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Abstract: The goal of this study was to evaluate the capabilities of a
calibrated autofluorescence imaging method for detecting neoplastic lesions.
An imaging system that records autofluorescence images calibrated by the
cross-polarized reflection images from excitation was instrumented for the
evaluation. Cervical tissue was selected as the living tissue model. Sixteen
human subjects were examined in vivo with the imaging system before
routine examination procedures. It was found that calibrated
autofluorescence signals from neoplagtic lesions were generally lower than
signals from normal cervical tissue. Neoplastic lesions can be differentiated
from surrounding normal tissue based on the contrast in the calibrated
autofluorescence. The effects of the optical properties of tissue on the
calibrated fluorescence imaging were investigated.
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1. Introduction

Conventional diagnosis and screening tools for early detection of neoplastic growth
(neoplasia) such as white-light endoscopy have significant limitations because of their poor
sensitivity. In this regard, major work continues in the development and evaluation of
aternative diagnostic techniques. Optical spectroscopic imaging is being investigated as a
non-invasive method for detection of pre-cancerous tissues. Its diagnostic potential is based
on the ability to detect changes in both tissue chemistry and tissue architecture. Over past two
decades, one of the most extensively investigated applications of optical spectroscopy has
been to use fluorescence to detect endoscopically invisible early neoplasia in epithelial tissue
sites, which signals pre-malignant changes such as dysplasia and carcinoma in situ (CIS).
Investigations of fluorescence intensity and spectral characteristics have been performed at
many organ sites. Comprehensive reviews of the application of fluorescence spectroscopy in
tissue diagnosis are given in Ref. [1-3].

A general observation in the investigation of tissue autofluorescence is that under the
same illumination condition, normal tissues almost always more efficiently emit the
fluorescence than do neoplastic or cancerous lesions. A study of the human colon indicated
that the calibrated fluorescence intensity of normal tissue within an individual is 2 to 3 times
higher than that of an adenoma[4]. Calibrated fluorescence intensity from normal bronchial
tissue was found to be 2 to 3 times higher than that from bronchia dysplasia and CIS [5,6].
Studies on the cervix demonstrated that the calibrated fluorescence intensity from normal
tissue is 2 times higher than that from the abnormal tissue [7]. Results from in vivo and in
vitro investigations on the autofluorescence of cervical tissue demonstrated that the reduction
of fluorescence intensity in early cervical lesions is caused by decreases in signal from
collagen, the dominant fluorophore in tissue [8,9]. Investigations in the human bronchus and
colon revealed that decreased fluorescence in early lesions appears to come from a decrease in
collagen and elastin fluorescence due to the screening effect of mucosal thickening or
replacement of submucosa by cancer cells [10,11]. The evidences from the in vivo and in
vitro investigations discussed above confirm that the fluorescence intensity carries diagnostic
information and may be used in differentiating neoplastic lesions from normal tissues.

Autofluorescence spectroscopy with multiple optical fiber sensors to deliver the
excitation light and collect back-scattered fluorescence signals have been successfully used to
detect early neoplagtic lesions at different organ sites [4-7]. In practice, the distal tip of the
fiber sensor gently touches the tissue surface to ensure constant measurement geometry and to
produce calibrated fluorescence signals. However, in the examination of large areas of tissue
using a conventional imaging system, the recorded fluorescence signals are distorted by
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geometrical effects (such as varying separation of the source-sample-detector and
incident/emission angles over the imaged tissue surface). Without a mechanism to
compensate for the geometrical effects, the measured fluorescence intensity can not be
directly used for diagnosis purposes.

We recently developed a technique that combines polarization and fluorescence imaging
to correct for the geometrical effects and to recover the distribution of intrinsic fluorescence
intensity over the imaged tissue surface [12,13]. A cross-polarization arrangement for
illumination and collection is used to extract the diffusive components from the reflection of
the excitation light. The diffusive reflection reveals information about the excitation and
collection geometry. It has been shown that the geometrical effects of fluorescence imaging
could be calibrated to a great extent from taking the ratio of the fluorescence signal (F) to
diffusive reflection signal (R) of the excitation light recorded from the same site. In anin vivo
study of calibrated fluorescence imaging from the oral cavity and oropharynx sites, we
demonstrated that F/R ratio value is proportional to the intensity of tissue fluorescence and
different tissues could be clearly separated using the contrast in F/R value [14]. In this study,
we instrumented a colposcope system based on combined fluorescence and cross-polarized
reflection imaging to detect squamous intra-epithelial lesions in vivo. The potentia of the
new imaging method for differentiating neoplastic growths from norma tissue was
investigated. The ultimate goal of this imaging method is to guide biopsy in rea time at
various tissue regions.

2. Materialsand methods

A schematic of the combined fluorescence and cross-polarized reflection imaging system is
shown in Fig. 1. A laser with a 457 nm wavelength (58 BLS series, Melles Griot, CA) was
used as the excitation source. The laser light was delivered to the tissue surface through an
illumination optical system consisting of a multimode optical fiber of 200um in diameter, a
collimation lens and alinear polarizer. A small part of the fiber (~5 mm in length) was driven
by avoice coil a afrequency about 300 Hz to randomize the phases of propagating modes in
the fiber and to average out the laser speckle [15]. The illumination spot was about 25 mm in
diameter. The excitation power was in the range from 60 mwW to 150 mW because the
autofluorescence intensity varied from individual to individual. The fluorescence and
reflection signals from the sample were collected by a colposcope-like imaging system with a
working distance of 400 mm. A dichroic mirror with a cut-on wavelength of 470 nm
(470DRLP, Omega Optical, VT) divided the F and R signals collected by the imaging optics
into the fluorescence and reflection channels. An additional band-pass filter was used in the
fluorescence channel to reject the residual excitation light. The raw fluorescence image was
recorded with an ICCD camera (Super Gen Il Low light-level Image Sensor, Delft Electronic
Products, the Netherlands). A polarizer (P) with its polarization axis perpendicular to the
illumination channel was placed in the reflection channel. The cross-polarized reflection
image was recorded with a CCD camera (TM-6EG series, Pulnix, CA). The responses from
both the fluorescence and reflection channels were calibrated using a tissue phantom.
Detailed information on the optical and fluorescence properties of the tissue phantoms were
discussed in Ref. [12]. The excitation power was monitored with a dual-channel power meter
(Model 2832-C, Newport, CA) during the calibration procedure.

The CCD and ICCD video signals were captured with a fast frame grabber (Genesis-LC,
Matrox, Canada). The F/R ratio matrix was created by normalizing the fluorescence image to
the cross-polarized reflection image. The 2-D matrix was then multiplied with a scaling
congtant to be converted into an 8-bit image. A vision processor (Genesis-plus, Matrox,
Canada) was used to produce the F/R images at a frame rate of 11 f/s. The system displayed
processed images on a separate monitor in two different modes. In first display mode, the
fluorescence, cross-polarized reflection and F/R ratio images were simultaneously displayed
in three of four quadrants of the monitor. In the second mode, the F/R image was
superimposed on the real-time reflection image captured by CCD. A thresholding function
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allowed only the area with low F/R values to be superimposed on the real-time image. This
made a guided biopsy possible.
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Fig. 1. (@) A schematic of the F/R colposcopic imaging system. P1 and P2 are the polarizers
with their polarization orientations perpendicular to each other. F is the filter to remove the
residual reflection of the excitation light. (b) Picture of actual imaging head.

Sixteen human subjects originally scheduled for the loop electrosurgical excision
procedure (LEEP) were enrolled in the in vivo investigation of the F/R imaging technique.
The cervix is normally covered with a layer of mucus that may ater the spectra
characteristics of both the fluorescence and reflectance [16]. To avoid interference from the
cervical mucus, the surface of the cervix was first cleaned with PBS before examination with
the F/R imaging system. The fluorescence, reflection and F/R images from different angles
were recorded and stored for post-analysis. A routine colposcopy was made after the
fluorescence examination. Histological analysis of the tissue samples taken from the four
quadrants of the subjects’ cervices was performed by experienced pathologists. This study
was approved by the Ethical Committee of the Prince of Wales Hospital, the Chinese
University of Hong Kong. Consent letters were obtained from all the patients enrolled in this

study.
3. Results and discussion

Figure 2 displays typical results obtained from the fluorescence examination with the imaging
system shown in Fig. 1. Here, a band-pass filter with its central wavelength and bandwidth at
480+15 nm, close to the excitation wavelength, was used in the fluorescence channel to
collect fluorescence images. This ensured that the optical properties of the tissue at the
fluorescence band were close to those at the excitation. We observed that the F/R value
remained constant when the illumination conditions, including the imaging angle and
excitation power, were varied. The areas of tissue with lower F/R value were well defined in
the F/R images which were presented in pseudo color. On the contrary, the areas of tissue
with low fluorescence intensity could not be clearly identified in the corresponding raw
fluorescence images because of geometrical effects. The histological examination of the
tissue samples indicated that the tissue area with alower F/R value in the upper part of cervix
shown in Fig. 2 appeared to be low-grade squamous intra-epithelial lesion (SIL). The tissue
area with the lower F/R value in the lower part of cervix shown in the same figure was found
to be high-grade SIL or cervical intragpithelial neoplasiall-I11 (CIN [1-111).
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Fig. 2. Typical results obtained from a subject with low-grade SILs and high-grade SILs. (a)
raw fluorescence image; (b) cross-polarized reflection image; (c) F/R ratio image.

(a (b)

Fig. 3. F/R ratio image superimposed with real-time reflection image for guided biopsy. (a)
(1.6 MB) Video clip of guided biopsy; (b) F/R ratio image.

Figure 3 shows the F/R imaging using the display mode with the F/R ratio image
superimposed on the rea-time reflection image captured by CCD. This function was
designed to make guided biopsy possible. In the superimposition display mode, tissue areas
with F/R values higher than a pre-set threshold become transparent. When the threshold is set
properly, only tissue areas with low F/R values are superimposed on the real-time reflection
image for guiding the biopsy. The video clip in Fig. 3(@) demonstrates the guided biopsy
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procedure using the F/R colposcopic imaging system. The real-time reflection image was
displayed in green color. As shown in the video clip, the tissue specimen was accurately
taken from the area of interest (with alow F/R ratio value). The dark area in the upper part of
the image was caused by the shadow of speculum. As areference, an F/R image taken from
the same tissue site asin the video clip is displayed in Fig. 3(b).

The biopsy specimens collected from the 16 subjects enrolled in this study exhibited
normal, human papilloma virus (HPV) infection and neoplastic growths, respectively. An
image processing program was used to calculate the mean and standard deviation of the F/R
value over the area of tissue taken for histological analysis. Figure 4 shows the average F/R
values of the normal and abnormal tissues (HPV infection, CIN | and CIN I1-111) from all 16
patients. For the patients with lower F/R values around sguamous-columnar junctions in all
four quadrants, the F/R value in the tissue area away from the junctiosn and exhibiting
colposcopically normal was calculated to represent the F/R signal of normal tissue. Here, the
absolute value of the F/R ratio was dependent on the scaling factor for display. Thus, the
average F/R vaue varies from patient to patient. However, in most cases the F/R value for
abnormal tissue is lower than that for normal tissue for an individual subject except case 3, 5
and 12. The contrast of F/R values for an individual subject can then be used to detect
abnormal tissue.
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Fig. 4. Bar chart illustration of the mean values of the F/R ratio for the examined cervical
tissues from 16 subjects.

To determine how accurately the F/R imaging method differentiated abnormal tissue
from normal tissue, we set the threshold to a variety of F/R value percentages measured from
normal tissue for each individual subject. A sensitivity of 89% and specificity of 77% to
separate abnormal tissue from normal tissue was achieved when the threshold was set to 70%
of the F/R value measured from normal tissue. However, the difference in F/R values
between low-grade SILs (HPV infection and CIN 1) and high-grade SILs (CIN II-111) is not
significant as shown in Fig. 4. The separation of high-grade SILs from low-grade SILs is
poor.

It is well known that the interplay of tissue's absorption and scattering properties affects
the measured tissue’ s autofluorescence and reflectance signals. To understand the effects of
the optical properties of tissue on F/R imaging, we begin with a method recently reported by a
research group from MIT [17,18]. This method was based on photon migration theory and
was developed to recover intrinsic fluorescence using simultaneously measured fluorescence
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and reflectance signals. Here, we use the theory to relate the intrinsic fluorescence to the F/R
ratio asfollow:

[Rouex)ROuem)J [ Ren) |, o )] e
elloellon) ) | Rolan) "

where F(gy) is the fluorescence signal from atissue at emission wavelength e, Rand R
are the diffused reflectance signals with and without absorption from the tissue, respectively.

F(Aem) and R must be recorded under the same illumination/collection geometry. u&Xis the

scattering coefficient of the tissue at excitation wavelength A, The parameter £ isrelated to
the illumination/collection geometry and the anisotropy factor of the scattering. The quantity
| is another congtant related to the illumination/collection scheme. EQ. (1) has been
successfully applied to restore intrinsic fluorescence from fluorescence and reflectance
measured with an optical fiber sensor.

It has been known that the near-diffusive backscattering contributes to major errorsin the
theories with the assumption that reflectance is totally diffusive [19,20]. In an F/R imaging
system, the cross-polarization arrangement for illumination and collection can effectively
reduce the near-diffusive backscattering (photons scattered once or twice) and enhance the
diffusive componentsin total reflectance. To form the F/R image, the fluorescence image and
cross-polarized reflection image are collected from the same tissue site. The corresponding
pixels in the fluorescence and reflection images then record signals in identical geometries.
Therefore, for each individual pixel, the F/R ratio can be related to intrinsic fluorescence
using Eq. (2).

In previous experimental studies and Monte Carlo simulations, we have demonstrated
that the geometrical effects on fluorescence measurements can be corrected well by using F/R
ratio [12-14]. In optically homogeneous tissue, the intrinsic fluorescence image was linearly
proportional to F/R ratio image regardless of the variation in the illumination/collection
geometry over the tissue surface. This indicates that the geometrical parametersin Eq. (1) are
not sensitive to the F/R imaging system. The parameters can then be treated as constants for
all the pixelsin the fluorescence and reflection images. The first term on the right side of Eq.
(2) is then dependent only on the optical properties of tissue and can be used to discuss the
effects of optical properties on F/R imaging.

In the F/R imaging system shown in Fig. 1, the fluorescence image was collected in a
wavelength band close to the excitation wavelength. With the approximation of Ae = Aem, EQ.
(1) can be simplified as:

%+

where R and R® are the reflectance at the excitation wavelength with and without absorption,
respectively. The ratio of RIR® is determined only by the optical properties of the tissue and
independent of the imaging geometry because both R and R° are assumed to be diffusive. The
first term on the right side of Eq. (2) determines the effects of the optical properties of the
tissue on F/R imaging. When the absorption coefficient is constant, the F/R value is inversely
proportional to the scattering coefficient. This is consistent with a previous experimental
study on tissue phantoms [14]. With a fixed scattering coefficient, the F/R value decreases
monotonically with increases in absorption. This result agrees with the experimental
observations only when the absorption is small and scattering dominates the light transport in
the tissue phantoms [14].

f:&.': 2
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In other extreme conditions, the fluorescence is considered to be collected in a long
wavelength band (e.g., A > 600 nm) where blood absorption is low and negligible. This
makes R/IR® nearly a constant ~ 1. Equation (1) then becomes:

¢ = M8 ele)e(em) *RO(ex)  F(em) o
(R )R (e 21+ £ gn) 1)

Note that the first term on the right side of the Eq. (3) is only determined by the scattering
property of tissue. It is independent on the blood absorption and imaging geometry. This
means that the inhomogeneity of blood in tissue does not affect the relationship between
intrinsic fluorescence and the F/R ratio. This is the mgor advantage of using a long
wavelength fluorescence image. The possible disadvantages are that the collagen signa in
long wavelength region is weak and not dominant. Signals from other fluorophores, such as
flavin and porphyrin, may create significant interference. Also, the transport distance of
photons in the long wavelength region (> 600 nm) is significantly longer than the excitation
wavelength (457 nm). The F/R ratio may produce artifacts in tissues with surface curvatures
or blood distribution varying rapidly over the imaged tissue area.

4, Conclusion

We investigated the potential of the F/R imaging technique for detecting neoplastic lesionsin
vivo. Human cervical tissue was used as the living tissue model for the study. The results
demongtrate that the F/R ratio corrects the geometrical effects on fluorescence measurements
and enhances the contrast between abnormal and normal tissue. The F/R value can be used to
detect abnormal tissue. However, the differentiation of high-grade lesions from low-grade
lesionsis poor. The effects of the optical properties of tissue on F/R imaging were discussed.
It was found that variation in both scattering and absorption properties of tissue over imaged
tissue surfaces introduce artifacts in F/R imaging to a certain degree. A method to minimize
the possible interference from the inhomogeneity of blood distribution was proposed. In
future studies, our efforts will be focused on the development of a method to minimize the
effects of optical properties of tissue on the combined autofluorescence and cross-polarized
reflection imaging. Also, an endoscope system with a cross-polarization arrangement will be
developed to investigate the potential of F/R imaging to detect neoplastic growths at other
organ sites.
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