue
phantoms, experiments are next conducted on in vitro freshly ex-
cised mouse skin tissue samples. Tissue samples are prepared by
excising the skin along with the adjoining muscle tissue from
freshly sacrificed mouse. Tissue samples with muscle are irradiated
by the laser beam focused at the surface. The temperature distribu-
tion at the surface of the tissue is measured using thermal camera.
Numerical modeling results are obtained by considering the mouse
skin tissue as a three-layer medium. Optical properties as a func-
tion of various layers of skin are taken from Table 2. Fig. 6 shows
the experimentally measured surface radial temperature distribu-
tion along with corresponding numerical results obtained using
Fourier parabolic heat conduction and non-Fourier hyperbolic heat
conduction model for two different average powers. Error bars are
plotted following the same procedure as previously described.
Similar to phantom studies, experimental measurements match
better with the results predicted by hyperbolic heat conduction
formulation particularly the peak temperature rise at the laser inci-
dent spot. The Fourier model under-predicts the peak temperature
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rise significantly. The reason for mismatch of experimental mea-
surements with the numerical models can be attributed to the
non-uniform thickness throughout the tissue sample cross-section.
Numerical modeling results are obtained using a uniform tissue
sample thickness. The filled temperature contours obtained using
hyperbolic and Fourier heat conduction formulation are plotted
in the Fig. 7(a) and 7(b) to highlight the difference in radial and ax-
ial temperature distribution predicted by two different heat con-
duction models for one such case (average laser power = 1.8 W).
Assumptions of the diffusive nature of heat propagation in the Fou-
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rier heat conduction model produce larger radial heat spread with
smaller penetration compared to that predicted by the hyperbolic
heat conduction formulation.

Laser irradiation experiments are next performed on in vitro
freshly excised mouse tissue samples using the 1552 nm laser.
Fig. 8(a) and 8(b) shows temperature distributions for an average
laser power of 1.3 W and 0.73 W along with repetition rate of
500 kHz and 250 kHz, respectively. For both cases, the beam is fo-
cused underneath the surface at z = 1 mm. Experimentally the sur-
face temperature is measured using a thermal imaging camera and
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Fig. 9. Histological study of (a) freshly excised mouse skin tissue and (b) excised
mouse tissue irradiated for 10 s for beam focused at z = 1 mm for the case of
1552 nm, 1.3 ps laser having average power of 1.3 W.
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the results show very good agreement between the hyperbolic
model and the experimental data. The Fourier model under-pre-
dicts the peak temperature rise. Numerical models are used to pre-
dict the temperature at subsurface locations (z ¼ 1 mm) as it is not
convenient to insert thermocouples accurately at such subsurface
locations.

Fig. 9a and b show histological sections of non-radiated and la-
ser irradiated mouse skin tissue, respectively. It is evident from the
image in Fig. 9b that the region close to the skin surface remains
intact where as the tissue is ablated by the laser beam at greater
depths. Observation of Fig. 9b shows that for the case of the beam
focused at z ¼ 1 mm a clean subsurface ablated volume is ob-
tained. However, for skin tissues interacting with a 1552 nm laser,
the penetration depth of the beam into the tissue is found to be
approximately 350 lm [2]. Beyond this penetration depth, the
beam will get scattered in the tissue. The ablation area calculated
by the interpolated polygon technique using processing software
(Scandium) is found to be 0.64 mm2. The large volume removal ob-
served in Fig. 9b suggests that the beam scattering has contributed
to the ablation. A difference in the shading of the two images is
notable and is due to the gradual breakdown over time of the
hematoxylin and eosin stains. Another cause of the color variation
is imprecision in timing during the staining procedure.

5. Conclusion

In this work skin tissue is modeled as a layered medium to ana-
lyze heat transfer during collimated and focused laser irradiation.
This study demonstrates that a converging laser beam focused at
a subsurface location can produce a high temperature rise at the
desired subsurface location while keeping the surface temperature
low. The radial and axial temperature distributions obtained for
multi-layer tissue phantoms during collimated and focused laser
irradiation show that the focused beam can produce much more
compact heat affected zone compared to that of collimated laser
beams as traditionally used in most laser-based therapeutic appli-
cations. Experimental measurements are compared with numeri-
cal modeling results obtained from Fourier parabolic and non-
Fourier hyperbolic heat conduction formulation for both human
skin tissue phantom and mouse skin tissue sample. It is demon-
strated that the hyperbolic heat conduction model is a more accu-
rate model for such kind of analyses as it takes into account the
relaxation time of the tissues. The Fourier parabolic heat conduc-
tion model, on the other hand, is found to deviate significantly
from experimental measurements. This analysis emphasizes
importance of considering a hyperbolic heat conduction formula-
tion in studying heat transfer phenomenon for a time scale shorter
than thermal relaxation time of the medium. The short pulse dura-
tions deliver high peak power to the target location which restricts
the heat affected zone to a localized region. High laser intensity
and short pulse laser duration can achieve significant ablated tis-
sue removal with a range of collateral thermal damage. This effect
can be reduced by scanning the tissue at a particular velocity over
the desired region as compared to static ablation as performed in
this study.
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