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ABSTRACT

The present study pertains to theoretical evaluation of
various skin lesions using reflectance mode short-pulse (SP)
laser technique, which has been assumed to be operating within
the therapeutic optical window of 600-1300 nm. The skin and
lesions have been modeled based on anatomic details and
optical properties available in the literature. Whereas, the
different lesion stages have been modeled according to the
American Joint Committee for Cancer Staging guidelines. The
numerical simulation of transient radiative transfer equation has
been carried out with the aid of finite volume method (used for
resolving angular and spatial distributions) and backward
differencing formula (used for time discretization). The
anisotropic scattering of diffuse light due to the attenuation of
incident laser light has been demonstrated using Henyey-
Greenstein scattering phase function. The numerical analysis
revealed that the associated changes in reflected radiative
signatures due to the change in tissue properties (i.e. for
different form of skin lesions) and conditions (i.e., growth
features) can be a means to detect and differentiate the skin
cancer.

INTRODUCTION

Cancer is a disease that leads to genetically damaged genes,
i.e., oncogenes, causing them to proliferate and mutate. These
cells are capable to double its volume faster in an
uncontrollable manner assisted by an increase in metabolic
activities. Skin cancers on the other hand are frequently found
cancers among the patients around the world. According to the
world health organization, the incident rate of skin cancer
increases each year in the western countries, and the reported
data suggests nearly 3 million cases of non-melanoma and
132000 cases of melanoma occur every year globally. Among
all forms of skin cancers, the melanoma of the skin causes
majority of the deaths and are capable to metastasize rapidly.
Thus, it is important that melanoma of skin has to be detected
as well as differentiated from other lesions as early as possible.

At present in most clinical settings [1] the detection of skin
cancer relies on (a) naked-eye examination of morphological
features using the classical ABCDE rule, and (b) using
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subsurface feature extraction methods, viz., total body
photography, digital and polarized light dermoscopes.
Nevertheless, till the date, the surgical excision and

pathological studies have been considered as the golden
standard to ascertain its possibility and condition [2]. Currently
many new in-vivo microscopic and non-invasive imaging
modalities are explored all over the world to detect the traces of
skin melanoma. These modalities are (a) in-vivo microscopic
imaging, viz., high end magnification devices such as binocular
microscopes and video microscopy [3], confocal scanning laser
microscopy working in both reflectance and fluorescence
modes [4, 5], etc., and (b) non-invasive imaging modalities,
viz., multispectral imaging (MelaFind) [6], optical coherence
tomography, computerized tomography, magnetic resonance
imaging, positron emission tomography, single-photon
emission computed tomography, diffuse optical tomography
[7], ultrasound [8], photo-acoustic imaging [9], Raman
spectroscopy method [10], fluorescence spectroscopy [11] and
thermal imaging [12], and many more. A detailed description of
various clinical methods used for melanoma diagnosis has been
elaborated in ref. [1].

In spite of all the above techniques for skin cancer
detection, recently the optical [7, 13-15], thermal [12] and
acoustic [9] techniques have drawn the interest of many
researchers for the detection of skin cancer. Since, these
techniques are fast, simple, safe, relatively inexpensive, easy to
handle, and can suggest important patho-physiological
phenomena of cancer which remain unwrapped in other
methods. The newly developed optical modality has been
believed to be useful tool for the detection and differentiation
of skin cancer [15]. Therefore, the present work uses the
reflectance mode short-pulse (SP) laser for the detection and
differentiation of cancer stages from healthy skin and benign
lesion. The methodology uses a SP laser source with proper
time gating detection technique to capture the small temporal
reflected radiative signatures emanating from the tissue. The
objective of the present numerical study is to verify the
performance of the reflectance mode SP laser for the detection
and differentiation of skin cancer stages, as well as identify the
distinguishing features of benign lesion. This study uses finite
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volume method (FVM) for numerical analysis compared to
modified discrete ordinate method (mDOM) [15]. This
technique has inherent advantages of being fast, safe (non-
ionizing) and can provide information of early trends of
malignancies which remains unwrapped in other techniques. In
order to materialize the argument described above, the present
work performs an extensive numerical investigation on an
approximated human skin model embedded with abnormalities
of different growth phases.
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PROBLEM DEFINITION

The study has been carried out by considering human skin
models with benign skin lesion, viz., dysplastic nevi (DPN) and
different stages of cutaneous melanoma (CM). Figure 1 depicts
the schematic of human skin model, and Fig. 2 depicts the
staging of T1 melanoma in human skin as was suggested by
American Joint Committee for Cancer staging (AJCCS) [16].
Human skin consists of three layers as shown in Fig. 1. The
outer layer exposed to environment is the epidermis. The layer
below the living epidermis is known as dermis. The layer below
the dermis is the fatty layer. The harmful CM initially
originates from the melanocytes located within the basal layer
at the junction of living epldermls and paplllary dermis (Fig. 1).
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Figure 1 Schematic of human skin (n is the outward
normal, I, is the maximum intensity of collimated ray and & is
the angle of incidence).
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Figure 2 Staging of T1 melanoma within the skin (Image
courtesy [16]).

The thickness and optical properties of normal [17-19] and
abnormal tissues [20] were shown in Table 1. The DPN and
CM at its early stage have been modelled within the
constituting layer, i.e., basal layer (10 um thick at the junction
of living epidermis and papillary dermis). Later, the CM has
been staged according to the skin cancer staging specifications
given by AJCCS guidelines [16]. Based on penetration of T1
melanoma in the skin, the three Clark levels (CL) of melanoma,
viz., CL II, Il and IV have been considered in the present
investigation. The penetration of CM to portion of papillary
dermis (110 pm), complete papillary dermis (150 pm) and
portion of reticular dermis (760 um) have been levelled as
different Clark levels, viz., CL I, CL IlIl and CL 1V,
respectively [16]. The dysplastic nevi (DPN) and early stage of
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melanoma (ES 1) have been modelled at the junction of
epidermis and dermis (within the basal layer having 10 pm
thickness). The DPN is a benign case, which grow relatively
slow compared to the melanoma, and therefore the dimension is
kept constant compared to the growth of melanoma.

Table 1 Optical properties of skin tissues and skin cancer at
785 nm [17-20].

Tissues d (mm) g (mm") o (mm”) 9
Stratum corneum 0.01 18.95089 18.95 0.8
Living epidermis 0.08 19.14 18.95 0.8
Papillary dermis 0.1 11.78 11.65 0.8
Upper blood plexus 0.08 15.64375  15.485 0.818
Reticular dermis 1.50 11.78 11.65 0.8
Deep blood plexus 0.07 46.85375  46.165 0.962
Dermis 0.16 11.78 11.65 0.8
Fat 3.0 11.448 11.44 0.9
Cutaneous melanoma (CM) -- 9.1925 9.185 0.8-0.9
Dysplastic nevi (DPN) -- 7.122 6.980 0.8

MATHEMATICAL MODEL AND NUMERICAL METHOD
The generalized governing equation for the transport of

light within an absorbing, emitting and scattering tissue in any

direction § about the elemental solid angle AQ is given as [7,

13-15, 21, 22]

1al(r,51) +d|(r,§,t)
c ot ds

=—BMI(r,5,1) + K2 (N1 (r,51)

1)
+GLST(;) [ 108.00(.5)dy
Q=4r

where | is the intensity which is a function of direction Q(6,
¢) and wavelength 4, AQ is the solid angle (= sinf d@ d¢), 0 is
the polar angle, ¢ is the azimuthal angle, r is the position
vector, t is the time, § is the direction vector, s is the
geometrical distance in the direction $, c is the speed of light in
the medium (= cya/N), Cuqc iS the speed of light in vacuum, n is
the refractive index (= 1.4), B is the extinction coefficient (=x,
+ 03), ks is the linear absorption coefficient, o5 is the linear
scattering coefficient, I, is the black body intensity, O(S, §j) is
the scattering phase function and subscript i denoted incident
directions. The tissue is approximated as 1-d planar
participating medium (Fig. 1) and a longitudinal section of
tissue has been considered.

The propagation of collimated component of laser light is
given as [22]:

The diffuse intensity /; within the medium originates due
to the attenuation of collimated intensity of laser, /. Thus, the
intensity / in Eq. (1) is composed of two components, i.e., [ = I.
+ 1I,;. Substituting the expressions for intensity / as well as

equation for collimated intensity /. (i.e., Eq. (2)) in Eq. (1), give
rise to a modified radiative transfer equation (RTE) [15]

(1]6Id(r,§.t)+d|d (r,8.1)

C ot ds

=—B(r)l4 (r.8t)+S (r.51t) 3)

where S; and Sy are the source terms due to the collimated
and diffuse radiations, respectively, and S; (= S. + Sy) is the
total source term. The source term due to collimated and diffuse
remnant can be written as [15, 22]

Sc(r,é,t):UZ—E:)I 1, (1,1 D(5,8)dO, “
A 4

Sy (r.8t)=ry(r)ly(rt)+ GZS) _f Ig (r.§,t)D(,8)dQ;

With &, the incident angle of the laser source measured
from the outward normal to the north boundary (Fig. 1), the
collimated intensity (l.) in Eq. (4) can be written as [15, 23]
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where .o is the maximum laser intensity at the skin
surface, s, = z/cosé, is the geometric distance in the direction
Qc(6:), N is the number of pulses, T, (=2 t;) is the time period,
t. = 3t, is the cut-off time, t, is the pulse width and ¢ is the
Dirac-delta function.

The scattering phenomenon in the biological medium is
mostly in the forward direction, due to which the scattering
phase function, ®(s, §;) in Eqg. (4) is approximated using
Henyey-Greenstein (H-G) phase function [15, 21]. The H-G
scattering phase function can be written in terms of Legendre
polynomial, Py, for azimuth symmetric case and is given as:

L max

®($,8) =1+ Y (2L+1)g"P,(cos ) P (cos ) (6)

where g is the asymmetry factor/average cosine of the
phase function, L is the order of approximation, § and §; are the
direction vectors. The study considers Legendre polynomial of
18" order, i.e., Ly, = 18. It is fair enough to have this
approximation, since, the change in the solutions is minute for
L > 18. The boundary intensity is given as [22]:

4
ly (R .0) =20

%)L
)

where Ty, &, and o represent the boundary temperature, the
wall emissivity and the Stefan-Boltzmann constant,
respectively, subscript w represents the wall or the skin

|:|d (ry.$:1) +Ic(rw,§,t)]cosa aQ
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boundary. The first term on the right hand side of Eq. (7)
represents the emitted intensity from the boundary and second
term represents the reflected component of the boundary
intensity.

The diffuse intensity 14 in the medium can be obtained by
solving Eqg. (3) along with the knowledge of source term S,
from Eq. (4). Variation of the collimated intensity (lc) within
the tissue can be obtained by solving Eq. (5). It has to be noted
that, the evaluation of the source term S, (= S + Sg) requires the
knowledge of intensity distributions, 1. and 4. After the
intensities are estimated at all nodes and discrete angles using
Egs. (3) and (7), the radiative heat flux values could be
determined using [22]

a;(rt)= f I (r,.Q;,t) cos6, dy, (8)

Ax

where subscript j is a variable representing either
collimated, ¢ or diffuse, d. The reflected radiative signature is
mainly due to the scattered intensity measured at the irradiated
skin surface and can be written in non-dimensional form as
[22]:

Gg (1)
qc,O (rN 't)
where qq is the heat flux due to diffuse remnant and g is

the maximum heat flux at the irradiated boundary ry (say, north
boundary is irradiated).

Q?ef (nvot) = ©)

In the present study, fully implicit numerical procedure has
been adopted. The FVM has been used in this work to evaluate
the transient intensities in all the discrete directions, say m, by
following a specific set of time marching and ray tracing
methods [22]. At first, the modified RTE (Eq. (3)) has been
written for discrete directions having index m. Later, the first
term in the left hand side of Eq. (3) has been approximated
using the backward differencing scheme in time. Hence, the
discretized form of Eq. (3) can be written as [15, 22]:

alg (r.t)

+AlF (rt)=S"(r,t)+BIg (r,t—At) (10)

where B = 1/cAt and A = f(r) + B are the constants.
Similarly, the boundary conditions for the one dimensional
planar medium (Eqg. (7)) in discrete directions can be written as:

3
N
)

/2[Id (rw,em,t)+ IC(rW,Hm,t)}cosﬁm sin@mAO™
(11)

where M, is the number of discrete points considered over
the complete span of the polar angle 8 (0 < 6 < n), My2
represents the angular space through which the incoming rays
from the skin reaches the boundaries (the incident rays at the
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south boundary are coming from the north within the polar
space (0 < 8 < 1/2) and the incident rays at the north boundary
are coming from the south within the polar space (/2 < 8 < 1)),
and subscript w is a dummy variable for the north as well as the
south boundaries. The resulting discretized equation of RTE,
i.e., Eq. (10) is obtained by implementing FVM in all discrete
directions m [22], and the intensity at the cell center of a control
volume can be written as:

207" 1§y (1) +5{p ()av AQT +BI  (t-At)dv AQ™

D' >0
n 2D+ AdvdQ™
1M (t)=
dp (! 2|pP 175 (1)+STp (t)av AQ™ +B1F (- At)dV A" e
Z‘D'Z“‘+AdVde ’
(12)

where D)'is the directional component of FVM ( = 2= sin

0" cos 0" sin AG™) provided azimuth symmetry, AQ" is the
elemental solid angle in discrete direction (= 4n sin 6" sin
AG"[2), dV is the discrete volume (1x1xdz), superscripts P, N
and S refer to cell center, north and south, respectively.

Owing to the azimuthal symmetry, the diffuse intensities at
any point in the medium have to be traced over the polar space
0 < 0 <z From Eq. (12), the diffuse intensities are south bound

for 0 <0< z/2 (D, >0), and northbound in the polar space for
n/2 < 0 <z (D) <0). While marching from north to south

(D' >0) the cell center intensity 15, of the first control

volume adjacent to the top boundary was determined at a
particular direction, say m, using Eq. (12) based on the

knowledge of north boundary intensity I(‘,“’N obtained from
boundary condition (Eq. (11)). Next, based on the known value
of cell center 13, and north boundary 13y intensities of the
first control volume adjacent to the top boundary, the intensity
I{'s at the common boundary of first and second control
volume has been determined using the relation:

70 (1= BN 0 (13

Further, the known intensity I4's of the first control volume

will become the north intensity 17" for the second control
volume. Again, in a similar fashion, the intensity at the cell
center |4, and at the cell interface 135 of second control

volume were determined. This space marching process has
been repeated for all the discrete directions (0 < 6 < w/2), and
for all the control volumes from the north boundary to the south
boundary.

In a similar fashion, the cell center intensity 17, for the

first control volume adjacent to the bottom boundary has been
determined using Eq. (12) while marching from south to north
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(DI <0) based on the knowledge of south boundary intensity
I(TS using the boundary condition ((Eq. (11)). Next, based on

the known value of cell center I3, and north boundary 1
intensities of the first control volume adjacent to the bottom
boundary, the intensity I(T’N at the common boundary of last
and second last control volume has been determined using Eq.
(13). Again, the known intensity Ing of the last control

volume will become the south intensity 17's for the second last
control volume, and the intensity at the cell center 14, and at

the cell interface 1y of second last control volume was

determined in similar fashion. Here also, the space marching
process has been repeated for all the discrete directions (z/2 < 0
<), and for all the control volumes from the south boundary to
the north boundary.

At any time level, the computation of cell centre intensities
also requires the knowledge of the total source terms and cell
centre intensities of the previous time level, which are the
implicit functions of the intensity. The values for the terms that
are implicit function of intensities are taken as a guess during
computation, which are refined by achieving a numerical
convergence after repeated iterations. A detailed discussion on
the ray tracing and time marching procedure can be obtained
from [15, 22].

After the intensities are evaluated at all nodes and discrete
angles, the distribution of reflected radiative heat flux at the
irradiating surface is computed using Eg. (9). The boundaries of
the skin have been assumed to be covered with a gel of similar
refractive index of that of the tissues to avoid mismatch in the
refractive index at air-tissue interface. The emission component
of the radiation owing to the temperature of the skin and
absorption of radiant energy including its boundary does not
affect the radiative signatures. This is due to very short
residence time of radiation in the skin {O (10 s)}. The
absence of emission component as explained above, i.e., the
nonexistence of reflection component, is owing to the fact that
human skin acts like a black surface [15].

Each skin layer has been divided into equal cell size having
grid size of 0.002 mm. The study considers 50 angular
divisions of polar space. These parameters are identified after
grid and ray independent study. The convergence at each time
step (9.333x107 ps) has been assumed to have achieved when
the change in the total source term S; at all the points for two
consecutive iterations did not exceed the tolerance limit
(1.0x10™%). In order to evaluate the accuracy of the FVM, the
results obtained using FVM has been validated with that of the
mDOM [15].

In the literature, the reflectance mode detection of
subsurface anomalies within a mimicking tissue (or mouse
models) has been extensively studied [7, 13, 14]. These studies
were not specific to any human tissue and malignancies, and
are of general nature or on mouse models. Also, significant
number of studies related to numerical radiative transfer
methods to this class of problems have been studied such as the

Monte Carlo method [7], the discrete ordinate method [13-15],
and the finite volume method [24].

RESULTS AND DISCUSSION
The variation of collimated (1;) and directional diffuse

intensities (15"*) along with the depth of healthy skin at

different instants of laser exposure and idle time has been
shown in Fig. 3.
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Figure 3 Variation of (a) the collimated intensity and (b) the
directional diffuse intensity with the depth of healthy skin, h,
subjected to a single laser pulse of 1ps pulse width. The
intensity distributions with the depth have been presented for
different instants of laser exposure, i.e., t = 2.5 ps, 3.0 ps, 3.5
ps, and 6.0 ps, and laser idle time of t = 6.5 ps

It can be observed from Fig. 3(a) that, the collimated
intensity of laser light travels a distance of h = 0.2 mm (up to
the papillary dermis) within the skin and completely disappears
with further increase in the depth. The maximum magnitude of
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collimated intensities along the depth has been observed at the
peak of the Gaussian laser pulse, i.e., at t = 3.0 ps, when the
skin is subjected to single laser pulse of 1 ps pulse width. The
directional diffuse intensities (15"*) due to the attenuation of

collimated remnant have been found to be penetrating to a
greater distance, say, 2 mm (up to the lower dermal layer),
within the skin as can be seen from Fig. 3(b). Hence, the diffuse
intensity allows one to resolve greater probing depth. The
contribution of south bound directional diffuse intensity along
the incident direction, i.e., m = 1, has been presented in Fig.
3(b) for different instants. The peak magnitude of the diffuse
intensities (1) has been observed within few millimetres of
the living epidermis, and the maximum value of the diffuse
remnant along the depth has been observed at t = 3.5 ps of laser
exposure time.

The reflected radiative signals from various stages of
cutaneous melanoma (ES I, CL I, CL Ill and CL 1V) as well as
benign lesion (DPN) have been compared with that of the
healthy skin in Fig. 4. Whereas, Fig. 5 depicts the variation in

the relative contrast ( Aqj,, ) between the healthy skin (g, ,om)

and different lesions ( Gy eon )-

0.08
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Figure 3 Temporal variations of reflectance (q,, ) from

healthy skin, various stages of malignant lesions (ES I, CL II,
CL Ill and CL 1V) and benign lesion (DPN) due to SP laser
light of 1 ps pulse width

It can be observed from Figs. 4 and 5 that, the increase in
penetration depth with different stages of melanoma increases
the difference between the peak magnitude of reflected signals
emanating from healthy skin and melanoma.

The peak magnitude of characteristic signals from skin with
DPN and different CM stages have also been found to be
varying, except that for the early stage of CM (ES 1), as can be
seen from enlarged view of Fig. 4. It is evident from Fig. 4 that,
the change in temporal variation of characteristic signals is an
indicative of the CM spread to greater depths, and the variation
in the relative contrast in Fig. 5 between different CM stages
are clearly distinguishable. The observed change in the
magnitude of characteristic signals is mainly due to difference
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in lesion absorption and scattering coefficient. Based on the
above observations, it can be predicted that, the reflectance
mode SP laser probing approach is capable to distinguish
different growth phases of melanoma and benign lesion from
the healthy skin, but the probing method fails to differentiate
the benign from malignant. Overall the performance of
reflectance mode SP laser modality has been found to be
sensitive to the change in optical properties and penetration
depth of lesion within the skin.

Figure 5 The temporal variation of the difference in the
reflectance values, Aqy, , between healthy skin (O norm ) @nd

various 1esion (O jesion ) Within the skin

CONCLUSIONS

This paper presents a model based feasibility study to
demonstrate the role of short-pulse laser for the detection and
differentiation of skin melanoma stages and benign lesion.
Here, the reflected signatures from normal human skin and skin
with abnormal lesion were used (a) to differentiate different
stages of cancer (melanoma) and (b) to distinguish melanoma
from benign lesion. The study revealed that, the present short-
pulse laser probing approach is capable to differentiate various
growth phases of melanoma from the healthy skin except the
early stage (ES |) that featured negligible contrast between the
healthy skin and skin with ES 1. In addition, the probing
method also failed to distinguish the benign lesion (dysplastic
nevi) from malignant lesion (melanoma) since their optical
properties were nearly same. Overall, the performance of the
present short-pulse laser modality has been found to be
sensitive to the change in optical properties and penetration
depth of lesion within the skin. Finally, the evaluation time for
the present probing system is of the order of picosecond which
is relatively fast compared to the other non-invasive skin cancer
detection systems.
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