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CHAPTERI1

Introduction and aim of the thesis



1. Lung cancer
1.1. Epidemiology

Lung cancer is the most frequent cancer worldwide and its incidence has risen sharply
since the last 50 years. Lung cancer represents 12.3 % of all new cancers and there are an
estimated 1.2 million new cases in 2000 (1, 2). The disease is more common in men and the
areas of highest incidence are Eastern Europe, North America, Australia/New Zeeland and
South America. Tobacco smoking is well established as the main cause of lung cancer and
about 90% of cases are thought to be tobacco related. There is a clear dose-response relation
between lung-cancer risk and the number of cigarettes smoked per day, degree of inhalation,
and age the smoker starts his habit (3-6). In general, someone who has smoked all his life has
a 2040 times greater risk of developing lung cancer than a non-smoker. Among the more
than 60 carcinogens identified in tobacco smoke, the two major classes are polycyclic
aromatic hydrocarbons and nitrosamines. These carcinogens induce sequential mutations of
various genes especially those involved in the regulation of the cell-cycle (7-9). The
accumulation of genetic and molecular abnormalities leads to an uncontrolled growth of
clonal cells and to an increased capacity of these cells to migrate. Other factors known to
increase risk of lung cancer are occupational exposure to asbestos, some metals (e.g. nickel,
arsenic, cadmium), radon, and ionising radiation. The effect of some of these agents,
particularly asbestos, on lung-cancer risk may be synergistic with smoking (10). Prognosis of
lung cancer is severe and most patients die within 1 year of diagnosis, making lung cancer the
leading cause of cancer death. One of the explanations for the very poor survival of patients is
that most patient initially present with disease at an advanced stage. At the time of diagnosis,
only 20% of all lung cancer patients will have local disease, while 25% will have disease
spread to regional lymph nodes, and 55% will have distant metastasis. Even in those patients

with supposedly localized disease, overall 5-year survival is only 30-40% (11, 12).

10



1.2. Pathology
1.2.1. Classification

The diagnosis of lung cancer is made by examining histologic or cytologic specimens
from the lung itself or from metastases. The common types of lung carcinomas are:
adenocarcinoma, squamous cell carcinoma, large cell carcinoma and small cell carcinoma
(13). Adenocarcinoma is a glandular epithelial malignancy usually peripherally located.
Bronchial adenocarcinoma forms glands and produces mucin. The cells of adenocarcinoma
are usually large, with large nuclei, a high nucleus-to-cytoplasmic ratio, and prominent
eosinophilic nucleoli. Squamous cell carcinoma is defined as a malignant epithelial tumor
with features of squamous differentiation such as keratin formation and intercellular bridges.
In contrast to adenocarcinoma, the majority of these tumors arise centrally from major
bronchi. The microscopic appearance of the tumor depends of the degree of differentiation.
The tumor usually grows as large solid nests of cells that have dense eosinophilic cytoplasm
with large hyperchromatic nuclei. The nuclei are irregular in shape and may not show
prominent nucleoli. The nuclear-to-cytoplasmic ratio is low. Undifferentiated large cell
carcinoma is a non-small cell carcinoma that displays no evidence of squamous or glandular
maturation with light microscopy. These tumors may be central or peripheral. The most
commonly identified form is a uniform type with sheets of closely packed cells with high
nuclear-to-cytoplasm ratio and areas of necrosis. Small cell carcinoma is a malignant
epithelial tumor with the cytologic features of scant cytoplasm, finely granular chromatin,
absent nucleoli, and frequent mitoses. Usually arising centrally around the hilum, this tumor is
frequently associated with lymph node involvement. Small cell carcinoma usually appears as
monotonous sheets of hyperchromatic cells with foci of necrosis. These round-to-oval cells

have a high nucleus-to-cytoplasm ratio. Mitotic count is very high.
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1.2.2. Pre-neoplastic lesions

Bronchogenic carcinoma is not a result of a sudden radical change in the bronchial cells,
but a multistep process in which a sequence of morphological and genetic changes is
occurring. Preneoplastic lesions are morphological phenotypes of the different steps in the
progression from normal to malignant tissue (14). Pre-neoplastic lesions are frequently found
in association with malignancy or in patients with high risk of developing lung cancer (15,
16). Moreover, frequent genetic changes are common between tumors and their associated
preneoplastic lesions (17-20). For squamous cell carcinoma, precursor lesions are widely
recognized in the sequence hyperplasia-metaplasia-dysplasia-carcinoma in situ (CIS). These
lesions are characterized by morphological changes, illustrated in figure 1, with a progressive
increase of pleomorphic and atypic cells inducing a thickening of the epithelial layer of the

bronchial mucosa.

Figure 1. Histological patterns of bronchial squamous cell carcinoma precursors (Brambilla,
Eur Respir J 2001). a) Mild dysplasia: mildly increased thickness, mild pleiomorphism, nuclei
are vertically oriented, mitoses absent. b) Moderate dysplasia: moderately increased thickness,
moderate anysocytosis and pleomorphism; nuclei are vertically oriented, mitotic figures in
lower third. c) Severe dysplasia: markedly increased thickness, marked anisocytosis and
pleomorphism, irregular nuclei vertically oriented in lower third, mitosis in lower two-thirds. d)
Carcinoma in situ: markedly increased cell size and pleomorphism, cellular crowding
throughout epithelium, no consistent orientation of nuclei, irregular nuclei, mitotic figures
through full thickness.
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Each lesion of the sequence can be divided into three broad categories. Reactive
changes, such as hyperplasia and metaplasia, which are very frequent in smokers but which
have no increased risk. Intermediate changes, such as mild and moderate dysplasia, which
have moderately increased risk. High risk lesions, such as severe dysplasia and carcinoma in
situ, which have considerably increased risk and for which a therapy is discussed. For
adenocarcinoma, progenitor lesions may be the adenomatous hyperplasia, and atypical
adenomatous hyperplasia. No preneoplastic lesion has been clearly identified for small cell
carcinoma (13, 14). The detection of preneoplastic lesions may allow an early cure of still

localised lesions, allowing a more positive prognosis of lung cancer (21).

1.3. Early diagnosis of lung cancer
It is commonly accepted that the earlier a cancer is discovered, the greater the chances
of survival. Patient with stage I (small size localized tumor) non small cell lung cancer have a
5 years survival ranging from 40% to 80% (11, 12). However, no consensus exists about the
value of early detection of lung cancer. This lack of consensus has been based on a general
acceptance that screening for lung cancer in randomised trials has not yet demonstrated a
reduction in mortality. Various techniques have already been studied for lung cancer

screening.

1.3.1. Imaging technique
Thorax X ray has been the first imaging technique used for lung cancer screening. In the
years 70s-80s, three studies sponsored by the National Cancer Institute have studied the
interest of periodic chest radiographs for lung cancer screening. More than 30.000 patients
were enrolled but, although a significant shift toward earlier diagnosis and an increased rate

of operable cancer were reported, no disease-specific mortality benefit was observed (22).
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Chest radiographs have also been shown to be insensitive for detecting early parenchymal
abnormalities and central airway tumours (23). Several recent studies have documented the
effectiveness of low dose spiral computer tomography (CT) scan to detect lesions that cannot
been seen on a chest radiograph. The results of these studies are promising, allowing
diagnosis at earlier and thus more curable stages (24-26). However, the impact on lung cancer
mortality has not yet been demonstrated. A major problem of CT scan screening is the high
rate of false positive findings and a challenge is to avoid unnecessary procedures for benign
or indolent nodules. Dynamic imaging techniques such as positron emission tomography

(PET) scan seem to be interesting but need to be studied more extensively (27).

1.3.2. Sputum cytology

The cytological analysis of sputum samples has been combined to imaging techniques
(chest radiography and/or CT scan) in various studies aiming the early detection of lung
cancer. No advantage for the patient, particularly no mortality benefit, can be concluded from
the already published literature (28). Although sputum cytology is a highly specific technique
(>98%), its sensitivity is very low (20-30%). As well as its lack of sensitivity, sputum
cytology is also a time consuming technique (29). Moreover, opinions vary on the reliability
of the sputum examination. The variation in intra- and inter-observer agreement seems to
depend on experience among cytopathologists and the type of lesion studied (the higher
degree of agreement is obtained for higher grades of dysplasia and CIS).

Various tools can be used to improve the sensitivity of sputum-examination.
Immunostaining techniques, PCR techniques, computer-assisted image analysis are some
examples of recently developed techniques that can help the cytological examination of sputa

(30, 31). Moreover, the recent improvement in molecular biology, the advances in gene chip
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technology might become feasible to probe for expression of multiple genes in sputum of

asymptomatic individuals (32-35).

1.3.3. Bronchoscopy

Bronchoscopy is, with thoracic imaging (CT-scan and PET-scan), the cornerstone
technique for both diagnosis and staging of lung cancer. Proximal exophytic endobronchial
tumors are generally easy to localize with white light bronchoscopy, but more subtle changes
of the bronchial mucosa as those associated with dysplasia or CIS have been reported to be
only visible to experienced bronchoscopists (36). Recent improvement in video system
quality, development in video chip technology have permitted the development of video-
endoscope allowing high quality imaging of the tracheobronchial tree. Other recent progress
has been made in the development of combined endoscopes allowing a simultaneous
visualization of the bronchi under white and ultraviolet-blue light.

Autofluorescence  bronchoscopy (AFB) implements the modifications of
autofluorescence property that occur in unhealthy mucosa and which are extensively
discussed in the paragraph dedicated to the fluorescence spectroscopy. Ultraviolet laser or
violet-blue light lamps are used to excite the endogeneous fluorophores contained in the
bronchial mucosa; the fluorescence emission is collected and processed in order to produce an
image allowing a distinction between normal and unhealthy mucosa (37, 38).

Various AFB imaging systems are commercially available. The LIFE system, developed
fifteen years ago by the Canadian company Xillis, uses a helium-cadium (442 nm) laser for
the fluorescence excitation and acquires digitized autofluorescence images by the ratios of red
to green fluorescence light emission. More recently developed systems are the D-light (Storz,

Germany), the SAFE (Pentax, Japan) and the DAFE (Richard Wolf, Germany) systems that

15



use no laser but a violet-blue lamp for fluorescence excitation and fluorescence filters for the
acquisition of autofluorescence images.

These various AFB systems, but more especially the LIFE system, have been compared
to WLB (39-50). In a great majority of these studies, AFB has been reported to be better than
WLB for the detection of proximal endobronchial tumors. Sensitivity values ranging from
70% to 96% have been commonly reported for AFB, superior to the 30%-60% sensitivity
observed with conventional WLB. The variation of AFB sensitivity reported by these various
authors is explained by the differences existing in the population studied (amount of patients
with a positive sputum cytology for example) and by differences existing in the criteria
chosen by the bronchoscopists for the definition of the bronchial lesions. Concerning the
detection of pre-malignant lesions such as severe dysplasia and CIS, higher sensitivity values
have also been reported for AFB in comparison with WLB. Sutedja and coll recently
reviewed the sensitivity of several AFB systems for the detection of endobronchial
premalignant lesions (37). These authors reported that most AFB systems yield comparable

results with sensitivity values around 80% (Table I).

System (amount biopsies) WLB AFB
Life Xillis (n = 4173) 40% 86%
D-light Storz (n = 771) 25% 83%
Safe Pentax (n=157) 21% 79%

Table 1. Sensitivity rates for moderate, severe dysplasia and carcinoma in situ of
different autofluorescence bronchoscopy systems (adapted from Sutedja et al,
Lung Cancer 2001). WLB; white light bronchoscopy, AFB; autofluorescence
bronchoscopy
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Recently, a prospective comparison of the LIFE and the D-Light systems was reported,
demonstrating hardly any discrepancy for the detection of endobronchial lesions between
these laser and non-laser AFB systems (51). The D-Light systems was however reported to be
cheaper, easier to use, with a shorter examination time (51).

Controversy still exists about the value of fluorescence endoscopy for the detection of
lung cancer (36-38, 43, 52, 53) and pre-malignant lesions of the bronchial tree (54-60). The
lack of comparison of AFB with the most recent white light video-bronchoscope hampers any
conclusion over the real superiority of AFB to WLB for the detection of early cancer and pre-
malignant lesions. Moreover, AFB is characterized by a low specificity for the detection of
pre-malignant lesions with a high rate of false positive findings. Specificity values ranging
from 55% to 70% have been typically reported for AFB, largely inferior to the 80-90%
specificity commonly observed with WLB. Such low specificity of AFB induces unnecessary
biopsies at greater cost and longer examination duration and is a major problem hampering
the general use of AFB for lung cancer screening. If AFB is at present the technique with the
best sensitivity for the detection of endobronchial (pre-)malignant lesions, additional

techniques are needed to improve its specificity.
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2. Light induced spectroscopy

Pre-neoplastic and malignant disease are accompanied by local metabolic and
architectural changes at cellular and subcellular level that are likely to affect the optical
properties, i.e. the scattering, absorption and fluorescence properties of the tissue. Therefore,
optical spectroscopy may be able to provide functional information to identify focal (pre-)

cancerous lesions (61-64).

2.1. Autofluorescence spectroscopy (AFS)
2.1.1. Principle

Energy in the form of a photon can excite certain molecules within a tissue to a higher
energy level. The subsequent radiative relaxation of the molecule is accompanied by the
release of a reemission photon in a process termed “fluorescence”. Molecules that can
fluoresce are called “fluorophores”. Most endogenous fluorophores are associated with the
structural matrix of tissue or are involved in cellular metabolic processes. The most important
of the former are collagen and elastin. Fluorophores involved in cellular metabolism include
reduced nicotinamide adenine dinucleotide (NADH) and flavins. Other fluorophores include
the aromatic amino acids (e.g. tryptophan, tyrosin, phenylalanine), various porphyrins and
lipopigments. In addition, red porphyrin fluorescence due to bacteria may be significant in
certain body sites (oral cavity) and/or lesions (62). Each fluorophore has a distinct excitation
and emission spectrum. Moreover, any given tissue contains a mixture of many fluorophores
of different concentrations and the fluorophores are not uniformly distributed in tissue.
Changes in tissue fluorescence properties depend on modifications of the fluorophore
concentrations or spatial distributions, the fluorophore metabolic status (e.g. NADH is
fluorescent only in its reduced form), the tissue architecture such as mucosal thickening or

loss of layered structure, and the wavelength dependent light attenuation due to the
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concentration and distribution of (non-fluorescent) chromophores, particularly haemoglobin.
Some of these changes occur early in oncogenesis and may be observed in pre-malignant
lesions.

Reports in animal models suggest that the fluorescence spectroscopic changes occurring
in epithelial tissue throughout the dysplasia-carcinoma sequence may precede the
morphologic tissue changes (65). In humans, decreased NADH and flavin fluorescence have
been observed in cancerous bronchial cells in comparison with normal bronchial epithelial
cells (66). Decreased density of elastin tissue has been associated with a decrease of
autofluorescence intensity without change of the spectral shape in human bronchi (67). In the
colon, changes in basement membrane type IV collagen have been reported to be responsible
for the fluorescence modification observed in malignant tissue (68). An increased
haemoglobin absorption would also contribute to the decreased fluorescence of adenomatous
colonic polyps in comparison with normal mucosa (69). Moreoever, the dysplastic changes
occurring in colon epithelium have been reported to be associated with an increase of
cytoplasmic fluorescence due to a rise in mitochondrial reduced NADH concentration (70).
Finally, in uterine cervix and oesophagus mucosa, low collagen en high NADH fluorescence

were associated with the autofluorescence changes observed in high grade dysplastic lesions

(71)

2.1.2. Application in human cancer
Most autofluorescence spectroscopic systems currently used for the detection of human
cancer consist of a source of monochromatic light (laser or lamp with appropriate filters to
obtain specific wavelength), an optical fiber probe, and a spectrometer to record fluorescence

intensities in a specific wavelength region. A typical fluorescence spectrum measured using
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405 nm excitation in bronchial mucosa is shown in figure 2. The greatest intensity occurs in

the green region around 500nm.

autoflugrescence yield

450 500 550  BOD 650 700 750 800

wavelenght (nm})

Figure 2. Typical autofluorescence spectra measured in bronchial mucosa.
The greatest intensity occur in the green region around 500nm wavelength.

In their pioneering work, the group of Lam and Palcic reported that autofluorescence
spectra measured in cancerous bronchial lesions were characterized by a decrease in intensity
without changes in the spectral shape (72). Most interesting was the report that the
autofluorescence spectra of dysplastic and CIS lesions were also characterized by a decreased
intensity. More recently, the group of Wagnieres examined autofluorescence spectra of human
bronchial tissue (normal, dysplastic and cancerous) using a larger excitation wavelength range
(from 350 to 480 nm). These authors reported that the excitation wavelengths yielding the
highest contrast were between 400 and 480nm with a peak at 405nm (73, 74). They also
observed a decrease in AF intensity in dysplastic and cancerous lesions. Coupling
spectrofluorometry to laser-induced fluorescence imaging, a Japanese group reported the
same results in the human bronchial tree with a decreased autofluorescence intensity in cases
of cancerous lesions, carcinoma in situ and dysplastic lesions in comparison with normal

bronchial mucosa (44). Such a decreased intensity of fluorescence is not restricted to
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bronchial mucosa but has already been reported in cancer occurring in various organs such as
the oral cavity (75-78), the digestive tract (79-81), the bladder (82, 83), the uterine cervix (84,
85), the breast (86), and the skin (87).

Thus, alterations of autofluorescence in epithelial tissue seems to be a common
consequence of biological and morphological changes occurring during oncogenesis.
Therefore, use of autofluorescence spectroscopy, mostly coupled with imaging (endoscopy)

techniques, may improve the detection of (pre-)malignant lesions.

2.2. White light reflectance spectroscopy
2.2.1. Principle

Reflectance spectroscopy is the study of light that has been reflected or scattered from a
solid, liquid, or gas as a function of wavelength. As the photons enter an object, some of the
light is absorbed, some is reflected (scattered), and some passes through the object
unperturbed (transmitted). Significant light absorbers of biological tissue are haemoglobin,
melanin, proteins and DNA. Various cellular and extracellular components of living tissue
contribute to light scattering. In the cell, the membrane-bound subcellular organelles such as
the nuclei, nucleoli, mitochondria, secretory vacuoles and other similarly sized
intracytoplasmic granules can influence light scattering because of refractive differences at
the membrane interface (88-92). In the extracellular matrix, collagen and elastin are the
predominant scatterers. Typical reflectance spectra measured in bronchial mucosa is shown in
figure 3. The signal dips observed below 600nm correspond to the absorption of light by

haemoglobin.
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normalized reflectance
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Figure 3. Typical reflectance spectra measured in the bronchial mucosa. The
signal dips observed below 600nm correspond to the absorption of light by
haemoglobin.

Reflectance spectroscopy is particularly useful for the analysis of cancerous tissue
because major scattering and absorption changes occur during the development of cancer.
Cellular changes include modifications in the size, shape, and orientation of the nuclei, an
increase in nucleus chromatin content, variations in the nucleus-cytoplasma ratio, and changes
in the intra-cytosolic content (13). Additionally, major architectural changes occur, inducing
an increase in the total amount of cells, with commonly a thickening of the epithelial layer.
Cancerous tissue is also frequently associated with an increased metabolism and an abnormal
microvasculature network (neoangiogenesis) (93) inducing dramatic changes in both the
concentration of blood and the oxygenation of hemoglobin (94, 95).

Therefore, white light reflectance spectroscopy may be useful in lung oncology for
various purposes:

1) To study in vivo and non-invasively several light absorbers (such as

haemoglobin) and light scatterers (such as nuclei and cytosolic organelles)

contained in tumor tissue .
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2) To correlate the optical and the histological changes occurring in tumor tissue

in the aim to (early) detect (pre-)malignant lesions.

2.2.2. Application in human cancer
2.2.2.1.Analysis of light absorption

The volume and the oxygenation of blood have been studied in adenomatous polyps of
the colon using diffuse reflectance spectroscopy (96). Reflectance spectra were measured
using a fiberoptic probe during colonoscopy. Both the total blood concentration and the
oxygen saturation of hemoglobin were extracted from the reflectance spectra using
mathematical modelling. In comparison with normal colon mucosa, adenomatous polyps were
characterized by an increased concentration of blood, while there was no observable
difference in hemoglobin oxygenation. Using a similar technique, an increased blood
concentration was reported in bladder carcinoma in comparison with normal mucosa (97).
Near-infrared reflectance spectroscopy has been used on uterus and breast tissue (98, 99). A
decrease in hemoglobin oxygenation has been reported in high-grade squamous intra-
epithelial lesions of the cervix in comparison with normal cervical tissue (98) and in ductal
carcinomas of the breast in comparison with benign fibroadenomas (99).

Reflectance spectroscopy can thus be used to evaluate the concentration and
oxygenation of blood in tumor tissue and could be useful for the monitoring of several

therapies targeted on the tumor hypoxia and the neoangiogenesis.

2.2.2.2. Analysis of light scattering
The reflectance signal is composed of photons reflected (scattered) from the various
light scatterers contained in the tissue. Moreover, the reflectance signal is the sum of photons

which have been only one-time scattered (single scattering signal) and photons which have
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undergone multiple scatter events in the tissue (diffuse scattering signal). As a consequence,
the contribution of a particular scatterer to the scattered signal is particularly hard to
distinguish. An additional difficulty is related to our poor knowledge of the exact dependence
of the scattered signal on the composition of cells and tissue.

The G.R. Harrison Spectroscopy laboratory from M.L.T. aimed to use reflectance
spectroscopy to analyse the nuclear composition in pre-malignant and cancerous epithelia.
They hypothesized that nuclei are the main scatterers in epithelial tissue, and they
mathematically modeled diffuse reflectance spectra measured in tissue in order to distinguish
the single scattered signal from the diffusely scattered signal (100). They observed a periodic
component in the modeled single scattering signal that they used to calculate both the
concentration and the size of the epithelial nuclei. Using this so called light scattering
spectroscopy (LSS) technique, they studied patients suffering from dysplastic and cancerous
epithelial lesion of the uterine cervix (101), the oesophagus (102-104) and the oral cavity (93,
105). In each of these organs, they measured enlarged nuclei in cancerous but also in
dysplastic epithelium in comparison with normal mucosa. In the attempt to validate their
signal modeling method, these authors used polarized light spectroscopy to directly measure
the single scattering part of the light reflectance signal. Principle of polarized light
spectroscopy is that linearly polarized light loses its polarization as it traverses a turbid
medium such as biological tissue and is multiply scattered. By removing the unpolarized
component of the reflected light signal emerging from the tissue, the contribution due to the
single scattered signal can be distinguished. Polarized light spectroscopy was used ex vivo for
the analysis of oesophageal, colon, bladder, and oral epithelia. Higher nuclear size and density
were observed in both dysplastic and cancerous lesions in comparison with normal mucosa

(106, 107).
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The pioneering work of the M.I.T. group demonstrated the feasibility and the potential
interest of light reflectance spectroscopy for the study of epithelial cancerous lesion.
However, the LSS results are controversial because they are theory dependant. Indeed, the
assumption that the nucleus is the principal scatterer in the epithelium is probably inaccurate.
Recent ex vivo reports in human tissue and tissue phantoms suggest that intra-cytosolic
particles with a 2-pm size (possibly the mitochondria) may contribute mostly to the scattering
of cells and tissue (88-91, 108). Furthermore, it is highly debatable to resume the single
scattered component of light-induced reflected signal to a difference between a measured and
a modeled diffuse reflectance signal. More accurate techniques are then needed for the

analysis of the optical properties of epithelial tissue.

2.2.2.3. detection of (pre-)malignant lesions

The feasibility of reflectance spectroscopy to classify and detect pre-malignant and
cancerous lesions has been evaluated in various organs.

In uterine cervix, AFS and DRS have been used to distinguish normal from dysplastic
and cancerous epithelium (109, 110). Sensitivities higher than 70% were reported associated
with specificity values ranging from 65 to 80% depending on the types of lesion studied
(normal versus dysplasia or versus cancer lesion). High sensitivity and specificity were also
reported for the distinction of breast (86) and ovary (111) carcinomas by combination of AFS
and DRS.

The M.LT. team evaluated the classification property of three light spectroscopic
techniques, i.e. AFS, DRS and LSS, in several organs such as the uterus (101), the
oesophagus (104) and the oral cavity (105). LSS was able to distinguish normal epithelium
from cancerous lesions but also from pre-malignant dysplatic lesions with the best sensitivity

and specificity. The combination of the three spectroscopic techniques yielded very accurate
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results with, for example, sensitivity and specificity of 92% and 71% respectively for the
distinction between cervical squamous intraepithelial lesions and normal cervical tissue (101).

At present, no data are available for the lung due to the difficulty to measure light
reflectance spectra in the bronchial tree. Recently, Lam and colleagues reported the
development of an integrated endoscopy system allowing the simultaneous acquisition of
images and light-induced spectra from bronchial mucosa illuminated with both white and blue
light (112). This group aims to increase the diagnostic accuracy of the bronchoscopic
imaging technique (white light and autofluorescence bronchoscopy) by the simultaneous use
of AFS and DRS. These authors did not report any data concerning the use of this instrument
on patients. However, the reflectance spectra analysed by this instrument are collected from a
large tissue area and penetrate deep in the tissue impairing the specific analysis of localized
lesions and of lesions limited to the most superficial layer of the bronchial mucosa, i.e. the
epithelium. New optical instruments are therefore needed for the detection of intra-epithelial

pre-malignant and cancerous lesions.

26



Aim of the Thesis

The aim of the study was to use optical spectroscopy during bronchoscopy for the
detection and the analysis of pre-malignant and cancerous lesions of the tracheobronchial tree.
For this study we developed a fiberoptic instrument allowing the simultaneous measurement
of three kinds of light induced spectroscopy, i.e. autofluorescence spectroscopy, reflectance
spectroscopy and differential path-length spectroscopy. Differential path-length spectroscopy
is an original spectroscopic technique which allows the analysis of the most superficial layer
of the tissue, i.e the epithelium.

In chapter 2, we describe the original optic instrument developed by our group for the
analysis of epithelial optical properties. This fiberoptic-based tool improves the detection of
the scattering events occurring close to the probe tip, thanks to the use of a single fiber for
both the delivery and the collection of light. The sensitivity of this instrument for the
scattering signal detection is tested in various tissue phantoms. We demonstrate that our
instrument is sensitive to the scattering events occurring in the most superficial (first 150-200
pum) of the tissue surface.

In chapter 3, we describe a new spectroscopic method, differential path-length
spectroscopy (DPS), that allows the analysis of the optical properties of the most superficial
layer of tissue. Because blood is the main absorber in tissue, informations concerning the
blood content, the blood oxygenation and the diameter of microvasculature can also be
extracted from DPS spectra. DPS method is described in detail and preliminary data in
bronchial mucosa are reported.

In chapter 4, we report the results of DPS measurements in the bronchial tree in a large
group of patients with known or suspected malignancies of the lung. DPS was measured
during bronchoscopy in various kinds of bronchial lesions. We observed that bronchial

tumors were characterized by a lower blood oxygen saturation and a higher blood content

27



than normal mucosa. No differences were observed between normal and metaplastic/mild
dysplastic mucosa.

In chapter 5, we study the relation between the hypoxia-related parameters measured
using DPS and one of the most important prognosis factors of lung cancer, i.e. the cancer cell
type. Small-cell carcinomas and poorly differentiated large-cell carcinomas were associated
with the lowest blood oxygenation and the lowest blood content in comparison with other
lung cancer cell types. No difference in microvessel size was observed. Significant
differences in scattering property were also observed in cases of small-cell carcinomas.

In chapter 6, we report the results of a pilot study aiming to establish the importance of
autofluorescence and diffuse reflectance spectroscopy for the improvement of
autofluorescence imaging. D-light Storz autofluorescence bronchoscopy system was used for
the detection of endobronchial lesions. Autofluorescence and diffuse reflectance spectra were
measured in all detected lesions and histology of all lesions were obtained. We observed that
the combination of AFS and DRS increases the specificity of autofluorescence imaging.

In chapter 7, we compare the accuracy of AFS, DRS and DPS to distinguish
endobronchial cancerous lesions from healthy bronchial mucosa. Spectroscopic
measurements were done during bronchoscopy in a large cohort of patients with known or
suspected malignancies of the lung. The three spectroscopic techniques, especially DRS and
DPS, allowed to classify malignant tissue with a high accuracy. The specificity of
autofluorescence bronchoscopic imaging for the detection of endobronchial tumors was
markedly improved by the addition of the three spectroscopic techniques.

In chapter 8, we review the results obtained in the previous chapters. We describe the
relevance of our findings and the potential application of light induced spectroscopy for the

analysis and the detection of cancer of the bronchial tree.
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Single-scattering spectroscopy for the endoscopic analysis
of particle size in superficial layers of turbid media

Arjen Amelink, Martin P. L. Bard, Sjaak A. Burgers, and Henricus J. C. M. Sterenborg

We report on the development of an optical-fiber-based diagnostic tool that is sensitive to single-
scattering events close to the fiber-optic probe tip. By using a single fiber to deliver and detect white
light we optimized the detection probability of singly scattered photons from small depths. The sam-
pling depth of this delivery-and-collection fiber was investigated by use of a tissue phantom. We found
that for our phantom 90% of the single-scattering signal in the delivery-and-collection fiber originated
from less than 200 pm from the fiber tip. The contribution of multiply scattered light from a greater
depth to the signal was measured with an additional collection fiber. Several tissue phantoms demon-
strated our fiber-optic probe’s sensitivity to light scattering from superficial layers of tissue and thereby

its potential to detect superficial precancerous epithelial lesions.
170.6510, 170.7050, 170.3660, 170.4580, 170.3890.

OCIS codes:

1.

In situ measurement of the optical properties of bio-
logical tissue is an important challenge in biomedical
science. Changes in the optical properties of a tissue
may reflect morphological and physiological changes
such as those that occur in precancerous or cancerous
conditions. Detection of malignancies in an early,
mostly asymptomatic stage, such as carcinoma in
situ, augments the cure rate considerably.! Itis still
unknown whether detection of earlier dysplastic
changes has a similar effect on the clinical outcome,
but this is at least partially because of the lack of
adequate tools for detecting these changes.2 There-
fore the development of a technique that can reveal
relevant differences in the optical properties of tis-
sues is of great importance.

Precancerous lesions such as metaplasia, dyspla-
sia, and carcinoma in situ are characterized by a
thickening of the epithelial layer, an increase in the
epithelial nucleus/cytoplasm ratio, and an enlarge-
ment of the epithelial nuclei.? Previous attempts
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have been made to use light-scattering spectroscopy
to distinguish normal tissue from dysplastic
tissue.4~7 The development of such a noninvasive
optical tool for the detection of dysplasia was based on
the assumption that the epithelial nuclei are efficient
scatterers of light because they have a larger refrac-
tive index than the surrounding cytoplasm. The
size of the nuclei is associated with a scattering be-
havior described by Mie theory® and is characterized
by a periodicity with the wave number. The period
and amplitude of the oscillations vary with nuclear-
size distribution. Therefore the assumption was
made that single-scattering spectroscopy of epithelial
nuclei could be a suitable technique to detect prema-
lignant changes in the superficial epithelial layer.
Although it is still uncertain whether nuclei or other
subcellular structures are the dominant backscatter-
ers in tissue, the development of a fiber-optic probe
sensitive to light scattering from the epithelial layer
could contribute significantly to the early diagnosis of
epithelial malignancies.

Perelman et al.4 used a fiber-optic probe with a
central delivery fiber surrounded by six collection fi-
bers to measure the light-scattering signal. A dis-
advantage of this probe is its large sampling depth,
beyond the location of early superficial premalignant
abnormalities. The thickness of a normal epithelial
layer is usually less than 10 um, and this might
increase to several hundred micrometers for early
precancerous or cancerous abnormalities. The
optical-penetration depth of light in tissue greatly
exceeds this thickness, unless very short wavelengths



are used. For the probe geometry used by Perelman
et al. the measured reflected signal contains only a
small fraction of singly scattered light from the epi-
thelium and a large component of diffusely reflected
light from the underlying tissue. In an attempt to
detect changes in the backscatter signal from the
epithelial nuclei, Perelman et al. modeled the signal
from the underlying tissue and subtracted it from the
total signal to obtain the single-scattering compo-
nent. However, the same authors correctly state
that “this approach must be specifically adapted to
each different type of tissue studied, and its accuracy
is theory dependent.”” To optimize the use of light-
scattering spectroscopy as a noninvasive diagnostic
tool, it is necessary to develop a more robust method
for reducing the contribution of multiply scattered
light to the total signal.

It has been demonstrated that with the use of po-
larized light it is possible to isolate the single-
scattering component of the reflected signal.”
However, development of a fiber-based instrument
that uses polarized light is technically challenging,
and current approaches to polarized-light-scattering
spectroscopy exclude environments accessible only
with an endoscope. For the endoscopic detection of
dysplasia a fiber-based instrument that can separate
the singly scattered light from the multiply scattered
light is required.

Another approach to significantly reducing the con-
tribution of multiply scattered light is using a probe
geometry that optimizes the detection of singly scat-
tered photons. It has been shown that the use of a
single optical fiber rather than two separate fibers to
deliver and collect white light to and from the tissue
has some important geometrical advantages.® Most
important, the single-fiber approach is more sensitive
to backscattering from small depths, which increases
the probability of measuring singly scattered light
from the epithelial layer. However, using a single
fiber does not allow single backscattering from the
epithelial layer to be distinguished from multiply
scattered light from the underlying tissue. Since
Canpolat and Mourant? did not demonstrate that the
contribution of multiply scattered light in a single-
fiber setup is negligible, we propose the use of an
additional fiber to measure the contribution of the
diffuse background to the signal.

In this paper we report on the development of a
fiber-based instrument designed to measure singly
backscattered light originating from the surface of a
tissue phantom. We investigate the sampling depth
of a single fiber used to deliver and collect light to and
from the tissue. The contribution of multiply scat-
tered light to the signal is measured with a second
fiber.

2. Methods

A. Experimental Setup

The setup designed to measure the light-scattering
signal of a superficial epithelial layer is schematically
shown in Fig. 1. At the heart of the setup is a fiber
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Fig. 1. Schematic diagram of the experimental setup.

probe that is small enough to fit through the working
channel of a clinical endoscope. The probe is placed
in contact with the tissue phantom under examina-
tion. It consists of two identical fibers, 440 pm in
diameter with a core of 400 pum, fitted into a small
metal tube. The two fibers are touching to minimize
the distance between them. To optimize the proba-
bility of measuring singly scattered photons superfi-
cially, we use one fiber to deliver and collect white
light simultaneously; the other fiber is used exclu-
sively as a collection fiber. White light from a
tungsten-halogen lamp (Avantes HL-2000-FHSA) is
coupled into the delivery-and-collection fiber through
a lens and a 50/50 beam splitter. Reflected light
from the sample reentering the delivery-and-
collection fiber is coupled through the beam splitter
into the first (master) channel of a dual-channel spec-
trometer (Avantes SD2000). Two Glan-Thompson
polarizers are used in closed configuration to remove
specular reflections from the entrance facet of the
delivery-and-collection fiber. Reflected light enter-
ing the probe’s second collection fiber is coupled into
the second (slave) channel of the spectrometer. We
assume that when the two fibers are spaced close
enough they collect the same amount of light from the
deeper, underlying tissue. Essentially we hypothe-
size that the fiber that simultaneously delivers light
to the tissue and collects light from the tissue collects
singly backscattered photons from the epithelial
layer as well as multiply scattered photons from the
underlying tissue. Furthermore, the adjacent fiber
collects mainly multiply scattered photons from the
underlying tissue, and we assume that both fibers
collect multiply scattered photons in equal amounts.
The difference between the signals from the two fi-
bers is then the signal from the superficial epithelial
layer, which is the signal we are primarily interested
in.

B. Theoretical Analysis of the Measured Signals

Throughout this paper all wavelength-dependent pa-
rameters are presented as boldfaced characters, e.g.,
f(\) = f. Parameters appearing as nonbold charac-



ters are implicitly assumed to be wavelength inde-
pendent.

The total intensity I measured by the delivery-and-
collection fiber connected to the master spectrometer
channel can be written as

I=(R,+Ry" + RS + Ry Tk, (1)
where R, is the reflection coefficient for specularly
reflected light at the probe-sample interface (due to
the difference in the refractive index of the fiber and
the tissue phantom), RS is the reflection coefficient
for singly scattered light that has traveled a rela-
tively small distance from the fiber tip picked up by
the delivery-and-collection fiber, RY? is the reflec-
tion coefficient for singly scattered light that has
traveled a relatively large distance from the fiber tip
picked up by the delivery-and-collection fiber, and
R, . is the reflection coefficient for multiply scattered
light (diffuse scattering) picked up by the delivery-
and-collection fiber. T .., iS the combined trans-
mission function of the probe delivery-and-collection
fiber, the optical components [50/50 beam splitter,
polarizer, lens, and additional fiber (Fig. 1)], and the
master spectrometer channel. Finally L is the light
distribution at the probe—phantom interface.

Similarly the total intensity J measured by the
collection fiber connected to the second spectrometer
channel can be written as

J = (R, + RE™) Ty, (2)
where we have implicitly assumed that both fibers
pick up the same amount of multiply scattered light
and deeply singly scattered light, which is a reason-
able assumption if the separation between the two
fibers of the probe is small enough.

The reflection coefficient R, for specularly reflected
light at the probe—sample interface is determined ap-
proximately by placing the fiber probe in contact with
a medium that has the same refractive index as the
tissue phantom under investigation, in which case we
have

In = RnTmasterL' (3)

In this case we used water with a water-soluble
absorbing dye (Avecia S109564, specific absorption
coefficient w, ~ 1-2 ml mg ' mm ! for 350 < \ <
1000 nm) to make sure that only specular reflections
from the fiber—water interface were measured (thus
Rss = Rms = 0)

The quantity T, L is measured by use of a water-
submersed, white reflective tile (Avantes WS-2) with
a reflection coefficient >99% over the measured
wavelength range:

Jwse = Tl 4)

Here c is a constant that depends only on the distance
between the probe tip and the surface of the tile.
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From the same measurement we find T, .. L
through the equality

IWSZ - In = CTmasterLy (5)

where it is implicitly assumed that the distance be-
tween the probe tip and the surface of the diffusely
reflecting tile is large enough that the constant ¢ has
the same value for both fibers.

Thus we have

R, +R:r =

JWSZ ’
I-1
R+ R+ R, =c—"—. 6
SS S8 ms c I\NS2 _ In ( )

The reflection coefficient for singly scattered light
originating from the region close to the collection-
and-delivery fiber is then obtained by

J

I-1,
Jywss

1

n

R:}Slal — C( ) = C(Idc - Jcol)’ (7)

IWSZ -

where we have defined I;, = I — I,,/Iyg, — I, and
oot = /I yss.

C. Phantoms

The performance of our setup was tested with several
phantoms. In all but one case the phantoms con-
sisted of one or two layers of suspensions of monodis-
perse polystyrene spheres (Polysciences, Inc.) with
diameters of 4.5 = 0.2 pm and 9.4 * 0.6 pm, which
are typical sizes for epithelial nuclei.? The refrac-
tive index of the polystyrene spheres is 1.6, which is
considerably larger than the refractive index of epi-
thelial nuclei. For these phantoms the anisotropy is
g~ 0.9. In the other case the phantom consisted of
a bulk layer of Intralipid-20% and a top layer of a
suspension of 4.5-pm polystyrene spheres.

3. Results

A. One-Layer Phantoms

Figure 2(a) shows the signals I, and JJ,,; when the
probe is placed in a container with an aqueous sus-
pension of 9.4-pm polystyrene spheres (with refrac-
tive index n = 1.6). A clear oscillatory pattern is
observed in both channels, which is evidence for sin-
gle Mie scattering from monodisperse particles.
Note the different scales for the signals I, and J;;
the signal from the delivery-and-collection fiber is
more than an order of magnitude larger than the
signal from the collection fiber. The figure shows
that the period of the oscillations increases with in-
creasing wavelength. When the signals are plotted
versus wave number, a constant oscillation period is
observed [Fig. 2(b)]. The Fourier transform of this
periodic signal depends on the size distribution of the
polystyrene spheres and on the relative refractive
index of the spheres in the aqueous medium. Figure
2(c) shows the power spectrum of the measured sig-
nals, with the horizontal axis calculated according to
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Fig. 2. (a) Signals I, (from the delivery-and-collection fiber, solid
curve) and o, (from the collection fiber, dashed curve) with the
probe placed in a container with an aqueous suspension of 9.4-um
polystyrene spheres. (b) The same signals plotted versus wave
number. (c) The power spectrum from (b) with the horizontal axis
calculated according to the refractive-index specifications of the

supplier (n = 1.6).

the supplier’s refractive-index specifications. The
vertical scales are different (by more than an order of
magnitude) for the signals I, and o, in order to
show both signals in the same graph. A single peak
at 9.4 pm is observed in both signals, which is in
agreement with the size specified by the supplier.
Figure 3 shows the delivery-and-collection fiber
signals I, for suspensions of (a) 4.5-pm polystyrene
spheres, (b) 9.4-um polystyrene spheres, and (c) a
mixture of 9.4- and 4.5-pm polystyrene spheres in
equal amounts. The power spectrum of these sig-
nals is plotted in Fig. 4. Figure 4(a) shows a single
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Fig. 3. Delivery-and-collection fiber signals I, for suspensions of
(a) 4.5-pum polystyrene spheres, (b) 9.4-pm polystyrene spheres,
and (c) a mixture of 9.4- and 4.5-pm polystyrene spheres in equal
amounts.

peak at 4.5 pm, Fig. 4(b) shows a single peak at 9.4
pm, and Fig. 4(c) shows the two peaks simulta-
neously. Thus by using Fourier transform single-
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Fig. 4. Power spectra of the delivery-and-collection fiber signals
1, for suspensions of (a) 4.5-um polystyrene spheres, (b) 9.4-pm
polystyrene spheres, and (c) a mixture of 9.4- and 4.5-um polysty-
rene spheres in equal amounts.
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scattering spectroscopy (FTSSS), i.e., by plotting the
power spectrum of the wave-number-dependent
single-scattering reflection coefficient (Eq. 7), we can
easily extract the size distribution of particles in a
suspension.

To measure the sensitivity of our fiber-optic probe
for single scattering close to the probe tip, we placed
our fiber-optic probe in a container with a suspension
of 4.5-pm particles with the reduced scattering coef-
ficient w,' ~ 1400 m~! and anisotropy g ~ 0.9 and
varied the distance z from the probe tip to the bottom
of the container. In Fig. 5 the area under the FTSSS
peak is plotted for both signals I, and oJ,, for various
distances. Both signals are normalized to unity at
infinite depth to show them in the same graph; in fact
I, > J,,. This figure clearly shows that the col-
lection fiber starts to collect singly scattered photons
from depths greater than 150 pwm, whereas the
delivery-and-collection fiber already picks up a sub-
stantial amount of singly scattered photons from a
very small layer (approximately 20 wm) of particles.
Figure 5 shows that ~90% of the signal collected by
the delivery-and-collection fiber originates from
within z = 200 pm (corresponding to an optical thick-
ness of T = p,z ~ 3) of the probe tip. In contrast only
1% of the signal collected by the collection fiber orig-
inates from within 200 pm of the probe tip.

B. Two-Layer Phantoms

To further explore the sensitivity of our fiber-optic
probe to shallow single scattering we conducted ex-
periments on two-layer phantoms. The first phan-
tom consisted of a bulk suspension of 9.4-um latex
particles with a top layer of 4.5-um spheres (with a 10
times higher concentration), separated by a very thin
plastic wrap, which we verified to have no effect on
the measurements. Figure 6(a) shows the power
spectrum of the signals I, and J,, (at different ver-
tical scales to display them in the same graph) with
the probe at a large distance (>1 mm) from the sec-

42

(a)

S ‘
@ L } ]
c [ — | — g
2 1| .
i LIPS ) ]
.g E o ° ’ . ¢ . * ‘
5 > et e
@ ® o 0 o ]
® ® 1
[ ] 3
L AP ° b
L ] 1
10 12 14
F T T T
- (b) ‘
> ﬂ * 1
B F N : -
j= I — | —
g v ]
E i te |lve ]
2 l] Ll ‘e’ ]
:@' ( e o e o
[ r [ o o 0 ¢
f\ L ® ‘o ®
J S ® o o
s @ ]
beess . .
POgo.. O () 4 S |
4 6 8 10 12 14
size (um)
Fig. 6. (a) Power spectrum of the signals I, (filled circles, solid

curve) and ¢/, (open squares, dotted curve) for a two-layer phan-
tom (bottom layer: suspension of 9.4-um particles, top layer:
suspension of 4.5-p.m particles) with the probe at a large distance
(>1 mm) from the bottom layer. (b) Power spectrum of the signals
I, and o, for the same two-layer phantom with the probe at a
small distance (<150 pm) from the bottom layer.

ond layer. This figure shows a lack of signal from
the second layer of 9.4-pm particles in both fibers.
In contrast Fig. 6(b) shows the power spectrum of the
signals I, and o, with the fiber-optic probe at a
small distance (<150 wm) from the second layer.
This figure clearly illustrates that the collection fiber
is sensitive only to single scattering from the deeper,
9.4-pm-particle suspension, whereas the delivery-
and-collection fiber receives mostly singly scattered
photons from the (highly concentrated) 4.5-pm-
particle suspension layer of less than 150-pm thick-
ness. This demonstrates that our delivery-and-
collection measurement geometry optimally detects
singly scattered photons from a close distance from
the fiber tip.

Finally a phantom consisting of Intralipid-20% and
Evans Blue with reduced scattering and absorption
coefficients of 1000 m~! and 200 m ! at 600 nm
(which are typical values for biological tissuel?), re-
spectively, was used. On top of this bulk layer was
a thin water layer, separated from the bulk layer by
a thin plastic wrap. Figure 7(a) shows the signals
I,, and J.; and the resulting shallow single-
scattering coefficient R [Eq. (7)]. Clearly no pe-
riodicity is observed, which is explained by the broad
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Fig. 7. (a) Signals I, (solid curve), J,; (dashed curve) and the

resulting shallow single-scattering coefficient RS2! (dotted curve)
for a two-layer phantom (bottom layer: Intralipid-20% and Evans
Blue, top layer: water). (b) Signals I, and J, and the resulting
superficial single-scattering coefficient R"®! for the same two-layer
phantom with 4.5-p.m polystyrene spheres added to the top layer.

particle-size distribution of Intralipid (in the nano-
meter range).!! Figure 7(b) shows the signals I,
and J,; and R with the water layer replaced by a
thin layer of a suspension of 4.5-um polystyrene
spheres (reduced scattering coefficient p,' ~ 1400
m ') to mimic the epithelial nuclei. The signal .
in the collection fiber does not change, which is in
agreement with our previous findings that the collec-
tion fiber collects only singly scattered photons from
depths greater than 150 pm. However, the signal
I, is greatly enhanced and shows the telltale Mie-
scattering periodicity, which is also reflected in the
single-scattering coefficient R, This measure-
ment proves that our fiber probe is capable of deter-
mining the size distribution of particles in a very thin
layer close to the fiber tip, which is essential for the in
vivo diagnosis of superficial epithelial lesions.

4. Discussion and Conclusions

We developed a fiber-based diagnostic tool that is
sensitive to single-scattering events close to the probe
tip. By using a single fiber to deliver and detect
light we optimized the detection probability of singly
scattered photons from small depths. A second fiber
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spaced close to the first fiber detects singly scattered
photons from large depths as well as multiply scat-
tered photons and thus gives complementary infor-
mation about the optical properties of the tissue
under examination.

The use of light-scattering spectroscopy as a non-
invasive diagnostic tool for early epithelial malignan-
cies requires that the signal due to (multiple)
scattering from the subepithelium is significantly
smaller than the signal due to scattering from the
epithelium. This can be accomplished by using a
measurement geometry that is sensitive to superfi-
cial scattering. Canpolat and Mourant® have shown
that a single-fiber measurement geometry maximizes
the probability of collecting singly scattered light.
However, they only estimated the contribution of
multiply scattered light in their setup. We adapted
their approach and measured the amount of multiply
scattered light collected by the delivery-and-
collection fiber by using an additional fiber. Addi-
tionally, they only simulated the depth probed by
their fiber with a Monte Carlo simulation, whereas
we directly measured the depth probed by both of our
fibers.

We analysed our data by taking the Fourier trans-
form of the wave-number-dependent single-
scattering signal. Figure 4 shows that this type of
analysis is ideally suited for the visualization of the
distribution of scatterers present in a suspension.
Whether this approach is suitable for in vivo appli-
cations as well depends on the size distribution of
biological backscatterers. Recently Mourant et al.12
showed that biological cells and the nuclei within
them are very heterogeneous and that light scatter-
ing is likely sensitive to very small subcellular struc-
tures with a broad size distribution. In this caseitis
not expected that in vivo single-scattering measure-
ments will yield a Fourier-transformable wavelength
periodicity, as was the case with our phantoms con-
taining monodisperse polystyrene spheres. Fur-
thermore, the relative refractive index of the
scatterers in biological tissue is much smaller and
less uniquely defined than in our phantoms, which
also complicates the interpretation of an in vivo back-
scatter signal in terms of scatter size.

To investigate the depth probed by our fibers we
measured the area under the peaks of the power
spectra taken with the probe tip at various distances
from the bottom of a container filled with 4.5-pm
polystyrene spheres (reduced scattering coefficient
W, = 1400 m~Y). Figure 5 shows that ~90% of the
single-scattering signal in the delivery-and-collection
fiber originates from less than 200 pm (optical thick-
ness T ~ 1) from the fiber tip, whereas the collection
fiber starts to collect singly scattered photons sub-
stantially from depths greater than 200 um. This
proves that our single-fiber approach is indeed sen-
sitive to single scattering close to the fiber tip, which
is indispensible if scattering from an epithelial layer
is to be observed. Note that the probed depth de-
pends on the reduced scattering and absorption coef-
ficients of the sample under examination, and the



absolute values shown here may deviate for biological
tissue.

Our two-layer phantom experiments demonstrate
the sensitivity of our delivery-and-collection fiber to
single-scattering events close to the fiber tip. In all
our phantoms (including the tissuelike Intralipid
phantom) the contribution of multiply scattered light
in the delivery-and-collection fiber is very small com-
pared with the single-scattering contribution. We
therefore conclude that it is not necessary to subtract
the diffuse reflectance from the signal of the delivery-
and-collection fiber to obtain the signal due to single
scattering close to the fiber tip. However, the diffuse
component may be relatively larger when measuring
biological tissue, which would make it desirable to
subtract it in such cases. In any case we have
proven that the collection fiber probes a different
depth than the delivery-and-collection fiber and thus
gives additional, complementary information about
the scatterers in the tissue. We therefore recom-
mend the use of a second fiber to obtain as much
information about the optical properties of the tissue
under investigation as possible.
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We demonstrate the capability of differential path-length spectroscopy (DPS) to determine the local optical

properties of tissue in vivo.

DPS measurements on bronchial mucosa are analyzed and yield information

on the local blood oxygenation, blood content, average microvessel diameter, and wavelength dependence of

the reduced scattering coefficient.

lower capillary oxygenation and a larger average capillary diameter than normal bronchial mucosa.
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In situ measurement of the optical properties of
tissue is an important challenge in biomedical science.
Changes in the optical properties of tissue may reflect
interesting morphological and physiological changes,
such as those that occur in the (pre)cancerous transfor-
mation of normal epithelial tissue. Several methods
exist to determine the optical properties of tissuelike
turbid media, including time-resolved,! frequency-
domain,?® and spatially resolved continuous-wave?~¢
systems. These systems require large source—
detector separations to satisfy the validity of the diffu-
sion approximation. As a consequence, the detected
photons have traveled a long distance through the
sample, and the extracted optical properties represent
average values over a relatively large tissue volume.
However, an important aspect in the detection of
precancerous lesions is the fact that the relevant
morphological and physiological changes typically
occur in or just below the mucosa, a superficial tissue
layer with a thickness of only a few hundred microme-
ters. To facilitate the determination of biologically
relevant parameters, such as neovascularization with
formation of abnormal vessels’ and microvascular
oxygenation, a diagnostic tool that is sensitive to
the optical properties of the most superficial layer of
tissue is required. Even when small source—detector
separations are used,®® the average path length of the
detected photons depends on the optical properties
of the sample, which complicates the interpretation
of the measured spectra and allows the interrogation
depth to extend beyond the mucosal layer.

We recently developed a novel diagnostic technique,
differential path-length spectroscopy (DPS), that is
sensitive to the optical properties in the most super-
ficial layer of tissue.!®! A schematic diagram of the
setup is shown in Fig. 1. The setup consists of two
optical fibers for the delivery and detection of light to
and from the tissue. Light from a tungsten halogen
lamp (Avantes HL-2000) is led through one arm of a
200-um bifurcated optical fiber, which is coupled at
its distal end to one arm [the delivery-and-collection
(de) fiber] of a 400-um bifurcated optical fiber probe.
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Our data collected to date show that cancerous bronchial mucosa has a
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170.6510, 170.7050, 170.3660, 170.4580, 170.3890.

The distal end of this fiber is polished at an angle of
15° to minimize the collection of specularly reflected
light at the probe—medium interface, and it contacts
the sample under investigation. Light reflected into
the dc fiber is coupled back into the 200-um bifurcated
fiber and analyzed with a dual-channel spectrometer
(Avantes SD2000). Light reflected back from the
sample into the other arm of the 400-um bifurcated
fiber-optic probe [the collection (c) fiber] is led directly
into the second channel of the dual-channel spectrome-
ter. Both signals are divided by spectra recorded with
the probe at a distance from a diffuse reflecting white
reflectance standard (Labsphere SRS-99). The differ-
ence of the dc- and c-fiber collection signals [I(A) and
J(A), respectively] is the differential reflectance signal
R(A) =1()\) — J(N). It was shown in another paper!!
that, in the range of parameters relevant for biologi-
cal tissue, the differential signal can be modeled by

R(A) = Cips' (Nexp[—7urq(A)]

= ClMs/(/\)exp[chdﬁber/J“a()l)] ) (1)

White light source

PC

spectrometer

delivery-and-
collection fiber

sample

Fig. 1. Schematic diagram of the experimental setup.



where u () is the reduced scattering coefficient,
ta(A) is the absorption coefficient, 7 is the apparent
differential path length, dgper is the diameter of the
dc and c fibers, and C; and Cy are proportionality
constants. Equation (1) was determined from Monte
Carlo simulations and was validated experimentally
with tissue phantoms. We found that the apparent
differential path length is independent of the optical
properties of the tissue and depends on the fiber
diameter only: 7 = Cadgiper, with Cy = 0.80 = 0.03.
As a consequence, the depth of tissue probed by our
instrument is small and depends on only the diameter
of the probe fibers. For the experiments described in
this Letter we used fibers with a diameter of 400 um,
which results in an apparent differential path length
of 320 pum."

We have applied the DPS technique to measure nor-
mal and malignant bronchial mucosa as an extension
to a pilot study designed to distinguish malignant
from nonmalignant bronchial mucosa by use of a
combination of autofluorescence bronchoscopy, auto-
fluorescence spectroscopy, and diffuse reflectance
spectroscopy.'> The results for DPS, which was
developed during the pilot study, are presented in this
Letter. Patients with a medical indication for a bron-
choscopy were invited to participate in this study. All
patients were older than 18 years and signed informed
consent. The study was approved by the Medical
Ethics Review Board of the Erasmus Medical Centre
in Rotterdam. After screening the bronchial tree for
suspicious lesions with autofluorescence imaging, our
fiber-optic probe was placed in gentle contact with all
suspicious areas and differential path-length spectra
were obtained with the endoscopic light source turned
off. Bronchial biopsies were obtained at all locations
that were spectroscopically measured. Local pathol-
ogists evaluated hematoxylin-eosin-stained slides and
the pathological diagnoses were coded referring to the
World Health Organization Lung Cancer classifica-
tion."”® For this preliminary in vivo evaluation of the
DPS technique we included 9 patients and obtained
27 spectra representing healthy tissue and 4 spectra
representing malignant lesions.

For analysis of the spectra we assumed Lorentz—Mie
scattering, i.e., us'(A) = aA~®, where b is a constant
related to the size of the scattering particles.'*"
Furthermore, the main absorber in the measured
wavelength range (350—-1000 nm) is blood. Since
blood is not distributed homogeneously throughout the
tissue but concentrated in blood vessels, a correction
must be made to Eq. (1) in accordance with Van Veen
et al.'® The complete model to which the differential
path-length spectra are fitted is given by

R(A) = C1us'(Mexp[—0.324(A)]
= C1'27? exp{—0.32C.or(A)
X p[StOQ/.LaHbOZ(/\) + (1 - StOZ)MaHb(/\)J}’
(2)

where p is the blood volume fraction, StOs is the
microvascular blood oxygenation, wuq"P?(A) is the
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absorption coefficient of fully oxygenated whole blood,
waP(1) is the absorption coefficient of fully deoxy-
genated whole blood, C¢’ is a proportionality constant,
and C,,; is the correction factor that accounts for the
inhomogeneous distribution of blood in tissue. Since
the apparent differential path length is 320 um and
the only blood vessels located within 160 um from the
surface of the bronchial wall are the capillaries and the
venules, the extracted StO, represents the microvas-
cular oxygenation. For whole blood contained in an
infinitely long cylinder, the correction factor is given
by Ccor = {]- - exp[ﬂabl()\)Dvessel]}/[ﬂabl(/\)Dvessel],
where 1, (A) is the absorption coefficient of whole
blood and Dyeseel is the vessel diameter.’®* However,
this may not be an appropriate geometric description
for blood contained in the capillary network. Addi-
tionally, because of the Fahraeus effect, the hematocrit
of blood in the capillaries is lower than the hematocrit
of whole blood and may be different for malignant and
normal bronchial tissue as well. Since the absolute
values of blood volume fraction p and microvessel
diameter Dyesse1 in Eq. (2) are determined assuming a
blood hemoglobin content of 150 g/1, which is typical
for whole blood, the fitted values for these parameters
may actually deviate from their absolute values.

Fitting the data to Eq. (2) yields values for StO,
P, Dyessel, and b. In situations in which the dis-
tance from the surface of the bronchial wall to the
microvascular network is larger than 160 um, only a
small amount of blood will be present in the detection
volume (p < 0.01) and StOy and Diyesse) cannot be
fitted accurately. This was actually the case in nine
spectra representing healthy tissue and one spectrum
representing malignant tissue. Therefore the values
for StOy and Dyessel Were obtained from 18 spectra
representing healthy tissue and 3 spectra representing
malignant lesions with enough blood present in the
detection volume to ensure a stable fit for these
parameters.

Figure 2 shows examples of spectra and fits for
normal and malignant bronchial mucosa. The noise
at A = 940 nm is caused by strong absorption in the
fibers. Striking differences are observed between the

malignant

normal

R (arb. units)

| | | | | n M|
400 500 600 700 800 900
wavelength (nm)

1000

Fig. 2. Examples of spectra and fits of normal bronchial
mucosa (lower spectrum) and malignant bronchial mucosa
(upper spectrum, displaced vertically to show both spectra
in the same graph).



Table 1. Fit Results

Parameter Normal Mucosa® Malignant Mucosa®
StO, 92 9 49 * 36°
Dvessel (/-Lm) 15+ 10 29 = 5¢
p (%) 35+6 8+6
b -0.97 = 0.24 -1.09 £ 0.14

%For StO; and Dyegsel, 7 = 18; for p and b, n = 27.
bFor StO; and Dyesse, n = 3; for p and b, n = 4.
‘p < 0.05.

two spectra in the wavelength range 500—-600 nm. In
this wavelength region blood absorption dominates the
spectral shape of the differential reflectance signal.
Comparing the spectra of Fig. 2 with the absorption
spectra of Hb and HbO,,' it is clear that the ma-
lignant lesion has a much lower saturation than the
normal bronchial mucosa. Table 1 shows the average
values and standard deviations for blood volume
fraction p, Mie slope b, blood oxygenation StO, and
average blood vessel diameter D1 derived by fitting
Eq. (2) to the data with a least-squares fit. The fitted
values for blood volume fractions p are in agreement
with previous observations.” The differences in both
microvascular oxygenation StOs and average blood
vessel diameter Dyesse] between malignant tissue and
normal tissue are statistically significant according to
a Mann-Whitney test (p < 0.05). The low capillary
oxygenation combined with large variations is typical
for malignant tissue,'® as is the increased microvessel
diameter.’®* The large standard deviations of the
microvessel diameter and microvascular blood content
of normal tissue are not unnatural” but may be
induced in part by probe pressure variations during
the endoscopic examinations as well. If the probe is
pressed too hard against the tissue, the tissue will be
compressed, leading to a decrease in blood content,
vessel diameter, and blood saturation. Although an
attempt was always made to measure the spectra with
as little pressure as possible, it cannot be completely
ruled out that part of the variations in the fitted blood
parameters is due to pressure variations.

Other studies have revealed that the formation of
a pathological vessel network is an early phenome-
non in the oncogenesis of endobronchial tumors.2!?
Therefore we think that, although the data set for
cancerous lesions is limited, the observed differences
justify a study of a larger patient group to assess the ca-
pability of DPS to distinguish premalignant from nor-
mal bronchial mucosa.

In conclusion, we have shown the feasibility of DPS
to determine the local capillary oxygenation, blood vol-
ume fraction, blood vessel size, and wavelength depen-
dence of the scattering coefficient in vivo. Since all
these parameters may be related to local morphologi-
cal and physiological changes occurring during malig-
nant transformations, DPS may be used as a tool to
discriminate premalignant lesions from normal mu-
cosa. Our results to date show a lower oxygenation,
larger vessel size, and larger blood volume fraction for
malignant lesions compared with normal bronchial tis-
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sue. A prospective study using the same methodology
in a larger patient group is under way.

This work is supported by the Dutch Technol-
ogy Foundation (STW) under grant RNN5316. A.
Amelink’s e-mail address is a.amelink@erasmusmec.nl.
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Measurement of Hypoxia-related Parameters in
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Rationale: Tumor hypoxia has both prognostic and therapeutic con-
sequences for solid tumors. We developed a novel noninvasive tech-
nique, differential path-length spectroscopy (DPS), which allows
the measurement of hypoxia-related parameters in the superficial
microvasculature of tissue. Objectives: The aim of this study was to
measure the microvascular oxygenation of histologically normal
endobronchial mucosa and of neoplastic lesions during bronchos-
copy using DPS. Methods: Sixty-four patients with known or sus-
pected malignancies of the lung were studied. One hundred and
five endobronchial lesions (38 histologically normal, 37 metaplastic/
mild dysplastic lesions, and 30 invasive carcinomas) were detected
by white and/or autofluorescence bronchoscopy and measured us-
ing DPS. Results: We observed that bronchial tumors are character-
ized by a lower blood oxygen saturation and a higher blood content
than normal mucosa. No differences were observed between nor-
mal and metaplastic/mild dysplastic mucosa. Conclusion: DPS is a
new optical technique allowing the noninvasive study of endobron-
chial tumor hypoxia.

Keywords: cancer; hypoxia; lung; optical spectroscopy; premalignant

Tumor hypoxia has been associated with a lower survival rate,
a higher degree of invasiveness, and a higher risk of regional
and distant metastases in uterine cervical carcinoma (1-4), head
and neck carcinoma (5, 6), and soft tissue sarcoma (7). In addition,
hypoxia limits the response of tumor cells to ionizing radiation
and to some chemotherapies (8, 9). Therefore, tumor hypoxia
has both prognostic and therapeutic consequences, indicating the
importance of its measurement (8).

In vivo measurement of tissue oxygenation is challenging
in the lung. Invasive techniques, such as polarographic oxygen
microelectrodes, cannot be used in the lung because of the inac-
cessibility of the bronchial tree. Histologic techniques, such as
the study of exogeneous (pimonidazole) and endogeneous (hyp-
oxia inducible factor, carbonic anhydrase IX, vascular endothe-
lial growth factors) hypoxic factors, or the measurement of tissue
microvessel density (MVD), are indirect methods that can only
be used ex vivo on biopsy specimens (9). Functional imaging
techniques, such as magnetic resonance imaging, positron emis-
sion tomography, and single photon emission computed tomog-
raphy, are noninvasive techniques that have the advantage to
investigate nonaccessible organs such as the lungs and to give
information about the metabolic activity, the blood flow, and
the microcirculation of tumors (10-13). However, these tech-
niques are expensive, are limited by their spatial resolution ham-
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pering their use in case of tumors of size less than 1 cm, and
are not sensitive to the early changes associated with cancerous
transformations occurring in the epithelium of mucosa.

Noninvasive measurement of relevant parameters in the su-
perficial layer of bronchial mucosa would be particularly interest-
ing because the majority of lung cancers arise in the epithelium
and are preceded by precancerous changes that affect only the
surface epithelium. Previous authors have reported that both
the expression of hypoxic factors and an increased tumor MVD
are related to a poor prognosis in lung cancer (14, 15). Interest-
ingly, it was also reported that these hypoxia-related changes
could be observed in cases of early-stage (intraepithelial) bron-
chial carcinomas (16, 17) and in cases of premalignant lesions,
such as dysplasia. These results suggest that the modifications
of the bronchial mucosal oxygenation occur early during onco-
genesis. An in vivo confirmation of these findings requires the
development of an original technique sensitive to the oxygen-
ation changes occurring in the bronchial epithelium.

White-light reflectance spectroscopy is a noninvasive tech-
nique that allows the analysis of tissue optical properties.
Because blood is the dominant light absorber in the visible wave-
length range, both the local blood content and the blood oxygen
saturation can be extracted from reflected light signal. Visible
and near-infrared diffuse reflectance spectroscopy has been used
in animal models and in humans to analyze the oxygenation of
tumoral tissues (18-22). However, the reflectance spectroscopic
techniques used by these authors were characterized by large
source-detector separations and a relatively long path length.
As a consequence, the detected photons have traveled a long
distance through the tissue, and the extracted optical properties
represent average values over a relatively large tissue volume.
This results in a decreased sensitivity of these optical techniques
to changes in the epithelial tissue layer. We recently developed
a novel spectroscopic technique, differential path-length spec-
troscopy (DPS), that allows the in vivo measurement of blood
oxygenation, blood volume, and vessel diameter in the most
superficial layer of tissue (23). This fiber-based technique can
be used during an endoscopic procedure, and preliminary data
in the bronchial tree have shown that cancerous bronchial mu-
cosa has a lower capillary oxygenation, a higher blood volume
fraction, and a larger average capillary diameter than normal
bronchial mucosa (24).

The aim of this study was to measure the oxygenation of
histologically normal bronchial mucosa and of endobronchial
neoplastic lesions during bronchoscopy in a large population of
patients to confirm our preliminary results for a larger variety
of histologic tissue types.

METHODS
Study Population

Patients with known or suspected malignancies of the lung and with a
medical indication for a bronchoscopy were invited to participate. All
patients were older than 18 years and provided signed informed consent.



The study was approved by the Medical Ethics Review Board of the
Erasmus Medical Center Rotterdam, the Netherlands.

Reflectance Probe

Spectra were measured using a custom-made instrument using a fiber-
optic probe small enough to be led through the 2.8-mm working chan-
nel of the bronchoscope (Figure 1). The fiber probe consisted of two
400-p.m-diameter optical fibers fitted into a small metal tube. The two
fibers touch one another to minimize the distance between them. One
fiber (delivery and collection dc-fiber) is used for both delivery and
detection of light. The second fiber (collection c-fiber) is used for only
detection of reflected light from the tissue. A tungsten-halogen lamp
(Model HL-2000-FHSA; Ocean Optics, Duiven, the Netherlands) is
used to light up the bronchial mucosa through the dc-fiber, and the
remitted light collected in the dc- and c-fiber is analyzed in a dual-
channel spectrometer (SD2000; Ocean Optics). The data presented in
this article are part of a larger study using a combination of reflectance
and autofluorescence spectroscopy during bronchoscopy for the detec-
tion of bronchial (preneoplastic) lesions (25). The autofluorescence of
the bronchial lesions is induced by a blue-violet light source, and the
autofluorescence spectra are collected through the c-fiber. To attenuate
the short-wavelength background caused by the blue-violet light source,
the autofluorescence spectra are filtered through a long-pass glass filter
(GG435; Schott, Tiel, the Netherlands). As a consequence, the white-
light reflectance spectra measured by the c-fiber are very noisy below
435 nm.

The difference of the dc- and c-fiber collection signals is the differen-
tial reflectance signal R(\). In the range of parameters relevant for
biological tissue, we have previously reported that the differential re-
flectance signal R(\) can be simply modeled by the following equation:
R(\) = G (Nexp[—Twa(N)], where p'(N) is the reduced scattering
coefficient, ,(\) is the absorption coefficient, 7 is the apparent differen-
tial path length, and C; is a proportionality constant (23). We have

@ white light source

dcﬁ ber

long pass filter **==++**

" fiber

spectrometer

bronchoscope

Figure 1. Setup used for the differential path-length spectroscopy (DPS)
measurement in the bronchial tree. The bifurcated optical fiber probe
is small enough to be led through the working channel of the broncho-
scope. Atungsten-halogen lamp is used to light up the bronchial mucosa
through the dc-fiber, and the remitted light collected in the dc- and
c-fiber is analyzed in a dual-channel spectrometer.
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previously demonstrated that the apparent differential path length (1)
is independent of the optical properties of the tissue and depends on
the fiber diameter only. For fibers with a diameter of 400 wm, the
apparent differential path length is only 320 wm, allowing the analysis
of photons reflected in the most superficial layer of tissue (within
~ 160 pum of the surface).

Examination Procedure

The endoscopic examination of the bronchial tree was performed with
a commercially available flexible fluorescence bronchoscope (11004BI;
Karl Storz, Tuttlingen, Germany). All lesions that appeared abnormal
at blue- and/or white-light imaging were measured. The probe was led
through the working channel of the bronchoscope and placed in gentle
contact with the bronchial mucosa (Figure 2). The duration of reflec-
tance spectral acquisition was less than 1 second during which the light
source of the bronchoscope was switched off. An average of three
measurements was done on each location to take into account the tissue
heterogeneity. Finally, bronchial biopsies of the lesions were obtained.
Biopsy specimens were transported in formaldehyde and fixed in paraffin.
Hematoxylin-eosin-stained slides were evaluated without knowledge of
the bronchoscopic and spectroscopic findings. The pathologic diagnoses
were coded referring to the World Health Organization lung cancer classi-
fication (26).

Analysis of Spectra

In accordance with Lorentz-Mie scattering theory, we assumed that
1'(\) = an®, where the Mie parameter (b) is a constant related to
the size of the scattering particles (27). Furthermore, the main absorber
in the measured wavelength range (350-1,000 nm) is blood. The com-
plete model to which the differential path-length spectra are fitted is
given by the following equation (24):

R(\) = Cip' (N)exp[—032 (V)]
= Cll}\fb exp{f0.32Cm,(7\) p[StOZHaHbOZ()\)
+ (1 = $t0y) ™M1},

where p is the blood volume fraction, StO, is the microvascular blood
oxygenation, p,™(\) is the absorption coefficient of fully oxygenated
whole blood, p,°(\) is the absorption coefficient of fully deoxygenated
whole blood, C,’ is a proportionality constant, and C,, is the correction
factor that accounts for the inhomogeneous distribution of blood in tissue
(28). For whole blood contained in infinitely long cylindric vessels, the
correction factor is given by Ceor = {1 — Xp[a®(N)Dyessel] /[ > (N) Dyessel]
where (M) is the absorption coefficient of whole blood and D, is the
vessel diameter. Blood volume fraction (p) and microvessel diameter
(Dyesser) are extracted from Equation 1 assuming cylindric vessels and
a blood hemoglobin content of 150 g/L, which is typical for whole blood.
However, the size and shape of capillaries vary in the microvasculature,
and the hematocrit of blood in the capillaries is lower than the hemato-
crit of whole blood and may vary between normal and cancerous tissue.
As a consequence, the fitted values for these parameters may actually
deviate from their absolute values. An additional difficulty for proper
analysis of the vessel diameter arises from the large noise observed in
the reflectance spectra below 435 nm caused by the presence of the
long-pass glass filter. The measured reflectance signal is affected by the
size of the blood vessels most notably around 420 nm; the large noise
in that wavelength region reduces the accuracy in the fit of the vessel
diameter considerably.

Fitting the data to our equation yields values for the local blood
oxygenation (St0O,), local blood volume fraction (p), apparent average
vessel diameter (Dye), and the Mie parameter (b) An additional
parameter was chosen to appreciate the amplitude of the scattering
signal. This scattering amplitude parameter (a) corresponds to the am-
plitude of the scattering signal measured at 800-nm wavelength, where
blood absorption is minimal.

@

Statistical Analysis

The difference of optical parameters between the normal, metaplastic/
mild dysplastic, and cancerous lesions were evaluated with a Kruskal-
Wallis test (29). We have chosen this test because some optical parameters
have a skewed distribution, which makes the Student ¢ test inappropriate.
p values less than 0.05 were regarded as significant.



RESULTS

Endobronchial Lesions

Sixty-four patients (39 men and 25 women with a median age
of 65 * 12 years) were studied during a 1-year period. One
hundred and ten endobronchial lesions were detected by white
and/or autofluorescence bronchoscopy and measured using DPS.
An adequate amount of lesions was obtained in three histologic
types: normal mucosa (38 lesions), metaplastic/mild dysplastic
mucosa (37 lesions), and invasive carcinoma (30 lesions). The
histologic repartition of the invasive carcinomas were as follows:
10 squamous cell, 9 adenocarcinomas, 5 large cell carcinomas, and
6 non-small cell carcinomas. In addition, two severe dysplastic/
carcinoma in situ (CIS) lesions and three necrotic lesions were
measured, but because of their low numbers, no statistical analy-
sis was performed on these types of lesions.

Reflectance Spectra

Figure 3 illustrates four examples of DPS spectra measured in
normal bronchial mucosa with increasing local blood volume
fractions (p). The blood volume fraction (p) is proportional to the
depth of the signal dips observed below 600 nm corresponding
to the absorption of light by hemoglobin (Figure 3). Figure 4
illustrates examples of DPS spectra, fits, and residues measured
in normal (Figure 4, upper panel) and cancerous (Figure 4, lower

Figure 2. Three-stage examination proce-
dure for DPS measurements in the bronchial
tree. (A) Lesions of the bronchial mucosa are
detected with a flexible fluorescence bron-
choscope (white light image). (B) The probe
is led through the working channel of the
bronchoscope and placed in gentle contact
with the bronchial mucosa. (C) Bronchial
biopsies of the bronchial lesion are obtained.

panel) mucosa, respectively. Note the difference in the shape of
the blood absorption signals for wavelengths below 600 nm
caused by a difference in microvascular saturations (StO,). A
high StO, (100%) is measured for the normal mucosa (Figure
4, upper panel), and a low StO, (45%) is measured for the
cancerous lesion (Figure 4, lower panel).

Because both the StO, and the apparent average vessel diam-
eter (D) are related to the shape of the blood absorption dips
below 600 nm, the accuracy of the fits for these two parameters is
limited in case of small blood volumes (see, e.g., Figure 3A).
Therefore, we decided to restrain the calculation of these two
parameters to spectra for which the blood volume fraction (p)
was higher than 1% (24). As a consequence, these parameters
were calculated for 25, 27, and 28 normal, metaplastic/mild dysplas-
tic, and invasive carcinomas, respectively. In addition, Figure 5
illustrates an example of a DPS spectrum measured in necrotic
cancerous tissue. Compared with spectra measured in normal mu-
cosa or nonnecrotic cancerous mucosa, an additional absorption
dip is visible in the 600- to 650-nm wavelength range. This additional
absorption dip is related to an (as yet unidentified) additional
absorber present in the necrotic tissue that is not accounted for in
Equation 1 but should be incorporated for adequate fitting.

Two parameters extracted from the spectra contain information
about the scattering properties of the tissue: the Mie parameter
(b), which corresponds to the slope of the DPS spectra, and the
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Figure 3. lllustration of four DPS spectra (A-D) with
increasing local blood volume fraction (p) measured in
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normal bronchial mucosa. The signal dips observed
below 600 nm are caused by the absorption of blood.
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Figure 4. lllustration of DPS spectra, fits, and residues (= spectrum —
fit) measured on normal (upper panel) mucosa and on a cancerous
(lower panel) lesion. A difference in oxygen blood saturation (StO,) is
observable through a difference in the shape of the blood absorption
dips below 600 nm.

scattering amplitude parameter (a), which corresponds to the
amplitude of the scattering signal at 800 nm. Both the slope (b)
and amplitude (a) are not affected by the local blood volume
fraction (p) because they are measured in a wavelength range
where the absorption of blood is negligible.

Optical Parameters

Multiple measurements were systematically done on each bron-
chial lesion to take into account the intralesion heterogeneity.
The optical parameters extracted from all the spectra measured
on the same lesion were averaged, and these averaged values
were used to optically characterize each bronchial lesion. The
bronchial lesions were clustered into three histologic groups:
normal mucosa, metaplastic/mild dysplastic mucosa, and inva-
sive carcinoma. Table 1 summarizes the average values and stan-
dard deviations of the optical parameters in each of these three
histologic groups. Invasive carcinomas were characterized by a
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Figure 5. lllustration of a DPS spectrum measured in necrotic cancerous
tissue showing an additional absorption dip in the 600-650-nm wave-
length range.

lower oxygen saturation, a higher blood volume, and a larger
average vessel diameter compared with normal or metaplastic/
mild dysplastic mucosa (statistically significant for blood satura-
tion and blood volume, p < 0.001 using a Kruskal-Wallis test;
not significant for the vessel diameter). The scattering amplitude
parameter (a) was significantly lower in cancer (p < 0.001 using
a Kruskal-Wallis test), but no significant difference in the scatter-
ing slope (b) was observed between invasive carcinoma and both
normal and metaplastic/mild dysplastic mucosa. Furthermore,
no significant difference in any of the parameters was observed
between normal and metaplastic/mild dysplastic lesions.

DISCUSSION

We used DPS to study the oxygenation and the microvasculature
of bronchial lesions in vivo. This is to our knowledge the first
report of an optical analysis of human bronchial mucosa during
bronchoscopy. DPS allows a real-time and noninvasive measure-
ment of tissue hypoxia-related parameters, such as the blood
oxygenation, the blood content, and the microvessel size. More-
over, DPS informs about the scattering properties of the bronchial
mucosa. We observed that endobronchial tumors are character-
ized by a lower blood oxygenation, a higher blood content, and
a smaller scattering amplitude than normal or metaplastic/mild
dysplastic bronchial mucosa.

Bronchial epithelium is the location of premalignant lesions
and in situ carcinomas, which are precursors of the majority of
lung cancers. The development of an instrument allowing the
in vivo analysis of this superficial layer would help to better
understand the pathophysiology of these early lesions and possi-
bly improve their detection. Because DPS uses a fiber-optic
probe that is guided through the working channel of a broncho-
scope, the technique is limited to lesions of the proximal bron-
chial tree. We have demonstrated in tissue phantoms that DPS
using 400-pm fibers is sensitive to the light scattered in approxi-
mately the first 150 wm of the tissue surface (30). Such depth
corresponds to the epithelium thickness encountered in cases of
metaplastic/dysplastic lesions or in situ carcinomas. In cases of
invasive carcinomas, the tumor thickness can attain several centi-
meters, and DPS informs only about the most superficial layer of
these larger tumors. At this point, we must emphasize that DPS
was developed with the intention to study the microvasculature



TABLE 1. AVERAGE VALUES AND SDs OF BLOOD OXYGENATION, VESSEL DIAMETER,
BLOOD VOLUME, MIE PARAMETER, AND SCATTERING AMPLITUDE PARAMETER
MEASURED IN NORMAL MUCOSA, METAPLASTIC/MILD DYSPLASTIC MUCOSA,

AND INVASIVE CARCINOMA OF THE BRONCHIAL TREE

510, (%) Du () p (%) b a
Normal (n = 25) (n = 25) (n = 38) (n = 38) (n = 38)
76.1 =158 142 £9.2 3.6 £ 6.0 -1.01 = 0.18 2.38 = 0.75
Metaplasia/mild dysplasia (n=27) (n=27) (n=37) (n=37) (n=37)
82.1 £21.0 145 + 83 3.8+50 -1.02 £0.17 213 £0.76
Cancer (n = 28) (n = 28) (n = 30) (n = 30) (n = 30)
56.3 + 26.1* 23.1 =169 11.8 £ 14.4* -0.99 = 0.22 1.67 = 0.80*

Definition of abbreviations: a = scattering amplitude; b = Mie parameter; D, = vessel diameter; p = blood volume; StO, =

microvascular blood saturation.

The number of lesions in each group is indicated in parentheses.

*p < 0.001, Kruskal-Wallis test.

and the scattering properties of the most superficial layer of bron-
chial tissue only. Little is known about the relation between the
vasculature at the bronchial epithelial surface and at the center
of larger tumors. The use of an animal lung cancer model would
allow the study of the correlation between the superficial and
deep bronchial tumor oxygenation, but this is beyond the scope
of this article.

Tumor hypoxia is a heterogeneous process that depends on
several factors, including an increased consumption of oxygen
related to the high metabolism and high proliferation rate of the
cancerous cells, a lower quality of the tumoral microcirculation
related to architectural and functional abnormalities of the tu-
mor microvessels, a decreased capacity of oxygen to diffuse to
the cells because of the increased distance between the microves-
sels and the cancerous cells, and a sluggish blood flow in the
tumor microcirculation as a consequence of the increased resis-
tance in the microvessels and the increased viscosity of the blood
(8,9). A correct description of the oxygenation of solid tumors
requires the concomitant study of these various parameters (31).
It must be noted that DPS measures only a part of these hypoxia-
related parameters—that is, blood oxygenation, blood volume,
and microvessel size. DPS does not measure blood flow, nor
does it measure the MVD. An increased MVD would result in
an increased blood volume fraction (p), but an increased blood
volume fraction may also be caused by an increase in the mi-
crovessel size. As a consequence, we cannot simply relate our
parameters to commonly used parameters such as MVD. How-
ever, alternative techniques for the in vivo assessment of hypoxia-
related parameters, such as tissue oxygenation, MVD or blood
flow in bronchial mucosa, do not exist to our knowledge. More-
over, exogeneous hypoxia markers, such as pimonidazole, are
hard to measure in the small-size bronchial biopsies obtained
during bronchoscopy, and large tumor samples are generally not
available in the majority of patients suffering from lung cancer.

Tumor hypoxia has previously been reported in various kinds
of solid cancers (2, 4, 5, 32). Oxygenation of tumors is facilitated
by the creation of new blood vessels by the tumor itself (neoangi-
ogenesis). This process is regulated depending on a balance of
angiogenic and angiostatic factors (33). In response to hypo-
Xemia, tumors secrete angiogenic cytokines, such as vascular
endothelial growth factor, inducing the formation of microves-
sels from the surrounding host vasculature. However, the deliv-
ery of oxygen to the neoplastic and stromal cells is frequently
altered by structural abnormalities of the microcirculation. We
observed that hypoxia is a common event in the mucosal capillary
blood of bronchial tumors. In addition to the measurement of
capillary blood oxygenation, DPS allows us to study the micro-
vascular geometry of the superficial layer of bronchial mucosa.
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An increased blood content and enlarged microvessel diameters
were observed in bronchial tumors in comparison with normal
mucosa, although the latter was not significant. The fact that no
significant differences were observed in microvessel size may at
least in part be explained by the low signal-to-noise ratio below
435 nm, as explained in METHODS. Lung tumors are known to
be characterized by an increase in microvessel count (33). An
increase in the size of microvessels is also characteristic of the
tumoral microvasculature. Tumor blood vessels are commonly
tortuous and irregular, have venous shunts and blind ends, and
lack smooth muscles and innervation (34). This increase in vessel
size, associated with a decrease of local blood pressure and an
increase of blood viscosity, induces tumor blood flow alterations
leading to hypoxia (35).

The development of hypoxia and microvasculature alter-
ations during oncogenesis is poorly known. Neoangiogenesis
has been reported to be increased in smokers and in bronchial
preneoplastic lesions with the expression of angiogenic and prolif-
eration markers and an increase of the MVD (36-38). Moreover,
the increased microvascular density observed in solid cancer is
directly linked to the angiogenesis process, and previous authors
have reported a correlation between increased vessel density and
tumor stage (39, 40). A direct visualization of the microvascula-
ture in bronchial mucosa has recently been reported using high-
magnification bronchovideoscopy (41, 42). These authors have
shown that larger blood vessels were present in dysplastic lesions
of the bronchial mucosa. We observed no significant change in
oxygenation, blood content, and microvessel size in the meta-
plastic/mild dysplastic mucosa in comparison with normal mu-
cosa. However, these alterations of the bronchial mucosa are
frequent (particularly in smokers), tiny, and mostly spontane-
ously reversible, and are not considered to be premalignant.
Our data show that the onset of macroscopic changes in the
microvasculature of bronchial mucosa must occur at a later stage
than metaplasia/mild dysplasia. Unfortunately, concerning the
alterations occurring in more advanced mucosal lesions, such as
severe dysplasia and carcinoma in situ, no conclusion can be
drawn from the very small number of these types of lesions
measured in our study. The use of DPS during high-magnification
bronchoscopy would be particularly interesting, allowing a com-
parison of these two different techniques for the study of the
bronchial microvasculature.

When light enters tissue it is scattered whenever it encounters
refractive index variations. The fact that membranes, nuclei,
mitochondria, and other organelles all have a different refractive
index from the surrounding cytoplasm makes tissue a highly
scattering medium. Although the detailed dependence of the
scattering signal on the tissue composition is not completely



understood, most experimental evidence suggests that the mito-
chondria contribute most to the light scattering in the backward
directions (43-46). In our study, the Mie parameter (b) was not
modified in cancerous tissue compared with normal or metaplas-
tic tissue, suggesting that the size of the light scatterers in the
cancerous epithelium are not significantly modified. The de-
creased amplitude of the scattering signal observed in bronchial
tumors may be related to a decrease in the mitochondrial content
of tumors (44) or to changes in the refractive index of the cyto-
plasm because of an increased protein and enzyme content, but
this is highly speculative and requires further investigation into
the microscopic origins of light scattering in tissue.

Recent improvements in the endoscopic technology, such
as fluorescence endoscopy and high-magnification videoscopy,
have allowed the development of highly sensitive bronchoscopes
for the detection of bronchial mucosal lesions. However, these
bronchoscopic techniques are characterized by a low specificity
(i.e., a lot of false-positives), inducing unnecessary biopsies at
greater costs and a longer duration of the endoscopic examina-
tion. The concomitant use of DPS during bronchoscopy may be
helpful to increase the specificity of bronchoscopy. However, it
must be emphasized that the objective of the present study was
to measure the oxygenation and the microvasculature in the
most superficial layer of tissue noninvasively during routine
bronchoscopy for various histologic tissue types. The fact that
statistically significant differences are found between the microvas-
cular saturations of normal and cancerous tissue does not imply
that it is possible to use the measured saturation for classification
purposes. The classification of lesions based on saturation mea-
surements alone requires not only a statistically significant differ-
ence in the mean values of the groups but a relatively small
standard deviation within each group as well. The latter condition
is clearly not fulfilled for our data, and any attempt to classify
the lesions using the extracted saturation parameter (StO,) alone
will be futile. The question of whether DPS can be used to
classify lesions using more advanced statistical techniques (e.g.,
using combined classifiers and linear discriminant analysis) will
be answered in a separate study.

In conclusion, DPS allows a real-time, noninvasive analysis
of the oxygenation, the microvasculature, and the scattering
properties in the most superficial layer of tissue. This technique
is particularly interesting for the analysis of cancer developing
in superficial tissues, such as epithelium. Its use during an endo-
scopic procedure is easy and well tolerated, and opens up a wide
field of investigation in various organs. Potentially, DPS can be
used for a better understanding of the oxygenation alterations
that occur during the bronchial oncogenesis, an improvement of
our capacity to detect the preneoplastic and intraepithelial cancers,
the analysis of the prognostic significance of endobronchial tumor
oxygenation, the survey of antihypoxia or antiangiogenesis thera-
pies, and the real-time monitoring of oxygen-dependent therapies,
such as radiotherapy or photodynamic therapy.
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ABSTRACT

Tumor hypoxia is known to correlate with a poor prognosis in solid cancers. We
developed a novel non-invasive optical technique, differential path-length spectroscopy
(DPS), which allows the in vivo measurement of hypoxia-related parameters in bronchial
mucosa. Our aim was to investigate the association between the hypoxia-related parameters
measured in vivo in endobronchial tumors and the histopathological diagnosis of lung cancers.

Forty-seven endobronchial tumors were measured using DPS in 37 patients suffering
from lung cancer. DPS spectra were measured during bronchoscopy using a custom-made
fiberoptic instrument. Tumor histological diagnoses were defined using bronchoscopic
biopsies.

Blood oxygen saturation (StO2) and blood volume fraction (p) were lower (average +
standard deviations) in small-cell carcinomas (StO2 = 38.3 + 22.7%, p = 6.3 = 4.9%) and
poorly differentiated large-cell carcinomas (StO2 = 39.6 + 23.4%, p = 5.7 =+ 6.4%) in
comparison with squamous cell carcinomas (StO2 = 64.6 + 21.3%, p = 15.9 = 19.2%) and
adenocarcinomas (StO2 = 55.9 + 23.8%, p=11.7 = 8.6%).

Hypoxia-related parameters measured using DPS are related to the histological type of

lung cancer.

Key words: Hypoxia, Lung Cancer, Spectroscopy
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INTRODUCTION

Tumor hypoxia is a bad prognostic indicator of solid cancers (1). Using polarographic
oxygen electrodes, previous authors have reported an association between tumor hypoxia and
a low survival rate in uterine cervical (2-5) and head-and-neck (6, 7) carcinomas. Moreover, a
higher invasiveness and a lower sensitivity to ionising radiation have been reported in cases of
hypoxic tumors (1, 8), indicating the clinical relevance for measurement of oxygen saturation
in tumors.

In lung cancer, the ex vivo measurement of hypoxic factors (hypoxia inducible factor,
carbonic anhydrase IX, vascular endothelial growth factors) or tissue micro vessel density
(MVD) has been related to a poor prognosis (9-14). Few in vivo data are available due to the
inaccessibility of the lungs for tumor oxygenation measurement. Indeed, the use of oxygen
polarographic electrodes is not possible in the bronchial tree. Using functional imaging
techniques, such as '*[F]fluoromisonidazole proton emission tomography (PET) or single-
photon emission computed tomography (SPECT), previous authors have reported a low
oxygen saturation both in small- and non small-cell lung carcinomas (15, 16). Although these
imaging techniques are promising, they are expensive and of limited use in case of small size
tumors (less than 1 cm) and cancer confined to the bronchial mucosa. We recently developed
a novel spectroscopic technique, differential path-length spectroscopy (DPS), that allows the
in vivo measurement of hypoxia-related parameters such as blood oxygenation, blood content,
and microvessel size in the most superficial layer of tissue (17, 18). We recently used DPS
during bronchoscopy to study endobronchial mucosa in patients known or suspected to be
suffering from lung cancer (19). We observed that endobronchial tumors are characterized by
a lower blood oxygenation and a higher blood content in comparison with normal or

metaplastic/mild dysplastic lesions.
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The histological diagnosis is one of the most important prognostic factors in lung cancer
(20, 21). Small cell carcinomas are highly aggressive tumors mostly associated with distant
metastases and a poor survival (22). Within non small-cell lung cancers, prognosis of
undifferentiated large cell carcinomas is generally worse than that of squamous cell
carcinomas or adenocarcinomas (21). To investigate whether DPS can be used as a non-
invasive, real-time tool to e.g. predict the aggressiveness of lung tumors and better define
their treatments, we will here examine the correlation between the hypoxia-related parameters

measured in endobronchial tumors using DPS and the cancer cell type.
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MATERIAL & METHODS
Patients

Patients with known or suspected malignancies of the lung and with a medical
indication for a bronchoscopy were invited to participate. All patients were more than 18
years old and signed informed consent. The study was approved by the Medical Ethics

Review Board of the Erasmus Medical Centre Rotterdam, The Netherlands.

Examination procedure

The endoscopic examination of the bronchial tree was performed with a commercially
available flexible fluorescence bronchoscope (Karl Storz® 11004BI, Germany). All lesions
that appeared abnormal at blue and/or white light imaging were measured. The DPS fiber-
probe was led through the working channel of the bronchoscope and placed in gentle contact
with the bronchial mucosa. The duration of reflectance spectral acquisition was less than one
second during which the light source of the bronchoscope was switched off. An average of
three measurements was done on each location in order to take into account the tissue
heterogeneity. Finally, bronchial biopsies of the lesions were obtained. Biopsy specimens
were transported in formaldehyde and fixed in paraffin. Hematoxylin-eosin stained slides
were evaluated without knowledge of the bronchoscopic and spectroscopic findings. The
pathological diagnosis were coded referring to the World Health Organisation Lung Cancer
classification (23). For the visualization of microvessels, the histological slides were stained
with a commercially available monoclonal antibody against CD34 (Neomarkers, Fremont

USA, dilution 1:400).
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Differential path-length spectroscopy

The DPS technique has been previously described in great detail (18, 19). In short,
spectra are measured using a custom-made instrument using a fiberoptic probe small enough
to be led through the working channel of a flexible bronchoscope (Fig. 1). One fiber
(delivery-and-collection (dc)-fiber) is used for both delivery and detection of light. The
second fiber (collection (c)-fiber) is used for only detection of reflected light from the tissue.
A tungsten-halogen lamp (Ocean Optics HL-2000-FHSA, Duiven, The Netherlands) is used
to light up the bronchial mucosa through the dc-fiber and the remitted light collected in the
dc- and c-fiber is analysed in a dual channel spectrometer (Ocean Optics, SD2000, Duiven,
The Netherlands). The data presented in this article are part of a larger study using a
combination of reflectance and autofluorescence spectroscopy during bronchoscopy for the
diagnosis of bronchial (pre-)neoplastic lesions (24). The autofluorescence of the bronchial
lesions is induced by a blue-violet light source and the autofluorescence spectra are collected
through the c-fiber. In order to attenuate the short wavelength background due to the blue-
violet light source, the autofluorescence spectra are filtered through a long pass glass filter
(Schott GG435, Tiel, The Netherlands). As a consequence, the white-light reflectance spectra
measured by the c-fiber are very noisy below 435 nm.

The difference of the dc- and c-fiber collection signals is the differential reflectance
signal R(A). In the range of parameters relevant for biological tissue, we have previously
reported that the differential reflectance signal R(A) can be modelled by (19):

R(L) = CiA° exp{-0.32Cco(X) p[StOa1, " (1) + (1- StO2) pa (W)}, 6]
where C,; is a proportionality constant, b is a parameter related to the size of the scattering
particles, C., 1s a correction factor that accounts for the inhomogeneous distribution of blood
in tissue (25) and is related to the vessel diameter Dyegsel, p 1 the blood volume fraction, StO,

HbO2

is the microvascular blood oxygenation, p, — (A) is the absorption coefficient of fully
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oxygenated whole blood, and p, () is the absorption coefficient of fully deoxygenated
whole blood.

Fitting the data to our equation yields values for the local blood oxygenation (StO,),
local blood volume fraction (p), apparent average vessel diameter (Dyesel), and the Mie
parameter (b). An additional parameter was chosen to appreciate the intensity of the scattering
signal. This scattering amplitude parameter (a) corresponds to the amplitude of the scattering
signal measured at 800nm wavelength, where blood absorption is minimal. Since the path
length of the photons which have travelled through the tissue is short (apparent differential
path length = 320 um), the optical properties extracted from the differential reflectance signal
characterize the most superficial layer of the tissue (roughly within 160 pm of the tissue

surface).

Statistical analysis

The difference of optical parameters between the histological type of cancer were
evaluated with a Kruskal-Wallis test (26). We chosen this test because of the small amount of
data and because some optical parameters have a skewed distribution which makes the

student t-test inappropriate. P-values less than 0.05 were regarded as significant.
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RESULTS
Patients and bronchial lesions

Thirty-seven patients (27 men, 10 women with a median age of 68 + 10 years) suffering
from lung cancer were studied. In this patient population, a total of 47 endobronchial tumors

were found by bronchoscopy and measured using DPS.

Reflectance spectra

Figure 2 illustrates an example of a DPS spectrum measured with the fiberoptic probe in
contact with an endobronchial tumor. The parameters extracted from fitting Eq. (1) to the data
are related to the spectral characteristics in the following way. The blood volume fraction (p)
is proportional to the depth of the signal dips observed below 600nm corresponding to the
absorption of light by haemoglobin. Both the local blood oxygenation (StO,) and the apparent
average vessel diameter (Dyesse1) are related to the shape of the blood absorption dips below
600 nm. The accuracy of the fits for these two parameters is limited in case of small blood
volumes. Therefore, we decided to restrain the calculation of these two parameters to spectra
for which the blood volume fraction (p) was higher than 1% (18). Two parameters extracted
from the spectra contain information about the scattering properties of the tissue, the Mie
parameter (b) which corresponds to the slope of the DPS spectra, and the scattering amplitude
parameter (a) which corresponds to the amplitude of the scattering signal at 800 nm. Both the
slope (b) and amplitude (a) are hardly affected by the local blood volume fraction, blood
saturation and vessel diameter since they are measured in a wavelength range where the

absorption of blood is negligible.
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Global results in lung cancer

Multiple measurements were systematically done on each bronchial tumor in order to
take into account the intra-lesion heterogeneity. The optical parameters extracted from all the
spectra measured on the same lesion were averaged and these averaged values were used to
optically characterise each bronchial lesion.

In comparison with values measured in normal bronchial mucosa (19), lung tumors are
characterized (average =+ standard deviations) by a low blood oxygen saturation (StO, =49.8 +
24.8%, n=43 lesions), a large average vessel diameter (Dyesses = 22.3 = 14.7um, n=43 lesions),
a high blood volume fraction (p = 9.8 = 12.2%, n=47 lesions), a low scattering amplitude (a =
1.64 + 0.88, n=47 lesions), and an unchanged scattering Mie parameter (b = -1.00 + 0.19,

n=47 lesions).

Results as a function of lung cancer histology

Table 1 shows average values and standard deviations of the 5 parameters measured in
squamous cell carcinomas, adenocarcinomas, large cell undifferentiated carcinomas, and
small cell carcinomas of the bronchial tree. The relatively high proportion of undifferentiated
large cell carcinomas observed in our patient population may be explained by the limitation of
our analysis to the proximal bronchial tree and by the use of bronchoscopic biopsies for the
histological diagnosis. It is observed that, according to the cancer histological type, small cell
and poorly differentiated large cell carcinomas are characterized by the lowest blood
oxygenation (StO,) (p=0.07 and p=0.05, respectively, in comparison with squamous cell
carcinomas, using a Kruskall-Wallis test). No significant differences are observed between
small cell and non-small cell carcinomas concerning the average vessel diameter (Dyegser).
Blood volume fraction (p) trended lower in small cell carcinomas and undifferentiated large

cell carcinomas, although this did not reach statistical significance. A higher Mie scattering
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parameter (b) was observed in cases of small cell carcinomas (p=0.01 in comparison with
both large cell and squamous cell carcinomas, using a Kruskall-Wallis test) but no difference

in the scattering amplitude (a) was observed between the different histological types.
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DISCUSSION

We studied hypoxia-related parameters using DPS technology in various types of lung
cancer during bronchoscopy. Small-cell and poorly differentiated large cell carcinomas are
associated with the lowest blood oxygenation and the lowest blood content in comparison
with other lung cancer cell types. No difference in microvessel size is observed between the
different types of carcinoma. These results may increase our knowledge of the oxygenation
alterations occurring in lung cancer and may help to better define the prognosis and the
therapeutic options of this disease.

The oxygenation of microvascular blood (StO;) was lower in cases of small-cell
carcinomas and undifferentiated large cell carcinomas in comparison with squamous cell
carcinomas and adenocarcinomas. Small-cell carcinomas represent one of the more aggressive
types of lung cancer (22). On a cellular level, small-cell carcinomas are characterized by a
high proliferation rate with a high mitotic count (27). Such a rapid cell division rate is
associated with an increase in cell metabolism and consequently an increase in oxygen
consumption (8). Because the oxygenation of blood in the tissues microcirculation is related
to the consumption of oxygen by cells, the low blood oxygenation measured in small cell
carcinomas may be explained by a higher cell metabolism and oxygen consumption of these
kinds of tumor cells.

Concerning the organisation of the tumor microcirculation, small cell carcinomas and
undifferentiated large cell carcinomas were associated with the lowest blood volume fraction
(although this difference did not reach statistical significance) but no difference in
microvessel diameters was observed. However, the latter may at least in part be caused by the
low signal-to-noise ratio below 435 nm. The measured reflectance signal is affected by the
size of the blood vessels most notably around 420 nm; the large noise in that wavelength

region reduces the accuracy in the fit of the vessel diameter considerably. Tissue blood
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content depends on both the size and the density of microvessels. Although DPS does not
provide a direct measure of the microvessel density (MVD), the lack of differences observed
in the microvessel size between the different lung cancer cell types argues for a smaller
density of microvessels in cases of tumors with a low blood volume fraction. Such results
suggest a poorer organisation of the microcirculation in cases of small-cell carcinomas. This
is in agreement with our histological findings. Figure 3 illustrates typical sections of bronchial
biopsies obtained from different lung cancer cell types, stained with anti-CD34 to highlight
the status of their vasculature. Small-cell carcinoma (Fig. 3A) is characterized by a small
number of microvessels, often squeezed by the high amount of surrounding tumor cells.
Squamous cell carcinoma, on the other hand, shows more abundant and less squeezed
microvessels (Fig. 3B). Unfortunately, a direct comparison between our measured parameters
(blood volume fraction and microvessel diameter) and the histology of all lesions was
technically not possible due to the small size of most of the bronchoscopic biopsies and the
frequent modification of the tissue architecture induced by the biopsy forceps.

Concerning the scattering properties of the lung tumors, we observe that the scattering
Mie parameter (b) was significantly smaller in cases of small-cell carcinomas in comparison
with non small-cell lung carcinomas. Moreover, the lowest value of the scattering amplitude
parameter (a) was also observed in cases of small cell carcinomas, although this difference did
not reach a statistical significance. These results suggest that, in cases of small-cell
carcinomas, several changes occur in both the size (related to the (b) parameter) and the
concentration (related to the (a) parameter) of cellular light scatterers. The exact dependence
of the scattered signal on the intracellular composition is only partially understood. Suspected
cellular scatterers include the cytoplasmic membrane, the nucleus, and intra-cytosolic
organelles. Recent reports suggest that intracellular particles of sizes smaller than 2um, such

as mitochondria, may contribute mostly to the backscattering of light (28-31). Small-cell
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carcinoma is a malignant epithelial tumor with the cytologic features of scant cytoplasm,
finely granular chromatin, absent nucleoli, and frequent mitosis. These round-to-oval cells
have a high nucleus-to-cytoplasm ratio (27). Therefore, the changes in the scattering
properties observed in small-cell carcinomas could be related to the changes occurring in their
cytosolic organisation and especially in their mitochondrial content. However, further
research into the scattering properties of tissue is required in order to confirm the relation
between the optical properties of lung cancer cells and their cytosolic content.

We observed that lung cancer types with a poor prognosis, i.e. small-cell and
undifferentiated large cell carcinomas, are characterised by the lowest blood oxygenation and
the lowest blood content. A relation between tumor hypoxia and some prognostic factors of
solid cancers has already been reported in various kinds of tumors. Tumor hypoxia has been
associated with a lower survival, a higher invasiveness and a higher risk of regional and
distant metastases in cervical carcinoma (2-5), head and neck carcinoma (6, 7) and soft-tissue
sarcoma (32). The association of tumor hypoxia with a bad prognosis has been related to cell
phenotype modifications induced by hypoxia (1). Indeed, hypoxia modifies both the genomic
and the proteomic content of cancerous cells (8, 33). These molecular changes modify the
expression of proteins involved in the regulation of tumor growth such as pro-apoptotic, pro-
angiogenic, and growth factors, but also of proteins influencing the invasiveness and
metastatic spread capacity of tumors (33-35). It would therefore be interesting to correlate our
measurements not only with histology, but also with patient survival. Unfortunately, the short
follow-up in our patient population does not allow us to conclude on the impact of bronchial
tumor hypoxia on patient prognosis at this point. The relation between the DPS
measurements, the patient survival, and possibly the sensitivity of tumors to therapy will be

reported in a separate paper.
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Tumor hypoxia arises due to a heterogeneous process that depends on several factors
such as the structure of the tumor microcirculation, the quality of the blood flow in the
microcirculation, the capacity of oxygen to diffuse from the microvessels to the cancerous
cells, and the oxygen consumption rate of the cancerous cells (1, 8). The blood oxygenation
(StO,) extracted from our spectra is different from the tissue tumor oxygenation (tPO,)
measured with chemical techniques such as polarographic electrodes. However, previous
authors have reported, in a human tumor xenograph model, that a low tissue tumor
oxygenation was associated with a low blood content and a low blood oxygenation (36).
Moreover, the hypoxia measured in endobronchial tumors using DPS is in agreement with the
hypoxia measured in lung tumors using PET and SPECT technology (15, 16). Finally, DPS
studies the most superficial layer (first 150 um) of the bronchial mucosa allowing the analysis
of localized intra-epithelial carcinomas. In case of larger tumors, DPS informs only about the
superficial layer of the endobronchial extension of the lung cancer. The relation between the
microvascular oxygenation of the tumor periphery and of the centre of solid tumor is poorly
known. The combination of DPS and functional imaging technology may be a suitable way to
study this relation in vivo.

In conclusion, the hypoxia-related parameters measured in endobronchial tumors using
DPS are related to the cancer cell types. Poor prognosis tumors such as small-cell carcinomas
are characterized by a low blood oxygenation and a low blood volume. These results may be
explained by the higher proliferation rate characterizing this kind of tumor. Potential
applications of DPS could be to characterize these aggressive tumors non-invasively during
bronchoscopy, in order to determine the optimal therapeutic strategy. Oxygen-dependent
therapies such as radiotherapy and photodynamic therapy, but also more recently developed
hypoxia- or angiogenesis-targeted therapies may benefit greatly from this new technology.

Finally, DPS is not restricted to measure hypoxia-related parameters in superficial tissues
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such as bronchial mucosa only, but was recently succesfully applied on breast tissue using a
modified fiberoptic needle-probe as well (37). Therefore, DPS technology opens up a wide

field of in vivo investigation into hypoxia-related parameters in various organs.
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LEGENDS OF THE FIGURES

Figure 1: Set-up used for the DPS-measurement in the bronchial tree. The bifurcated optical
fiber-probe is small enough to be led through the working channel of the bronchoscope. A
tungsten-halogen lamp is used to light up the bronchial mucosa through the dc-fiber and the

remitted light collected in the dc- and c- fiber is analysed in a dual channel spectrometer.

Figure 2: Illustration of DPS spectra, fits, and residues (= spectrum minus fit) measured on a
cancerous bronchial tumor. The blood volume fraction (p) is proportional to the depth of the
signal dips observed below 600nm corresponding to the absorption of light by haemoglobin.
Both the local blood oxygenation (StO;) and the apparent average vessel diameter (Dyessel) are
related to the shape of the blood absorption dips below 600 nm. Two scattering parameters are
the Mie parameter (b) which corresponds to the slope of the DPS spectra, and the scattering
amplitude parameter (a) which corresponds to the amplitude of the scattering signal at 800

nm.

Figure 3: Histological sections of bronchial biopsies obtained from different types of lung
cancer. The slides were stained with a monoclonal antibody against CD34 to highlight the
vasculature and counterstained with Harris' hematoxylin. Small-cell carcinoma (Fig.3A) is
characterized by rare and squeezed microvessels in comparison with squamous cell carcinoma
(Fig.3B) showing more abundant and less squeezed microvessels (original magnification x

400).
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Table 1: Average values and standard deviations of blood oxygenation (StO;), vessel
diameter (Dyesse), blood volume fraction (p), the Mie parameter (b), and the scattering
amplitude parameter (a) measured in squamous cell carcinomas, adenocarcinomas, large cell
undifferentiated carcinomas, and small cell carcinomas of the bronchial tree. The amount of

lesions in each group is indicated in brackets.

StOZ(%) Dvessel (llm) P(%) b a
Squamous cell (n=12) (n=12) (n=13) (n=13) (n=13)
carcinoma 64.6+21.3 29.2+20.7 159+£19.2 -092+0.22 1.71+0.98
Adenocarcinoma (n=9) (n=9) (n=9) (n=9) (n=9)

559+238 21.1+11.2 11.7£86  -1.00+£0.24 1.52+0.69

Large cell (n=17) (n=17) (n=19) (n=19) (n=19)
undifferentiated 39.6+23.4% 183+10.4 5764  -1.00£0.13* 1.70+ 1.01
carcinoma

Small cell (n=5) (n=5) (n=6) (n=6) (n=6)
carcinoma 383+£227 21.8+14.5 63+49 -1.16+0.05* 1.49+0.56

StO;;microvascular blood saturation, Dyesser; Vessel diameter, p; blood volume, b; Mie
parameter, a; scattering amplitude. * p= 0.05, * p=0.001, Kruskall-Wallis test.
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Autofluorescence such as carcinoma in situ (CIS), augments the cure rate considerably. It
spectroscopy; has been shown that the sensitivity of autofluorescence bronchoscopy is bet-
Reflectance ter than white light bronchoscopy for the detection of CIS and dysplastic
spectroscopy; lesions. Autofluorescence bronchoscopy is, however, characterized by a low
Lung cancer: specificity with a high rate of false positive findings. In the present pa-
e o per we propose to combine autofluorescence bronchoscopy with optical spec-
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subsequently characterized spectroscopically using a custom made fiberoptic probe.
Autofluorescence spectra of the lesions as well as reflectance spectra were measured.
We will show in this preliminary report that the addition of either of these spectro-
scopic techniques decreases the rate of false positives findings, with the best results
obtained when both spectroscopic modalities are combined.

© 2004 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

White light and fluorescence endoscopic imaging
are commonly used for the detection of proximal
endobronchial lesions. The sensitivity of autofluo-
rescence bronchoscopy has shown to be better than
white light bronchoscopy for the detection of car-
cinoma in situ (CIS) and dysplastic lesions [1—4].
Fluorescence bronchoscopy is, however, character-
ized by a low specificity with a high rate of false
positive findings. This induces unnecessary biopsies
at greater costs and longer duration of the examina-
tion. Additional techniques are therefore needed to
improve the specificity of autofluorescence imag-
ing.

Light induced spectroscopic techniques are po-
tential tools for differentiation of pathological from
normal tissue [5—17]. After illumination of the tis-
sue with a light source, the photons diffuse in the
tissue and a fraction of the photons is re-emitted
from the tissue surface, enabling non-invasive spec-
troscopic measurements. Autofluorescence spectra
are primarily determined by the fluorescent chro-
mophores naturally present in the tissue (NADH,
collagen, elastin and keratin) and hence reflect the
chemical composition of the tissue. However, the
fluorescence spectra are reshaped by absorption
and scattering of light in the tissue. These optical
artefacts greatly influence the shape of the mea-
sured autofluorescence spectra and it is still not
determined which of the tissue properties actually
contain the information relevant to cancer diagnos-
tics. Diffuse reflectance spectroscopy does not em-
ploy fluorescent chromophores, but directly mea-
sures how the spectral composition of white light
changes on its path through tissue by scattering and
absorption events. In the present paper we evalu-
ate whether the addition of either of these spec-
troscopic techniques can improve the specificity of
autofluorescence bronchoscopy for the detection of
endobronchial lesions.

2. Materials and methods
2.1. Study population

Patients with known or suspected malignancies of
the lung and with a medical indication for a bron-
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choscopy were invited to participate in this study.
All patient were more than 18 years old and signed
informed consent. The study was approved by the
Medical Ethics Review Board of the Erasmus Medical
Center Rotterdam.

2.2. Examination procedure

White light and autofluorescence imaging of the
bronchial tree was performed with a commer-
cially available flexible fluorescence bronchoscope
(Karl Storz 11004Bl, Germany). All lesions that
appeared abnormal at blue and/or white imag-
ing were measured and additionally some spec-
tra of macroscopically normal bronchial mucosa
were taken. The probe was led through the work-
ing channel of the bronchoscope and placed in gen-
tle contact with the bronchial mucosa. The dura-
tion of autofluorescence and reflectance spectral
acquisition was less than one second during which
the light source of the bronchoscope was switched
off. Biopsy specimens of the measured areas were
transported in formaldehyde and fixed in paraffin.
Hematoxylin—eosin stained slides were evaluated
without knowledge of the spectroscopic results.
The pathological diagnoses were coded referring to
the World Health Organization Lung Cancer classi-
fication [18].

2.3. Autofluorescence and diffuse
reflectance probe

Spectra were measured using a custom-made in-
strument using a fiberoptic probe small enough to
be led through the 2.8 mm working channel of the
bronchoscope (Fig. 1). The fiber-probe consisted of
three identical fibers, 440 pm in diameter with a
core of 400 wm, fitted into a small metal tube. One
fiber was used for blue light illumination, one for
white light illumination and the third one for the
detection of both autofluorescence and reflectance
emission (Fig. 1). An ultraviolet/blue laser (407 nm,
Nichia, Tokio, Japan) and a tungsten-halogen lamp
(Avantes HL-2000-FHSA, Eerbeek, The Netherlands)
were used to light up the bronchial mucosa through
the probe and the reflected light from the bronchial
mucosa was analyzed in one channel of a dual-
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(reflectance)
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Fig. 1. Schematic diagram of the experimental set-up. Spectra were measured with a custom-made instrument using
a fiberoptic probe small enough to be led through the 2.8 mm working channel of the bronchoscope.

channel spectrometer (Avantes, SD2000, Eerbeek,
The Netherlands).

2.4. Data analysis

Reflectance spectra were pre-processed by divid-
ing the spectra by the spectrum of a white reflec-
tive tile (Avantes WS-2, Eerbeek, The Netherlands)
with reflection coefficient >99% over the measured
wavelength range and normalizing the spectra to
unity at 800 nm. At this wavelength, blood absorp-
tion plays only a minor role and the spectra in this
wavelength region are generally smooth.

To analyze the signals principal component anal-
ysis was applied on all 85 spectra [19]. We retained
10 leading principal components that describe
99.99% of the total variation of data. To evaluate
the quality of discrimination between healthy and
malignant tissues, linear discriminant analysis was
applied. Specifically, we used the Karhunen—Loeve
Linear Classifier also known as the regularized lin-
ear discriminant function. For both spectroscopic
modalities the sensitivity and the specificity of the
classifier was calculated using the leave-one-out
method with different threshold (cut-off) values
to distinguish healthy from malignant tissue. The
sensitivity and specificity can be represented as
receiver—operator characteristics (ROC) curves by
plotting (1-specificity) values against correspond-
ing values of sensitivity. The areas under different
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ROC curves were then compared in order to make
a fair judgment of the effectiveness of different
methods without being constricted to single values
of sensitivity and specificity, which largely depend
on the cut-off value chosen to distinguish normal
from malignant tissue. Next, the cut-off value with
smallest classification error (corresponding to the
highest combined sensitivity and specificity) was
chosen for each spectroscopic modality, and the
classification of the subset of spectra measured on
lesions observed by autofluorescence bronchoscopy
was evaluated.

3. Results

3.1. Bronchoscopic examination and
spectral measurements

Measurements were performed in 21 patients (13
men and 8 women with a median age of 60 years).
For all patients, tolerance was excellent and no ad-
verse events were reported. A total of 21 bronchial
areas of abnormal fluorescence were found using
autofluorescence bronchoscopy. Due to the rela-
tively small data set we decided to cluster the
lesions into two groups: the ’’high-grade lesion’’
group (n = 7) including invasive carcinoma (n = 6),
and carcinoma in situ/severe dysplastic mucosa (n
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Fig. 2. Typical spectra of low-grade (solid line) and high-grade (dotted line) lesions of the bronchial mucosa for
autofluorescence (A) and diffuse reflectance (B) spectroscopy.

= 1), and the ’’low-grade lesion’’ group (n = 14) in-
cluding normal (n = 7) and metaplastic/low grade
dysplastic mucosa (n = 7).

One single paired (autofluorescence spec-
troscopy (AFS) and diffuse reflectance spectroscopy
(DRS)) measurement was mostly done on each suspi-
cious endobronchial location. In five locations (four
normal, one invasive carcinoma) spectra were mea-
sured twice and in two locations (one normal, one
invasive carcinoma) three times. To increase the
number of spectra for the training set for the linear
classifier, 54 additional spectra of normal bronchial
epithelium and one additional spectrum of an inva-
sive carcinoma (observed using white light imaging)
measured in the same 21 patients were used. Thus,
for both AFS and DRS, 74 and 11 spectra were ob-
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tained from low-grade and high-grade lesions, re-
spectively.

3.2. Data analysis

Typical autofluorescence and reflectance spectra
are illustrated in Fig. 2A and B, respectively. For
AFS, the average intensity of the spectra of low-
grade tissue was larger than of high-grade tissue
(Fig. 2A). For DRS, the spectra of low-grade tissue
generally have a higher intensity in the left part
(lowest wavelengths) of the spectra compared to
high-grade tissue (Fig. 2B).

For both spectroscopic modalities the ROC
curves were calculated for the Karhunen—Loeve
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Fig. 3. Receiver—operator characteristics curves for the two different spectroscopic modalities. Circles and solid line:
autofluorescence spectroscopy, squares and dotted line: diffuse reflectance spectroscopy.

Table 1 Classification results of the test set (21 bronchial areas of abnormal fluorescence)
AF-imaging AFS DRS AFS + DRS
Normal Abnal. Normal Abnal. Normal Abnal. Normal Abnal.
Path. Low-grade — 14 9 5 10 4 10 4
High-grade — 7 1 6 2 5 0 7
PPV (%) 33 55 55 642

AF: autofluorescence, AFS: autofluorescence spectroscopy, DRS: diffuse reflectance spectroscopy, path.: pathology, PPV: positive

predictive value, abnal.: abnormal.
a8 P < 0.005 (Fischer exact test).

Linear Classifier using the leave-one-out approach.
These curves are presented in Fig. 3. The areas un-
der the ROC curves are 0.85 for AFS and 0.80 for
DRS. The highest combined sensitivity and speci-
ficity (indicated by the arrows in Fig. 3) are 91% and
78%, respectively, for AFS and 82% and 74%, respec-
tively, for DRS. However, these numbers include the
54 spectra of visually normal tissue that have been
used for the training set. The clinically relevant
data set consists only of spectra measured on the 21
lesions found by autofluorescence imaging. When
only the classification results of this subset of spec-
tra are analyzed, we obtain the results shown in
Table 1. For AFS and DRS separately, the classifi-
cation of each lesion was established following the
principle of simple majority voting, i.e., for each le-
sion with a single spectral measurement the lesion
was classified accordingly, for each lesion with two
spectral measurements the lesion was classified as
low-grade when both spectra were classified as low-
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grade and classified as high-grade when at least one
of the spectra was classified as high-grade, and for
each lesion with three measurements the majority
of spectral classifications determined the classifica-
tion of the lesion. For the combination of AFS and
DRS, the same principles applied based on the sep-
arate spectral classifications, e.g., for a lesion with
2 AFS and 2 DRS spectra the majority of four spec-
tral classifications determined the classification of
the lesion, and in the absence of a majority a lesion
was classified as high-grade.

4, Discussion

Autofluorescence bronchoscopy is at the moment
the screening technique with the best sensitivity
for detection of superficial bronchial carcinoma but
is characterized by a low specificity with a high



rate of false positive findings. This paper builds on
these previous findings as we set out to improve the
specificity of autofluorescence imaging by combin-
ing it with optical spectroscopy. The performance of
autofluorescence spectroscopy, diffuse reflectance
spectroscopy as well as the combination of both has
been analyzed.

Autofluorescence spectroscopy sacrifices the
spatial resolution of the autofluorescence signal but
allows the examination of fluorescence spectra on
a large wavelength range. Analysis of the intensity,
shape, and time-resolved dynamics of autofluores-
cence spectra gives additional information on the
morphological and chemical changes occurring in
tissues [20]. AFS has already been studied both ex
vivo and in vivo in several optically accessible or-
gans as the gut [7,8], mouth [10], bronchial tree
[11—13], bladder [17] and skin [15]. Most of these
studies reported a decrease of autofluorescence
intensity in unhealthy tissue. Our data confirm
these previous reports. The average intensity of the
autofluorescence spectra was markedly decreased
in high-grade mucosa compared to low-grade
mucosa.

In addition to autofluorescence spectra, our in-
strument was able to measure reflectance spec-
tra. These spectra corresponded to the light re-
emitted from the tissue surface after illumination
with a white light source. The reflectance spectra
are sensitive to the absorption and scattering coef-
ficients of tissue and particularly allow us to eval-
uate the influence of absorbers in the autofluores-
cence signal. In our preliminary analysis, we find
that the area under the ROC curves for AFS and
DRS are approximately equal with good classifica-
tion results. This suggests that the optical prop-
erties of tissue are the most important parame-
ters for distinguishing low-grade from high-grade
mucosa, although the intrinsic fluorescence (=flu-
orescence corrected for spectral changes induced
by the optical properties of the tissue) must con-
tain some information as well given the slightly
higher ROC area under the AFS curve. Most likely,
these results are a consequence of the blood con-
tent of the different tissue types. Tumors are gen-
erally more vascularized than healthy tissue. Anal-
ysis of the absorption properties of blood shows
that it is the dominant absorber in the wavelength
range 350—600 nm. Since the autofluorescence ex-
citation wavelength, 407 nm, and the autofluores-
cence emission peak wavelength, 500 nm, are both
well within the wavelength region where blood ab-
sorbs strongly, the autofluorescence spectra are
strongly affected by the presence of blood. Simi-
larly, the left part (wavelengths < 600 nm) of the
diffuse reflectance spectra is also strongly domi-
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nated by blood absorption. It is therefore reason-
able that the high-grade spectra are character-
ized by small AFS intensities and low DRS intensi-
ties at small wavelengths. The fact that the clas-
sification results of both AFS and DRS are good is
therefore strong evidence that blood content plays
an important role in the distinction between low-
grade and high-grade tissue. Whether this is also the
case for the distinction between normal and pre-
malignant tissue must be investigated in a larger
patient group.

When we study the subset of spectral data corre-
sponding to the spectra of lesions found by autoflu-
orescence bronchoscopy, we confirm what others
have previously found, i.e., a large rate of false-
positives and a small positive predictive value (PPV
= 33%). Autofluorescence spectroscopy alone was
able to improve the PPV to 55% but resulted in one
false negative finding (out of seven high-grade le-
sions), while diffuse reflectance spectroscopy alone
improved the PPV to 55% as well but at the cost of
two false negative findings. Interestingly, the com-
bination of AFS and DRS resulted in a significant (P <
0.005, Fischer exact test) increase of the PPV to 64%
without sacrificing the high sensitivity of autofluo-
rescence imaging. This suggests that the spectro-
scopic techniques are to some degree complemen-
tary and that information regarding tissue pathol-
ogy may be found in both the chemistry (AFS) and
morphology (DRS) of the tissue.

5. Conclusion

We developed an easy-to-use and well-tolerated
tool allowing the measurement of autofluorescence
and reflectance spectra during a standard bron-
choscopy procedure. A preliminary evaluation of
the techniques shows that the combination of aut-
ofluorescence spectroscopy and diffuse reflectance
spectroscopy significantly improves the positive
predictive value of autofluorescence imaging with-
out sacrificing its sensitivity. However, the anal-
ysis of more spectra is needed to draw conclu-
sions on the application of AFS and DRS in the de-
tection of premalignant endobronchial lesions. A
prospective study using the same methodology in
a larger patient group is therefore currently under
way.
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ABSTRACT

Autofluorescence bronchoscopy is characterized by a high sensitivity but a low specificity for
the detection of malignant lesions of the bronchial tree. The aim of our study was to combine
autofluorescence bronchoscopy with optical spectroscopy in order to improve the specificity
of autofluorescence imaging.

We developed a fiberoptic instrument allowing the measurement of autofluorescence (AFS),
diffuse reflectance (DRS) and differential path length (DPS) spectroscopy during
bronchoscopy. Spectroscopic measurements were obtained from 191 different endobronchial
lesions (63 “high grade” and 128 “low grade lesions”) in 107 patients.

The positive predictive value (PPV) of autofluorescence imaging was 34.7% for 101
bronchial lesions showing abnormal fluorescence. Combining autofluorescence imaging with
the three spectroscopic techniques improved the PPV to 69.4%, 78.6%, and 76.9% for AFS,
DPS and DRS, respectively. Even better results were obtained when the three spectroscopic
techniques were combined yielding a PPV of 83.3%, indicating that optical spectroscopy
improves the specificity of autofluorescence bronchoscopy for the detection of bronchial

tumors.

Key words: lung cancer, bronchoscopy, spectroscopy, autofluorescence, reflectance
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INTRODUCTION

Lung cancer is the leading cause of cancer death worldwide. Bronchoscopy is, along
with thoracic imaging, the cornerstone technique for both diagnosis and staging of lung
cancer. Autofluorescence bronchoscopy (AFB) has been reported to have a higher sensitivity
than white light bronchoscopy (WLB) for the detection of endobronchial (pre-)malignant
lesions [1-3]. However, AFB is characterized by a low specificity with a high rate of false
positive findings, inducing unnecessary biopsies at a greater cost and a longer examination
duration [4, 5].
Optical spectroscopic techniques explore the optical phenomena resulting from the interaction
of light with biological tissue. Autofluorescence spectroscopy (AFS) investigates the
fluorescence of the endogeneous fluorophores present in the tissue, but the autofluorescence
spectra are also affected by the optical properties (i.e. scattering and absorption) of the tissue
[6]. White light reflectance spectroscopy does not employ fluorophores but directly studies
the optical properties of tissue. Reflectance spectra depend on the presence of light absorbers
such as haemoglobin, and light scatterers. The nature of these scatterers is still a mater of
scientific debate, but most probably several membrane-bound cellular organelles are involved
[7, 8]. Optical spectroscopy may be particularly useful for the analysis of differences in
normal and cancerous tissue because major scattering, absorption, and fluorescence changes
are known to occur during the development of cancer [6, 9]. Therefore, these non-invasive
optical spectroscopic techniques may allow a real-time, in vivo analysis of bronchial tissue
and may help to distinguish healthy from cancerous tissue based on their optical differences.
Our approach was to combine a very sensitive (but non-specific) imaging technique, i.e.
autofluorescence bronchoscopy, with optical spectroscopy to improve the specificity. The
spectroscopic measurements were performed during bronchoscopy using a custom-made

fiberoptic probe. The feasibility of the technique was demonstrated in a pilot study and the
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preliminary data suggested that the addition of AFS and DRS may improve the specificity of
AFB for the detection of endobronchial cancers [10]. For this final study, we improved our
fiberoptic instrument allowing the measurement of autofluorescence (AFS), diffuse
reflectance (DRS) and differential path length (DPS) spectroscopy during bronchoscopy. DPS
1S a new spectroscopic technique developed in our group for the purpose of studying the
optical properties of the most superficial layer of the bronchial mucosa, i.e. the epithelium
[11-13]. These three spectroscopic techniques were used in a large group of patients in order
to examine their diagnostic accuracies. The capacity to decrease the rate of false positive
findings of autofluorescence bronchoscopy was studied for each spectroscopic technique

separately and for their combination.
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Material & Methods
Study population

Patients with known or suspected malignancies of the lung and with a medical
indication for a bronchoscopy were invited to participate in the study. All patients were more
than 18 years old and signed informed consent. The study was approved by the Medical
Ethics Review Board of the Erasmus Medical Centre Rotterdam. Spectroscopic measurements
were performed on 191 different endobronchial lesions in 107 patients, studied during a 18
month period. For the classification analysis, the endobronchial lesions were divided into two
histological groups: a “high-grade lesion” group (n= 63 lesions) including invasive carcinoma
(n=57) and carcinoma in situ/severe dysplastic (n=6) lesions, and a “low-grade lesion” group
(n= 128 lesions) including the normal (n=54), metaplastic (n=67) and mild grade dysplastic

(n=7) lesions.

Examination procedure

The endoscopic examination of the bronchial tree was performed using a commercially
available flexible fluorescence bronchoscope (Karl Storz® 11004BI, Germany) or a flexible
white light video-bronchoscope (Olympus, BF-T160, The Netherlands). All lesions that
appeared abnormal at blue and/or white light imaging were measured. Additionally, some
spectra of macroscopically normal bronchial mucosa (corresponding to healthy carina
systematically biopted for preoperative staging purposes) were taken. An average of three
measurements was performed on slighly different locations within each lesion in order to take
into account possible tissue heterogeneity. During the spectral acquisition, the light source of
the bronchoscope was switched off. Biopsy specimens were taken from all measured lesions,

transported in formaldehyde and fixed in paraffin. Hematoxylin-eosin stained slides were
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evaluated without knowledge of the bronchoscopic findings. The pathological diagnoses were

coded referring to the World Health Organisation Lung Cancer classification [14].

Optical probe

Spectra were acquired with a custom-made instrument using a fiberoptic probe small
enough to be led through the working channel of the bronchoscope (Fig. 1). The fiber-probe
consisted of three identical 400 um fibers fitted into a small metal tube. The first fiber was
used for delivery of blue light to the tissue (delivery (d)-fiber), the second fiber was used for
both delivery of white light and detection of reflected white light from the tissue (delivery and
collection (dc)-fiber), and the third fiber was used for the detection of both autofluorescence
and reflected white light (collection (c)-fiber). A blue diode laser (407 nm, Nichia, Tokio,
Japan) and a tungsten-halogen lamp (Ocean Optics, HL-2000-FHSA, Duiven, The
Netherlands) were used as excitation sources. The reflected light from the bronchial mucosa
was analyzed in a dual-channel spectrometer (Ocean Optics, SD2000, Duiven, The
Netherlands). In order to attenuate the strong 407 nm background due to the blue-violet light
source, light collected in the c-fiber was filtered through a long pass glass filter (Schott
GG435, Tiel, The Netherlands).

As discussed above, two different white light reflection signals were collected: reflected
light collected by the c-fiber (J;) and reflected light collected by the dc-fiber (Is). The
difference between these signals is called the differential reflectance signal (R = I4. — J.) and
has been investigated in detail previously [11-13]. This J. signal, which we have termed
“diffuse reflectance” (but has been referred to by others as “elastic-scattering” signal as well
[15]) corresponds to photons multiply (“diffusely”) scattered in the tissue. The interrogation
depth of diffuse reflectance spectroscopy (DRS) depends on the optical properties of the

tissue under investigation, and is typically of the order of 1 mm [15]. We have previously
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reported that the apparent path length (1) of photons contributing to the differential reflectance
signal R is independent of the optical properties of the sample under investigation and is
approximately equal to the diameter of the fibers (dfiper) used (t = 0.8dsper), as long as the fiber
diameter is larger than the mean free path of the photons [11]. Thus the depth probed by DPS
is roughly equal to 1/2 t = 0.4dfiper ~ 160um for fiber diameters of 400 um. Such a tissue

depth corresponds to the most superficial layer of the bronchial mucosa.

Spectral analysis

Autofluorescence and reflectance spectra were analyzed in a range of 435nm to 700nm
and 435nm to 900nm, respectively. Autofluorescence spectra were preprocessed by dividing
the spectrum by the maximum intensity of a fluorescence measurement with the probe at a
specific distance (roughly 7 mm) from a fluorescence calibration standard (Labsphere USFS-
200), to correct for day-to-day variations in laser-output. Diffuse reflectance spectra were
preprocessed by dividing the raw spectrum by a reference spectrum measured with the probe
subsequently at a specific distance (roughly 7 mm) from a diffuse reflecting white reflectance
standard (Labsphere SRS-99) and from a diffuse reflecting black reflectance standard

(Labsphere SRS-02):

B J
Je= ((thite - Jblack)j D

Here J is the raw signal from the collection fiber in contact with the sample, Jypir. 1S the
signal from the c-fiber with the probe-tip at the previously mentioned distance from the white
reflectance standard and Jpuq is the signal from the c-fiber with the probe-tip at the
previously mentioned distance from the black reflectance standard. Similarly, the differential

path-length spectra are preprocessed by [11]:

_( u-n) J )
R ((Iwhite - Iblack) (thite - Jblack) = (lge-Je) 2)
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Here I is the raw signal from the delivery-and-collection fiber in contact with the
sample, I, is the signal from the dc-fiber submersed in a fluid with an appropriate refractive
index (for tissue: water would be appropriate), L. 1S the signal from the dc-fiber with the
probe-tip at the previously mentioned distance from the white reflectance standard and Zpj,c 1S
the signal from the dc-fiber with the probe-tip at that same distance from the black reflectance
standard.

The variability of all the spectra was decreased by normalization to Unit Area and the
median intensity of the spectra was used as an additional feature in order to take into account
the information related to the intensity of the spectra. To analyze the spectra, principal
component analysis was applied [16]. In order to determine the optimal amount of leading
principal components used to describe the spectra, we studied the classification accuracy of
all spectroscopic modalities, i.e. AFS, DRS and DPS, in a range of leading principal
components from 1 to 20. As explained below in more detail, the classification accuracy of
each spectroscopic modality can be expressed in terms of an area under a Receiver Operating
Characteristic (ROC) curve. The largest areas under the ROC curves were found using 15, 20,
and 15 leading principal components for AFS, DRS and DPS, respectively.

To evaluate the quality of discrimination between the “low grade” and “high grade”
lesions, linear discriminant analysis was applied. Specifically, we used the Karhunen-Loeve
Linear Classifier also known as the regularized linear discriminant function. For all
spectroscopic modalities, the classifier was constructed using the leave-one-person-out
approach, for which the classifier is constructed on a training set containing all spectra except
the spectra measured in one particular patient. Compared to leave-one-spectrum-out or leave-
one-lesion-out methods, the leave-one-patient-out method improves the independence of the
lesion classification since this approach prevents that spectra belonging to the same patient

(which might not be considered to be completely independent) will be used both in the
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training data set (used to construct the classifier) and in the independent test set (used to test
the goodness of the classification rule). Using the classifier, we obtain for all spectra a
classification label, i.e. “low grade” or “high grade”, and two posterior class probabilities (p1
and p2) which correspond to the confidence (from 0 to 1) of the classification rule about the
membership of a certain spectrum to the “low grade” or “high grade” lesion classes. When
multiple measurements were made on the same lesion, the final decision of the classifier for
this lesion was obtained using the “mean fusion” approach. In the mean fusion approach, the
posterior class probabilities obtained for all spectra measured on the same lesion were
averaged and the maximum value of these means of p1’s and p2’s were retained for the final
decision of the classifier. The advantage of this approach is that the final decision on a lesion
measured multiple times is an average between decisions made for each measurement
separately.

For all spectroscopic modalities, i.e. AFS, DRS and DPS, the sensitivity and the
specificity of the classifier were calculated with different threshold values to distinguish the
“low grade” and “high grade” tissue. Based on these calculations for different thresholds,
Receiver Operator Characteristics (ROC) curves are constructed by plotting (1-specificity)
values against corresponding values of sensitivity. We calculate for each spectroscopic
modalitiy the mean and the standard deviation of the area under the ROC curve using the
leave-one-lesion-out method. Using this method, an area under the ROC curve was calculated
191 times for 190 lesions (each time one lesion was left out) and the 191 ROC curves were
used to calculated the mean and the standard deviation of the area under the ROC curve for a

given spectroscopic technique.

100



RESULTS

Typical AFS, DRS and DPS spectra measured in “low grade” and ‘“high grade”
bronchial lesions are illustrated in figures 2A, 2B and 2C, respectively. The average intensity
of the autofluorescence spectra (Fig. 2A) is higher in “low grade” lesions than in “high grade”
lesions. For diffuse reflectance spectra (Fig. 2B) and differential path length spectra (Fig. 2C)
the decrease in signal intensity observed in the wavelength range 500-600nm corresponds to
the light absorption of blood and was generally higher on “high grade” lesions compared to
“low grade” lesions.

The ROC curves for the three spectroscopic modalities are presented in figure 3. The
mean and standard deviation of the areas under the ROC curves, as well as the highest
combined sensitivity and specificity for the three spectroscopic modalities are summarized in
Table 1. It is observed that DRS and DPS have larger areas under the ROC curves than AFS.
Similarly, higher specificities and sensitivities were measured for DRS and DPS than for
AFS.

The clinically relevant data set consists only of spectra measured on the 101 lesions
found by autofluorescence imaging. For the analysis of this subset of spectra, the
classification accuracy of AFS, DRS, and DPS was evaluated using the threshold value with
the smallest classification error (corresponding to the highest combined sensitivity and
specificity) derived from the ROC curves constructed using the complete data-set. For the
classification results of the combination of the three spectroscopic techniques, the principle of
majority voting was applied (the classification according to the majority of the 3
spectroscopic classifications determined the final classification). Table 2 summarizes the
classification results of each of the three spectroscopic techniques and of their combination
for bronchial lesions found by autofluorescence bronchoscopy. It must be noted that all these

classification values are not absolute values but rather relative values since our data-set
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consists of measurements on lesions already classified as abnormal by autofluorescence
bronchoscopy. We find that all three spectroscopic techniques improve the positive predictive
value (PPV) of bronchoscopic imaging. This improvement is combined with a high relative
negative predictive value (rNPV), relative sensitivity (rSe) and relative specificity (rSp).
White light reflectance spectroscopy (DRS and DPS) yielded better results than AFS. The
best classification results were obtained when the three spectroscopic techniques were

combined.
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DISCUSSION

Autofluorescence bronchoscopy (AFB) is currently the diagnostic technique with the
highest sensitivity for the detection of endobronchial (pre-)malignant lesions, but is hampered
by a low specificity [1, 3]. We believe that combination of autofluorescence bronchoscopy
with other real-time, non-invasive diagnostic techniques such as optical spectroscopy to
minimize the amount of false positive findings would increase the acceptance of AFB in
clinical practice. In this study, the classification accuracy of autofluorescence, diffuse
reflectance and differential path length spectroscopy was investigated. We find that both
autofluorescence and white light reflectance spectroscopy increase the positive predictive
value of autofluorescence imaging alone. The highest relative positive predictive value was
obtained when the three spectroscopic techniques were combined. Therefore, these results
argue for a combined use of optical spectroscopy and autofluorescence bronchoscopy for the
detection of bronchial tumors.

Optical spectroscopic techniques have been extensively studied for the in vivo detection
of malignant and pre-neoplastic tissue [6, 9]. Combination of AFS and DRS has been shown
to facilitate the detection of cancerous tissue with a high accuracy in the uterus [17-19], the
breast [20], the ovary [21], the oesophagus [22] and the oral cavity [23]. In the lung, few data
are available, mainly due to the inaccessibility of this organ. A decrease in autofluorescence
intensity is a well know phenomena in malignant and dysplastic lesions of the bronchi [6, 24,
25]. However, the diagnostic accuracy of AFS for bronchial tumors has never been
prospectively studied in a large cohort of patient. As for white light reflectance spectroscopy,
our study is to the best of our knowledge the first report of its use during bronchoscopy. We
find that the diagnostic accuracy of white light reflectance spectroscopy (both DRS and DPS)
was superior to AFS. This result suggests that the optical properties of the bronchial mucosa

contain the most discriminative information for tissue classification. In this view, the
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classification accuracy of autofluorescence spectroscopy can be attributed to the fact that
autofluorescence spectra depend on the optical properties as well, but that the accuracy of the
classification is reduced by the large natural variations in fluorophore concentrations having
less relevance for tissue diagnostics. Changes in tissue optical properties are related to
changes in both the scattering and absorption properties of tissue. Scattering modifications are
related to changes in tissue architecture such as thickening of the epithelial layer and to
cellular changes such as an increase of the nucleus chromatin content, variations in the
nucleus-cytoplasma ratio, and changes in the intra-cytosolic content [8]. Absorption
modifications are mostly related to modifications of the concentration and distribution of light
absorbers such as haemoglobin [9]. Tumors are known to be commonly more vascularized
than normal tissue. Such increased blood content is related to the increased density of
microvessels and the blood stasis occurring in tumoral tissue [16, 26]. Unfortunately, no
information concerning the physiological changes in the bronchial cancerous tissue
underlying the modifications of the tissue optical properties can be obtained from principal
component analysis. However, we recently reported that several physiological parameters
related to tissue microvasculature and blood oxygenation can be extracted from DPS spectra
measured on bronchial mucosa [13]. We have reported that bronchial tumors are characterized
by a higher blood content than normal and metaplastic/mild dysplastic bronchial mucosa. This
suggests that the optical variations observed in bronchial tumors with DRS, DPS and AFS
may be attributed largely to absorption of light by blood.

The equally good classification results observed with DRS and DPS suggests that the
optical changes present in cancerous tissue are already detectable in the first 150-200um of
the tumor surface. We expect DPS to be superior in classifying superficial lesions such as
severe dysplasia and carcinoma in situ, since DPS measures only the superficial layer of

tissue, which is where the precancerous changes develop. Unfortunately, no conclusion
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regarding this issue can be drawn from our data due to the nature of the population of lesions
that was studied. During the examination of 191 bronchial lesions we found only 6 severe
dysplasia/CIS lesions, and 4 of these lesions were detected without AFB, which leaves only 2
CIS lesions in the test set of 101 lesions found by AFB. Such a low fraction of superficial
lesions hampers any comparison between the classification accuracy of DRS and DPS for
these epithelial lesions. The exact prevalence of severe dysplasia and CIS in the bronchial tree
is unknown. In a recent review on fluorescence bronchoscopy data in a selected population of
smokers and former smokers with sputum atypia, prevalence of 6% and 1.6% were reported
for severe dysplasia and CIS, respectively [27]. Further study of DPS in a selected population
of patients suffering from severe dysplasia/CIS should be performed to show the benefit of
DPS for the analysis of (pre-)malignant lesions confined to the epithelium.

In our study, the initial classification accuracy of the spectroscopic techniques was
evaluated using areas under ROC-curves. In this procedure, the sensitivity and the specificity
of the classifier were calculated with different threshold values to distinguish the “low grade”
and “high grade” tissue. Based on these calculations for different thresholds, Receiver
Operator Characteristics (ROC) curves are constructed by plotting (1-specificity) values
against corresponding values of sensitivity. For the classification analysis of the subset of
bronchial lesions detected using autofluorescence bronchoscopy, we chose to use threshold
values giving the highest combined sensitivity and specificity. However, it must be noted that
the choice of the classification threshold is flexible and can be adapted to the clinical aims.
For example, if it is clinically more desirable to have a higher sensitivity at the cost of a lower

specificity, the threshold value for the classifier can be adjusted to accommodate this desire.
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CONCLUSION

Optical spectroscopy, especially white light reflectance spectroscopy, allows the real-
time, non-invasive distinction of malignant from healthy bronchial mucosa with high
accuracy. Combination of optical spectroscopy with autofluorescence bronchoscopy was
shown to improve the specificity of autofluorescence bronchoscopy alone. Therefore, these
non-invasive techniques may be well implemented in the panel of diagnostic techniques

currently used for the detection of endobronchial cancer.
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LEGENDS OF THE FIGURES

Figure 1. Schematic diagram of the experimental set-up.

Figure 2. Illustration of autofluorescence (Fig.2A), diffuse reflectance (Fig.2B), and
differential path length (Fig 2C) spectra measured in “low grade” and “high grade” bronchial

lesions.

Figure 3. Receiver-Operating Characteristic (ROC) curves for the three different
spectroscopic modalities. Black triangle and solid line: differential path-length spectroscopy
(DPS), white triangle and dotted line: diffuse reflectance spectroscopy (DRS), white circle

and dotted line: autofluorescence spectroscopy (AFS).
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Table I. Mean and standard deviation of the arecas under the ROC curves, as well as the
highest combined sensitivity and specificity for diffuse reflectance (DRS), differential path
length (DPS), and autofluorescence (AFS) spectroscopy for the distinction between “high-

grade” and “low-grade” bronchial lesions.

Spectroscopic Area under ROC Sensitivity Specificity
technique
DRS 0.90 £ 0.02 86% 81%
DPS 0.89 £0.03 81% 88%
AFS 0.82+£0.03 73% 82%
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Figure 2
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CHAPITERS

General discussion and summary



Prognosis of lung cancer is severe because the majority of symptomatic patients are
diagnosed in the late and not curable stage of the disease (1, 2). Early detection of localized
cancer and pre-malignant diseases may improve the prognosis of this disease. Dysplastic and
cancerous tissue are associated with chemical and morphological changes inducing
modifications of the optical properties of the bronchial mucosa (3-5). Optical spectroscopic
analysis of the bronchial mucosa may be a more specific technique than conventional
bronchoscopic imaging in the detection of pre-malignant lesions and cancer of the proximal
bronchial tree.

In this thesis we studied the diagnostic value of optical spectroscopy for cancerous
lesions of the bronchial mucosa. We developed a fiber-optic instrument allowing the
measurement of autofluorescence (AFS), diffuse reflectance (DRS), and differential path
length (DPS) spectroscopy during bronchoscopy. DPS is an original spectroscopic technique
which was developed in our institution for the purpose of studying the optical properties of
the most superficial layer of the bronchial mucosa, i.e. the epithelium. DPS was initially
studied in various tissue phantoms. Then, DPS was used in vivo for the analysis of hypoxia-
related parameters measured in healthy and in malignant bronchial tissue. Finally, AFS, DRS
and DPS were used during bronchoscopy in a large group of patients in order to examine their
diagnostic accuracy. The capacity of optical spectroscopy to increase the specificity of

autofluorescence bronchoscopy for the detection of bronchial cancerous lesions was studied.

Optical spectroscopy for the analysis of the bronchial mucosa.

Optical spectroscopy of the bronchial mucosa is challenging due to the difficulty of
access to the bronchial tree. Recent progress in endoscopic imaging technology has allowed
the development of high quality flexible bronchoscopes facilitating the exploration of the

proximal bronchial tree. Combining optical spectroscopy to bronchoscopy would allow the in
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situ real time spectral analysis of bronchial lesions detected by imaging. A first way to
combine optical spectroscopy to imaging is to extract the spectroscopic spectra from the
bronchoscopic images obtained during white light and/or blue light bronchoscopy (6, 7).
However, the light spectra extracted from the bronchoscopic images are collected from a large
tissue area and penetrate deep in the tissue impairing the specific analysis of localized lesions
and of lesions limited to the most superficial (epithelial) layer of the bronchial mucosa. For
our study, we chose to use a self made optical fiber probe to illuminate the bronchial mucosa
and to collect the light signal reflected from the bronchial surface. This fiber probe was
introduced via the work channel of the bronchoscope and positioned on the tissue surface.
Advantages were: a better control of the illumination light signal (intensity, wavelength) and
of the reflected light signal collection allowing the analysis of localized and superficial
lesions of the bronchial mucosa. The use of this fiber-optic probe was easy and well tolerated.
The probe could accurately be positioned on bronchial lesions without damaging the tissue.
An important feature of our spectroscopic instrument was the possibility to
concomitantly measure both autofluorescence and white light reflectance spectroscopy. Auto
fluorescence spectroscopy investigates the fluorescence of the endogeneous fluorophores
present in the tissue, but the autofluorescence spectra are also affected by the optical
properties (i.e. scattering and absorption) of the tissue (4). White light reflectance
spectroscopy does not employ fluorophores but directly studies the optical properties of
tissue. Reflectance spectra depend on the presence in the tissue of light absorbers such as
haemoglobin, and of light scatterers such as collagen, elastin, and several membrane-bound
cellular organelles (8-10). The concomitant measure of autofluorescence and white light
reflectance spectroscopy allowed us to distinguish the role of the tissue fluorophores,
scatterers and absorbers in the optical changes occurring during the cancerous transformation

of the bronchial mucosa.
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Optical spectroscopy for the analysis of the bronchial epithelium (role of differential
path-length spectroscopy)

The study of the epithelium layer of the bronchial mucosa is particularly interesting
because the majority of lung cancers arises in the epithelium and are preceded by
precancerous changes that affect only the surface epithelium. DPS was developed for the
purpose of studying the optical events occurring in the most superficial layer of the tissue.
The superficial analysis was possible by using a single delivery and collection (dc-)fiber to
deliver the light and detect the reflected light from tissue, optimizing the probability of
detection of photons scattered from small sample depths.

In chapter 2, we used DPS to measure the scattering properties of various tissue
phantoms consisting of one or two layers suspensions of polystyrene spheres. We observed
that the signal collected by the dc-fiber was sensitive to scattering events occurring close to
the fiber probe tip. Further analysis in tissue phantoms, demonstrated that, in the range of
parameters relevant for biological tissue, the tissue depth explored by DPS is independent of
the optical properties of the tissue but depends only of the diameter of the fiber (11). As a
consequence, the diameter of the fibers can be adjusted according to the tissue depth studied.
For the study of bronchial mucosa, we used fibers with a diameter of 400 um for which the
apparent differential path length of the DPS signal was 320 um allowing the analysis of

photons reflected roughly within 160 um of the tissue surface.

Optical spectroscopy for the analysis of tissue hypoxia-related parameters in bronchial
mucosa
In chapter 3 we demonstrated that several hypoxia-related parameters such as the

microvasculature blood oxygenation, the volume of blood and the diameter of microvessels
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can be extracted from DPS spectra. In chapter 4, we reported that bronchial tumors were
characterized by a lower blood oxygenation, a higher blood volume and larger microvessels in
comparison with normal bronchial mucosa. No difference was found between normal mucosa
and metaplastic/mild dysplastic mucosa. These results were in accordance with lung tumor
oxygenation data obtained using functional imaging (12, 13) or hypoxic markers
immunostaining (14-19) suggesting that tumor hypoxia is a common event in lung cancer.

In chapter 5 we reported that poor prognosis lung cancer, such as small cell carcinomas
and non-differentiated large cell carcinomas, were associated with the lowest blood
oxygenation in comparison with other cancer cell types such as squamous cell and
adenocarcinomas. Small cell carcinomas and non-differentiated large cell carcinomas were
also characterized by a lower blood volume and smaller average blood diameter suggesting a
poorer organization of the tumor microvasculature. Tumor hypoxia has been reported to be
associated with a lower survival, a higher aggressiveness and a lower sensitivity to therapy
(20). Association of poor prognosis lung cancer cell types with a lower blood oxygenation

argues for a bad prognosis value of blood hypoxia measured in bronchial tumor using DPS.

Combination of optical spectroscopy with autofluorescence bronchoscopy for the
detection of bronchial lesions of the bronchial tree

White light and fluorescence endoscopic imaging are commonly used for the detection
of proximal endobronchial lesions. The sensitivity of autofluorescence bronchoscopy (AFB)
has shown to be better than white light bronchoscopy for the detection of carcinoma in situ
and dysplastic lesions (21-23). AFB is, however, characterized by a low specificity with a
high rate of false positive findings. This induces unnecessary biopsies at greater costs and
longer duration of the examination. Optical spectroscopic techniques have been extensively

studied for the in vivo detection of malignant and pre-neoplastic tissue (4, 5). Combination of
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AFS and DRS has been shown to facilitate the detection of cancerous tissue with a high
accuracy in the uterus (24-26), the breast (27), the ovary (28), the oesophagus (29) and the
oral cavity (30). In the lung, few data are available, mainly due to the inaccessibility of this
organ.

We studied in chapter 6 the feasibility of the combined use of optical spectroscopy and
autofluorescence bronchoscopy for the detection of pre-malignant and invasive carcinomas of
the bronchial tree. Preliminary data suggested that optical spectroscopy may improve the
specificity of autofluorescence bronchoscopy imaging for the detection of bronchial
cancerous lesions. In chapter 7 the definitive results of the first autofluorescence and
reflectance spectroscopic study of the bronchial mucosa were reported. We observed that the
diagnostic accuracy of white light reflectance spectroscopy was better than of AFS. This
result suggests that the optical properties of the bronchial mucosa are more important than
their autofluorescence properties for tissue classification. We confirmed that white light
reflectance and autofluorescence spectroscopy yielded higher “positive predictive values” in
comparison with AFB imaging for the detection of bronchial tumor. Best results were

obtained when reflectance and autofluorescence spectroscopy were combined.

General Conclusion

We demonstrated that optical spectroscopy can easily be used during bronchoscopy for
the optical analysis of normal and of cancerous bronchial mucosa. We observed that the
optical properties of the bronchial mucosa contain the most discriminative information for
tissue classification and that the optical variations observed in bronchial tumors using DRS,
DPS and AFS may be related to absorption of light by tissue blood. We observed that blood
hypoxia is a common event in bronchial tumors especially in cases of poor prognosis tumors

such as small cell lung carcinoma. Endobronchial tumors were also characterized by a higher
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blood content and larger microvessels in comparison with non-cancerous mucosa. Finally, we
demonstrated that combination of optical spectroscopy with autofluorescence bronchoscopy
improves the specificity of autofluorescence bronchoscopy alone. Therefore, optical
spectroscopy may be well implemented in the panel of diagnostic techniques currently used

for the detection of endobronchial cancer.
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Samenvatting en conclusies



De prognose van longkanker is slecht omdat de diagnose bij het merendeel van de
patiénten in het late en ongeneeslijke stadium van de ziekte wordt gesteld (1, 2). Vroegtijdig
opsporen van gelokaliseerde kanker en premaligne afwijkingen kan de prognose van deze
ziekte verbeteren. Dysplastische en kankerachtige weefsels worden in verband gebracht met
chemische en morfologische veranderingen die leiden tot wijzigingen van de optische
eigenschappen van de bronchiale slijmvliezen (3-5). Optische spectroscopische analyse van
de bronchiale slijmvliezen kan een meer specifieke techniek zijn dan conventionele
bronchoscopische beeldtechniek bij het opsporen van premaligne laesies en kanker van de
proximale bronchiaalboom.

In dit proefschrift bestudeerden we de diagnostische waarde van optische spectroscopie
voor kankerachtige laesies van de bronchiale slijmvliezen. We ontwikkelden een glasvezel-
optisch instrument. waarmee "autofluorescence" (AFS), "diffuse reflectance" (DRS), en
"differential path length" (DPS) spectroscopie gemeten kan worden tijdens bronchoscopie.
DPS is van origine een spectroscopische techniek die in ons instituut werd ontwikkeld met het
doel de optische eigenschappen te bestuderen van de meest oppervlakkige laag van de
bronchiale slijmvliezen, n.l. het epitheel. DPS werd aanvankelijk bestudeerd in allerlei
weefselfantomen. Daarna werd DPS in vivo gebruikt voor de analyse van hypoxie-
gerelateerde parameters, gemeten in gezond en in maligne bronchiaal weefsel. Tenslotte
werden AFS, DRS en DPS gebruikt tijdens bronchoscopie bij een grote groep pati€nten om de
diagnostische nauwkeurigheid te onderzoeken. De capaciteit van optische spectroscopie om
de specificiteit van autofluorescentie-bronchoscopie voor het opsporen van bronchiale

kankerachtige laesies te vergroten, werd bestudeerd.
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Optische spectroscopie voor de analyse van de bronchiale slijmvliezen.

Optische spectroscopie van de bronchiale slijmvliezen is een uitdaging vanwege het
probleem van toegankelijkheid van de bronchiaalboom. Recente vooruitgang in
endoscopische beeldtechnologie heeft de ontwikkeling mogelijk gemaakt van
hooggekwalificeerde flexibele bronchoscopen die het onderzoek van de proximale
bronchiaalboom vergemakkelijken. Het combineren van optische spectroscopie met
bronchoscopie zou de in situ "real time" spectraal-analyse mogelijk maken van bronchiale
laesies die door beeldtechniek zijn opgespoord. Een eerste manier om optische spectroscopie
te combineren met beeldtechniek is om de spectroscopische spectra te extraheren uit de
bronchoscopische beelden die =zijn verkregen tijdens wit licht en/of blauw licht -
bronchoscopie (6, 7). De lichtspectra, echter, die zijn verkregen uit de bronchoscopische
beelden worden verzameld uit een groot weefselgebied en dringen diep in het weefsel door,
waardoor de specificke analyse wordt geschaad van gelokaliseerde laesies en van laesies die
zijn beperkt tot de meest oppervlakkige (epitheel) laag van de bronchiale slijmvliezen. Voor
onze studie kozen we ervoor, om een zelfgemaakte optische glasvezelsonde te gebruiken om
de bronchiale slijmvliezen te verlichten en om het lichtsignaal op te vangen dat wordt
gereflecteerd door het bronchiale oppervlak. Deze glasvezelsonde werd ingebracht via het
werkkanaal van de bronchoscoop en op het weefseloppervlak geplaatst. Voordelen waren een
betere controle van het verlichtingssignaal (intensiteit, golflengte) en van het opgevangen
gereflecteerde lichtsignaal wat de analyse mogelijk maakte van gelokaliseerde en
oppervlakkige laesies van de bronchiale slijmvliezen. Het gebruik van deze glasvezel-optische
sonde was gemakkelijk en werd goed verdragen. De sonde kon nauwkeurig worden geplaatst
op bronchiaal-laesies zonder het weefsel te beschadigen.

Een belangrijke eigenschap van ons spectroscopisch instrument was de mogelijkheid

om tegelijkertijd zowel autofluorescentie als witlicht-reflectie spectroscopie te meten.
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Autofluorescentie spectroscopie onderzoekt de fluorescentie van de endogene fluorophoren
die in het weefsel aanwezig zijn, maar de autofluorescentiespectra worden ook beinvloed door
de optische eigenschappen (n.l. verstrooiing en absorptie) van het weefsel (4). Wit licht
reflectiespectroscopie gebruikt geen fluorophoren maar bestudeert rechtstreeks de optische
eigenschappen van weefsel. Reflectiespectra zijn athankelijk van de aanwezigheid in het
weefsel van lichtabsorberend materiaal zoals hemoglobine, en van lichtverstrooiend materiaal
zoals collageen, elastine, en verscheidene membraan-gebonden cellulaire organellen (8-10).
Het gelijktijdig meten van autofluorescentie en witlicht reflectiespectroscopie maakte het ons
mogelijk om de rol te onderscheiden van de weefselfluorophoren, verstrooiiende en
absorberende materialen in de optische veranderingen die optraden tijdens de maligne

transformatie van de bronchiale slijmvliezen.

Optische spectroscopie voor de analyse van het bronchiaal epithelium (rol van
"differential path length" spectroscopie)

De studie van de epitheellaag van de bronchiale slijmvliezen is vooral interessant omdat
het merendeel van de longkankers optreedt in het epitheel en wordt voorafgegaan door
premaligne veranderingen die alleen het oppervlakte-epitheel aantasten. DPS werd
ontwikkeld met het doel te bestuderen wat er optisch gebeurde in de meest oppervlakkige laag
van het weefsel. De oppervlakkige analyse was mogelijk door een enkelvoudige
"aanlevering" en "verzameling" dc-glasvezel te gebruiken om het licht te leveren en het door
het weefsel gereflecteerde licht op te sporen, en op die manier tot een optimalisatie te komen
van de waarschijnlijkheid van het opsporen van fotonen die worden verstrooid vanuit kleine
proefdieptes.

In hoofdstuk 2 gebruikten we DPS om de verstrooiingseigenschappen te meten van

diverse weefselfantomen die bestonden uit één of twee lagen suspensie van polystyreen
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bollen. We zagen dat het signaal dat werd opgevangen door de dc-glasvezel gevoelig was
voor verstrooiingsmomenten die dichtbij de punt van de glasvezelsonde optraden. Verdere
analyse in weefselfantomen toonde aan dat, in het scala van parameters dat relevant is voor
biologisch weefsel, de weefseldiepte die door DPS wordt onderzocht, onathankelijk is van de
optische eigenschappen van het weefsel, maar slechts athankelijk is van de diameter van de
glasvezel (11). Dientengevolge kan de diameter van de glasvezels worden aangepast aan de
weefseldiepte die wordt bestudeerd. Voor de studie van bronchiale slijmvliezen gebruikten we
glasvezels met een diameter van 400 um waarvoor de kennelijke differentiéle weglengte van
het DPS signaal 320 um bedroeg, zodat analyse van gereflecteerde fotonen mogelijk werd van

ruwweg binnen 160 um van het weefseloppervlak.

Optische spectroscopie voor de analyse van weefselhypoxie-gerelateerde parameters in
bronchiale slijmvliezen

In hoofdstuk 3 toonden we aan dat verscheidene hypoxie-gerelateerde parameters zoals
de oxygenatie in het bloed van de microvasculatuur, het bloedvolume en de diameter van
microvaten kunnen worden afgeleid uit DPS spectra. In hoofdstuk 4 meldden we dat
bronchiale tumoren werden gekenmerkt door een lagere bloedoxygenatie, een hoger
bloedvolume en grotere microvaten in vergelijking met normale bronchiale slijmvliezen. Er
werd geen verschil gevonden tussen normale slijmvliezen en metaplastische/licht
dysplastische slijmvliezen. Deze resultaten waren in overeenstemming met gegevens over
longtumor-oxygenatie die waren verkregen met gebruikmaking van functionele
beeldtechnieken (12, 13) van immunokleuringen met hypoxiemarkers (14-19) wat erop wees
dat tumorhypoxie vaak optreedt bij longkanker.

In hoofdstuk 5 meldden we dat longkanker met een slechte prognose, zoals kleincellig

carcinomen en ongedifferentieerde grootcellig carcinomen in verband gebracht kon worden
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met de laagste bloedoxygenatie in vergelijking met andere kankerceltypes zoals
plaveiselcelcarcinomen en adenocarcinomen. Kleincellig carcinomen en ongedifferentieerde
grootcellig carcinomen werden ook gekenmerkt door een lager bloedvolume en kleinere
gemiddelde bloeddiameter, dat wees op een slechtere organisatie van de microvasculatuur van
de tumor. Tumorhypoxie is eerder in verband gebracht met een lagere overleving, een hogere
agressiviteit en een lagere gevoeligheid voor therapie (20). Het verband tussen
longkankerceltypes met een slechte prognose met een lagere bloedoxygenatie pleit voor de
slechte prognose waarde van bloedhypoxie gemeten in een bronchiale tumor met

gebruikmaking van DPS.

Combinatie van optische spectroscopie met autofluorescentie bronchoscopie voor het
opsporen van bronchiaallaesies van de bronchiaalboom

Wit licht en fluorescentie endoscopische beeldtechnieken worden veelal gebruikt voor
het opsporen van proximale endobronchiaallaesies. De gevoeligheid van autofluorescentie
bronchoscopie (AFB) heeft bewezen beter te zijn dan wit licht bronchoscopie voor het
opsporen van carcinomen in situ en dysplastische laesies (21-23). AFB wordt echter
gekenmerkt door een lage specificiteit met een hoge mate van "vals-positieve" resultaten. Dit
brengt onnodige biopsieén met zich mee met hogere kosten en een langere duur van het
onderzoek. Optische spectroscopische technieken zijn uitgebreid bestudeerd voor het in vivo
opsporen van maligne en pre-neoplastisch weefsel (4, 5). Het blijkt, dat combinatie van AFS
en DRS het met een hoge mate van nauwkeurigheid opsporen van maligne weefsel
vergemakkelijkt in de uterus (24-26), de borst (27), de eierstok (28), de slokdarm (29) en de
mondholte (30). Van de long zijn weinig gegevens beschikbaar, vooral vanwege de

ontoegankelijkheid van dit orgaan.
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We bestudeerden in hoofdstuk 6 de haalbaarheid van het gecombineerd gebruik van
optische spectroscopie en autofluorescentie-bronchoscopie voor het opsporen van pre-maligne
en invasieve carcinomen van de bronchiaalboom. Voorlopige gegevens wekten de indruk dat
optische spectroscopie de specificiteit kan verbeteren van autofluorescentie-bronchoscopie
beeldtechniek voor het opsporen van bronchiale maligne laesies. In hoofdstuk 7 werden de
definitieve resultaten gemeld van de eerste autofluorescentie en reflectie-spectroscopische
studie van de bronchiale slijmvliezen. We constateerden dat de diagnostische nauwkeurigheid
van witlichtreflectie-spectroscopie beter was dan die van AFS. Dit resultaat doet vermoeden
dat de optische eigenschappen van de bronchiale slijmvliezen belangrijker zijn dan hun
autofluorescentie eigenschappen voor weefselclassificatie. We bevestigden dat witlicht-
reflectic en autofluorescentie spectroscopie hogere “positieve voorspellende waarden”
opleverden in vergelijking met AFB beeldtechnieken voor het opsporen van bronchiale
tumoren. De beste resultaten werden verkregen wanneer reflectie- en autofluorescentie

spectroscopie werden gecombineerd.

Algemene Conclusie

We lieten zien dat optische spectroscopie gemakkelijk kan worden gebruikt tijdens
bronschoscopie voor de optische analyse van normaal en van cancereus bronchiaal slijmvlies.
We zagen dat de optische eigenschappen van de bronchiale slijmvliezen de meest
onderscheidende informatie bevatten voor weefselclassificatie en dat de optische variaties als
waargenomen in bronchiaaltumoren met behulp van DRS, DPS en AFS in verband kunnen
worden gebracht met de absorptie van licht door weefselbloed. We zagen dat bloedhypoxie
vaak voorkomt in bronchiaaltumoren vooral in gevallen van tumoren met een slechte
prognose zoals klein-cellige longcarcinomen.. Endobronchiale tumoren werden ook

gekenmerkt door een hogere bloedinhoud en grotere microvaten in vergelijking met non-
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cancereuze slijmvliezen. Tenslotte lieten we zien dat combinatie van optische spectroscopie
met autofluorescentie-bronchoscopie de specificiteit verbetert van autofluorescentie-
bronchoscopie alleen.. Daarom kan optische spectroscopie worden toegepast in de reeks
diagnostische technieken die momenteel worden gebruikt voor het opsporen van

endobronchiale kanker.
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