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Spectroscopic detection of bladder cancer
using near-infrared imaging techniques
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Abstract. High-contrast imaging of bladder cancer is demonstrated
using near-infrared autofluorescence under long-wavelength laser ex-
citation in combination with cross-polarized elastic light scattering.
Fresh unprocessed surgical specimens obtained following cystectomy
or transurethral resection were utilized and a set of images for each
tissue sample was recorded. These images were compared with the
histopathology of the tissue sample. The experimental results indicate
that the intensity of the near-infrared emission as well as that of the
cross-polarized backscattered light was considerably different in can-
cer tissues than in that of the contiguous nonneoplastic tissues, allow-
ing an accurate delineation of a tumor’s margins. © 2004 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1753587]
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1 Introduction
Except for skin cancer, all other types of cancer occur inter
nally and are very difficult to detect at early stages. A large
percentage of these cancers occur in parts of the body that c
be reached and viewed using various types of endoscope
The rapid development in laser technologies, optical imaging
systems, and compact personal computers that took place ov
the past three decades has opened a window of opportunity
introduce novel photonic methods for the detection and treat
ment of disease.1,2 Various methods to detect and diagnose
cancer in real time are under consideration. These method
are based on the detection of disease-specific optical sign
tures originating in tissue structures and endogenous or exo
enous chromophores. Using such technology, stomach, cervi
uterus, colon, rectum, bronchus, and bladder cancers could b
detected at early stages when they are most successfu
treated. The advantages from the development of medical mo
dalities that could provide sensitive and accurate real-time
diagnosis would be tremendous.

Conventional white light endoscopic examination of the
bladder does not provide adequate information about the pre
ence of an embedded urotherial cancerous lesion. In respon
to this problem, a number of approaches for cancer detectio
and/or imaging in the bladder that are based on emergin
photonic technologies have been proposed. Using the applic
tion of exogenous factors~such as topical application of
5-aminolevulinic acid!, porphyrin concentration in the tumor
areas is increased and can be detected using a fluorescen
diagnostic method.3–5 Diagnosis using light scattering spec-
troscopy has also shown promise for the detection of cancer.6,7

Normal superficial microstructures of the bladder can be im
aged using optical coherence tomography, while loss of nor
mal structure can be associated with disease.8–10 The use of
tissue autofluorescence has also attracted attention and h
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shown promising results.11–14 In a paper by Anidjar et al. it
was reported that the emission intensity of cancer tissue
lower than that of normal tissue under laser excitation wa
lengths at 308, 337, and 480 nm.12 Changes in the emission
spectral profiles between normal and cancer bladder tiss
have also been observed under UV excitation.12–14 Koening
et al. have used the ratio of the emission intensity at 385
455 nm under 337-nm laser excitation as a diagno
algorithm.14 The positive results reported in the literature r
garding the detection of cancer in the bladder, in combinat
with easy access to the bladder forin vivo application, has
highlighted the potential of photonic technology forin vivo
detection and imaging of bladder cancer.

The feasibility of developing multimodality surface an
near-surface cancer imaging and detection methods in
bladder that are compatible with existing cystoscopes is
focus of this investigation. Two main imaging approaches
explored: near-infrared~NIR! polarized elastic light scatter
ing, and tissue autofluorescence in the NIR spectral reg
under laser excitation in the green and red spectral regi
These methods are compatible with existing endoscopic
aging modalities, which makes them suitable forin vivo im-
aging of cancer without the development of new instrume
for clinical use.

2 Experimental Methods
The experiments were carried out using a compact imag
instrument that we have built that was located adjacent to
surgical pathology grossing room of the University
California–Davis Medical Center in Sacramento, Californ
This allowed us to performin vitro measurements of bladde
tissue specimens obtained by transurethral resection or
lowing cystectomy. Our experiments were performed imm
diately after surgical removal from the body, followed b
fixation of the sample for histopathological examination. T
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sue samples were selected by the surgical pathologist fo
analysis. A detailed description of the experimental system i
given elsewhere.15 In brief, the images are captured using a
35-mm camera lens coupled to a liquid nitrogen-cooled CCD
camera. Cross-polarized light-scattering images of the
samples were recorded under near-infrared polarized illumi
nation at 700, 850, and 1000 nm attained using two polariza
tion elements located in front of the illumination source and
the camera lens. The wavelength is selected using 40-nm
bandwidth interference filters positioned on a filter wheel lo-
cated at the output of the fiber bundle that delivers the illumi-
nation from a white light source. In addition, we recorded the
autofluorescence images of the specimens in the 700 t
1000-nm spectral region using laser excitation at 532 nm with
a compact diode-pumped laser and at 632.8 nm using a he
um:neon~He:Ne! laser. The wavelength of the light emitted
by the tissue is selected using a 700-nm long-pass filter lo
cated in front of the CCD camera. The images obtained with
this system are then compared with the histopathology map o
the specimen.

This study discusses measurements of bladder specime
from 25 cancer patients for which pathological examination
~performed after the completion of the experiments reported
in this work from each patient! showed both normal and can-
cerous tissue components. Only this set was selected for th
study because we wanted to compare normal and cancero
tissue components from the same patient to avoid accumula
tion of inconsistent results arising from variability in tissue
properties among different patients. Most samples were sma
~5 mm in diameter or less! because they were obtained by
transurethral resection. The samples were compressed b
tween glass slides to a uniform thickness of approximately 1
mm. Following the acquisition of optical spectroscopic im-
ages as described earlier, all tissue samples were processed
pathological examination using standard procedures. Usuall
a number of specimens or parts of a specimen were norma
This allowed comparison of the properties of normal and can
cer tissue as manifested in the optical images. Samples o
tained from cystectomy were larger, typically having lateral
dimensions of 3 to 4 cm and a thickness of approximately 5
mm. These samples were obtained from cross-sectioning par
of the bladder containing normal and tumor tissue.

3 Experimental Results
Typical experimental results from specimens obtained from a
patient that had undergone cystectomy are shown in Fig.
and Fig. 2. Figure 1~a! shows the cross-polarized light-
scattering image of a3.032.7 cm2, 0.5-cm-thick specimen
under 700-nm polarized illumination. Figures 1~b! and 1~c!
show the autofluorescence images in the 700 to 1000-nm
spectral region under 532-nm and 632.8-nm laser excitation
respectively. The cancer lesion is located in the lower left par
of the image and is clearly visible in all cases as a feature with
a lower image intensity than the normal tissue.

In order to provide a quantitative description of the inten-
sity difference between normal and cancer tissue, we defin
the relative intensity differenceDI CA as

DI CA5~ I CANCER2I NORMAL!/I NORMAL ,
768 Journal of Biomedical Optics d July/August 2004 d Vol. 9 No. 4
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whereI NORMAL andI CANCER are the average image intensitie
from the normal and cancer tissues, respectively. The ave
intensity was obtained by estimating the average inten
from four different, 36-pixel(1-mm2) areas in the image for
each tissue component that are not close to the edge o
specimen. We find that for the specimen shown in Fig.
DI CA'(2)0.22 in the 700-nm cross-polarized light
scattering image, indicating a significant difference in inte
sity between normal and cancer tissue. This difference is
ther enhanced in the autofluorescence images. M
specifically,DI CA'(2)0.63 and '(2)0.33 in the NIR au-
tofluorescence images obtained under 532 nm and 632.8
respectively.

The ratio between images~performed using pixel-by-pixel
division between the digitally recorded images! can further
enhance the visibility of the cancer lesion and better deline
the tumor’s margins. Figure 1~d! shows the ratio-image ob
tained from division of the NIR autofluorescence image un
632.8-nm excitation over that under 532-nm excitatio

Fig. 1 Images of a human bladder tissue specimen. (a) Cross-
polarized light scattering under 700-nm illumination. (b) NIR fluores-
cence images under 532-nm and (c) 632.8-nm laser excitation. (d)
Ratio of the autofluorescence image under 632.8-nm excitation over
that under 532-nm excitation. (e) Interimage ratio of a cross-polarized
scattering image recorded under illumination at 700 nm over the fluo-
rescence image under 532-nm excitation. (f) H&E, stained section of
the same specimen.

Fig. 2 Images of a human bladder tissue specimen. The images are
displayed in the same order as in Fig. 1.
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Spectroscopic detection of bladder cancer . . .
In this case, the digitized intensity from the tumor is higher
than that arising from normal tissue, withDI CA'(1)0.82.
Figure 1~e! shows the ratio image obtained from division of
the 700-nm cross-polarized light-scattering image@in Fig.
1~a!# over the NIR autofluorescence image under 532-nm ex
citation @in Fig. 1~b!#. In this image, the tumor also appears as
a feature with higher intensity whereDI CA'(1)1.1. A
contrast-enhanced hematoxylin and eosin~H&E!-stained par-
affin section of the same specimen is shown in Fig. 1~f!. In the
later image, the feature that is darker in intensity represent
the cancerous section of the specimen. A comparison of th
image of the H&E section with the spectroscopic images
shown in Figs. 1~a!–1~e! indicates an exact correlation of the
tumor and the tumor’s margins.

Figure 2 shows a second example from a3.132.6-cm2,
0.5-cm-thick section of bladder tissue that was also obtaine
from cystectomy. The images are arranged in the same ord
as in Fig. 1. The cancer is located in the left side of the
specimen. The bright feature in the fluorescence images is
necrotic section of this tumor. The emission from this section
is higher by a factor of'5 compared with that of the rest of
the tumor. This array of images clearly indicates that the tu
mor can be visualized and tumor margins can be clearly de
lineated. In this specimen,DI CA'(2)0.25 in the 700-nm
cross-polarized light scattering image, whileDI CA

'(2)0.71 and '(2)0.45 in the NIR autofluorescence im-
ages obtained under 532-nm and 632.8-nm, respectively.

The correlation between the histological findings and the
optical imaging examination as described earlier has bee
very consistent. In all cases, the tumor tissues exhibited opt
cal characteristics similar to those illustrated here. However
the absolute changes between normal and cancer tissue we
somewhat different among specimens from different patients
This may be due to three different factors. First, it is known
that there are differences in fluorescence and scattering pro
erties in tissues from different patients. A second reason i
associated with the thickness of our samples which, for prac
tical reasons, could not be the same for all samples. A third
important reason is that in some cases the tissue specime
were not uniform and contained both normal and cancer com
ponents in close proximity. The consequence of this is that th
separation of the optical characteristics of the two tissue com
ponents is very difficult. Figure 3 demonstrates the latter case

Figure 3~a! shows a '335-mm2, 1-mm-thick H&E
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stained paraffin section of bladder tissue with diffuse infiltr
tion by tumor involving 75% of the section. Figure 3~b!
shows the NIR autofluorescence image under 632.8-nm e
tation of the same specimen. The specimen is not aligne
the same way in the two images and therefore there is no
exact correlation of the observed features. In the NIR fluor
cence image, the cancer appears darker than normal tissu
clearly shows the infiltration of the specimen by the tum
However, it is difficult in this specimen to measure the ab
lute values of the intensity from cancer and normal tiss
owing to the proximity and overlap of the signal from ea
tissue component. The characteristic example in Fig. 3 sh
the advantage of using imaging methods rather than sin
point spectroscopy methods. Past work on spectroscopic
tection of bladder cancer using intrinsic contrast mechanis
has been performed using single-point measurements sui
for laser spectroscopy-guided biopsy.6,7,11–14 In such an ar-
rangement, tissue specimens such as that shown in Fi
could give rise to ambiguous results, and if the cancer in
tration is small, the single-point spectroscopic reading may

Fig. 3 (a) H&E-stained section of bladder tissue with 75% infiltration
by tumor. (b) Near-IR autofluorescence image under 632.8-nm exci-
tation. The autofluorescence image was captured using a camera lens,
resulting in low spatial resolution. The specimen is not aligned in the
same way in the two images and therefore there is not an exact cor-
relation of the observed features. The cancer is darker in both images.
Table 1 Range of experimental values of the relative intensity difference between normal and cancer
tissue components for different imaging methods.

Type of Imaging Relative Intensity Difference (D ICA)

Cross-polarized light-scattering image: (−) 0.10 to (−) 0.25

NIR autofluorescence under 532-nm excitation: (−) 0.30 to (−) 0.65

NIR autofluorescence under 632.8-nm excitation: (−) 0.25 to (−) 0.40

Ratio of autofluorescence image under 632.8-nm excitation
over that under 532-nm excitation:

(+) 0.25 to (+) 0.85

Ratio of light-scattering image over autofluorescence image
under 532-nm excitation:

(+) 0.50 to (+) 1.20
urnal of Biomedical Optics d July/August 2004 d Vol. 9 No. 4 769
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Fig. 4 Emission spectra from normal and cancer bladder tissue under
532 and 632.8 nm. Intensity profiles are normalized at 700 nm.
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negative. Our experimental results on the difference in inten
sity between normal and cancer tissue components are sum
marized in Table 1.

Emission spectra from normal and cancer bladder tissue
under 532- and 632.8-nm excitation were obtained using a
optical parametric oscillator~OPO! laser system for excita-
tion. Typical spectra are shown in Fig. 4, where the emission
intensity is normalized at 700 nm, which is the lower limit of
the spectral band used for image acquisition. The spectra from
normal tissues are similar to those of cancer and do not sho
any distinctive features. The native tissue emission unde
632.8-nm excitation has an enhanced contribution at longe
wavelengths compared with that under 532-nm excitation, es
pecially in the 800 to 950-nm spectral region. This difference
in the spectral profiles may explain the different relative in-
tensity difference observed between normal and cancer blad
der tissue in the autofluorescence images under 532- an
632.8-nm excitation as discussed earlier.

4 Discussion
Autofluorescence images under long-wavelength excitatio
can help detect and image cancer that is located in the supe
ficial tissue layers, probably not deeper than 1 to 2 mm from
the surface. Previous studies on detection of bladder canc
using the native fluorescence of tissue have concentrated o
using shorter excitation wavelengths, mostly in the ultraviolet
spectral region.11–14 Under these excitation conditions, the
penetration depth of the excitation light is restricted to a few
hundreds of micrometers from the surface, offering a smalle
sampling volume than the approach discussed here. In add
tion, the utilization of the NIR spectrum of the emission mini-
mizes the reabsorption of the emitted light by the tissue o
localized blood concentrations. Tissue reabsorption has bee
reported in previous publications as influencing the experi
mental results using light-scattering or tissue autofluorescenc
spectroscopy.7,14

All previous reports using tissue autofluorescence hav
suggested that the emission from cancer tissue is significant
lower than that of normal bladder tissue.11–14 This behavior
770 Journal of Biomedical Optics d July/August 2004 d Vol. 9 No. 4
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has been observed in our experimental results using lon
excitation wavelengths and the NIR component of the em
sion. We have reported in a recent publication experime
results suggesting that NIR autofluorescence imaging un
long-wavelength excitation provides a contrast between n
mal and cancer tissue. More specifically, the cancer les
appears with higher intensity than normal tissue for most
sue types, such as breast, liver, and prostate.15 It was hypoth-
esized that changes in the porphyrin content of the tissue
ing from changes in the heme biosynthesis in tumoral cell
the reason for the enhanced NIR emission observed in ca
tumors.

Our results show that bladder cancer appears with lo
intensity than normal tissue. However, the ratio image aris
from the division of the NIR autofluorescence images un
632.8-nm excitation over that obtained under 532-nm exc
tion @see Fig. 1~d! and Fig. 2~d!# show cancer with a highe
intensity than normal tissue, suggesting that the NIR spec
component under 632.8-nm excitation is higher in cancer.
suming that part of the NIR emission is due to porphyrins a
that the relative contribution of the porphyrins in the NI
emission under 632.8-nm excitation is enhanced~owing to
less efficient excitation of other chromophores!, the images
shown in Fig. 1~d! and Fig. 2~d! may indicate enhancement i
porphyrin content in bladder tumors compared with norm
tissue. The reduced intensity of the tumor in the NIR au
fluorescence images could be due to tissue chromoph
other than porphyrins, a hypothesis that is supported by
fact that 532-nm excitation provides higher contrast.

The presence of differences between normal and ca
tissue in the cross-polarized light-scattering images@see Fig.
1~a! and Fig. 2~a!# provides another method to imag
cancer—probing a different set of intrinsic contrast mech
nisms than tissue autofluorescence. Furthermore, the pres
of a difference in the cross-polarized light-scattering imag
under different illumination wavelengths supports the imp
mentation of the subsurface spectral and polarization dif
ence imaging technique~SPDI!.16,17 Experimental results us
ing various animal tissue models suggest that the SP
subsurface optical imaging method can offer imaging dep
on the order of 1 cm. The interimage ratio of a cross-polariz
light-scattering image recorded under illumination at 10
and 700 nm exhibited a very small change~less than 3%! in
the average intensity between the normal and the cance
gions, suggesting that the relative intensity difference rema
the same for illumination from 700 to 1000 nm. This indicat
that the scattering intensity between normal and cancer tis
remains relatively unchanged as a function of the illuminat
wavelength, which further supports the implementation of
SPDI method.

The flawless correlation between an examination with o
tical imaging and the histological findings suggests that tra
ferring this technology from the pathology room to the cys
scopic suite and then to the urologist’s office will be a re
advance in the management of patients with bladder cance
suspected of having it.

The most common presenting feature of transitional c
carcinoma~TCC! of the bladder is hematuria. The tumor
diagnosed at an outpatient cystoscopic examination. The
tient is subsequently scheduled for outpatient surgery tha
quires anesthesia, cystoscopic examination, and transure
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Spectroscopic detection of bladder cancer . . .
resection~TUR!. At present, 75% of such tumors have not
invaded the bladder muscle and are called superficial. Initia
therapy consists of a TUR. Tumors undergo histological ex
amination and are given a grade~I, II, III !, staged as Ta~con-
fined to mucosa!, T1 ~into lamina propria but muscle below
the tumor is uninvolved!, or as carcinomain situ ~CIS!, a flat
lesion confined to the mucosa, which is virtually always high
grade. Fifty percent of this group of superficial tumors will
recur following initial therapy.18 The reasons that TCC tumors
recur after resection are most likely the following:~1! bladder
tumors are multifocal lesions by nature and subsequent tu
mors arise from areas of CIS that are not yet visible;~2! the
area of tumor is not fully resected;~3! the urothelium is in-
jured during the resection process and seeding by TCC cel
occurs; and~4! recurrence represents a new tumor develop
ment.

Given this clinical scenario, it is easy to see the value of a
highly sensitive optical detection system in the managemen
of this disease to the patient, doctor, and health-care system
Such an optical detection system would help:~1! define if the
tumor was Ta, T1, or T2,~2! indicate if visibly normal mucosa
is in fact harboring CIS, and~3! determine if all the tumor had
been resected by the close of the surgical procedure. It cou
also be beneficial by enhancing the follow-up of patients with
Ta and T1 tumors. It could increase the accuracy of detectin
recurrent tumors. Finally, Ta lesions could be treated in the
office rather than the operating room, and discolored area
that can be confused as either CIS or inflammation following
intravesical therapy could be accurately analyzed.
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