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Abstract. Fluorescence spectroscopy contains diagnostic information
about the lung biochemistry and morphology, including tissue optical
properties and fluorophores. However, the fluorophore information is
generally masked by the optical properties of the tissue, which com-
plicates the evaluation of their role in lung-cancer detection. In this
work, we have developed a method for extracting the intrinsic fluo-
rescence spectra from the endoscopic measurements of the combined
fluorescence and reflectance spectra. Principle components and clas-
sification analysis was performed to evaluate the diagnostic potential
of the extracted intrinsic fluorescence spectra from in vivo combined
fluorescence and reflectance spectral measurements. We evaluated
the diagnostic sensitivity and specificity of both the intrinsic fluores-
cence and the fluorescence spectra. The results showed that the in-
trinsic fluorescence spectra contain significant diagnostic information
that had been masked by the lung optical properties. We have also
found that the intrinsic fluorescence has improved the specificity for
endobronchial-cancer detection, although with a slight decrease in
the detection sensitivity, when compared to the fluorescence spectra.
This may indicate that intrinsic fluorescence analysis could be
used to improve the diagnostic specificity of fluorescence spectros-
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1 Introduction

In recent years, fluorescence spectroscopy (FL) has emerged
as an attractive technique for noninvasive, early diagnosis of
cancer, including lung cancer, due to its sensitivity to subtle
biochemical changes.' Such FL spectra contain rich bio-
chemical information; however, it is difficult to extract this
information from the measured spectra, because it gets
strongly modulated by the wavelength-dependent absorption
and scattering properties of tissue.®” The measured FL spectra
contain hidden biochemical information of tissue fluorophores
as well as tissue morphological information through the
modulating wavelength-dependent scattering and absorption
properties of tissue. Extraction of intrinsic fluorescence, by
removing the distorting effects of scattering and absorption,
allows one to separate the biochemical from the morphologi-
cal information and therefore to develop optimal classification
algorithms for tissue diagnosis. Considerable efforts have
been made in the recent past to remove these distorting effects
and to extract intrinsic FL spectra for various tissue-diagnosis
applications.g"12 However, as far as we know, the use of in-
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trinsic FL spectra for lung-cancer detection and diagnosis has
not been evaluated in previous studies. In this work, we de-
veloped, in the frame of the photon migration theory, a
method for extracting the lung intrinsic FL spectra from the
combined FL and reflectance spectra measured with our inte-
grated white-light reflectance (WLR)/FL endoscopic imaging
and spectroscopy system."> Then we analyzed the extracted
intrinsic FL spectra to investigate the potential of using intrin-
sic FL spectroscopy (IFL) for improving endobronchial-
cancer detection in comparison to the (raw) FL. In the next
section we present and discuss the materials and methods
used for measuring and extracting the IFL spectra and the
statistical methods used for analyzing the spectral data. Then
we present and discuss the results and conclusions obtained
from the IFL versus FL spectra.

2 Materials and Methods
2.1 Instrumentation

FL and reflectance spectra were measured during endoscopic
examination using our integrated endoscopy system for simul-
taneous imaging and spectroscopy, described in detail in our
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Fig. 1 (a) Schematic diagram of the combined imaging and spectros-
copy endoscopy system used in the in vivo spectral measurements
and (b) the equivalent geometry of our endoscopic noncontact spec-
tral measurements.

previous work."® The bronchial tissue was illuminated by the
endoscope with a broad beam (~2 ¢m beam diam on tissue).
The light source used was a Xenon arc lamp providing both
white light (400—-700 nm, 10 mW) for WLR imaging and
reflectance spectral measurements and a strong blue light
(400-460 nm, >50 mW) with weak near-infrared (NIR)
light (720—-800 nm, 4 mW) for FL imaging and FL spectral
measurements. The illumination fiber bundle of the endoscope
is interfaced to the light source to illuminate the bronchial
tree, and the imaging bundle of the endoscope collects and
relays the reflected and the FL signal from the tissue surface
to the system for imaging and spectroscopy.

The spectral measurements were performed using a spe-
cially designed spectral attachment between the endoscope
eyepiece and the camera (Fig. 1). As shown in Fig. 1, the light
coming out of the endoscope is focused to form an interim
image at a fiber-mirror assembly. This assembly is fabricated
by drilling a hole through a mirror and mounting a 200-um
core-diameter taper fiber through the hole. The 200-um opti-

Journal of Biomedical Optics

064022-2

cal fiber carries the optical reflectance signal or fluorescence
signal from a spot at the center of the image, which corre-
sponds to an area of 1 mm diameter at the tissue surface when
the endoscope tip is 10 mm from the tissue surface, to the
spectrometer (USB2000, Ocean Optics, Dunedin, FL) for
spectral analysis. The system spectral resolution is 5 nm. We
installed a movable bandpass (BP) filter (470—700 nm) at the
spectrometer entrance to block the reflected blue and NIR
light to facilitate fluorescence spectral measurements. As
such, the fluorescence spectral-measurement wavelength
ranges were restricted to between 470 and 700 nm, but the
reflectance spectral-measurement range was between 400 and
700 nm. The spectrometer exposure time was set at 200 ms.
The video image and the spectrum, in either the WLR or the
FL mode, are displayed simultaneously on the computer
monitor in live mode. A still image or a spectrum at any time
point of interest during the endoscopy procedure can be cap-
tured and stored in the PC. The suspected lesions are identi-
fied using FL imaging and/or WRL imaging, and then both
reflectance and FL spectra are acquired from the suspected
(identified) lesions. The advantage of this system is that spec-
tral measurements are performed in a noncontact manner
through an intermediate image plane.'* Therefore, fiber
probes are not needed to go through the instrument channel of
the endoscope as often as in other literature, making clinical
applications of this technology much more convenient. It also
created a measurement geometry of broad-beam illumination
and narrow-spot detection [Fig. 1(b)], simplifying theoretical
modelling of the measured spectra.

2.2 IFL Model

The method used for extracting the IFL spectra was developed
using the photon migration approach first proposed by Wu et
al..} In this method, it was assumed that the phase-function
dependence of the scattering is separated from the scattering
coefficient u, and the absorption coefficient u, by introducing
an escape probability distribution function f,(g), which de-
scribes the probability of a photon with the scattering aniso-
tropy coefficient g escaping from the tissue sample after n
scattering events. Using this approach, and under the simpli-
fied assumption that f,(g) can be represented by an exponen-
tially decreasing function of n, the diffuse reflectance R of a
medium with uniform distribution of scatterers and absorbers
can then be modeled as:'’

Roga exp(- B)

1 -aexp(-p) M

R= E anfn(g) =
n=1

where e=exp(B)—1, B=S(1-g), S is a constant that depends
on the measurement geometry, R, is the reflectance in the
absence of absorption, and the albedo a= s/ (p,+ ps). As-
suming the anisotropy g is independent of the wavelength
within the investigated range, the intrinsic fluorescence spec-
tra (line shage) for single excitation wavelength can be gen-
erated from:”'
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where f, R, and F are the IFL, measured reflectance, and
measured raw FL spectra, respectively. u is the scattering
coefficient, and x and m are indicators for the excitation and
the emission wavelengths, respectively. Because the intensity
information has not been used in our analysis, all the multi-
plicative factors that were included in the original expression
by Feld et al.” have been omitted from Eq. (2) above. This
includes the quantity [ that characterizes the given light
delivery-collection and the quantity \%

For our setup, the excitation is done using an intense poly-
chromatic light source producing wavelengths in the blue
spectrum range between 400 and 460 nm. However, due to
the decreasing transmission of the illumination light guide of
the bronchoscope with decreasing wavelengths in the blue
range, more than 70% of the transmitted light energy is within
the 430—460 nm wavelength range, which limits the range of
the effective excitation wavelengths within that specified
band.

The resultant IFL can be obtained from:

x2
IFL[G = f Frm(X)dN (3)
x1

where (x1=430 nm— x2=460 nm) is the effective excitation
wavelengths range. For simplification, we have assumed
through our analysis that the line shape of the lung fluores-
cence emission is the same for all excitation wavelengths
within the effective excitation range (430-460 nm). Al-
though the fluorescence-emission intensity for many tissues
depends on the excitation wavelength, our empirical observa-
tions and the previous lung fluorescence studies" suggested
that the line shape of the lung fluorescence emission does not
change significantly for different excitation wavelengths and
can be assumed constant for the excitation light range be-
tween 430 and 460 nm. However, our assumption is still an
approximation, and for a broader excitation wavelength range,
this assumption probably will not be accurate even for lung
tissue.

From Egs. (2) and (3) and with the modeling of the scat-
tering coefficient using the power law u,~ A", where b is the
Mie scattering parameter,'® the intrinsic fluorescence line
shape for our measurement geometry can be obtained as fol-
lows

\‘J’ROmFm
Ri+ Romlexp(B) — 1]

For our analysis, the raw FL spectra (F,,), the emission-
wavelength diffuse reflectance (R,), and the excitation-
wavelength diffuse reflectance (R,) were obtained from the in
vivo measurement. The Mie parameter for bronchial lesions
showed slight changes from normal to cancer lesions'”'® and
was assumed to be constant (»=0.99) in our analysis. This
assumption was also motivated by the fact that the changes in
the scattering coefficient (and consequently the Mie param-
eter) have a very weak effect on the line shape of the TFL

o \b
) > (—\R"*”) )

IFL|* = (
|xl Rx
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spectra.®’ The other reflectance quantities (R, and Ry,) were
derived from the measured reflectance spectra using the re-
flectance model developed in previous work by ourselves and
others.'®!” Finally, the probe-specific parameter S was ob-
tained from the fitting of Eq. (1) to Monte Carlo reflectance
measurements simulating our diffuse reflectance geometry for
known optical properties. The calculated value of S for our
geometry was ~0.18.

2.3 Clinical Measurements

The clinical measurements performed were part of an interna-
tional clinical study consisting of five different clinical sites in
Canada and Europe. In this study, patients with known or
suspected malignancies of the lung and with a medical indi-
cation for a bronchoscopy were selected. The examination
procedure used was white light and autofluorescence imaging
as well as FL and reflectance spectral measurements of the
bronchial tree using the instrument described in Section 2.1.
For this study, FL. and reflectance spectral pairs were mea-
sured from 60 different tissue sites on 40 patients. A biopsy
sample was obtained for each measurement site to classify the
measured tissue site into normal, benign, or malignant. The
pathological diagnosis was coded according to the World
Health Organization Lung Cancer classification.”’ The pathol-
ogy examination of biopsies revealed that 40 measured tissue
sites are normal/benign lesions (17 normal, 15 hyperplasia,
and 8 mild dysplasia) and 20 are malignant lesions (3 severe
dysplasia/carcinoma in situ, 2 small-cell lung cancers, 10
nonsmall-cell lung cancer, and 5 adenocarcinomas). Our
analysis was to develop algorithms to classify the spectra into
two groups: (i) malignant lesions for tissue pathology condi-
tions that were moderate dysplasia or worse and (if) normal
tissue/benign lesions for tissue pathology conditions that were
below moderate dysplasia. This binary classification is also
consistent with clinical practice that group 1 lesions should be
biopsied and treated (or monitored) while group 2 conditions
could be left unattended. During routine clinical endoscopy
examination, all suspected malignant lesions (group 1) should
be biopsied while group 2 conditions are not biopsied. How-
ever, in this specially designed study, for each patient, an
extra biopsy (and corresponding spectral measurement) was
taken randomly from either a normal-looking area or a sus-
pected benign lesion so that we could assess the performance
of the spectral diagnosis relatively independent of the perfor-
mance of the imaging diagnosis. All the IFL and FL spectra
were saved in two groups (benign/normal and malignant) for
data analysis.

2.4 Data Analysis

We have analyzed both the IFL spectra and the (measured
raw) FL spectra to evaluate the diagnostic information that is
useful for differentiating normal tissue/benign lesions from
malignant lesions. To extract the actual line shape of the mea-
sured spectra and to reduce interpatient variation, each mea-
sured spectrum was normalized by its maximum intensity.
Principle-component (PC) analysis was applied to all of the
normalized IFL and FL spectra, and eigenvectors of the cor-
responding covariance matrix were then calculated. For
classification-algorithm development, we have used the eigen-
vectors that account for 98% of the total variance. We found
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that six PCs accounted for 98% of the total variance for both
FL and IFL spectra. Classifiers based on these PC scores were
generated to perform binary classification of the spectra into
two diagnostic classes, malignant lesions (moderate dysplasia
or worse) and benign lesions/normal tissue (mild dysplasia
and below). To evaluate the quality of demarcating between
malignant and benign/normal tissues, we have applied dis-
criminate function analysis (DFA) to determine the discrimi-
nation function line that maximized the variance in the data
between groups while minimizing the variance between mem-
bers of the same group. The performance of the diagnostic
algorithms rendered by the DFA models for correctly predict-
ing the tissue status (i.e., benign/normal versus malignant)
underlying each PC score set derived from the IFL or FL
spectra was estimated using the leave-one-out, cross-
validation method on the whole data set,zl’22 in which we
removed one case from the data set and the DFA-based algo-
rithm was redeveloped and optimized using data of the re-
maining cases. The optimized algorithm was then used to
classify the data set. This process was repeated until all the
cases (data) were classified. The sensitivity and specificity
were calculated from the results of the classification using the
following expressions:

Sensitivity=TP/(TP+FN)

Specificity=TN/(TN+FP) where TP is true positive, FN
is false negative, TN is true negative, and FP is false positive.
We used the Statistica software package (version 6, Stat-Soft
Inc., Tulsa, OK) for the statistical analysis.

3 Results

In this section, we present the results obtained from the
method used to extract the IFS spectra and from the statistical
analyses of the extracted IFS line shape and the measured raw
FL spectra.

Figure 2 shows the measured in vivo reflectance, in vivo
FL, and extracted IFL spectra from a sample benign lesion
and a sample malignant lesion. As shown in Fig. 2(a), as an
example of benign lesion, the peak around 590 nm in the FL
spectrum was removed for the extracted IFL spectrum, leav-
ing only one peak located around ~510 nm. In Fig. 2(b), as
an example of malignant lesion, the peak around 590 nm in
the FL spectrum was also removed for the extracted IFL spec-
trum, leaving only one peak located around ~520 nm. Fur-
ther investigation showed that the peak around 590 nm was
not observed in a great majority of the extracted IFL spectra
for both malignant and benign lesions. This confirms that the
peak around 590 nm is a pseudo-fluorescence peak that is
mainly related to the tissue-absorption properties (blood he-
moglobin absorption) rather than the true fluorophore spectral
profile, while the peak around ~510—-520 nm is a signature
of the intrinsic fluorophores of the endobronchial tree.

Figure 3(a) shows the mean raw FL spectra of all the be-
nign lesions and the mean raw FL spectra of all the malignant
lesions, while Fig. 3(b) shows the corresponding mean IFL
spectra from the same lesions. It can be seen from the figure
that the peak position of the mean FL line shape was around
~515 nm for the benign as well as the malignant group; in
contrast, there was a change in the peak position of the mean
IFL line shape between the benign group and the malignant
group. We have quantified the shift in the peaks of FL and IFL
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Fig. 2 Example measurements of (a) benign (hyperplasia) lesion and
(b) malignant (nonsmall) lesion, showing the IFL spectra (triangles)
extracted from the FL spectra (circles) and reflectance spectra
(squares) measured from the same lesions.

spectra between benign and malignant groups by calculating
the wavelength corresponding to the peak of the FL spectra
and the IFL spectra for our data and applying the two-tailed
t-test to evaluate the significance of this shift. The mean and
the standard deviation of the peak wavelength for each group
as calculated using the t-test is shown in Fig. 4. The results of
the t-test show that there is shift in the peak wavelength of the
IFL spectra between the benign group and the malignant
group from ~515to ~524 nm, respectively, with (p
=0.08) compared to negligible shift (p=0.65) for that in the
FL spectra.

Figure 5 shows the categorized scatter plot for the first and
the second PCs for the FL and the IFL spectral data. It can be
seen from the figure that the variations for both the FL spectra
and the IFL spectra were larger for the malignant group com-
pared to that in the benign group of the FL spectra and the IFL.
spectra, respectively. The line shapes of the first and second
PCs were plotted against the wavelength (variables) in Fig. 6.
The PC line shape was calculated from the whole spectral
data (benign and malignant lumped together). As shown in
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Fig. 3 The mean spectra of (a) the FL spectral measurements and (b)
the IFL spectral data.
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Fig. 6, the line shape of the first and second PCs of the FL
spectra shows a signature peak around 580 nm that is likely
related to oxy/de-oxyhemoglobin absorption. Such a signature
peak was not found in the IFL spectra PCs. Figure 7 shows
the binary plot for the first versus the second PC. As shown in
the figure, the data from the malignant lesions are marked by
wider variations for the FL as well as the FL spectra.

The diagnostic sensitivity and specificity of using IFL and
FL spectra for differentiating malignant lesions from benign
lesions/normal tissues are shown in Fig. 8. The sensitivity and
specificity were estimated using the first two PCs for the FL
spectra and the first three PCs for the IFL spectra. This was
based on the results of the DFA, which showed that the F
value (F to remove) for the variables used in the discriminate
analysis was significant for the first two and three PCs for the
FL and IFL spectra, respectively. We then calculated the di-
agnostic sensitivity and specificity for the FL and IFL spectra
using the first two PCs of both spectra and the first three PCs
of both spectra. The results of this analysis are reported in Fig.
8, which shows that, overall, the sensitivity of the FL spectra
is higher than that of the IFL spectra. However, when the
three PCs are used, the diagnostic specificity of the IFL spec-
tra is relatively higher (70%) than that of the FL spectra
(66%).

4 Discussion and Conclusions

Intrinsic fluorescence provides specific tissue biochemical in-
formation that could be valuable for measuring tissue fluoro-
phores and for improving diagnostic accuracy for cancer de-
tection. Many researchers have extracted and studied the
intrinsic fluorescence that result from single-wavelength exci-
tation of different tissues, such as the human aortic,8 the
cervix,23’24 and the oral cavity.25 In our study, we are extract-
ing the intrinsic fluorescence of the endobronchial tree for
polychromatic  blue-light (400—460 nm) excitation and
evaluating its potential for improving the diagnostic accuracy
of lung-cancer detection and classification. Our results
showed that IFL spectra, and consequently the endobronchial
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Fig. 5 Categorized scatter plot for the first and the second PCs for (a) the FL and (b) the IFL spectral data. Group N represents the benign group and
group C represents the malignant group.
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tree fluorophores, contain valuable diagnostic information for
differentiating between benign and malignant lesions. Al-
though detailed analysis of the tissue fluorophores has not
been investigated in this study, our results suggest that the IFL
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Fig. 8 Diagnostic sensitivity (dark gray) and specificity (light gray)

when using two PCs for FL (FL_2) and IFL (IFL_2) analysis and when
using three PCs (FL_3 and IFL_3).
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peak is probably correlated to that of the structural protein
(elastin and collagen) fluorescence.”®?” Our results indicate
that there are indeed observed differences in the line shape of
the IFL spectra between the benign and malignant lesions. In
particular, a shift in the peak position between the benign
group and the malignant group was observed in the IFL spec-
tra, most likely due to the removal of the distorted effect
caused by the optical properties, while the FL spectra showed
negligible peak-position shift between the two groups. The
results also showed that these observed differences in the IFL
spectra could be useful for improving the cancer-detection
specificity. However, the potential of using such differences
for designing practical methods that improve diagnostic speci-
ficity without a loss in the diagnostic sensitivity needs further
investigations.

Although many studies have investigated different meth-
ods for extracting the IFL spectra,®'* fewer studies have in-
vestigated the potential of IFL spectra for improving the ac-
curacy of cancer detection and classification. Georgakoudi et
al.” assessed the potential of the IFL spectra, combined with
diffuse reflectance and light-scattering spectroscopy, to im-
prove the detection of cervical squamous intraepithelial le-
sions. They found, at 377 nm excitation wavelength, a change
in both the intensity and the line shape of the IFL spectra
between suspicious benign and malignant lesions. They also
reported sensitivity and specificity of 62 and 67%, respec-
tively, for classifying benign suspicious lesions versus malig-
nant lesions. Kortum et al.”** investigated the potential of FL
measurement and analysis for the in vivo detection of cervical
intraepithelial dysplasia. They extracted the fluorophore con-
centration directly from the measured FL spectra using the
model-based analysis approach. They found an increase in the
flavin adenine dinucleotide fluorescence and a decrease in the
stromal collagen fluorescence for dysplastic tissue compared
to normal tissue.

The observed differences found in the IFL spectra between
benign and malignant lesions indicate that the fluorophore
concentration the biochemical environment, and the redox ra-
tios may have been significantly altered during cancer pro-
gression. In addition, the relative specificity improvement us-
ing IFL spectra compared to that of the FL spectra may
suggest that the changes in the biochemical environment,
which are associated with both FL and IFL spectra, are more
specific to the cancer compared to the changes in the epithe-
lial thickness and tissue optical properties,31 which are asso-
ciated with FL spectra but not IFL spectra. In particular,
changes in epithelial thickness and optical properties could
show similar trends for both benign and malignant lesions
(e.g., benign lesions such as inflammation would have an in-
crease in the absorption coefficient similar to that accruing in
the malignant lesions), and these changes may mask the IFL
spectral line-shape variations and are likely to be the major
cause of the observed low specificity of the FL spectra diag-
nosis.

It should be emphasized that our device measures the spec-
tra in a noncontact manner, but the endoscopic tip-tissue dis-
tance varies for different measurements. Our spectral mea-
surement method is more practical from a clinical point of
view, especially when compared to the contact probe mea-
surement, which is inserted in the endoscope instrument chan-
nel. However, due to the noncontact nature of the measure-
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ment, we are not retaining information about the intensity of
the spectra and therefore only use the spectral line shape (the

normalized spectra) for classifying benign lesions from ma- 5.

lignant ones. Such intensity-related information measurement

is expected to further improve the diagnosis of the FL 16.

spectra.32’33

In summary, we have developed, in the frame of photon- 17.
migration theory, an analytical model that can be used to ex-

tract the IFL spectra from the measured raw in vivo FL spectra

excited by polychromatic (400—460 nm) blue light using 18.

noncontact detection geometry. We have then analyzed the

IFL spectra and evaluated the contained diagnostic informa-

tion in comparison to the raw FL spectra. Future work will

involve application of the method to more in vivo measure- 19.

ments and investigation of combining reflectance spectros-

copy, FL, and IFL with WLR/FL imaging to improve diagnos-

tic sensitivity and specificity for lung-cancer detection and 20

localization.
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