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Abstract. Mueller matrix imaging sensitivity, to delicate water content changes in tissue associated with early
stages of skin cancer, is demonstrated by numerical modeling to be enhanced by localized surface plasmon
resonance (LSPR) effects at the terahertz (THz) range when InN nanoparticles (NPs) coated with Parylene-C
are introduced into the skin. A skin tissue model tailored for THz wavelengths is established for a Monte Carlo
simulation of polarized light propagation and scattering, and a comparative study based on simulated Mueller
matrices is presented considering different NPs’ parameters and insertion into the skin methods. The insertion of
NPs presenting LSPR in the THz is demonstrated to enable the application of polarization-based sample char-
acterization techniques adopted from the scattering dominated visible wavelengths domain for the, otherwise,
relatively low scattering THz domain, where such approach is irrelevant without the NPs. Through these Mueller
polarimetry techniques, the detection of water content variations in the tissue is made possible and with high
sensitivity. This study yields a limit of detection down to 0.0018% for relative changes in the water content based
on linear degree of polarization—an improvement of an order of magnitude relative to the limit of detection with-
out NPs calculated in a previous ellipsometric study. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10

.1117/1.JBO.20.12.125007]

Keywords: biomedical optics; Monte Carlo simulations; scattering; polarimetry; millimeter waves.

Paper 150425R received Jun. 23, 2015; accepted for publication Nov. 24, 2015; published online Dec. 24, 2015.

1 Introduction
The development of high sensitivity noninvasive optical sensing
techniques for early detection of skin tissue abnormalities, such
as various skin cancer types, has been the subject of extensive
academic and commercial activities during the past decades.1–20

A variety of methods have been examined for this goal, each of
them tailored around some optical mechanism providing it with
certain ability to discriminate abnormal from healthy tissue. One
example is imaging at terahertz (THz) wavelengths that suffer
less from scattering effects, can have longer tissue penetration
depth (0.5 to 6.5 mm depending on water content of the tissue21)
compared with visible wavelengths (∼1 mm22) and present sen-
sitivity to local water content in the tissue shaping the reflected
electromagnetic (EM) field. The reflected field intensity image
can, therefore, provide contrast-based discrimination of healthy
and nonhealthy tissue by associating local intensity changes to
localized elevated levels of water content indicating pathology,
as it is well established that skin cancer causes elevated water
content.6–14 With the previously mentioned benefits of THz radi-
ation-based biosensing and imaging for skin cancer detection, it
is important to mention a key downside of imaging with long
wavelengths which is the reduced imaging resolution relative
to the near-infrared (NIR) and visible (VIS) spectral domain tra-
ditional optical imaging, as THz imaging enables normally res-
olution of a few hundreds of microns. However, in recent years,
growth of interest in the field of THz advances has already been
made in this area. Recent studies have yielded both more

effective THz sources and imaging techniques enabling subwa-
velength resolution THz imaging techniques by reducing the
spatial size of the THz sources’ beam, which can provide res-
olutions from several tens of microns23 to several hundreds of
nanometers,24 which should be more than sufficient for early
skin cancer detection via contrast-based imaging.

Another class of sensing techniques is based on localized
surface plasmon resonance (LSPR) methods, commonly imple-
mented for biomedical sensing at the visible and near-visible
spectral domain using gold and silver nanoparticles (NPs).15

LSPR is known for sensitivity enhancement for various sensing
configurations due to the spectrally and spatially localized
enhancement of the EM field near the NPs in the tissue, resulting
in high sensitivity to local changes in the permittivity near the
NPs. This sensitivity is used for “sniffing” local changes in the
tissue related to pathological processes.

A third class of imaging and sensing techniques is polarized
light imaging, mostly developed in the visible and NIR frequen-
cies, that can provide higher sensitivity,1–5,16,19,20,25 better
healthy/unhealthy tissue contrast,2,5 and imaging of subsurface
structures in the tissue26–28 when compared with nonpolarized or
single polarization imaging. These NIR and visible frequencies
polarimetric techniques lean mostly on the detection of skin tis-
sue pathologies based on scattering-induced effects such as
alteration of tissue cells and organelles sizes and orientation/
order due to the development of cancer. The basis for these tech-
niques is usually a creation of artificial images with improved
contrast between elevated normal/abnormal tissue regions,
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instead of the regular intensity images having low contrast.
These improved contrast images are actually polarimetric
images sensitive to tissue alterations associated with cancer
such as Mueller–Jones matrix images or other polarimetric
parameters images based on combinations of the latter.
Although impressive performance of each of these methods
has already been demonstrated, improving measurement sensi-
tivity and reliability of these diagnosis methods is still needed.

In this work, we propose improving the THz imaging detec-
tion sensitivity of skin cancer and healthy/abnormal tissue con-
trast by combining the advantages of THz imaging, polarized
light imaging, and LSPR. This combination of methods is
made possible by considering a new type of spherical NPs
made from InN, a material presenting LSPR at the THz domain.
Although InN has been used for surface plasmon resonance-
based sensing techniques,29–31 it has not been considered, to
the best of our knowledge, as a material for LSPR-based bio-
sensing for skin cancer detection in the form of NPs. We dem-
onstrate the expected improvement in sensitivity for polarized
light-based detection of changes in tissue water content at the
THz as a result of seeding the skin tissue with InN-based
NPs, and estimate the improved limit of detection for very
small water content changes associated with the early stages
of development of the disease. A discussion regarding the
desired spherical NPs parameters, such as the material, radii,
biocompatibility, and concentration, is presented along with a
consideration of two different NPs insertion into the tissue tech-
niques. Optimal NP parameters and insertion technique are then
suggested.

The assessment of the EM response and sensitivity analysis
for the proposed diagnosis method has been performed using a
Monte Carlo (MC) simulation for polarized light propagation in
skin tissue embedded with NPs. Such simulations have been
widely demonstrated to provide accurate predictions for the
behavior of reflected and transmitted EM fields for various bio-
medical and nonbiomedical applications,32,33 and are now con-
sidered as the “gold standard” for biomedical imaging numerical
prediction and approximation. We present in Sec. 2 a description
of the MC simulation used to derive the backscattered spatial
Mueller matrices, starting from the skin tissue structural and
dielectric model in Sec. 2.1 followed by a description of the cal-
culation of the scattering coefficients of the embedded NPs and
the choice of their properties in Sec. 2.2. We then briefly present
the MC simulation scheme in Sec. 2.3 and the analysis pro-
cedure used to calculate the sensitivity of the backscattered
field to the changes in tissue water content in Sec. 2.4. A dis-
cussion of the results is presented in Sec. 3, and a summary of
the study is presented in Sec. 4.

2 Monte Carlo Simulation Details
In order to describe the MC simulation used here for assessing
the products of THz polarimetric biomedical imaging, we pro-
vide in this section a description of the tissue model, NPs char-
acteristics, MC algorithm, and results analysis method. Our MC
simulation algorithm is based on the meridian plane MC algo-
rithm presented and validated by Ramella-Roman et al.34,35 for
polarized light propagation and scattering, with adaptations for
the stratified nature of the skin as has been described in Ref. 36
and widely implemented in many following works. For the sake
of brevity, we therefore provide only a concise description for
our MC simulation principles. Elaboration is provided regarding
only modifications that we have introduced to the MC algorithm

in order to accommodate for the structural and dispersive char-
acteristics of the skin tissue at the THz, and for the scattering of
EM fields from stratified spherical particles embedded in an
absorbing medium. However, a detailed description is given
in the following subsections regarding the skin tissue model
(structural and dielectric properties), regarding the considera-
tions in NPs selection and their properties and regarding the
practical consideration of NPs insertion methods into the tissue,
the resulting NPs distribution profiles in the skin and their result-
ing consequences for the sensitivity improvement sought in
this work.

2.1 Skin Structure, Electrical Properties, and
Modeling

Human skin is a very complex organ both in structure and physi-
cal behavior, due to the various functions it performs as the
mediator between the inner tissues and the surrounding
medium.16 Skin tissue’s complexity is a major challenge for
the establishment of an accurate numerical model intended
for simulating the interaction of EM fields with the skin tissue,
which is the base of any numerical estimation for skin tissue
imaging and biosensing numerical simulations. Thus, some sim-
plifications to the structure of the skin and its electrical proper-
ties have to be made in order to establish a reasonable yet
feasible model for numerical description of EM waves propaga-
tion. The nature of these simplifications varies with the consid-
ered EM spectral domain.

The first simplification deals with the basic structure of the
skin, focusing on the relatively long wavelengths of the sub-
millimeter wavelengths and THz spectral domain. Skin tissue
models for optical purposes that have proved to present high
agreement between numerical modeling results and experimen-
tal measurements, are best suited for submillimeter and THz
wavelengths spectral domain, often adopt the stratified nature
of skin tissue and assume it to be composed of three optically
homogeneous and optically isotropic and dispersive
layers.16,17,37–40 These layers correspond to the major layers
of the skin: the stratum corneum (SC) with a thickness of
30 μm, epidermis with a thickness of 100 μm, and dermis
with a thickness of 1350 μm.37,41 This three layer structure is
sandwiched between an ambient (air) and substrate (subcutane-
ous tissue) layers, constituting the spatial structure for the MC
simulation illustrated in Fig. 1. It is important to mention that
this homogeneous layer model neglects the scattering effects by
various tissue organelles and surface roughness, yet it can serve
as a valid first approximation, and has been widely done so,
since scattering effects caused by organelles are not significant
and less prominent at the long wavelengths of the THz domain.
As this is the case, the homogeneous material approximation of
the skin layers by dielectric mixing approaches and effective
medium theories has been the basis for many theoretical studies
and their experimental validations in the THz and submillimeter
wave lengths, among the references.16,39,41

This last discussion brings us to the second simplification of
the skin tissue that deals with the dielectric properties of the skin
in the discussed spectral domain. Since THz radiation is very
sensitive to the presence of water in the tissue, the dispersion
model of each layer is dominated by its water content. As a
result, the skin layers’ complex permittivity is varied mostly
by the water content of each layer, and can be thus characterized
by a parametric model describing the skin layers’ dielectric per-
mittivity as a combination of the permittivities of water, blood,
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and “dry biological material” as has been previously demon-
strated16,32,41 and based on experimental measurements at this
spectral domain.38,42–49 Similar parametric model approaches
have been utilized to describe the effective scattering and
absorption properties of skin tissue at the VIS and NIR.50,51

We apply a similar approach of dielectric mixing here in
order to describe the dispersive dielectric behavior of the
skin layers, based on experimental measurements and double
Debye permittivity modeling based on THz pulse spectros-
copy.9,52 The basic idea is that the effective complex permittivity
εeff of each layer can be described as a mixture of its constituents
each having permittivity εi and a volume fraction of fi, all obey-
ing the dielectric mixing formula of the form presented in
Eq. (1).53 Here, the constituents of each layer are water,
blood, and “dry biological matter” having the same complex
permittivity in each layer but with different volume fractions
EQ-TARGET;temp:intralink-;e001;63;341X
i

fi
εi−εeff
εiþ2εeff

¼0; i∈fwater;blood;dry biomatterg: (1)

Since the complex permittivity of water and blood is known
via spectroscopic measurements, we only need to determine the
permittivity of “dry biological matter.” The permittivity of the
latter has been estimated to be 2.5 and with negligible losses
at the lower portion of the THz wave region (up to
100 GHz), has not yet been determined for higher frequencies
which are of interest to us, leaving only the above used low fre-
quency permittivity for verification of a more wide frequency
estimation described hereafter. We use the permittivity of the
epidermis at THz frequencies determined by dielectric spectros-
copy at THz frequencies9,53 and extract the desired permittivity
of “dry biological matter” from Eq. (1) based on the estimated
volume fractions of water, blood, and “dry biological matter”50

detailed in Table 1 for the epidermis. We then use it to determine
the permittivity of the other skin layers based on each layers
volume fractions parameters (Table 1).

Based on the established above dispersion model and by
switching the notation for water and blood content (volume frac-
tion), the complex permittivity of each skin layer k can be des-
ignated by εkðω;ϕk; ρkÞwhereω stands for angular frequency, ϕk
for water content in skin layer k (and ρk for the blood content in

skin layer k (k ∈ fSC; epidermis; dermis; subcutaneous tissueg).
It is through this dependence of the complex permittivity on tissue
water content, that the sensitivity to water content changes can be
determined numerically, by examining the corresponding changes
to the nature of the EM field backscattered from the skin tissue. In
essence, the water content of each skin layer can be varied inde-
pendently by gradually changing its value relative to the “normal”
or nonpathological state water content parameter designated by
ϕk for each of the skin layers, imitating pathological processes
which exhibit higher water content values compared with normal
tissue. Equation (2) illustrates this simple description of water
content relative change per skin layer, where δϕk is a measure
of the relative change compared with

EQ-TARGET;temp:intralink-;e002;326;374ϕk;modified ¼ ð1þ δϕkÞ · ϕk; (2)

the normal water content parameter ϕk. Having established the
structural and dielectric properties and the mechanism through
which we will introduce the tissue’s water content changes asso-
ciated to skin cancer, we turn to describe the considerations con-
cerning the NPs.

2.2 Nanoparticles for Localized Surface Plasmon
Resonance and Scattering Calculations

The scattering cross section and absorption cross section of a
spherical NP have been shown46,47 to be inversely proportional

Fig. 1 Illustration of the stratified skin model embedded with nanoparticles (NPs) at the stratum corneum,
epidermis, and dermis (with widths of 30 μm, 100 μm, and 1.35 mm accordingly) with variable values of
the water content in the epidermis and dermis. NPs concentration in the different layers can be constant
or decreasing with skin depth—depending on NPs insertion method (see Sec. 2.2).

Table 1 Skin layers’ parameters—thickness and volume fractions of
water, blood, and “dry biological matter” for the complex permittivity
model for each skin layer.

Skin layer name Thickness (μm) fwater f blood f dry bio material

Stratum corneum (SC) 30 0.05 0 0.95

Epidermis 100 0.2 0 0.8

Dermis 1350 0.6 0.04 0.36

Subcutaneous tissue — 0.7 0.05 0.25
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to εp þ 2εm, where εp is the complex permittivity of the particle
and εm is the complex permittivity of the particles’ surrounding
medium. It is because of this relation that a considerable eleva-
tion of the scattered radiation’s sensitivity to delicate changes in
the skin’s dielectric properties (i.e., in εm) is achieved. When
embedding the tissue with metallic NPs that present for some
frequency a negative value for εp similar in magnitude to
that of the positive value of 2εm, a local maxima in the scattering
and absorption cross sections is achieved. This spectral behavior
is illustrated in Fig. 2 which presents the extinction cross section
for InN, InSb, and Si both bare and coated with Parylene-C shell
at the THz spectral domain. Figure 2 provides an intuitive
explanation to the enhanced sensitivity to water content-induced
dielectric (εm) changes by realizing that for a given frequency
near that of the LSPR a change in εm causes a considerable
change in the cross sections. This is due to the rapidly changing
spectral pattern of the cross section with the changes in εm, caus-
ing a considerable relative change in the backscattered intensity.
This relative change in intensity is expected to be much more
significant than the one caused by the change in the permittivity
without the presence of NPs.

Since the dielectric properties of the skin are a given reality,
in order to achieve this high sensitivity at the spectral domain of
interest, the obvious degree of freedom is the choice of the NPs’
material. This choice must satisfy the condition that the NPs will
present LSPR associated rapid changes in scattering and absorp-
tion cross sections in the spectrum domain of interest. Having
presented the advantages of THz spectral domain for biomedical
imaging, we examine InN, InSb, and highly doped Si as candi-
date materials for the desired NPs as they will present LSPR
behavior in this spectral domain and will further improve its per-
formance. However, the biocompatibility of the above materials
is not clear in contrary to that of gold and silver used for LSPR-
based biosensing at the visible domain, so a configuration InN/
InSb/Si-based NPs with an outer layer that is biocompatible and
biostable must be considered instead of pure InN/InSb/Si NPs.
We consider InN/InSb/Si spherical particles coated with
Parylene-C, a material which has been verified for biocompat-
ibility, biostability, and thermal stability; and has been widely

used for in vivo applications such as stents, cardiac assist devi-
ces, surgical tools, implants catheters, and other applications;
and has been approved for use by the U.S. Food and Drug
Administration and is compliant with ISO standards.54–57 These
NP configurations of Parylene-C coated InN/InSb/Si NPs could
thus be considered safe for insertion into tissue. Parylene-C also
possess dry-film lubricity allowing multilayer penetration57

which is a desirable quality for the insertion process of the NPs
into the skin tissue, since we are interested in sensing water con-
tent variations in the deeper skin layers (epidermis and dermis).
Throughout this work, we maintain a Parylene-C coating width
of 2 nm for all various core material radii.

2.2.1 Scattering coefficients for coated and uncoated
nanospheres embedded in absorbing media

Propagating through the skin tissue or model, the EM field will
experience scattering and absorption by the embedded NPs
according to the scattering characteristics determined by Mie
scattering formalism. These scattering properties, as have
already been mentioned, are dependent both on the scatterers’
properties and on the medium in which they are embedded in, as
well as on the particles geometric properties. Embedding met-
allic NPs with different dispersive characteristics: InN,31,52

InSb,58 highly doped Si59 (with free carrier concentration of
Nc ¼ 5 × 1019), Au,60,61 and Parylene-C,62 into the three skin
layers having electrical properties presented in Sec. 2.1, leads
to the less trivial case of Mie scattering formalism where
both scatterers and surrounding medium have complex permit-
tivities. We determine the scattering properties of the NPs by
extending the algorithm described by Frisvad et al.,63 the recur-
sive algorithm presented by Pena and Pal64 for the calculations
of the scattering coefficients and cross sections for scatterers in
absorbing media with the algorithm presented in Refs. 65 and 66
in order to allow for the treatment of coated spheres in absorbing
medium. These scattering properties have then incorporated into
the MC simulation, allowing calculating the scattering direction,
amplitude, and polarization state of the backscattered field.

In order to strengthen the validity of the MC simulation pre-
dicted results, all of the scattering coefficients, cross sections,

Fig. 2 Localized surface plasmon resonance dominated extinction cross section for InN, InSb, and Si
and for Parylene-C coated InN, InSb, and Si NPs with core radius of 5.5 nm embedded in the epidermis at
terahertz (THz) frequencies. The Parylene-C coating width is set as 2 nm.
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asymmetry factor, and the Lorentz–Mie coefficients calculations
integrated into our MC simulation have been compared with
several different examples of uncoated and coated spherical par-
ticles of different materials embedded in a variety of surround-
ing mediums as have been presented in the literature.47,63–66

2.2.2 InN nanoparticles properties determination for
comparative studies

The choice of NPs parameters such as radius and concentration
must satisfy both the need for a significant extinction cross sec-
tion and practical biomedical considerations. On the one hand,
in order to yield a high impact on the reflected field pattern, we
wish to maximize the effect of the NPs, i.e., maximizing the
extinction coefficient described in Eq. (3), where V0 is the vol-
ume fraction of NPs in the tissue, Vsingleparticle is the volume of a
single particle, and σext is the cross section of the NP

EQ-TARGET;temp:intralink-;e003;63;568μext ¼ ðV0∕VsingleparticleÞ · σext: (3)

We further demonstrate that, in Fig. 3, the extinction cross-sec-
tion peak is directly proportional to the NPs radius; and in Fig. 4,
the maximum change in the extinction cross section presents
similar behavior. Figure 4 illustrates that InN and highly
doped Si NPs are better than InSb; and since no considerable
difference exists between InN and Si, we continue our work
with the simpler InN material and set the frequency for
f ¼ 14 THz since it was demonstrated to give the highest
change in the extinction cross section due to water content
change as can be seen in Fig. 4.

It has been established that using larger NPs in a concentra-
tion as high as possible is expected to yield a high extinction
cross section/coefficient which will lead to considerable varia-
tion with changes in εm. On the other hand, practical biomedical
considerations might limit the size and concentration of the NPs,
depending on the NPs insertion into the skin method, since the
permeability of the intact tissue is inversely dependent on the
particle size and too high concentration of particles in the tissue
may obviously damage its functionality. Two common methods
are considered for inserting the NPs into the skin: injection of

NPs (local injection using a needle or needle free and systematic
injection) or via an NPs solution that is applied to the skin’s
outer surface. The latter method introduces a limit on the
size of the suggested InN NPs, even compared with the sizes
of the traditional spherical NPs used in biomedical optics in
the visible and NIR spectrum which are made of gold or silver
and usually have radii of 50 nm15 or less,66 and has severe impli-
cations on the applicability of the NPs-based sensitivity
enhancement method sought here.

Both considered NPs insertion techniques, injecting the NPs
into the skin or applying them on the skin’s outer surface and
letting them diffuse into the skin, are expected to result in differ-
ent NPs distribution and concentration profiles in the tissue. The
insertion method via the external application of a solution of
NPs in some aqueous material has been widely studied and it
has been recently demonstrated that gold and silver NPs that
have been prepared properly can penetrate the outer skin
layer, the SC, and reach the deeper skin layers67–70 but with
decreasing concentration. Furthermore, it has been demon-
strated61,68,70 via transmission electron microscopy, two photon
photoluminescence microscopy, and a sectioning imaging tech-
nique suggested by Labouta et al.68,71 enabling to quantify the
number of NPs in the skin samples, that the penetrability of the
intact healthy skin to NPs is inversely proportional to the NPs’
radii, and directly proportional to the NPs’ concentration in the
applied solution and skin exposure time to the solution. We
adopt the particle core radii (3 and 7.45 nm as larger NPs do
not penetrate efficiently the SC), NPs concentrations in the sol-
ution and skin exposure time (24 h) provided in Ref. 68 in order
to credibly model the skin penetration/volume fraction profile of
the Parylene-C coated InN NPs with equal dimensions. We then
fit these measured values to exponentially decreasing profiles of
the form VðzÞ ¼ V0 · e−a�z and insert it into the MC simulation
as the distribution of NPs concentration across the skin tissue.
Yet, since the MC simulation can manage only a fixed value of
NPs concentration in a specific layer, we divide the epidermis
and dermis layers into sublayers each with a thickness of 50 μm
having a constant concentration of NPs. It is important to stress
that the immersion of NPs in an aqueous solution does not

Fig. 3 Peak value at THz frequencies of the extinction cross section for bare InN, InSb, and Si NPs and
for coated ones with Parylene-C shell embedded in the epidermis versus core radius. A clear rise in peak
extinction cross section is seen with increasing particle radius.

Journal of Biomedical Optics 125007-5 December 2015 • Vol. 20(12)

Ney and Abdulhalim: Ultrahigh polarimetric image contrast enhancement for skin cancer. . .



change the water content of the tissue, which might have
affected the water content-based detection of relative and local-
ized changes in the skin, as after a long exposure time to the
solution the aqueous part easily diffuses away into the skin,
spreads in it, and vanishes. At this point, it is worth addressing
that the NPs solutions described in Ref. 68—3 nm particles with
low and higher initial concentration in the solution and a 7.5 nm
particles with low concentration in the solution yield low NPs
concentrations depositions in the skin which rapidly decay in
magnitude as the skin deepens. The description of the sensitivity
improvement results based on this approach of NPs insertion are
described in Sec. 3.

The second insertion method via injection on the other hand
appears to result in a relatively uniform concentration of par-
ticles in each layer since it has low dependence on skin tissue
permeation mechanisms because the injection process bypasses
the SC layer which functions as the main barrier set to prevent
the NPs from penetrating from outside the skin. Two different
approaches for injecting the NPs into the skin exist in the liter-
ature. The first is a local injection or multiple close injections of
an aqueous solution with NPs either by a needle or by needle-
free technique72 meant to bypass the SC and directly insert the
NPs, with radii up to ∼340 nm,72 into the epidermis and dermis
at high concentrations. The second is a systematic injection of
an aqueous solution with NPs where a high concentration sol-
ution is injected into the vein and spreads out through the
body.73 Some of the NPs reaches and permeates into the skin
tissue from within the blood vessels that supply the skin with
vitals. This approach has been recently studied in mice and
has surprisingly been shown to be nontoxic even at dosages
that were enough to accumulate in the skin in a manner visually
detectable. In this approach, our NPs distribution is uniform in
the epidermis and dermis, yet no NPs are introduced into the SC
and only negligible amount of NPs is expected to permeate into
the SC from the epidermis as can be intuitively deduced from the
results of the first approach.

In order to study the sensitivity improvement dependence on
NPs radii and volume fraction distribution in the tissue, we sim-
ulate the reflectance patterns for both insertion methods, and for
five different values of NPs core radii: 3, 7.5, 15, 50, and 150 nm
with different concentration profiles according to the insertion
methods. All radii values are used to examine the detection sen-
sitivity improvement expected by the second insertion method
for three different uniform concentrations in the skin. The first
two radii values are used for the first insertion method and for
three profiles based on the data from Ref. 68 and one elevated
volume fraction profile based on data extrapolation. The latter
has been performed in order to assess the effect of applying a
very high concentration solution of NPs to the outer layer of the
skin. The radii and volume fraction parameters used for the dif-
ferent simulations are summarized in Table 2.

2.3 Monte Carlo Simulation Scheme

The MC simulation follows the position, polarization state
(Stokes vector), and intensity of each of the photons as they
propagate through the stratified structure, experiencing sequen-
tial scattering events by NPs and skin layer boundary inter-
actions. These interactions continue until the photons have
either decayed in intensity below a predetermined threshold,
transmitted into the substrate (absorbed by the structure) or
emitted back out of the structure at the interface between the
ambient and first skin layer, thus contributing to the reflected
radiation. The unique concatenation of scattering events, boun-
dary interaction and propagation between them, including rota-
tion matrices to and from the polarization reference planes,
shape the accumulated Mueller matrix for each photon describ-
ing the relation between the Stokes vectors of each photon from
the normal-incident narrow pencil beam to the Stokes vector of
the reflected photon. The incoherent spatial sum of the reflected
photons’Mueller matrices, or “Mueller matrix maps,” is the out-
put of the MC simulation34,35,74,75 and the basis for the sensitivity

Fig. 4 Maximum change in the extinction cross section. (a) Change in extinction cross section versus
frequency due to a relative change of 1% in water content and normalized extinction cross section pattern
for normal water content for Parylene-C coated InN, InSb, and Si NPs embedded in the epidermis with
core radius of 50 nm. Maximal change in cross section is achieved at a lower frequency than the one for
maximal cross section for initial water content. (b) The maximal change of the extinction cross section
versus particle core radius for Parylene-C coated InN, InSb, and Si NPs embedded in the epidermis. A
clear rise in maximal change with particle radius is visible (notice logarithmic Y -axis).
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analysis. It should be noted that even though there is no differ-
ence between the outcomes of MC simulations of polarized light
propagation and scattering that are based on Jones or on Mueller
analysis,74,75 we have selected Mueller analysis since it is more
common and therefore intuitive for analysis, although our sim-
ulation also gathers the Jones matrix and the Jones matrix data
for coherent backscattering (CBS) as described in Refs. 76–78.
Validation of the generated Jones matrix patterns and the CBS
patterns against results from the literature for different tissue
configurations strengthen the validity of the used MC
simulation.

The MC simulation logical scheme is based on the meridian
plane MC simulation for polarized light propagation and scat-
tering presented by Ramella-Roman et al.34,35 Modifications to
the logic and scattering calculations have been made only to
support the nature of the particles discussed in Sec. 2.2.
However, in order to accommodate for the skin layered struc-
ture, considerable modifications to the logical scheme presented
in Ref. 34 have been made based on the widely adopted prin-
ciples of “Monte Carlo model of steady-state light transport in
multi-layered tissues” simulation for light scattering in multilay-
ered media as have been presented in Ref. 78 now fitted to treat
scattering of polarized light in multilayered structures. The log-
ical scheme for our simulation is presented in Fig. 5, which is
followed by a short explanation of some of the main stages in the
scheme.

Launch new photon—Each new photon is initialized and is
given initial values for its direction, its Stokes vector, its position
in the cross section of the beam according to the beam’s shape
and incidence angle and an initial weight of unity. Here, a nor-
mal-incident pencil beam shape was set propagating initially in
the positive z direction.

Propagate to interface/scatterer—Each photon is moved
along the propagation (phase) direction until it reaches an inter-
face or a scatterer according to the next interaction type. The
photon’s weight is updated by an exponential intensity decay
factor due to propagation in medium with dielectric losses.

Interface—Based on the incidence angle of the photon and
the complex permittivity of the mediums on both sides of the
interface, the reflection, and transmission coefficients and the
suitable interface interaction Jones and Mueller matrix79 are

calculated. The photon is either reflected or transmitted through
the boundary according to a selection process similar to the one
presented in Ref. 78.

Determine next interaction type—While the photon is within
the skin model, it can either experience an interaction with an

Table 2 Nanoparticles (NPs’) parameters and volume fraction profiles for both insertion methods considered.

Insertion method 1—permeation into the skin through the SC

Profile name 3 nm—low 3 nm 3 nm—high
(extrapolated)

7.5 nm—low

Particle core radius (nm) 3 3 3 5.5

NPs volume fraction profile 5.987×10−9

·e−87.819×10
3z

6.297×10−9

·e−39.819×10
3z ;

6.2978×10−7

·e−397.72·z
1.5156×10−9

·e−35.545×10
3z

Insertion method 2—injection (local or systematic)

Particle core radius (nm) 3 7.5 15 50 150

NPs volume fraction at SC (constant) 0 0 0 0 0

NPs volume fraction at epidermis (constant) 10−4, 10−5, 10−6

NPs volume fraction at dermis (constant) 10−4, 10−5, 10−6

Fig. 5 Logical scheme of the Monte Carlo simulation for the stratified
skin model embedded with NPs. The detailed description of the
stages is given in Sec. 2.3.
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interface between two skin layers or a scattering interaction with
an NP. The decision on which of the two interaction types is
done similarly to the principles described in Ref. 79.

Scatter—The polar θ 0 and azimuthal ϕ 0 scattering angles are
determined for each scattering event by a rejection method sim-
ilar to the one described in Ref. 34 (but with properly normal-
ized pdf). When a set of angles is selected, the photon direction
is updated to match the scattering angles and the interaction
matrix is determined by the selected angles θ 0, ϕ 0 as described
in Ref. 34. A change of photon’s intensity is made only in the
case that the absorption cross section does not vanish. This is
done by multiplying the photon’s Stokes vector, interaction
Mueller matrix, and photon weight by a factor of the well-
known albedo (σscat∕σext) which is the relation of the scattering
and the extinction cross sections.

Photon alive?/terminate photon/update reflection—After
each propagation, scattering, and interface event, the photon’s
position is examined; and the intensity weight of the photon
is compared with a predetermined value in order to determine
if the photon’s intensity has not dropped enough to proclaim the
photon as “dead” and abandon it. While the photon is not
“dead,” the logical flow of the photon in the simulation contin-
ues until either the photon is transmitted into the subcutaneous
tissue and terminated or is reflected from the skin model into the
ambient and is collected by the sensor—contributing to the
reflectance. Each of the collected photons’ Mueller matrix is
incoherently added to a spatial Mueller matrix or Mueller matrix
map, according to the position in which the photon was emitted
back to ambient, after rotating the reference frame of the pho-
ton’s accumulated Mueller matrix to that of the sensor’s which
are the original XYZ axes.34

A demonstration of the normalized Mueller matrix map of
the reflected radiation for two cases can be seen in Figs. 6
and 7. The first one, illustrated in Fig. 6, is a successful sanity
check for the MC simulation for the simple case of polarized
light at the visible domain propagating in and scattered by a
homogeneous dilution of polystyrene spherical NPs in water,

which became a common test case for MC simulations, and
can be used for comparison between different MC simulations
and to the results of a simple experimental setup.36,37,80

Figure 7 illustrates the Mueller maps for the skin model
embedded with Parylene-C coated InN NPs. It can be seen
that the spatial patterns are similar to the case of polystyrene
NPs embedded in water, yet they are less prominent due to
both absorption by the skin layers and the particles themselves,
and due to the reflection and refraction effects that arise due to
the stratified structure of the skin.

2.4 Analyzing the Mueller Maps

Several iterations with 107 photons each of the MC simulation
for the skin structure embedded with Parylene-C coated InN
NPs were performed for the volume fraction profiles and
radii discussed in the previous sections and summarized in
Table 2. Each iteration was made with a slightly increased
value of the water concentration (up to 0.5% change) in the epi-
dermis and dermis layers, typical for melanoma and basal cell
carcinoma (BCC) which manifests themselves at these skin
layers.80 Gathering and examining the Mueller maps resulting
from the different iterations, one can determine that they differ
from each other by some small change of the spatial pattern of
each of the Mueller matrix elements. A comparative study was
performed in order to evaluate the relative change between the
maps, caused by the changes in the water content of the skin
layers.

Since dealing with spatial patterns, the first and intuitive
approach is to compare each Mueller map simulated for elevated
water content to that of the original having “normal” water con-
tent, and assign a measure to the relative change between them
using a grade quantifying their difference. Such a grade can be a
root mean square error (RMSE) grade for each Mueller map
element. Though this approach does indeed present a monoto-
nous rise in this RMSE grade as the relative change in water
content increases, this approach is less immune to errors due

Fig. 6 Normalized spatial patterns of the Mueller matrix maps for a monodispersed solution of polysty-
rene NPs of 2.02 μm in diameter in water examined by a narrow pencil beam at 534 nm similar to the
simulated and experimental results given by Ramella-Roman et al.35 Prominent spatial patterns are dem-
onstrated for all Mueller matrix elements except M41 and M14. The horizontal and vertical scales are in
centimeters.
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to the statistical nature of the MC simulation that is used to gen-
erate the data set. We have thus adopted and examined several
polarimetric measures that can be expressed by combinations of
the Mueller matrix elementsMij (i, j ∈ f1;2; 3;4g), thus having
more “noise” immune mathematical expressions, and that have
been demonstrated in the visible wavelengths domain both
experimentally and numerically19,20,25 to be efficient as polari-
metric-based methods for contrast-based cancer detection. The
polarimetric measures are the linear degree of polarization
(LDOP) defined in Eq. (4) and the Mueller matrix transforma-
tion technique’s measures b and A defined in Eqs. (5) and (6)

EQ-TARGET;temp:intralink-;e004;63;95LDOP ¼ M21 þM22

M11 þM12

; (4)

EQ-TARGET;temp:intralink-;e005;326;205b ¼ M22 þM33

2
; (5)

EQ-TARGET;temp:intralink-;e006;326;170A ¼ 2 · ðM22 þM33Þ ·
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM22 −M33Þ2 þ ðM23 þM32Þ2

p
ðM22 þM33Þ2 þ ðM22 −M33Þ2 þ ðM23 þM32Þ2

:

(6)

The polarimetric measures LDOP, b, and A have been linked,
in the visible wavelengths domain where scattering of light in
the tissue is very dominant, to the presence and variation of the
nature of tissue scatterers such as collagen fibers and cell nuclei
and organelles induced by skin cancer (specifically BCC19,20)

Fig. 8 Illustration of the root mean square error (RMSE) grade for (a) linear degree of polarization
(LDOP), (b) b, and (c) A as a function of water content change in percentages, for skin without NPs
and skin embedded with Parylene-C coated InN NPs inserted via permeation through the skin. NPs
with radii of 3 nm for three different solution concentrations and 7.5 nm with the corresponding volume
fraction profiles from Table 2 are presented. Note that y -axis is in logarithmic scale, RMSE grade values
tending toward 0 or equal to it are omitted from the plots due to the logarithmic scale.

Fig. 7 Normalized spatial patterns of the Mueller matrix maps for InN NPs in the skin model. Less promi-
nent spatial patterns are demonstrated relative to the case of the no absorption case of the polystyrene
spheres in water due to the presence of absorption, both by the skin itself and by the particles as well as
due to the interactions with the skin layers. The horizontal and vertical scales are in centimeters.
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but have not been linked to the induced variations in water con-
tent since visible light is less sensitive to these variations. As
mentioned earlier, the longer wavelengths of the THz radiation
cause significantly less scattering, thus the sensitivity of these
parameters in THz to changes in the tissue scatterers will be
much less and in our homogenized model even negligible ren-
dering this skin cancer detection method useless. However, the
introduction of NPs into the tissue that do have significant scat-
tering and extinction properties via LSPR may revive the effec-
tiveness of this detection method, but through the detection of
skin cancer-induced water content changes and not tissue organ-
elles variations. An analysis of the limit of detection based on
these polarimetric measures is then performed in order to evalu-
ate this suggested skin cancer detection methodology’s sensitiv-
ity and usefulness.

We examined the relative change in the above polarimetric
measures compared with relative increase in water content in
order to determine the sensitivity of polarized light imaging
to water content changes in a tissue embedded with the NPs
(for the different configurations in Table 2) and compare
them with the behavior of the tissue without NPs. Since the rel-
ative change incline for the above polarimetric measures is faster
for the case with NPs than without them, then the NPs do indeed
increase the sensitivity of this Mueller matrix-based imaging
method due to water content changes that can be related to
skin cancer. Furthermore, as different configurations of scatter-
ers interact differently with the THz radiation and thus are
expected to result in different sensitivities, a brief study is per-
formed in order to determine the sensitivity’s dependence on the
particle configurations presented in Table 2.

Since our raw data are the Mueller maps, having 16 elements
for the 16Mueller matrix elements each spreading on an array of
pixels, three new scalar relative change grades are defined
based on the LDOP, b, and A polarimetric measures given in
Eqs. (4)–(6). We note by Mm;n

i;j ðδϕÞði; j ∈ f1;2; 3;4gÞ the m,
n pixel of the Mueller map element representing the Mueller
matrix element Mij resulting from the MC iteration with
water content change by an amount of δϕ (given in percentages
relative to the “normal” initial value). The definitions in
Eqs. (4)–(6) were then used to create the LDOP, b, and A
maps by applying the relations in Eqs. (4)–(6) per pixel.
Now we have as a result three new maps instead of the 16
of the Mueller maps, hereafter noted as LDOPm;nðδϕÞ,
bm;nðδϕÞ, and Am;nðδϕÞ. In order to evaluate the change in
the above new maps resulting from the water content increase
δϕ, the difference maps of the elevated water content tissue were
examined relative to the nonelevated case, e.g., ΔbðδϕÞ ¼
bm;nðδϕÞ − bm;nðδϕ ¼ 0Þ. The RMSE, also known as root
mean square deviation, between these each two maps is
given by summing over the pixels of the squared value of
the square of the difference map divided by the number of pixels
yielding a scalar instead of a matrix, as is illustrated for b in
Eq. (7). These RMSE grades for the LDOP, b, and A measures
will

EQ-TARGET;temp:intralink-;e007;63;159bRMSEðδϕÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

m;n½bm;nðδϕÞ − bm;nðδϕ ¼ 0Þ�2
Npixels

s
; (7)

serve as the relative change grade evaluate the sensitivity of
these measures to the water content change.

A self-consistency check of the simulation was made, by cal-
culating the relative difference between LDOP, b, and A maps

extracted from different runs of the simulation with the exact
same parameters in order to verify that the statistical nature
of the simulation does not result in statistical error comparable
with the difference between simulation runs with even slightly
changed water content.

3 Results and Discussion
Examining the MC simulation results for the first method for the
NPs insertion into the skin through permeation of NPs through
the SC layer, we learn that less than 0.0005% of the photons
were scattered even once. This means the dominant types of
interactions for the THz photons were attenuation by the linear
absorption and skin layer interface interactions (reflection and
refraction), as scattering is clearly almost negligible. These
results are well expected due to the overall low and exponen-
tially decaying of the NPs’ concentration with skin depth profile
in the tissue as a result of the NPs insertion method. As the scat-
tering is almost nonexistent, the introduction of NPs into the
tissue has negligible effect on the sensitivity to water content
change, a fact that is evident through the results presented in
Fig. 8 for the polarimetric measures LDOP, b, and A. The lowest
concentration of 3 nm NPs is almost identical in behavior to that
of the tissue without NPs. For the 3 nm NPs, increasing the con-
centration of NPs does result in relative increase in the RMSE
grades, yet the slope of the RMSE grades plotted relative to the
change in water content is still very low, as well as are the values
of the change themselves. It can also be seen that the 7.5 nm NPs
have stronger reaction in LDOP and A to the water content
change relative to the 3 nm with the low and moderate concen-
trations. This is due to the stronger scattering power of the larger
NPs and the difference in the extinction cross section with
increasing radii. Yet, the sensitivity of these parameters does
not increase enough to be satisfying. Therefore, we examined
the results for the second method of NPs insertion into the
skin and neglected this insertion method.

The relative RMSE grade results for LDOP, b, and A mea-
sures estimated for water content changes up to 0.5% are pre-
sented in Fig. 9 for some of the injected Parylene-C coated InN
NPs’ configurations from Table 2, along with the RMSE grade
results for similar simulation runs without the NPs. A clear
monotonous rise in the RMSE grades can be noticed, indicating
increasing difference between LDOP, b, and Amaps for increas-
ing water content. This desired monotonous behavior means that
the NPs insertion into the skin has preserved the relationship
between water content and reflected intensity of the EM fields
enabling contrast-based imaging in THz to be used for the detec-
tion of water content change in the skin. Furthermore, the slope
of the RMSE grade versus the relative water content change is a
measurement of sensitivity of the polarimetric measures for
changes in the water content: steeper rise means higher sensi-
tivity to water content change. A clear improvement of sensitiv-
ity between the case without NPs and the case with NPs is
evident, and sensitivity rises when the particle radius increases
as might be expected. Before we turn to quantify the sensitivity
of these RMSE grades to the water content change in the tissue,
we notice that the values for the b measure are very low, thus
implying low sensitivity to water content change. Therefore, this
measure is neglected for the sensitivity improvement analysis
that follows. It is also interesting to note that out of these
same parameters, the LDOP and b measurements were more
effective than A for detection of BCC in the visible wavelengths
domain. For the THz wavelengths, however, b has become less
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effective than A as the mechanism causing the variations has
changed from variations in the particle sizes in the visible to
the alterations of the particles’ surrounding medium’s complex
permittivity that has stronger impact on the scattered field’s spa-
tial distribution. This impact results in breaking the isotropy of
the overall scattered field distribution as the NPs number density
is not that high as that of the cells and organelles, thus leading to
lesser homogeneity of the scattered field distribution in the NPs
embedded tissue.

Since Mueller matrix imaging is based on reflection mea-
surements, the limit of differentiation (LOD) between skin tissue
areas having slightly different reflection is limited by the repeat-
ability of the reflection coefficient which is of the order of
0.001.16,71 Comparing the relative change RMSE grades with
the above repeatability value, one can estimate the LOD for
each of the RMSE as is detailed in Eq. (8), where S is the
slope of the considered RMSE grade around δϕ ¼ 0 and
hδðRMSEÞi is the repeatability

EQ-TARGET;temp:intralink-;e008;63;288LOD ¼ hδðRMSEÞi
S

: (8)

LOD values for LDOP and A RMSE grades and for each of
the injected NPs configurations from Table 2 are detailed in
Table 3. The lowest value for the considered configurations
is 5.4 × 10−3% achieved by LDOP for 150 nm NPs with a vol-
ume concentration of 10−4. This lowest LOD is achieved for the
largest NP considered and with the highest volume fraction con-
sidered. These two characteristics combined do not imply that
the THz photons have gone through the greatest number of scat-
tering events, as the extinction coefficient decays faster with par-
ticle radius than increases with extinction cross section.
However, it means that the reflected intensity pattern has
changed here mostly due to the scattering events that have
occurred, because larger particles have larger change in the
extinction cross section as have been illustrated.

For comparison, water content changes in malignant tissue
can reach ∼5% as has been demonstrated by various methods
detailed in Ref. 81. Another interesting comparison is with the
results of our earlier work,16 where we have performed a similar
analysis for the LOD% of water content change based on ellip-
sometric parameters using an analytic approach. It has deduced
an LOD of 0.063% after performing frequency and incidence
angle optimization which is not performed in this current

Fig. 9 Illustration of the RMSE grade for (a) LDOP, (b) b, and (c) A as a function of water content change
in percentages, for skin without NPs and skin embedded with Parylene-C coated InN NPs with radii of 3,
15, 50, and 150 nm at a volume fraction of 10−4. Monotonous rise in all RMSE grades is observed along
with a significant improvement for the skin embedded with NPs. Note that the logarithmic y -scale for the b
measure.

Table 3 Limit of detection for water content change for the polarimetric measures linear degree of polarization LDOP and A study as calculated
from the relative change grade for InN coated with Parylene-C NPs.

NPs volume fraction 10−4 10−5 10−6

Polarimetric measure NPs core radius LDOP (%) A (%) LDOP (%) A (%) LDOP (%) A (%)

3 nm 0.0054 0.0322 0.0261 0.2318

15 nm 0.0024 0.0148 0.0039 0.0435 0.0101 0.8896

50 nm 0.0021 0.0098 0.0037 0.0357 0.0091 0.6752

150 nm 0.0018 0.0054 0.0036 0.0296 0.00632 0.0626
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study. The results presented here imply at least an order of mag-
nitude improvement in the LOD by introducing the Parylene-C
coated InN NPs with high enough extinction cross section
(achieved by the high volume fraction of NPs in the tissue
and the large radius of the NPs). Even better results might be
achieved by optimization of particle size and concentration in
the tissue, as at some point increasing the NPs radius should
become inapplicable or just cause too few scattering events
when maintaining constant volume fraction of particles in the
tissue.

4 Summary
NPs that present LSPR in the THz wavelengths were suggested
to be incorporated in tissue through two insertion methods in
order to elevate the sensitivity to water content variations in
the skin that have been associated with skin cancer. After evalu-
ating several configurations of coated particles, Parylene-C
coated InN has been selected as the best alternative for NPs con-
figuration, presenting both high sensitivity to water content
change and biocompatibility. The insertion method using injec-
tion of NPs into the skin by either localized or systematic injec-
tion has been analyzed via MC simulation, leading to the
conclusion that the latter is preferable for in vivo methods as
it provides the ability to insert NPs with larger dimensions
and achieving higher concentration of NPs in the tissue, both
needed for amplifying the NPs’ effect. The insertion of NPs
in the skin has been demonstrated to enable the use of the
Mueller-based polarimetric imaging measures LDOP, b, and
A, otherwise ineffective due to the low scattering effects in
the THz wavelengths domain. The insertion approach by NPs
permeation might be reconsidered for ex vivo examination,
where the SC layer limiting the permeation into the deeper
skin layers that are of interest, can be removed as is done widely
in ex vivo methods.

Using a parametric analysis of the NPs concentrations and
radii, it has been demonstrated that the limit of detection for
water content changes in skin tissue, associated with several
pathological conditions including skin cancer, can be lowered
beyond previously estimated values16 for tissues free of NPs.
Thus, by performing Mueller matrix imaging at the THz wave-
lengths, the effect of LSPR sensitivity enhancement can lower
the limit of detection to estimated changes in water content
down to 0.0018 (%) for NPs with core radius of 150 nm and
a high enough volume concentration. This configuration, out
of the ones studied, already demonstrated an improvement of
1 order of magnitude relative to previously attained results
based on ellipsometric measures.

It is important to note that better results might have been
reached by another choice of incidence angle (oblique inci-
dence), a different selection of frequencies and other configura-
tions of NPs’ size and concentration. Such optimization is
required for maximization of sensitivity; however, it is very
exhausting and time consuming with the means of MC simula-
tion runs, especially for our MC simulation written in MATLAB
environment. The results presented here are thus considered as a
demonstration of a concept for LOD improvement, and such that
enables polarimetric detection of skin cancer in THz, where skin
EM response can be approximated rather accurately by homo-
geneous and isotropic models that render polarimetric analysis
redundant under these approximations. As it has been demon-
strated widely in the visible domain, polarimetric imaging and
detection by polarimetric contrast analysis provides better, more

accurate and sharper detection and localization of skin (and
other) tumors.

Although no experimental validation of these results was per-
formed, and the accuracy of MC simulations is limited, we can
suggest with high confidence that within the accuracy scope of
MC simulation a monotonous rise in the relative change param-
eter with increasing water content in the tissue does take place,
and at much higher rate than the one without the NPs. This leads
to the conclusion that InN, NPs, LSPR-based sensitivity
enhancement for Mueller matrix imaging is worth further exam-
ining for biomedical sensing and also for other THz sensing
applications as well. Our hope is that this study will initiate
a discussion and attempts to perform experiments to verify
the theoretical predictions.
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