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Ultrasound-guided biopsy procedure for prostate cancer diagnosis, which is the current gold
standard, involves quasi-random sampling of prostate tissue without any functional guidance.
In this study, we discuss the possibility to augment the detection of prostate cancer using a
dual-modality optical approach, which can be coupled with the current needle biopsy setup. Two
techniques are light re°ectance spectroscopy (LRS) that uses a broadband light source and a
CCD array spectrometer, and auto-°uorescence lifetime measurement (AFLM) that uses a cus-
tom-designed, time-correlated single photon counting (TCSPC) system. Both LRS and AFLM
were employed sequentially in this study to measure cancer tissue along with control tissue on a
rat prostate tumor model. At an excitation wavelength of 447 nm, we investigated auto-°uor-
escence decay curves at the emission wavelengths of 532, 562, 632 and 684 nm for in vivo and
ex vivo AFLM. These results show that auto-°uorescence lifetimes at all measured emission
wavelengths di®er between control and cancerous tissues with 100% speci¯city and sensitivity.
Moreover, absolute values of hemoglobin derivatives and scattering coe±cient were quanti¯ed
using in vivo LRS. This part of study also demonstrates that light scattering and absorption are
signi¯cantly di®erent between the control and cancerous tissue. Overall, the study demonstrates
that both LRS and AFLM may provide several intrinsic biomarkers for in vivo detection of
prostate cancer.

Keywords: Prostate cancer; light re°ectance spectroscopy; auto-°uorescence lifetime.

1. Introduction

Prostate cancer is the most commonly found male
cancer in the United States and is the second
leading cause of death from cancer in men.1 It was
estimated that in 2009 that the number of new

prostate cancer cases reported would be 192,280,

resulting in 27,360 deaths.2 At present, digital

rectal examination (DRE), prostate speci¯c antigen

(PSA) blood test, and transrectal ultrasound

(TRUS)-guided biopsy are the clinically available
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techniques for prostate cancer screening and diag-
nosis. Among these, current gold standard for pros-
tate cancer diagnosis is TRUS-guided needle biopsy,
which involves resection of a core of prostate tissue
with the guidance of an ultrasound probe. However,
though ultrasound is able to provide high-resolution
anatomical images, it lacks sensitivity in di®er-
entiating tumor from normal tissue, especially at
early stages, making TRUS-guided biopsy a rather
\blind" procedure involving quasi-random sampling
of the prostate tissue.3 This drawback leads to a high
rate of false negative results and requires over-
sampling of tissue due to nonspeci¯c targeting. The
current standard biopsy procedure involves resection
of 10�12 needle cores, and it was expected that by
increasing the number of core biopsies, the accuracy
in detecting cancer could be improved.4 However,
such an expectation is not proven by recent studies5,6;
namely, saturation biopsy with 20�30 biopsy cores
does not provide any signi¯cant improvement
in correct diagnosis of prostate cancer. Moreover,
increasing the number of cores often results in
medical complications associated with the biopsy
procedure.4 It is, therefore, imperative to develop a
targeting technique that can be used to guide the
biopsy resection along the core so as to identify and
collect highly suspicious prostate tissues on-site with
high speci¯city and sensitivity.

In recent years, optical techniques have been
popularly utilized to identify various cancers from
their respective control tissues; many optical
approaches have been implemented through needle
probe geometry for minimally invasive procedures.
Two speci¯c techniques that can be implemented in
such geometry are light re°ectance spectroscopy
(LRS) and auto-°uorescence lifetime measurement
(AFLM). LRS has been used to characterize
di®erent types of tissues using either empirical or
analytical methods.7�13 Moreover, laser-induced
steady-state auto-°uorescence spectroscopy and
time-resolved lifetime measurement have been
investigated for cancer detection.14�20 While
steady-state °uorescence measurements are easy to
perform, they are intensity-dependent and hence
sensitive to ambient light, excitation light intensity,
measurement geometry, and probe setup. In con-
trast, temporally resolved °uorescence lifetime
measurements are immune to all those inter-
ferences, only depending on speci¯c °uorophores.

In this paper, we report the feasibility of both
LRS and AFLM systems to be able to di®erentiate

between cancerous and noncancerous tissues using
a rat prostate cancer model with both ex vivo and
in vivo measurements. LRS was used to calculate
the absolute concentrations of oxy-hemoglobin,
deoxy-hemoglobin and scattering properties of the
tissue, while AFLM provided AFLM of the tissues
by a single-channel, time-correlated single photon
counting (TCSPC) device. After data analysis, we
further tested the e±cacy of using these multiple
parameters as classi¯ers for identi¯cation of the
tumor. The results presented in this paper provide
us with the footprints for future ex vivo and in vivo
measurements of human prostate cancer.

2. Animal Model and Preparation

A total of 4 one-year-old Copenhagen rats weighing
300�400 g were used in the study. Dunning R 3327
AT3.1 rat prostate carcinoma cells (�5� 106Þ were
injected subcutaneously on the foreback of each rat,
followed by everyday monitoring of the tumor
growth till it reached the volume of �1.5 cm3. The
rat was then anesthetized using a Ketamine/Xyla-
zine combination. Once anesthetized, the rat had an
incision made on the foreback to expose the tumor
and a part of normal tissue. The exposed tissue/
tumor surface was cleaned by °ushing phosphate
bu®ered saline (PBS), followed by multiple optical
measurements with a bifurcated optical probe (see
Fig. 1 and next subsection). All procedures for the
animal studies were approved by IACUC at Uni-
versity of Texas at Arlington.

3. Auto-Fluorescence Lifetime

Measurement

3.1. Instrumentation for AFLM

A custom-made, single-channel TCSPC (ISS Inc.,
Champaign, IL, USA) system was employed for
AFLMs. Figure 1 on the right panel shows an
overall experimental setup for the time domain
AFLM. The system consists of a 12-V power supply
unit, a stepper motor driving a ¯ve-slot ¯lter wheel
for excitation wavelength selection, a continuously
variable neutral density (ND) ¯lter for excitation
light intensity control, an emission ¯lter, and a highly
sensitive cooled PMT (Becker &Hickl GmbH) with a
wavelength range between 125�850 nm. The PMT
gain was controlled via a PC-based interface board
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(DCC-100). A broadband (400�1800 nm) pulsed
laser (SC — 450, Fianium Inc., Eugene, Oregon,
USA) with a pulse width of 5 ps was used as an
excitation source at a repetition rate of 20MHz.
The exact synchronization between the laser pulse
and the photon detection was achieved through a
PC-based single photon counting card (SPC-130).
The laser was coupled to the source ¯ber of the
bifurcated optical probe with a core diameter of
100�m; resulting °uorescence emission was collected
through the detection ¯ber of a 400-�mcore diameter
from the other branch of the bifurcated probe.

3.2. AFLM data analysis

In this study, our auto-°uorescence signals result
mainly from °avins, lipopigments and porphyrins
that introduce optical contrasts to di®erentiate
cancer from healthy tissue. In order to achieve
maximum possible auto-°uorescence from all three
endogenous compounds, an excitation wavelength
of 447 nm was chosen.16 While keeping the exci-
tation wavelength constant, the emission wave-
lengths were changed among 532 nm, 562 nm,
632 nm and 684 nm. Filter selection and data
collection was made through vender-provided soft-
ware. The optical probe was placed at �1mm away

from the surface of the tissue. The in vivo °uor-
escence data were collected at ¯ve random positions
from the exposed tumor and healthy tissue for each
emission wavelength. By the end of the experiment,
the animals were sacri¯ced, and the tumor and
healthy tissue were extracted and kept in PBS for
ex vivo measurements. Similar data collection pro-
cedure was also followed for ex vivo measurements.
Thereafter, the detected °uorescence decay curves
taken at all tissue positions were imported into
Matlab (TheMathworks Inc., Natick,MA,USA) and
normalized with respect to their peak intensities.

In order to quantitatively di®erentiate auto-°u-
orescence decay curves between cancer and control
tissue, each curve was ¯tted by a least square non-
linear ¯tting algorithm, using a two-component
exponential model:

Intensity ðIÞ ¼
X

i

�ie
�t=� i ; ð1Þ

where, � i ði ¼ 1; 2Þ indicates lifetime of each en-
dogenous °uorophore; �i ði ¼ 1; 2Þ is the intensity
contribution of each component to the overall °u-
orescence decay signal. The con¯dence interval on
each of these four ¯tted parameters was computed
using the \con¯nt" function in Matlab. To count for
both °uorophores with their respective weights, a

Fig. 1. A block diagram illustrating experimental setup for a LRS system (left) and AFL system (right). Measurements were made
sequentially, by placing the ¯ber tips on the tissue surface. A closer view of bifurcated ¯ber tips are shown for each ¯ber (red =
source; blue = detector).
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\mean lifetime", h�i, was calculated using Eq. (2):

h�i ¼
P

i �i � � 2
iP

i �i � � i
: ð2Þ

4. Light Reflectance Spectroscopy

4.1. LRS instrumentation

LRS system consists of a tungsten-halogen light source
(HL2000HP, Ocean Optics, Dunedin, FL, USA), a
CCD-linear-array spectrometer (USB 2000+, Ocean
Optics, Dunedin, FL, USA), and a laptop computer.
The spectrometer provided a spectrum ranging
from 460�1150 nm. A custom-made, bifurcated ¯ber
optic probe (Fiberguide Industries, Stirling, NJ,
USA) was used, containing two of 100-�m core
diameter ¯bers for both source and detector (s-d)
with a s-d separation of�110�m (Fig. 1). The probe
was ¯xed on a stereotactic frame in order to steadily
hold the probe in an accurate position and minimize
the pressure on the tissue surface.Multiple data points
were then obtained by placing the probe at di®erent
spatial locations on the tumor tissue and then the
normal tissue. On an average, ¯ve data points were
obtained from in vivo cancer and control tissue. Note
that the in vivoLRSmeasurements were taken after in
vivo AFLM readings. Since blood concentration and
oxygenation state of hemoglobin in cancer tissue
a®ect LRS greatly, no ex vivomeasurement was taken
with LRS due to severe alteration in hemodynamic
environment from in vivo to ex vivo conditions.

4.2. LRS data analysis

Each acquired spectrum was divided by a re°ec-
tance spectrum obtained from a di®use re°ectance
standard (WS-1, Ocean Optics, Dunedin, FL, USA)
to eliminate spectral e®ects from the source, ¯bers,
and detector. Then, the spectral range from
500�850 nm was selected; a re°ectance model,9 as
shown in Eq. (1), was used to obtain absolute values
of the concentrations of oxy-hemoglobin ([HbO]),
deoxy-hemoglobin ([HbR]) and total hemoglobin
([HbT] = [HbR] + [HbO]), along with the reduced
scattering coe±cient (� 0

s),

Rð�Þ ¼ � 0
sð�Þ

k1 þ k2 � �að�Þ
; ð3Þ

where R is the measured re°ectance, � 0
sð�Þ is the

reduced scattering coe±cient, �a is the absorption

coe±cient depending on the concentration of
hemoglobin derivatives, and k1 and k2 are instru-
ment-based parameters that depend only on the
probe geometry and hardware setup. A detailed
description of methodology to obtain the system-
dependent parameters has been previously
published.21 Brie°y, at ¯rst, k1 and k2 were calcu-
lated for the ¯ber optic probe using tissue-phantom
calibration. Then, an optimization routine22 (ant
colony optimization) was used to ¯t the parameters
of � 0

s, [HbO], and [HbR], to optimally match the
measured re°ectance. The data processing was done
using a code implemented in Matlab.

Because of a small s-d separation, the area of
optical interrogation by this 200-�m probe is rela-
tively small. It is possible that at certain locations,
the probe can be on top of a large blood vessel,
causing the re°ectance signal to nearly diminish in
500�600 nm range due to high optical absorption of
hemoglobin. Such spectra were identi¯ed and
excluded as outliers in the data analysis. Overall, the
dataset included ¯ve measurements in each tissue
type (cancer and control) for rats 2 and 4, and four
measurements each for rat 3. Also, data from rat 1
was obtained without the use of stereotactic frame,
causing uncertainty in measurement location and
pressure. Therefore, data from rat 1 was excluded
from the analysis.

5. Results

The mean lifetime calculated at each emission
wavelength was averaged over all four rats.
Figures 2(a) and 2(b) show the comparison for
averaged mean lifetime with standard deviation for
in vivo and ex vivo measurements, respectively. It
can be noticed from the plots that the averaged
mean lifetime from cancer is lower than that from
normal tissue in both cases at all emission wave-
lengths, as summarized in Table 1. This table also
contains p-values that were obtained using a mixed
model repeated measures ANOVA between the
cancer and normal group. In addition, the average
mean lifetime over four emission wavelengths were
found to be 1:52� 0:09 ns and 2:61� 0:22 ns for in
vivo cancer and control, respectively. As compari-
son, ex vivo measurements result in the averaged
mean lifetime values of 2:82� 0:27 ns and 3:78�
0:31 ns for cancer and control, respectively. In order
to see the e®ects of tissue degradation on mean
lifetime, a mixed model repeated measures ANOVA
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was performed between in vivo and ex vivo groups,
revealing a signi¯cant di®erence between them.

Figure 3 shows the results of four parameters
derived through LRS. The spectra were averaged
over multiple points of each tissue type (either
cancer or control) from each rat, and standard error
of mean (SEM, represented by error bars) was cal-
culated and shown. The values of [HbO] and [HbT]
exhibit an increase in concentration in the tumor

tissue as compared to the normal tissue in all three
rats. The values of [HbR], on the other hand, were
found to be very small compared to those of [HbO],
and the standard error was relatively higher. Fur-
thermore, the values of � 0

s were found to be smaller
with a relatively small SEM in tumor tissue, as
compared to those in the normal tissue. A mixed
model ANOVA analysis for repeated measures
revealed signi¯cant di®erences between tumor and

(a) (b)

Fig. 3. Comparison of (a) [HbO], (b) [HbR], (c) [HbT], and (d) � 0
s values at 750 nm derived from in vivo rat tumor tissue and

control tissue with LRS. Note that values of [HbR] are very heterogeneous, having a large range from 20 to 0.1�M, some of which
are unrecognizable in the ¯gure.

Table 1. Summary for in vivo and ex vivo auto-°uorescence mean lifetimes.

Emission wavelength (nm)

532 562 632 684

In vivo lifetime (ns) Cancer 1.43 1.65 1.48 1.55
Control 2.7 2.74 2.74 2.29

p-value 2.85� 10�13 5.70� 10�8 9.04� 10�11 2.0� 10�4

Ex vivo lifetime (ns) Cancer 2.98 3.02 2.86 2.84
Control 3.9 4.1 3.81 3.35

p-value 5.85� 10�8 3.54� 10�9 1.01� 10�10 4.87� 10�7

Fig. 2. Comparison of mean lifetime for (a) in vivo measurements, and (b) ex vivo measurements ðn ¼ 20Þ.
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normal tissue in [HbO] (p ¼ 0:03), [HbT] (p ¼ 0:03),
and � 0

s (p ¼ 0:01). Di®erence in [Hb] was found to
be insigni¯cant with p-value of 0.22.

In order to evaluate whether any of the par-
ameters hold potential to be used as an intrinsic
biomarker, we employed support vector machine
(SVM) as a classi¯cation algorithm.23 In our
approach, ¯rst, we chose any two independent
parameters from the list of the ¯tted parameters,
such as four mean lifetimes at the four emission
wavelengths, [HbO], [HbT], and light scattering
coe±cient, as classi¯ers; second, we utilized the
leave-one-out cross validation method to determine
the sensitivity and speci¯city for the chosen paired
classi¯ers. Since more than two parameters were
available as classi¯ers, we used various combi-
nations of parameters (see Table 2) to examine
which pairs of parameters could be selected as best
classi¯ers. For AFLM, with 20 data points available
in each category (tumor and control) for testing, we
obtained perfect sensitivity and speci¯city of 100%
for all possible pairs in wavelength combinations.
Table 2 lists only a couple of wavelength pairs as an
example. If we considered the data from LRS, which
had 14 data points available in each category, the

best pair chosen as classi¯ers were determined to be
[HbO] and � 0

s at 750 nm, which gave rise to both
sensitivity and speci¯city of 92.86%.

6. Discussion and Conclusions

This study shows the feasibility of using LRS and
AFLM as independent techniques for di®erentiating
rat cancer tissue from normal tissue. Several optical
parameters were obtained which could serve as
potential biomarkers to identify cancerous tissue.
Speci¯cally, Figs. 2(a) and 2(b) present signi¯cant
di®erences in mean lifetime between cancer and
noncancerous tissue. Such results are expected since
AFLM may be able to sense changes in tempera-
ture, pH, oxygen content, and nutrient supply of
the measured tissue.19�21 Because of such good
sensitivity to local tissue environment, AFLM was
found to be very robust, with 100% sensitivity and
speci¯city when the mean lifetimes from any two
wavelengths out of the four emission wavelengths
were selected to classify cancer from normal tissue.
Table 2 shows examples of two groups of wave-
length combinations. The results also suggest

Table 2. Sensitivity and speci¯city values calculated for di®erent pairs of obtained parameters using two modalities.

Classi¯cation parameters

LRS (n ¼ 14) AFLM (n ¼ 20)

[HbO] and � 0
s (750 nm) and [HbO] and 532 nm and 632 nm and

[HbT] � 0
s (830 nm) � 0

s (750 nm) 562 nm 684 nm

Sensitivity (%) 71.43 78.57 92.86 100 100
Speci¯city (%) 71.43 92.86 92.86 100 100

(c) (d)

Fig. 3. (Continued)
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di®erence in absolute lifetime values between in vivo
and ex vivo measurements, while both cases exhibit
a similar trend, namely, mean lifetime values were
higher in normal tissues than those in cancerous
tissues. This set of observations is also expected
because rat tumor ex vivo samples may have
experienced alternations in their physiological,
metabolic, and biochemical condition, as compared
to in vivo tissue, while being kept in PBS and
measured �10 h after the extraction.

In case of LRS, an increase in total blood con-
centration was found; it is indicative of increased
vasculature of tumor tissue (Fig. 3) as compared to
normal tissue. It was also found that in most cases,
[HbR] levels were very low, indicating a very high
level of hemoglobin oxygen saturation (�99%). This
could be partially attributed to the fact that the
optical readings were taken on the surface of the
tissue which was exposed to room air. For deeper
tumor regions, we may expect higher values of
[HbR] as tumors are generally known to be
hypoxic.24 Furthermore, light scattering, which is
closely associated with cell size and morphology,
was found to be signi¯cantly di®erent between
tumor and normal tissues. This set of results is also
expected as cell size and morphology are known to
be di®erent in cancerous cells compared to normal
cells. It was further observed that � 0

s variability was
relatively low at the individual level (indicated by
error bars in Fig. 3), and that the � 0

s values were
well signi¯cantly separated between the cancer and
control groups, as indicated by a lower p-value of
0.01. To further increase the understanding of
relation between � 0

s and cell morphology, and in
turn to be used for cancer staging, we plan to
include pathological analysis along with the optical
quanti¯cation in our near-future studies.

While AFLM seems to be able to optimally
determine or detect rat prostate cancer with perfect
sensitivity and speci¯city, we are prepared to have a
dual-modality approach to increase an improved
detection power. This is because human prostate is
quite di®erent from a solid rat tumor and often has
multifocal cancer lesions with di®erent levels of
cancer stage. It is highly possible that AFLM alone
may not be able to clearly identify low-grade
prostate cancer lesions, and a second detection
modality, such as LRS, may provide a complemen-
tary solution.

To mimic real biopsy environments in the animal
model, where the tissue is not directly exposed to

room air and background auto-°uorescence may
exist, a motorized system is planned to be
implemented in order to drive the optical ¯ber into
the tumor region in a minimally invasive manner
with an appropriate step size. Also, use of ortho-
topic animal models of prostate cancer25 can be an
alternative option when investigating realistic tissue
biopsy procedures. However, choosing an animal
model that closely mimics the human prostate
cancer could be challenging26; therefore, ex vivo
measurements taken from human prostate speci-
mens are necessary in order to validate our newly
developed methodology.

In summary, we have found with a limited
number of animals that both AFLM and LRS are
robust methods to di®erentiate prostate tumor from
normal tissue in rat prostate cancer model. It is seen
that AFLM has high sensitivity and speci¯city and
works well in both in vivo and ex vivo setups with
comparable results (Fig. 2). However, AFLM is
relatively costly; contact measurement geometry
also needs to be explored. On the other hand, LRS is
a much simpler system with e®ective cost. The
sensitivity and speci¯city of this technique are
relatively high, depending on which parameters are
selected as classi¯ers. In near future, we plan to
investigate the dual-modality approach in human
prostate studies to develop and evaluate the
classi¯cation abilities of the technique there.
Although each individual technique (i.e., AFLM and
LRS) or one of them may seem to be su±cient to
di®erentiate cancer from noncancer, a combined
approach in future may enhance our ability to detect
and diagnose the tumor type (malignant or benign)
and the stage of tumor.
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