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Near-infrared autofluorescence imaging for detection
of cancer

Stavros G. Demos Abstract. Near-infrared autofluorescence imaging of tissues under
Lawrence Livermore National Laboratory long-wavelength laser excitation in the green and red spectral region
PO Box 808, L-411 complemented by cross-polarized elastic light scattering was explored
Livermore, California 94551 . . .

for cancer detection. Various types of normal and malignant human

and
UC Davis Cancer Center tissue samples were utilized in this investigation. A set of images for
4501 X Street each tissue sample was recorded that consisted of two autofluores-
Sacramento, California 95817 cence images obtained under 532- and 632.8-nm excitation and light-

scattering images obtained under linearly polarized illumination at
700, 850, and 1000 nm. These images were compared with the his-
Ralph deVere White Iﬁpathology of the tissue sample: The gxperimental results indicat.ed
UC Davis Cancer Center at for various tissue types, the intensity of the autofluorescence in-
4501 X Street tegrated over the 700 to 1000-nm spectral region was considerably
Sacramento, California 95817 different in cancer tissues than in that of the contiguous non-
neoplastic tissues. This difference provided the basis for the detection
of cancer and delineation of the tumor margins. Variations on the
relative intensity were observed among different tissue types and ex-
citation wavelengths. © 2004 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction tral features associated with the Raman active vibrational

Optical spectroscopy has been widely used to acquire funda-ar!d,/or rotat?onal modes. It was onlly recently shown that the
mental knowledge about physical, chemical, and biological °"9'" of this backg_rou_nd signal in the_far red and near-
processes that occur in biomaterials. Various research groupgnfrared_spectral region in Raman-scattermg measurements of
have attempted to classify and diagnose tissue states usin ISSUES IS du_e to emission by photoexcited fluorophti@e
fluorescence and Raman spectroscopjthough most of the ifetime of this emission was found to be on the order of 1 ns,

published work is associated with the detection and imaging \;\/Izgze';ig'tgt;g i;h?;eo;;r;heer élssgfhgtut%rgﬁ)\ngzitg‘ll\j\gj:zs-
of malignancies in human tissues, including the cervix, blad- pap

. ence intensity from cancer and normal human breast tissue is
der, lung, breast, esophagus, stomach, uterus, skin, and;. . ) .
P S -, distinctly different, suggesting a new way to detect breast can-
colon;tissue autofluorescence has shown promise in assist-

ing in other clinical applications such as the diagnosis of
atherosclerost§ and Alzheimer’s diseasé.The main fluoro-
phores in tissues exhibit maximum absorption at photon ener-
gies higher than 2 eV. As a result, most tissue spectroscopy

resea(;ch hasherr(lijO)(;ed UV to \f/'Sr']ble I|ght.sogrces fro:n 25rc]) cancer and distinguishing it from noncancerous tissues. Our
to 550 nm. The disadvantage of these excitation wavelengt Sexperimental approach involved imaging in the 700 to

is their short penetration depth in tissues, which leads to ex- 1300.nm spectral region of various types of malignant tissues
traction of mforma}tlon only from supe.rflc!al tissue layers. with contiguous non-neoplastic human tissue samples using
~ Raman-scattering measurements in tissues are performedqyoss_polarized elastic light scattering and tissue autofluores-
in the near-infraredNIR) spectral region to avoid emission  cence under 532- and 632.8-nm laser excitation. The optical
by tissue chromophores. However, even at these longer Waveimages were then compared with the histological map of the

lengths, tzhfs presence of a long Stokes spectral wing is specimen to determine which imaging technique can detect
observed?*which makes the observation of the fine details cancer and outline tumor margins.

in the Raman-scattering spectrum difficult. The intensity of
the Stokes spectral wing becomes weaker as the pump wave-

length increase¥. This spectral wing has been considered to 9 Experimental Arrangement
be noise and is usually subtracted from the Raman spectral
profile using complex fitting parameters to acquire the spec-

The objective of this work was to investigate the ability of
native tissue fluorescence under long-wavelength laser excita-
tion in combination with NIR polarized light scattering to
image tissue components, with special attention to detecting

The human tissue specimens studied in this work were ob-
tained fresh from surgical resections. The experiments pre-
ceded tissue fixation to ensure no compromise of tissue char-

Address all correspondence to Stavros G. Demos, Lawrence Livermore National
Laboratory, PO Box 808, L-411, Livermore, California 94551. Tel: 925-423-
3388; FAX: 925-423-2463; E-mail: demos1@lInl.gov 1083-3668/2004/$15.00 © 2004 SPIE

Journal of Biomedical Optics ¢ May/June 2004 « Vol. 9 No. 3 587



Demos et al.

output of this fiber bundle. With this imaging system, a set of

Fiter (F Fiber bundle eight images was recorded for each sample. More specifically,
Polar'iz::ﬁp)) we recorded the parallel and the cross-polarized light-
s scattering images under 700, 850, and 1000-nm illumination
F
|Lens ccDb

and the NIR(700- to 1000-nm autofluorescence images un-
der 532- and 632.8-nm excitation. Interimage operations per-
mitted the acquisition of additional information. The ratio be-
tween cross-polarized light-scattering images recorded under
- different illumination wavelength$700, 850, or 1000 nin

White . . . . . L. L

light using pixel-by-pixel interimage division between the digitally
source recorded images, can image the change in the scattering prop-
erties of the tissue components as a function of the wave-
length. Similarly, a division between autofluorescence images

Tissue
specimen

Fig. 1 Schematic layout of the key optical components of the instru-

mentation for performing in vitro measurements of human tissue obtained under different excitation wavelengths or between
samples immediately after surgery. The experimental setup involves autofluorescence and light-scattering images helped enhance
polarizers (P) and appropriate optical filters (F). Two lasers and a white the visibility of the features of interest. In addition, using the
light source coupled with optical fibers are used to illuminate the two orthogonal polarization light-scattering image compo-
sample. nents for each illumination wavelength, we obtained the de-

gree of polarization of the light-scattering images for each
wavelength. These images were subsequently compared with
acteristics. To simplify the procedure for optical spectroscopy the histopathology map of this same tissue specimen. A pa-
experiments on human samples, we built a compact spectro-thologist viewed the corresponding hematoxylin and eosin
scopic imaging system that was positioned in a laboratory (H&E)-stained paraffin section by light microscopy and pre-
space adjacent to the surgical pathology unit at the University pared an outline of the cancer and the noncancerous areas.
of California-Davis Medical Center in Sacramento, Califor- Specimens obtained from more than 80 patients have been
nia. This allowed us to perforrim vitro measurements of hu-  studied to date.
man tissue specimens as they became available immediately
after surgery without interfering with standard hospital proce-
dures. 3 Experimental Results

Figure 1 shows the schematic layout of the key optical In this paper we discuss illustrative examples of our experi-
components composing this spectroscopic imaging unit. The mental observations. The aim is to demonstrate the potential
human tissue specimens were positioned between two parallelof this approach for imaging tissue components. Figure 2
glass slides located on a sample holder and were slightly com-shows images of d-cmx 3-cm human breast tissue, 5 mm
pressed to an approximately uniform thickness that was in the thick, with a multifocal high-grade ductal carcinoma sur-
range of 1 to 5 mm, depending on the original thickness of the rounded by fibrous supporting tissue and with an adjacent
specimen. The images of the specimens were acquired using area of fatty infiltration. Figures(2) and Zb) show the near-
liquid nitrogen-cooled CCD detector coupled to a camera infrared autofluorescencéNIRA) images under 532- and
lens. A polarizer was positioned in front of the camera lens 632.8-nm laser excitation, respectively. Figuie)shows a
and its polarization orientation was controlled by the operator. cross-polarized light-scatteringPLS image under 700-nm
In addition, a 700-nm long-pagkP) filter was positioned in illumination. Figure 2d) shows a ratio of the NIRA image
front of the camera lens. For the autofluorescence imaging shown in Fig. 2b) divided by the CPLS image shown in Fig.
experiments, the photoexcitation was provided by a 632.8-nm 2(c). Figure Ze) shows an interimage ratio of the CPLS im-
helium:neon(He:Ne laser and by a 532-nm diode-pumped age under 1000-nm illumination divided by the CPLS image
laser. The laser light was transmitted to the imaging compart- at 700 nm. Figure @) shows an interimage ratio of the CPLS
ment of the system using optical fibers. The diverging output image at 700 nm divided by the NIRA image under 532-nm
beams from each fiber were used to provide nearly uniform illumination.
illumination of the sample. A narrow-band interference filter From the images of the specimen shown in Fig. 2, only the
was positioned in front of the output of the fiber to ensure NIR fluorescence image under 632.8-nm excitafieig. 2(b)]
monochromatic illumination. The 700 LP filter located in and the resulting ratio image shown in Figdedemonstrate a
front of the CCD, in combination with the response spectrum correlation with a cancer identified by histology. TAd-mm
of the CCD imaging camera, determined the spectral range ofdiameter ductal carcinoma areas appear as features with
the light emitted by the tissu€700 to 1000 nm that was higher emission intensity under 632.8-nm excitafieee Fig.
selected for image acquisition. This spectral range used to2(b)]. The ratio image shown in Fig.(@ improves the vis-
record the autofluorescence images of the tissues was thability and contrast of the cancer and provides sharper delin-
same for both 532- and 632.8-nm excitation. eation of the tumor margins.

For the light-scattering imaging experiments, a white light Figure 2g) shows the digitized intensity along a transverse
source coupled to a fiber bundle was used to illuminate the and a vertical direction of the NIRA image under 632.8-nm
sample. Three illumination wavelengths were used at 700, excitation. The transverg@ertical profile represents the in-
850, and 1000 nm, which were selected by 40-nm bandwidth tegrated intensity over 3 verticdtransversg pixels of the
interference filters positioned on a filter wheel located at the digital image(1 mm=6.1 pixel9. The inset shows the NIRA
output of the fiber bundle. A polarizer was positioned at the image[the same as that shown in Figb®] where the direc-
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Fig. 2 Images of a human breast tissue sample with a multifocal high-grade ductal carcinoma. NIR autofluorescence images in the 700- to 1000-nm
spectral region under (a) 532-nm and (b) 633-nm laser excitation. (c) Cross-polarized light scattering under 700-nm illumination. (d) to (f) Ratio
images to enhance visibility of tissue components. (g) The digitized intensity along a transverse and a vertical direction of the NIRA image under
632.8-nm excitation. More details are provided in the text. CA, cancer; F, adipose tissue; Fb, fibrous tissue.

tions used to obtain the intensity profiles are indicated with
dotted lines. The two 3-pixel stripes are intersecting at the
largest cancer nodule observed in this image. The horizontalwhere | ,,,ma IS the average image intensity of the fibrous
axis of the intensity profiles indicates the distarie milli- normal tissue and ... IS the average image intensity of
meters from the left side edge of the specimen along the cancer tissue, we find that in the case of the specimen shown
transverse direction, and from the upper edge of the specimenin Fig. 2, Al .~ 1.5 for the image shown in Fig.(B) and
along the vertical direction. These profiles demonstrate that Al .;~1.6 for the image in Fig. &). The average intensity
there is a considerable difference in the NIR emission inten- was estimated from four different 36-pixél-mnt) areas in
sity arising from these cancerous areas compared with thatthe image of the fibrous part of the tissue and, owing to their
from the surrounding normal tissue—by a factor of about 2.5 small size, over four different 9-pixel areas in the center of
compared with fibrous tissue and a factor of 4 compared with cancer nodules. In the examples that follow, the average im-
adipose tissue. Figurege? and 2f) show with higher inten- age intensity was measured as described for the case of fi-
sity the presence of adipose tissue in the upper part of thebrous tissue.
specimen. Figure 3 shows a set of images obtained from a liver speci-
By defining the relative intensity differenc®l ., as men. A histological section of this specimen shows a well-

A I ca_ ( I cancer I normaD/I normal

Fig. 3 Images of a human liver tissue sample with hepatoblastoma. (a) Cross-polarized light-scattering image at 700 nm. NIR fluorescence images
under (b) 532-nm and (c) 632.8-nm excitation. CA, cancer.
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Fig. 4 Images of a human kidney tissue with renal cell carcinoma. (a) Cross-polarized image at 700 nm. (b) NIR fluorescence images under
632.8-nm laser excitation. (c) Ratio of NIR autofluorescence image under 532-nm excitation over that under 632-nm excitation. CA, cancer; F, fat.

circumscribed).8x 0.5-cmnodule of a hepatoblastoma. Fig- as a brighter feature compared with that of the normal tissue,
ure 3a) shows the CPLS image under 700-nm illumination. having Al ~2.5. This feature is barely visible in the CPLS
Figures 3b) and 3c) show the NIRA images under 532- and images, having slightly lower intensity than the adjacent nor-
632.8-nm laser excitation, respectively. The cancer nodule is mal tissue, but the contrast is not sufficient for a definite con-
visible in all images shown in Fig. 3 as a feature that is clusion or for determination of the tumor’s margins. The can-
brighter in intensity. The digitized intensity in the area of the cer is also visible in the NIRA image under 532-nm
cancer nodule in the CPLS image shown in Fi@) 3s higher
than that of the adjacent normal liver tissue witfl .,
~0.13.This intensity difference between the two tissue com-
ponents is further increased in the NIRA images and it be-
comesAl.~0.4 and Al .,;.~0.65 under 532- and 632.8-nm
excitation, respectively. This difference in image intensity al-
lows the best visualization of the cancer nodule, especially in
the NIRA imagedFigs. 3b) and 3c)].

Figure 4 shows images of a kidney containing a cancerous
lesion. Figure 4) shows the CPLS image under 700-nm il-
lumination. Figure &) shows the NIRA image under
632.8-nm laser excitation. Figurdd} is the image obtained
from a division of the NIRA image under 532-nm excitation
over that recorded under 632.8-nm excitation. The pathologi-
cal examination shows a poorly demarcated nodule of a renal
cell carcinoma measuring.0x 0.6 cm. This tumor is sur-
rounded by normal kidney. The upper side of the specimen is
normal fat tissue that surrounds the kidney. In the optical
images, the cancer appears brighter in intensity in the CPLS
images[Fig. 4a)] and darker in the NIRA imagds$-ig. 4b)]
compared with the normal kidney. In the CPLS image under
700-nm illumination,Al ..~ (+)0.7, while for the NIRA im-
age under 632.8-nm excitatioft) .~ (—)0.4.The fat located
on the upper side of this speciméas imagetlis better visu-
alized in the ratio image shown in Fig(c}, where it is clearly
differentiated from the kidney tissue. In the latter image, nor-
mal kidney tissue cannot be differentiated from the cancer.

Figure 5 shows NIRA images under 632.8-nm excitation
from human tissue samples containing cancers in a field of
normal tissue from pancreas, prostate, and bladder in three
different patients. Figure(8 shows the NIRA image from a
~3.3-cmX 2.3-cmX 4-mm cross-section of pancreas con-
taining an area of cancer in the middle. The tumor appears as
a brighter feature than the normal surrounding tissue, with
Al.~0.7.The cancer is also visible in the NIRA image under
532-nm excitation and in the CPLS images haviAg.,
~0.7and Al 4~0.25,respectively.

Figure §b) shows the NIRA image under 632.8-nm exci-
tation of a~4-cmx3-cmx5-mm CI‘OSS-SeCt_IOI’] of humar_‘ Fig. 5 NIR autofluorescence images under 632.8-nm laser excitation
prostate. TheS-mmx3-mm area of prostatic adenocarci- from (a) pancreas, (b) prostate, and (c) bladder tissues containing nor-
noma within the peripheral zone is clearly visible in the image mal and cancer (CA) components.
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excitation, with Al .~0.5. The submillimeter-diameter fea- accompanied by emission in the far-red and near-infrared
tures observed in the NIR autofluorescence image that areregion!’ Porphyrin compounds are also utilized in photody-
brighter in intensity than normal tissue are caused by corporanamic therapy using localized laser excitation, usually in the
amylacea(protein concretions These features can be dis- 620- to 640-nm wavelength region. Porphyrin biosynthesis in
criminated from cancers by recording the degree of polariza- tumoral cells was first investigated nearly 40 years ago as a
tion image of the NIR autofluorescence from this tissue be- result of a suspected association of cancer with the porphyrias
cause they preserve polarization to a much higher degree thar{a disease in which the predominant symptoms were due to
the rest of the tissue components. This imaging method is notskin photosensitivity. It has been observed that the content of
discussed in this paper. porphyrins in the liver and the tumor of patients with cancer
Figure 5c) shows the NIRA image from eight sma(b was elevated®=>3 Our experimental result showing enhance-
mm in diameter or legsbladder samples from the same pa- ment of the NIR fluorescence in liver cancer tumors is in
tient obtained by transurethral resection. The samples wereagreement with these reports, supporting the hypothesis that
compressed between glass slides to a uniform thickness ofthe observed emission is predominantly due to porphyrins.
approximately 1 mm. In this image, the two specimens that It has also been reported that significantly higher levels of
exhibit higher intensity(labeled 1 and Rare normal. Two porphyrins and precursors were found in other types of cancer
specimeng4 and 5 contain both normal and cancer areas. compared with the normal tissue of oridit?® Interesting
The remaining specimens are diffusely permeated with can- results were described in Ref. 26, where it is suggested that
cer. These results are typical of our observations of bladderthe level of porphyrins in primary internal organ tumors was
tissues, which show that bladder cancer exhibits lower emis- greater and in endocrine gland tumors less than in their con-
sivity than normal bladder tissue in the NIR spectral region. tiguous non-neoplastic tissues.
In the NIRA images obtained under 532 and 632.8 nm, the  Assuming that the NIR autofluorescence signal under long-
emission intensity of the cancés, 6 to 8 is lower than the wavelength excitation arises mainly from porphyrins, the im-

average emission of the normal tissue, wkh.;~—0.7 and aging method discussed in this work may offer a way to moni-
Al .~ —0.3,respectively. In addition, cancer was also visible tor and/or image the porphyrin content in tissues. The strong
in the CPLS images, withA| ..~ —0.2. evidence that the heme-biosynthetic pathway, and therefore

the production of porphyrins, is disturbed in neoplasia may be
. . the reason that the NIR autofluorescence images offer, in
4 Discussion many cases, high contrast between normal and tumor tissue.
Our experimental results suggest that when differences existOur results show that although in some cases the emissivity of
in the scattering properties of tissue components, cross-cancer tissue is higher than the normal host tissue, such as in
polarized light-scattering images provide better image quality liver and breast, this is not always the case. Typical examples
than unpolarized or parallel-polarized images. This finding is of the latter case are the kidney and bladder, where the NIRA
not surprising since the cross-polarization removes the specu-emission from cancer is lower than that of the normal tissue.
lar reflections on the sample’s surface from the image. In One should not ignore the possibility that part of the NIR
addition, the cross-polarized image is formed by photons that emission may arise from biomolecules other than porphyrins,
have propagated inside the tissue before backscattering, andvhich may also be unevenly distributed between normal and
as a result they have interacted with the tissue over largercancer tissues. Independent of the origin of the differences in
optical distances than photons that maintained their polariza-the NIR emission intensity, an imaging system that is based
tion state!®> From the polarization-sensitive light-scattering on this method could assist a surgeon in visualizing the tumor
images, one can also obtain the degree of polarization image,margins for more accurate and complete removal of cancerous
which depicts the way light depolarizes during interaction tissue. In addition, identification of the relation of the biomol-
with different tissue components. This property has been dis- ecules that give rise to the NIR fluorescence with the bio-

cussed elsewher&. chemistry and metabolism of the tumor may provide a useful
The NIRA image shown in Fig.(®) demonstrates that this  method forin vivo assessment of the status of the tumor and
method can detect small lesiofts mm or smallerin a field its behavior under different treatment protocols.

of normal tissue. The experimental results shown in Fig. 3and  The experimental results discussed here suggest that NIR
Fig. 4 indicate that the measured intensity of the NIRA signal autofluorescence under long-wavelength excitation, in combi-
of the different tissue components is not largely dependent onnation with cross-polarized light scattering, is a promising
their corresponding light-scattering properties. The CPLS sig- approach for detecting and imaging in real time cancers resid-
nals from the tumor in liver and kidneighown in Fig. 3 and ing in multiple sites of the human body.
Fig. 4) are higher than that of the corresponding normal tis- The fact that we are using for photoexcitation and imaging
sue. However, the intensity of the NIRA from the tumor in longer wavelengths that penetrate the tissue more efficiently
kidney is lower than that of the normal tissue, while the op- can be considered an advantage because we can probe a larger
posite is the case in liver. The sensitivity for cancer detection tissue volume and not only the surface, and can minimize
using NIR autofluorescence can be enhanced by utilizing ex- concerns regarding tissue damage. As is apparent from the
citation at the appropriate wavelengths. The 1-mm tumor le- representative experimental results discussed in this paper, we
sions in the breast specimen shown in Fig. 2 are visible in the have not identified a unique or typical pattern that describes
NIR autofluorescence images under 632.8-nm excitation, butall types of cancers. However, the experimental results indi-
not under 532-nm excitation. cate a characteristic and consistent behavior for each cancer
It is known that among the principal tissue chromophores, type. The results shown in Fig. 2 from breast cancer are in
only porphyrins exhibit absorption in the red spectral region, agreement with results previously reported regarding the NIR
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autofluorescence of breast canteifhe results from liver
cancer shown in Fig. 3, which demonstrate enhanced NIR

emission from the tumor, are in agreement with previous ob- ,;

servations of elevated porphyrin content in liver tumGr&A

detailed report on our results from bladder cancer has been
submitted for publication and shows a consistent behavior in
specimens from 25 patients. It must be pointed out that the
results shown here are from tissues that did not involve ne-

crosis. The presence of necrotic tissue leads to a large increases.

in the NIR autofluorescence, which is in agreement with a
previous report using violet light excitatidi.

14.
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