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Abstract—We present the method and application of optical
reflectance spectroscopy to differentiate prostate cancer from
normal tissue using a needle like, bifurcated, fiber-optic probe.
An analytical expression to model light reflectance recently
published by Zonios et. al. was used to derive optical properties
of tissue. A total of 23 cases of human prostate specimens were
investigated to analyze statistical differences between the
respective cancerous tissues versus normal tissues. The results
demonstrate that the derived hemodynamic parameters and
optical properties can serve as good bio-markers to differentiate
tumor tissue from normal tissue in human prostate.

I. INTRODUCTION

OPTICAL techniques rely on spectral, angular and
polarization characteristics of light scattered from the
tissue; such characteristics can be used as biomarkers for
specific medical applications. As an example, optical
reflectance spectroscopy (ORS) has been utilized in various
medical applications to identify tissue types [1], to diagnose
diseased tissues [2], and to differentiate cancerous tissues
from normal tissues [3-5]. In this case, tissue optical
properties may themselves serve as biomarkers to
differentiate cancerous lesions as light scattering and
absorption are highly dependent on morphological and
physiological state of the tissue.

Diffusion theory has been used to model the propagation
of near-infrared (NIR) light in tissue. However, the diffusion
approximation requires rigorous boundary conditions to be
satisfied: (1) the source detector separation needs to be much
larger than transport mean free path, and (2) the absorption
coefficient, u,, needs to be much smaller than the reduced
scattering coefficient, ' The diffusion approximation fails
to model light propagation to be detected with a thin, needle-
like probe since its source-detector separation (100 um - 1
mm) is often of the similar order to the mean free path. In
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addition, the diffusion approximation could not be used for
visible light since the magnitude of x, of hemoglobin in the
visible light range is not necessarily much smaller than that
of u' Although ORS has been investigated for its use in
guiding minimally invasive surgeries and other clinical
applications [1,2,6], it has been a challenge to derive a
rigorous expression for a thin, needle-like reflectance probe
to quantify tissue optical properties.

Recently, Zonios et. al. have developed an analytical
expression  for  short  source-detector  separation
measurements in tissue [7]. The model works in entire
visible to NIR range and can be utilized for rapid monitoring
of tissue physiology and morphology. However, very limited
information on system calibration and model parameter
determination is given in ref. [7]. In this paper, we present
(1) rigorous calibration for two model parameters, k; and k>,
given in Zonios’ model with limited known light scattering
spectra, (2) utilization of a heuristic Ant Colony
Optimization algorithm [8-9] to fit Zonio’s model for
quantifying hemodynamic parameters and u," of tissue
phantoms, and (3) the application of this methodology to
detect prostate cancer using ex vivo human specimens.

Prostate cancer is the most common male cancer and
second leading cause of death in men in the United States
[10]. To improve prostate cancer diagnosis and treatment
outcome, we are exploring the possibility of using ORS to
detect prostate cancer in two specific areas: (1) ORS may
allow to mark positive margins of cancer during
prostatectomy in order to remove all the cancer margins,
which are extended outside the prostate capsule but not
visible to the naked eye. An optical probe that can
differentiate between tumor tissue and various normal tissue
types can provide a real-time solution for this problem. A
recent publication [11] has reported such an approach in this
direction. (2) We wish to explore that ORS may possibly be
utilized to assist prostate cancer needle biopsy in the future
since it is thin and can be possibly integrated with a biopsy
needle.

For prostate adenocarcinoma (PA) diagnosis, we need
first to examine whether the optical signatures are distinct
between the cancerous tissue and benign tissue. Our recent
study has proven that ORS has the ability to differentiate
cancer features using a data-driven approach [12-14]. In the
second part of this paper, we wish to report our model-based
approach to analyze the measured ORS, which were taken

118



from human prostate ex vivo specimens excised through
laparoscopic  surgery. The quantified hemoglobin
concentrations and light scattering parameter, obtained using
Zonios’ model, are compared to see if they can serve as
biomarkers to differentiate PA versus normal prostate tissue.

II. MATERIALS AND METHODS

A. Analytical Model

The analytical model by Zonios et. al. relates the optical
reflectance, R,, (1), measured with a short-distance optical
probe, to the reduced scattering coefficient, u,'(4), and
absorption coefficient, i, (4), of the medium, as given below:

R (4) =t 0
ki + kypt,(A)
where k; and k, are parameters depending on the
geometrical characteristics of the measurement system, and
for a set of probe and measurement system, they need to be
calibrated using tissue phantoms. The spectral dependence of
U, for blood-perfused tissues can be written as

#, () = [HBO &,y (A +[HD &y (W) + &y 0 %H0 (2)

HbO

where [HbO], [Hb] represent the concentrations of oxy- and

H,0’

deoxy- hemoglobin, respectively, A is wavelength in nm, &
is extinction coefficient for chromophore x, and H,O is the
water content [15]. The spectral dependence of ,usl can be
approximated as given by Mie theory:

:uv = H (l_g)’
g=1.1-(0.58x107)1

u, =al”’,
3

where p, is the scattering coefficient, g is the anisotropic
factor, a and b are both constants (a= 2.54x109, b=2.4, for
10% intralipid) and depend on the scatterer size and tissue
type [16-17].

B. Instrumentation and Experimental Set Up

A CCD-array spectrometer (S2000, Ocean Optics,
Dunedin, FL, USA), capable of collecting spectra in the
range of 350-1050 nm, was used for diffuse reflectance
measurements. However, measured spectra in the wavelength
range of 500-850 nm were selected for data analysis. Light
illumination was provided by a tungsten-halogen light source
(HL2000HP, Ocean Optics, Dunedin, FL, USA). Two
custom-built, thin fiber probes have been utilized in the
study. Probe A was bifurcated with two 400-um fibers,
having an average separation of 800 um between the two and
a probe outer diameter of ~1.2 mm. The second probe, Probe
B, was a 7-fiber-array probe (Ocean Optics, Dunedin, FL,
USA), having a probe diameter of ~1.2 mm. Specifically,
the 7 fibers in Probe B were arranged in a linear array across
the center line, and channels 3 and 5 were used in this study.
The diameter of each optical fiber in the array was ~100 pm.
Two sets of constants k; and k, were determined for Probes
A and B, respectively, by making measurements from liquid

tissue-simulating phantoms made of animal blood and
Intralipid solutions (Baxter Healthcare Corporation,
Deerfield, IL). The effects of blood concentration,
oxygenation, and Intralipid concentration on k; and k, were
studied using Probe A, while the in vivo human specimen
measurements were performed using Probe B. For
calibration purpose, the measurements were also made with a
dual-channel ISS Oximeter (ISS Inc., Champaign, IL), which
is considered as the “gold standard” instrument and is often
used to measure the values of u, and p,’ from a sample
solution.

C. Determination of k; and k, and Inverse Calculations

By reorganizing eq. (1), we get eq. (4)

u(A)
R, (1)

This equation shows that k; and k, can be determined by
obtaining a linear regression line that best fits u,'(2)/ R,,(4)
versus u,(4). The ISS Oximeter can provide direct readings
of u, and u;’ values at two wavelengths (750 nm and 830
nm) as well as blood hemoglobin concentrations for the
sample measured. We then converted the measured blood
hemoglobin concentrations to the absorption coefficients in
the visible and NIR range, u.(4), by utilizing eq. (2).
Similarly, the values of i ’(A) in the visible and NIR region
can be extrapolated/interpolated from the two u;’ values at
750 nm and 830 nm using the Mie-theory based expression,
eq. (3). These calculated values of 4, and u;’ were used
along with R,,(4) to obtain k; and k.

After obtaining k; and k,, it is possible to fit u, and u,’
for a measured spectrum, R, (4) based on eq. (1). The
inverse calculation can be transformed into a problem of
function minimization using an optimization algorithm. The
algorithm searches for a set of values (e.g., chromophore
concentrations and scattering parameters in this case) in the
given solution space that best fit the measurement of ORS
using least squares analysis. This process can be expressed
as:

=k, oty (2). @

ZZ _ i [Rm (/‘Li)(mew”wd) _ Rm (ﬂ, )(predicted) ]2 (5)
i=1

(measured)

where M is the number of wavelengths, R, (1,) and
R, (1)) are the reflectance values measured by the thin
optical probe and calculated using eqs. (1) to (3) with the
predicted values of [Hb], [HbO], and light scattering
parameters, respectively, at wavelength A;. The water
concentration was assumed to be constant at 80%. The Ant
Colony Optimization algorithm, introduced by Marco Dorigo
[8], is a probabilistic evolutionary technique for solving
computational problems. This basic technique was modified
in this study to suit function minimization.

In order to obtain optimal fit between the measured and
calculated reflectance curve, we have incorporated multiple
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iterations for optimization process. First, entire spectrum
(500 nm — 845 nm) was used for curve fitting; the fitted
values of [Hb], [HbO], and u; " were obtained. Second, the
fitted w,  values were kept within 15% bounds, and the
spectrum between 520 nm-590 nm was re-fitted to eqgs. (1) to
(3) for improved accuracy. This leads to optimal fitting for
[Hb] and [HbO] since these chromophores exhibit strong
spectral signatures between 520-590 nm. Third, [Hb] and
[HbO] concentrations were fixed within 20% bounds while
another re-fitting process took place using the entire
spectrum again (500 nm -840 nm).

D. Tissue Phantoms and Human Prostate Specimens

In vitro tissue-simulating phantoms were prepared using
stock Intralipid solutions and equine blood (Hemostat Inc,
San Francisco, CA). The blood and intralipid were mixed
and diluted with phosphate buffered saline (PBS) solution.
Phantom experiments were conducted for determination of
k; and k, as well as for validation of the inverse
calculations. The phantoms were prepared with following
combinations to test the algorithm: (1) with constant blood
volume and intralipid volume, yeast was added to the
solution in order to change absorption/oxygenation levels;
(2) the blood concentration was kept constant while
intralipid volume was changed in order to test the effect of
change in scattering.

ORS readings of human prostate specimens were acquired
at the University of Texas Southwestern Medical Center,
Dallas, TX. All the measurements were taken in accordance
with the guidelines set by the Institutional Review Board of
University of Texas at Arlington and the University of Texas
Southwestern Medical Center Dallas. The ORS data were
collected from the prostate specimens ex vivo immediately
after their resections through laparoscopic prostatectomy. A
total of 23 cases of cancer-containing prostate specimens
were investigated to derive statistical differences. Each
prostate sample was bihalved so that the outside fibrous
prostatic tissue and capsules were bypassed. The thin probe
was then placed on various points on the tissue cross section,
and data was acquired at each point. To be consistent across
all the human specimens, we employed a standardized
reference map for measurement locations (Fig. 1). After
taking optical readings, the measured tissue locations were
marked with a dye for further histology analysis, which

serves as a gold standard to compare ORS readings.
Right

Fig. 1. Locations of ORS measurements on a cross section of
bivalve prostate specimen. The central circle represents urethra; #1
to #8 indicates 8 measurement sites for each of the 23 human
specimen.

III. RESULTS

For Probe A, calibrated values of k; and k, were
calculated while the hemoglobin oxygen saturation was
varied from 20% -100%, resulting in k; = 16.04+0.19 cm’
and k, = 3.77+0.05. The standard deviations indicate that
the values remain unaltered as the optical properties of tissue
phantoms are varied.

A. Inverse calculations and Algorithm Validation

In order to validate the method and algorithm, the inverse
calculated values were compared with those obtained by the
ISS Oximeter, which was used to provide good standard for
absolute values of u, and u,’. Two types of phantom
experiments were utilized. First, we fixed the scattering
parameter of u; " with one concentration of Intrallipid and a
total concentration of [Hbr,,,]=28 pM. We added 4 mg of
yeast into the 3-liter phantom solution to alternate the
oxygen saturation levels. Figures 2(a) shows a comparison
between the calculated [HbO] and [Hb] versus those
obtained from the ISS readings. Figures 2(c) shows the
comparison of i’ and [Hbr,,] along with the standard
deviations. Secondly, Blood concentration was fixed at
34uM and intralipid volume was varied from 75-175 ml to
obtain scattering changes. Figure 2(d) shows a comparison
between the calculated values of u;” with ISS readings at
750 nm.
P
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Fig. 2 Comparison of calculated values with the readings from the ISS
oximeter, while blood oxygenation was varied. The figure shows (a)

different [HbO] values, (b) different [Hb] values, (c) with z~ at 750
nm and 830 nm, as well as [Hbr,a1], averaged across 12 data points. (d)

It shows £, " values with variation of Intralipid concentration.

B. Results from ex-vivo Prostate Specimen

In a similar way, probe B was calibrated and a set of
k; and k, were obtained for its application. After we
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obtained the spectral data from the ex vivo human prostate
specimen, they were fitted using the reflectance model and
the optimization algorithm, as described earlier. The values
of [Hb], [HbO], [Hb;paul, and p,’ obtained were then
grouped into cancer versus control. The average value of
each of the parameters for the respective cases was
calculated along with the Standard Deviation and the
Standard Error. Besides a few outliners, most of the ORS
spectra obtained (~200) have been used in the analysis, and
the summarized results are shown in Fig. 3. This figure
demonstrates the significant differences in [HbO], and [Hb]
between control and cancerous prostate tissues in both cases.
The important message learned is that the prostate cancerous
tissue has enough intrinsic optical contrast to be
differentiable from the control tissues.

10
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Fig. 3. It shows the differences in (a) [HbO] and (b) [Hb]
between control and cancerous prostate tissues.

IV. DISCUSSION AND CONCLUSION

This study reported the rigorous calibration of a simple
analytical model that describes diffuse reflectance at short
source-detector separations taken from biological tissues.
While this model is one of the simplest models as compared
to other models, it relies greatly on two empirically
determined parameters, k; and k,. We showed that with
different oxygen saturation levels set in the phantom, ranging
from almost 10% to 90%, there was a minimal change in k;
and k;, thus proving that the parameters are not tissue
dependent. We also simulated two scenarios where the (1)
absorption and (2) scattering were changed independently.
The calculated light scattering coefficient and hemodynamic
parameters are in good agreement with the expected values
given by the ISS Oximeter.

The calibrated set of k; and k, for Probe B were utilized
for the measurements taken from the ex vivo human prostate
specimens. A total of 23 cases of human prostate specimens
were investigated, and the statistical differences between the
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cancerous tissues versus normal tissues were obtained. The
results clearly demonstrate that the derived hemodynamic
parameters can serve as good bio-markers to differentiate
tumor tissue from normal tissue in human prostate.
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