Proceedings of the World Congress on Engineering 2010 Vol I
WCE 2010, June 30 - July 2, 2010, London, U.K.

Estimation of Optical Properties of Normal
and Diseased Tissue based on Diffuse
Reflectance Spectral Model

Shanthi Prince and S. Malarvizhi

Abstract— Real time analysis of tissue properties by
noninvasive methods finds wide variety of applications
particularly in disease diagnosis and to measure tissue

metabolic states. Also, it is used to estimate the depth of

penetration of light radiation to determine the dosimetry in
photodynamic therapy. We present here a technique for
examining human normal and diseased skin conditions by
retrieving their optical properties based on the in vivo
measurement of diffuse reflectance spectra in the visible and
near infrared regions of the electromagnetic spectrum.

Reflectance spectra are obtained by setting up a simple
diffuse reflectance spectroscopic system based on fiber optic.
Light from a white light source is incident onto the tissue site
through the reflectance probe and the backscattered light is
collected by the same and impinged on a spectrometer which
generates a spectrograph which is acquired in the system. The
data collected from the normal and diseased sites are fitted into
the spectral model proposed based on diffusion theory. The
model coefficients determined by non-linear least square
optimization method are used to determine the optical
properties of the tissue.

Index Terms— Diffuse reflectance, spectroscopy, spectral
model, non-linear least square optimization, optical properties.

[. INTRODUCTION

The measurement of optical properties, namely,
absorption coefficient p, and reduced scattering coefficient
1 of biological tissues remains a central problem in the
field of biomedical optics. Knowledge of these parameters is

important in both therapeutic and diagnostic applications of

light in medicine. Methods to accurately determine optical
properties can lead to optical diagnostics tools [1],
improvements in laser surgery [2], quantitative
determination of chromophore [3] and fluorophore [4]
concentrations, drug pharmacokinetics and improvements
on Photodynamic Therapy (PDT) dosimetry [5].
Experimental determination of tissue optical properties
has been proposed wusing different methodologies.
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Integrating sphere [6], frequency domain diffuse reflectance
[7], time domain diffuse reflectance [8] and spatially
resolved steady-state diffuse reflectance [9] are among the
most widely used. Each technique has its own advantages
and disadvantages. In this work, based on the steady-state
diffuse reflectance method the diffuse reflectance spectra are
used for the determination of the optical properties. The
method relies on the spectral characteristics of the tissue
chromophores (water, blood and melanin) to determine the
absorption coefficient and on a simple wavelength
dependent expression for the determination of the reduced
scattering coefficient. Advantages of using this method are
the inexpensive equipment involved and the simplicity of
the measurements.

II. INSTRUMENTATION

Light reflected from a surface consists of specularly
reflected and diffusely reflected components. The intensity
of the specular component is largely determined by the
surface properties of the sample. The intensity of the diffuse
component, which includes the contributions from the
absorbance and the scattering of light by the specimen and
the substrate, can be used to determine the concentration of
the indicator species [10].

The spectral reflectance of the tissue conveys information
about the metabolites which constitute the tissue. The
change in the amount of chromophores in the tissue can be
predicted by means of modified Beer Lambert Law [11].
The quantification of chromophores has the potential to
provide beneficial information for diagnostic and
therapeutic decision making.

Basically, a spectrophotometric measurement is to be done
so that, the obtained spectra can be related to the molecular
composition and structure of biochemical species in the
sample of interest. The schematic diagram of the
visible/near-infrared (VIS - NIR) spectroscopy system is
shown in Fig.1. It consists of tungsten halogen light source
(LS-1, Ocean Optics, Inc) [12] which is a versatile white-
light source optimized for the VIS-NIR (360-2500nm)
wavelength range, fiber optic reflectance probe (R400,
Ocean Optics, Inc) [12], spectrometer (USB4000, Ocean
Optics, Inc) [12] with CCD device, and a computer with an
acquisition software (Spectra Suite, Ocean Optics, Inc) [12].
The USB4000 is responsive from 200 to 1100 nm, with an
optical resolution of ~0.3nm (FWHM). It consists of 3648
element detector with shutter, high speed electronics and
interface capabilities. The reflectance probe (R400) consists
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of bundle of seven optical fibers. Six illumination fibers and
one read fiber — each of which is 400pum in diameter. The
fiber ends are coupled in such a manner that the 6-fiber leg
(the illumination leg) is connected to the light source and the
single fiber leg is connected to the spectrometer. The details
of this diffuse reflectance spectroscopic system and data
acquisition are elaborated elsewhere [13, 14].

Also, the instrument is subjected to gauge repeatability
and reproducibility test, the results of which states that its
reproducibility and repeatability is well with the acceptable
range.

III. ACQUISITION OF SPECTRA

Acquisition of  visible/near-infrared  data is
straightforward. White light from a tungsten halogen lamp is
brought to the skin via the reflectance probe. The light
penetrates through the skin, and water, hemoglobin species,
cytochromes, lipids and proteins absorb this light at specific
frequencies. The remaining light is scattered by the skin,
with some light being scattered back to the fiber optic probe.
The collector fiber in the reflectance probe collects the
diffused light from the skin, and directs it to the
spectrometer that generates the reflectance spectra with the
spectral range of 400 -1100 nm, which is then acquired on

the computer.
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Fig.1. Schematic diagram of diffuse reflectance
spectroscopic system

For the present study, zero melanin condition vitiligo and
thrombus due to injury is chosen. In vivo diffuse reflectance
intensity spectra for vitiligo and thrombus are shown in
Fig.2 a &b along with the normal (control) spectra for each
case using the experimental set up described here.

Prior to data acquisition, a reference spectrum is
measured on a BaSO4 diffuse reflectance standard and all
skin spectra were subsequently divided by this reference
spectrum to ensure proper data normalization. Through the
acquisition software each spectrum obtained is averaged.
Before obtaining the readings, the subject's skin and the end
of the probe are cleansed with 70% alcohol.
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Fig 2 Diffuse reflectance intensity spectra for (a) vitiligo
skin and (b) thrombus in comparison with control skin

IV. MODELING OF TISSUE REFLECTANCE WITH SPECTRAL
MODEL

In order to model the diffusely reflected light from the
skin tissue, a number of analytical expressions have been
proposed [15]. In the model considered, the deeper dermis
layer is assumed to be infinitely thick, implicitly assuming
subcutaneous tissue, such as fat and muscle to be of
negligible influence on the diffuse reflectance spectrum.
This is a fair assumption for most visible and NIR
wavelengths. In this work the Farrell model for pencil beam
irradiance [9] is considered.

The fraction of transport T collected by fiber at a radial
distance r from the source is given by

e Meffrl1
2

, 1 1
T(ha, ks) = i [Zo [Heff + H] Iy

17 e Hefrl2

+ (Zo + 2Zy,) [ueff + —] > ]
Il I

(1

where Z, = 1/(u, + W), Z, = 2AD , diffusion constant

D= Z,/3, the effective transport coefficient o =

-1
[VO/uw)] . rp = (Z§ +1?) ,
r, = \/(Zo +27y)%2+r? and A= (1+1;)/(1— r;). The
term r; is the internal specular reflection parameter due to

the refractive index mismatch at the surface given by

r; = 0.668 +0.0636n + > — =22
n n2

index of the tissue.
Reflectance measurements on

, n is the refractive

tissues Rg(A) are
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normalized by the reflectance from barium sulphate
(BaSO4) standard Rgq(A). The final spectrum is the
normalized spectrum Rnorm given as

Rs) _ _SMTsMnesMDA)
Rsta)  SA)Tsta(MMeseaMD@)

Rnorm = 2

where S(A) is the light source power, D(A)is the detector
sensitivity, Tg(A) is the optical transport into the sample
medium and returning to the sample surface at the collection
fiber, Tsq(A) is the optical transport into the standard
medium and returning to the sample surface at the collection
fiber, n.s(A) is the optical fiber collection efficiency for the
sample and 1 5q(A) is the optical fiber collection efficiency
for the standard.

The terms S (the source spectral response) and D (the
detector spectral response) are the same for samples and
standard measurements and does not vary within a
measurement procedure and thus cancel in Eq. 2. The
normalized measurement, Rp.m(A) can be written as

Ts(MncsD)

Rnorm M) = 50 GO aea® 3)
Rhorm M) = K= Ts o) 4
Ne,s(A)

the factor K = in Eq.(4) is the constant.

TstdMMc,sta (D)

To model the tissue reflectance and retrieve the
wavelength dependent reduced scattering coefficients and
absorption coefficients that are related to blood volume
fraction f,, hemoglobin oxygen saturation S, volume
fraction of water f,ter
melanosomes fp,; should be determined.

The scattering behaviour is dominated by Rayleigh
scattering | (?\ray) at short wavelengths below 650 nm from
collagen fibril fine structure, small membranes, and other
ultra structure on the 10-100 nm scale [16]. The Mie
scattering pg(Amie) is dominating for wavelengths above
650 nm from larger tissues structures such as collagen fiber
bundles, mitochondria, nuclei and cells. Therefore, the
visible to near-infrared spectral  region is significantly
affected by both scattering, that is given by

u; O\) =a (u;()\mie) + u,s()\ray)) (©)

where ‘a’ [dimensionless] is the factor that characterizes
magnitude of scattering, pg(Apie)and u;(kray) [17]. The
scattering properties are specified by fitting for scattering
factor ‘a’.

Tissue absorption is modelled as a linear combination of

absorption coefficient of water (Wyarer) With a volume
fraction of f,, a background spectrum for skin i.e.
absorption coefficient of melaninless hemoglobin-water free
tissue (M, other), Volume fraction of melanosomes ( fie)
and a variable blood volume fraction (f,) of oxygenated and
deoxygenated whole blood (K, oxy- the absorption
coefficient of oxy-hemoglobin , p, geoxy - the absorption
coefficient of deoxy-hemoglobin) at an oxygen saturation
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and volume fraction of

(S). The water content is fixed as 75%. In principle, the
water content could be fitted, but the system is not
sufficiently sensitive in the 900-1000nm spectral region,
where water strongly influences the spectra. In the
framework of this model, the absorption coefficients of
dermal layers taking into account the spatial distribution of
melanosomes, blood and water content within the skin is
written as:

Ha) = f, [S- Haoxy +(1-9) Uadeoxy] + fw - Hwater
+ (1 —fpe) * (A=) * (1 —£,)

* Ha_other

(6)
where W, other [cm™!] the absorption coefficient of
melaninless hemoglobin-water free tissue given by
Ha other = 7-84x108xA732% em™ [17] and  WPyater
[cm™1] is the absorption coefficient of water. The absorption
coefficient of water is obtained from the extinction spectra
of water by Hale and Querry[18]. For oxyhemoglobin and
deoxyhemoglobin it is obtained from their extinction spectra
according to the Takatani and Graham [19].

For the case of skin studies the light transport in
epidermis is modeled as

— o f; Lepi
Tepi = g~ !mella_mel“epi (7)

where W, mer [cm™!] is the absorption coefficient of

melanin defined as p,  [17], Lepi, equals twice the

epidermal thickness. The volume fraction of melanin f,¢in
typical 60um thick epidermis is specified by fitting Eq.7.

The model coefficient values of a, S, f;,, and f,. are
determined by non-linear least square optimization method.
The optical properties of the tissue determined using Eqns. 5
and 6 are substituted in Eqn. 1 to obtain the predicted
reflectance R, by fitting in the model as

Rp =G+ T(ua , H;) ®)

The proportionality factor G in Eq.8, contains factors like
the fiber diameter, numerical aperture, and the ratio between
the optical fiber probe collection efficiency for the sample
and the standard.

V. RESULTS AND DISCUSSION

Once the model coefficients are estimated, then using
Eq.5 and Eq.6, we calculate the absorption coefficient
n,(A) and the reduced scattering coefficient pg(A) of the
different diseased tissue under study.

Figures 3a and 3b show the normalized reflectance
spectra for vitiligo and thrombus in comparison to the
predicted values determined using the fitted parameters a, S,
G f,e and fy,. The model coefficient values of a, S, G f,¢
and f,, after best fit are specified in the figures. Bottom
curves show the percentage residual errors [ (predicted-
measured) / measured x 100%]. From the figures it is clear
that the results of this model agree well with the
experimental results. Overall the predicted data fits well
above 600nm as seen from the residual error displayed at the
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bottom of each graph. The residual error is less than 5% for
spectral region from 650 to 850nm. Disagreement is
noticeable in the fitting of spectra below 600nm, as expected
since diffusion theory fails when the reduced mean free path
(1/(uy + pg) ) is comparable with the source-detector
separation and when p, is comparable to .
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Fig. 3.a— Normalized reflectance spectra for vitiligo in
comparison with the predicted values determined using the
fitted parameters a, S, G, f,e; and f,. Bottom plot shows the
percentage residual errors
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Fig. 3.b - Normalized reflectance spectra for thrombus in
comparison with the predicted values determined using the
fitted parameters a, S, G, f,¢ and f,,. Bottom plot shows the
percentage residual errors

[(predicted-measured)/measured x 100%]

Using the model coefficient values the optical properties -
absorption coefficients and reduced scattering coefficients
are calculated using Eqns.5 and 6. On analyzing the values

ISBN: 978-988-17012-9-9
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

it is observed that volume fraction of blood is little higher
for thrombus in which there is a large amount of blood
accumulation. Observing the oxygen saturation, the average
value is around 85% as against the standard value of 90-
98%. It may be due to the fact that the estimation includes
both arterial and venous blood. The volume fraction of
melanosomes is higher for thrombus than vitiligo, since in
this type of skin condition the level of pigmentation (due to
blood clot) is high. For the vitiligo skin, the volume fraction
of melanosomes is less as it is the region of zero melanin.

Figures 4(a) and 4(b) shows the plot of absorption and
reduced scattering coefficients of vitiligo skin and thrombus
in comparison with the control skin. From the vitiligo
optical properties plot it can be observed that the absorption
coefficient shows changes between normal and vitiligo site
in the visible wavelength range of 400 — 600 nm, with
higher values for the vitiligo skin. The reduced scattering
coefficient values are higher for the vitiligo throughout the
spectral region under study. The knowledge of the scattering
properties can reveal information about the morphology and
architecture of skin [20].
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The plot of absorption and reduced scattering coefficients
for the thrombus tissue in comparison with the normal tissue
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is shown in fig.4 (b). Here the reduced scattering coefficient

and absorption coefficient for the thrombus tissue is higher
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