In vivo autofluorescence of nasopharyngeal carcinoma and normal tissue
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ABSTRACT

An optical imaging and spectroscopy system has been developed for the study of in vivo fluorescence of nasopharngeal
tissue through an endoscope. The system records the fluorescence signal in the imaging plane of the endoscopic system.
This allows analyze the characteristics of the light induced fluorescence (LIF) spectra recorded by each pixel of the two
dimensional detector which may be used for fluorescence endoscopic imaging. If the endoscope for fluorescence
endoscopy is the same as one employed for the in vivo fluorescence study, the algorithms developed to distinguish the
diseased tissue from normal tissue based on the in vivo fluorescence study should be highly reliable for fluorescence
imaging of lesions. In this work, fluorescence spectra were collected from 27 full term patients. Different algorithms were
tested for separation of cancerous lesions from normal tissue. High sensitivity and specificity were achieved.
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1. INTRODUCTION

Nasopharyngeal carcinoma (NPC) occurs with highest incidence and frequencies in Asian countries. Genetic factors,
infection with the Epstein-Barr virus (EBV), and environmental factors are all implicated as being important for the
development of NPC!"#.. Screening of nasopharyngeal carcinoma is now carried out by checking individuals suspected of
having NPC for elevated levels of serum IgA antibodies directed against EBV viral capsid antigen (VCA) and Early
Antigen(EA) with subsequent nasoendoscopic biopsy of the nasopharynx. However, many malignant tumors and early
lesions such as carcinoma in situ are small and have the flat surface. It is difficult to localize the small and flat lesions with
an ordinary endoscopy. Random biopsies are usually conducted to screen for subclinical tumors. According to the statistic
results, only 5.4% of patients with elevated serum EBV antibody titer had asymptomatic NPC in random biopsy of the
nasopharynx®. The low incidence of pathological evidence of nasopharyngeal carcinoma suggests that majority of the
screening program will suffer the unnecessary trauma caused by the random biopsy. Furthermore, patients with raised
serum EBV antibody titer or with tumor removed need to have follow-up endoscopy and biopsy to rule out possible
nasopharyngeal carcinoma, residual tumor or tumor recurrence. As a result, a remote imaging technique is desirable for
early detecting malignant tumor and guiding the routine biopsy procedure.

Laser-induced fluorescence (LIF) of tissues depends on their biochemical and histomorphologic characteristics. LIF
technology has already successfully demonstrated the capability to distinguish normal tissue from precancerous and early
cancerous lesions at different human organs and body sites. Optical fiber probes were most commonly used for in vivo LIF
spectroscopic study of tissue. However, the fluorescence imaging technique such as fluorescence endoscopy is more
desirable and convenient for clinical diagnosis. The optics of endoscope is very different from fiber probe in terms of
optical illumination and collection geometry. The endoscope collects information from much larger area than optical fiber
probe used of point measurement. To separate the normal tissue from lesions, the algorithm for fluorescence image
processing should be created based on the correlation between fluorescence spectra and pathologic results. The
fluorescence spectra should be recorded from the location where the biopsy is taken for pathologic diagnosis. Also, the
spectra must be collected by a system with the same geometry as endoscope employed. In this work, we built a multiple
channel spectrometer for the study of characteristics of in vivo fluorescence signal recorded by an imaging system.
Specifically, the spectrometry analyzed the LIF signal of tissue in the image plane of a conventional endoscopic system
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during endoscopy. This allowed us to investigate the fluorescence signal received by each pixel of a two dimensional
sensor proposed for recording the LIF image of the fluorescence endoscopy. First, we created a simple algorithm to detect
nasopharyngeal carcinoma by using the ratio of fluorescence signals at two wavelength bands. Furthermore, we tested the
algorithm involved with the fluorescence signals at three wavelength bands to compensate for the effect of blood absorption
on the fluorescence signal. The performance of the algorithm should be more stable with reducing the distortion of tissue
fluorescence signal by the variation of blood content. Finally, we discuss the possibility to further improve the sensitivity
and specificity of the LIF imaging technique. Instead of using a general algorithm built on the spectral data collected from a
group of subjects, we propose to make use of the difference of fluorescence signals between diseased and normal tissue
within an individual to create a more robust algorithm for the detection of diseased tissue.

2. MATERIALS AND METHODS

The schematic diagram of the imaging and spectroscopy system for study of in vivo fluorescence signal is shown in Figure
1. The system was designed to be able to adapted to any endoscope. A 100 W mercury arc lamp filtered by a band pass
filter in the wavelength range from 390 nm — 450 nm was used as excitation source. The excitation power at the endoscope
tip is about 50 mW. The fluorescence and reflection of excitation from the tissue surface were imaged by a commercial
endoscope. A dichroic mirror with cut-on wavelength at 470 nm divided the optical signal from the endoscope into the
reflection and fluorescence channels. The image recorded by a CCD video camera in reflection channel was displayed on a
monitor for the real time endoscopy. A long pass filter with cut-off wavelength at 470 nm was used to eliminate residual
excitation light in the fluorescence channel. The fluorescence signal was collected by an optical fiber bundle with seven
optical fibers of 200 um in diameter and NA 0.16. The fibers were evenly distributed in fluorescence image plane of the
endoscope. When the separation of the endoscope distal tip and the imaged tissue surface was 15 mm, each single fiber
sampled the signal from the area about 1mm in diameter on tissue surface. The sampling area is much smaller than the total
illuminated area. The fluorescence signals received by the fibers were conducted to the entrance slit of an imaging
spectrograph. The tips of optical fibers were placed in the entrance plane and lined up vertically. The fluorescence
conducted by the fibers were then dispersed and imaged onto an intensified CCD (ICCD) camera. The images of CCD and
ICCD were grabbed simultaneously by a frame grabber at rate of 25 frames per second. The spectra of a white light lamp
shown in Figure 2a were formed by binning the seven spectral strips in the image vertically. The wavelength of the spectral
measurement was calibrated by using a standard spectral lamp. The response of ICCD with fixed gain was in its linear
region. A typical image grabbed from real time video with aiming marks is shown in Figure 2b.
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Figure 1. Arrangements for in vivo measuring tissue autofluorescence in the image plane of a nasal
endoscopic imaging system.
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Figure 2. (a) Spectra formed by binning the spectral strips vertically. (b) Real time image recorded from
the endoscope overlaid with aiming number marks of seven optical fibers. Each mark indicates the arca
aimed by a correspondent single fiber. Fluorescence signals are collected from seven sampling areas
simultaneously. The highlighted number points the area of interest on the tissue surface where both
fluorescence measurement and biopsy will be taken.

The in vivo fluorescence measurements have been conducted in the Department of Otorhinolaryngology and Department of

Clinical Oncology at Queen Mary Hospital, The University of Hong Kong. A total of 27 subjects were enrolled in this
study which lasted about six months. The fluorescence spectra were measured at the sites where biopsy specimens were
taken. Histologic examinations on biopsies were then performed by the pathologists. This study was approved by the
Ethical Committee of Queen Mary Hospital, the University of Hong Kong.

3. RESULTS AND CONCLUSIONS

We collected in vivo fluorescence on 110 biopsy sites from 27 subjects before the biopsy procedures were performed. In
which, 58 were found to be normal, 52 exhibited carcinoma. Figure 3 illustrates typical fluorescence spectra acquired from
nasopharyngeal sites. All fluorescence intensities are not calibrated due to variation of measurement geometry site by site.
As can be seen, the spectral lineshapes vary not only individual by individual but within individual also. The peak emission

wavelength of nasopahryngeal carcinoma and normal tissue occurs within £10 nm of 510 nm. The large variation of

fluorescence intensity in the region of 530 — 590 nm and peak emission wavelength indicates that the blood content in tissue
plays important role in the distortion of fluorescence signal recorded on the tissue surface!'"'*'**] During the fluorescence
measurement procedure, the distance between the distal tip of endoscope and tissue surface was kept in the range from 10 to
15 mm. Although the distance was not calibrated, we observed that the fluorescence intensity from the nasopahryngeal
carcinoma was generally lower than the normal tissue.

A simple algorithm based on the ratio of fluorescence signals at two wavelength bands was created to differentiate the
nasopharyngeal carcinoma from the surrounding normal tissue. As discussed previously, the algorithm will be valid for the
fluorescence endoscopic imaging system because the tissue fluorescence were analyzed in the image plane of the
endoscope. A set of wavelength bands in the range from 470 — 700 that best separated the carcinoma and normal tissue was
found by exhaustive search. The minimal bandwidth was set to 30 nm in the search. A very narrow bandwidth becomes not
practical because the signal to noise ratio SNR is inversely proportional to the bandwidth and the performance of a
fluorescence imaging system is strongly dependent on the SNR. The ratio of fluorescence signal in the short wavelength
band vs. long wavelength band was calculated. An unpaired student’s r-test was used to compare the ratio scores of the
normal and carcinoma tissues. The separation of normal tissue from carcinoma was evaluated by the student’s r-test result.
The optimal wavelength bands for the ratio algorithm was found at 500+25 nm and 640+40 nm as shown in Figure 3. The
ratio scores of the signals in the band of 500+25 nm vs. 640+40 nm from all measured fluorescence spectra are shown in
Figure 4a. The distributions of the ratio scores for normal and carcinoma are displayed separately because of the slight
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Figure 3. Typical in vivo autofluorescence emission spectra
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Figure 4. (a) Scatter plot for the scores of two wavelengths ratio algorithm. The circles and diamonds
represent the scores of nasopharyngeal carcinoma and normal tissue, respectively. (b) Dependence of
sensitivity and specificity of two wavelengths algorithm on the diagnostic threshold. The squares and
circles represent the sensitivity and specificity, respectively.

overlapping between two groups. The mean ratio scores were 1.78+0.48 for normal nasopharyngeal tissue and 0.99+0.20
for the carcinoma. The p-value of student’s #test on the ratios for normal tissue and carcinoma was found to be smaller
than 0.001. This indicates the significantly statistical difference (P<0.001) between two groups of scores. To further
evaluate the performance of two wavelengths algorithm, we calculated the sensitivity and specificity of the algorithm as a
function of decision thresholds. The sensitivity and specificity were defined as

True Positives

Sensitivity =
True Positives + False Negatives

True Negatives

Specificity =
P True Negatives + False Positives



The dash and dot lines in Figure 4a represent the diagnostic thresholds for sensitivity of 100% and specificity of 100%,
respectively. The dependence of sensitivity and specificity on diagnostic threshold are shown in Figure 4b. As can be seen,
when the threshold is set to 1.30, the two wavelengths algorithm can achieve both sensitivity and specificity about 92%.

As discussed in the beginning of the section, the variation of blood content plays an important role in distortion of
fluorescence spectra emitted from tissue surface. The result of an exhaustive search of the optimal set of wavelength bands
for the ratio algorithm has reflected the effect of blood content on the fluorescence measurement. The optimal set of
wavelength bands at 500+25 nm and 640+40 nm excludes the wavelength region of 530nm to 590 nm where the blood
appears very strong absorption!'®?”), This indicates that the exhaustive search is a process to minimize the blood effect on
the performance of the ratio algorithm. However, the absorption coefficient of blood in the wavelength band of 500425 nm
is still much greater than 640+40 nm!'>?"), To further reduce the effect of blood absorption and improve the accuracy of the
diagnosis, we investigated an algorithm which compensated the variation of fluorescence signal in wavelength band of
500425 nm caused by blood absorption to some extent.

The algorithm was created by forming the dimensionless function

_ 1(500 £ 25)( 1(500 + 25)\*
 1(640 + 40) ( 1(560+ 35))

in which fluorescence signals in three wavelength bands: 500125 nm, 560+35 nm and 640140 nm were employed. The
first term of R-function is the two wavelengths ratio. The second term includes the information of blood absorption and is
used to compensate the effect of blood variation on the first term. A constant k£ was used to scale the blood effect on the
score of the algorithm. It has been found in an exhaustive search that the best separation was achieved by setting the value
of k about 0.51. Again, the result of an unpaired student’s #-test was used as the criterion to determine the best separation
and optimal value of constant k. The scores of R-function for normal and carcinoma tissues are shown in Figure 5a. The
mean scores of R-function for normal and carcinoma tissues are 1.95+0.50 and 1.00+0.21, respectively. The small p-value
(<0.001) demonstrates that the significantly statistical difference between two groups of scores. It has been noticed that the
variances of R-function scores for normal and carcinoma tissues are at the same levels as the two wavelengths algorithm.
However, the difference of mean score between the normal tissue and carcinoma is 0.95, compared to 0.79 of two
wavelengths algorithm. This indicates that three wavelengths algorithm can separate the normal tissue and carcinoma better
than two wavelengths algorithm. The dependence of sensitivity and specificity on the diagnostic threshold for three
wavelengths algorithm is displayed in Figure 5b. The sensitivity of 98% and specificity of 95% can be achieved when the
threshold is set to 1.35.
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Figure 5. (a) Scatter plot for the scores of three wavelengths ratio algorithm. The circles and diamonds
represent the scores of nasopharyngeal carcinoma and normal tissue, respectively. (b) Dependence of
sensitivity and specificity of three wavelengths algorithm on the diagnostic threshold. The squares and
circles represent the sensitivity and specificity, respectively.
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In conclusion, we built a multiple channel spectrometer to analyze the light induced fluorescence spectra of nasopahryngeal
carcinoma and normal tissue in the image plane of a standard nasal endoscope. The results of the study reported here
demonstrate that a conventional endoscopic system with the feature of fluorescence spectral imaging can localize the
naspharyngeal carcinoma with high sensitivity and specificity. There is not a technical obstacle and cost problem to build a
two wavelengths and three wavelengths imaging system for real time endoscopy!'>®). The fluorescence endoscopy will
offer unique information for the early detection of maligant nasopahryngeal tumors noninvasively. The method to
investigate the tissue autofluorescence in our study can be generally used to create reliable algorithm for various
fluorescence endoscopic imaging systems to detect diseased tissue on other organ sites. It should be pointed out that no
subject with a subclinical cancerous lesion was found and examined in this six months pilot study. The pathological
analysis showed that all biopsied sites, where the in vivo fluorescence spectra were measured, exhibited either normal or
invasive carcinoma, although some carcinoma lesions are flat and unobservable. Furthermore, the exact biochemical and
morphological basis for the difference in fluorescence spectral characteristics between normal and carcinoma tissue are
currently unknown. In the future study, we will focus on investigating the autofluorescence of early lesion and develop the
understanding of the basis of nasopharyngeal autofluorescence.
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