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1. Introduction:

1.1. Background:

The prognosis and survival rate of a patient with non-small cell lung cancer (NSCLC) depends mainly upon the tumor stage at the time of diagnosis. In spite of significant advancement in operative techniques, intensive-care medicine, oncology and pulmonary medicine in the last thirty years, the prognosis of lung cancer has remained virtually unchanged (53). Ries et al in 1983 and the American Cancer Society in 1986 pointed out that the five-year survival rate for all patients with diagnosed lung cancer is lower than 15% (67, 5). Even if we only consider the most promising stage (( A) for surgical resection (15% of all first diagnosed lung cancer), five-year survival rate of not more than 61% could be achieved (56). 

On the other hand, over 90% of patients with early lung cancer (carcinoma-in-situ or micro-invasive cancer) can be cured by surgery or photodynamic therapy (22, 33). In this radiologically occult stage, the diagnosis can be established by sputum cytology , (10, 18, 72) which is a non-invasive technique. (11)

The Automated Image Cytometry (AIC) for quantitative measurement of DNA content and structure of exfoliated respiratory tract cell nuclei is considered one of the most sensitive tools developed in the last few years. AIC of bronchial wash in suspected lung cancer patients had successfully detected malignant changes with a sensitivity of 90% and a specificity of 84% (54). Being automated, AIC lends itself to large-scale screening for detection of occult lung cancer.

Effective treatment for a centrally located Early Lung Cancer (ELC) lesion can only be implemented by localization of the lesion itself. Localization will be improved by involvement of new technologies as Autofluorescence bronchoscopy (AF). Tissue autofluorescence was found to differentiate normal mucosa from dysplastic or carcinomatous bronchial mucosa without the need of exogenous sensitizers (47). Early results proved the superiority of combined White Light Bronchoscopy (WLB)/ Autofluorescence bronchoscopy (AF) in comparison to WLB alone with a sensitivity of 86,4% to 31,8% respectively in localizing moderate dysplasia and worse lesions, yielding a relative sensitivity of 2,7 (42).

1.2. Cytopathological changes of early lung cancer

In an attempt to improve the poor survival rates of lung cancer, therapeutic strategies require a deeper understanding of the formation and progression of the disease i.e. studying the different stages of oncogenesis. 

1.2.1. Definition of early lung cancer: 

Infiltrating growth of tumor is limited to the different layers of the bronchial wall, which means the tumor tissue does not exceed the outer tunica fibrocartilaginea, adjacent lung tissue is not infiltrated. According to the definition, an invasion of lymph vessels, pleura and lymph nodes must be excluded (17) (Fig. 1). 
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Fig.1. Bronchial early cancer (58)

Microinvasive carcinoma: is described as a few millimeters of basement membrane invasion but not involving the muscle or cartilage. 

Definition of Carcinoma in Situ (CIS): This includes malignant cellular changes in the full thickness of the mucosa but an intact basement membrane (21). CIS is usually squamous cell carcinoma. 

1.2.2. Endoscopic appearance of early lung cancer:

In 1994, Akaogi and Coworkers studied the relationship between endoscopic criteria of 44 resected, roentgenographically occult, early LC lesions and the degree of histologic extent of the tumor. According to the endoscopic and macroscopic findings, the lesions were devided into three types (3):

1- Polypoid or nodular (PN): The PN type was a polypoid or a well defined nodular lesion locally protruding from the surface of the bronchus (Fig. 2 A.)

2- Flat spreading (FS): The FS type had a non polypoid, but usually a rather thickened appearance of the bronchial mucosa with a slightly rough surface, chiefly resulting in thickening of the bronchial spur. Also, It is characterized by paleness, redness, microgranularity or loss of luster in the surface mucosa (Fig. 2 B.).
3- Mixed Type: The mixed type was a protruding nodule surrounded or accoumpanied by an irrigular thickening of the bronchial surface.    

It was showen that FS type is the most common growth pattern in the central bronchus (19/33) and the only one peripherally (11/11).
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Fig. 2.A. Scheme of Polypoid type 
Fig.2 B.Scheme of Flatty Spreding of early LC (58)

                     type of early LC (58)

PN and mixed types were found of the same proportions (7/33 each) and only centrally. 



Lesion type and size were correlated to the depth of bronchial invasion and LN envolvement. So, endoscopic criteria of small endobronchial lesions could disclose information on the stage of the disease. Central PN lesions smaller than 10 mm and central FS lesions less than 15mm in greatest dimension were likely to be early lung cancer.

1.2.3. Outcome of Preneoplasia:

There is good evidence to indicate that the natural history of lung cancer in these very early stages may extend over a period of years before the tumor becomes radiographically demonstrable. However, the extent to which preneoplastic lesions precede one another in time and their precise outcome remains largely unknown (83). On the basis of cytological data, studies showed that approximately 11% of moderate dysplasia and 19% to 46% of severe dysplasia would progress to invasive cancer. (8, 68). Also, Saccomanno et al. in 1974 recorded the average times of transition from carcinoma in situ to invasive squamous cell carcinoma at 2.5 years, ranging from 0.6 - 6.2 years (71). Meanwhile, many authors reported the regression of some preneoplasias and even CIS after withdrawal of the carcinogenic insult-usually cigarette smoking (75). Finally, and in a recent study conducted by Venmans et. al in 2000, they followed up their diagnosed cases of CIS and described that 78% of these lesions progressed into invasive cancer recommending the mandatory treatment of these lesions (81).  

1.3. Importance of endoscopic early lung cancer detection:
Experienced bronchoscopists can detect 29% of carcinomata-in-situ and 60% of micro-invasive carcinoma (Woolner 1983). A more sensitive method for detection and localization of early lung cancer is needed urgently as well established methods for early treatment of CIS and micro-invasive cancer (19, 28) are available even for functionally inoperable patients. ND-YAG Laser, electrocautery, photodynamic therapy and cryotherapy are all useful tools for such a therapy.

Meanwhile, a clear relation between the surface area of the lesion and the success of treatment was observed by Hayata et al in 1993. A lesion ( 1cm will be eradicated by photodynamic therapy in 97.8%, while in lesions ( 1cm, cure will be achieved in only 42.9% (33). So, the early diagnosis directly influences the success of treatment. As improvements in image resolution and quality have not enhanced detection of early lung cancer, technical developments turned to getting help from other optical qualities e.g. the native fluorescence characteristics of the endobronchial epithelium.

1.4. The screening problem:
Two screening methods were applied trying to improve the early diagnosis and respectively the prognosis of lung cancer, plain chest x-ray and sputum cytology. Sputum is collected for three days in a special conserving solution, a technique suggested by Saccomanno for a better diagnosis rate of lung cancer. Material subsequently stained according to papanicolaou stain and microscopically examined. These methods were tried in large studies (30, 55). Study end point was lung cancer mortality reduction. The Mayo clinic lung project (4 monthly chest x-ray and sputum cytology in the test group versus once yearly clinical examination in the control group) recruited 9211 male smoker in their project. Although they could improve the percentage of resectable lung cancer cases from 32% of the diagnosed cases to 46%, the difference in mortality rate between the examined group and the control group remained unchanged. Similarly the Memorial Sloan-Kettering and the Johns Hopkins projects (once yearly chest x-ray in both groups plus 4 monthly sputum cytology in the first group only) showed no change in mortality rate. 

The conclusion from the above-mentioned data was that screening sputum cytology did not decrease the mortality rate. The overall sensitivity of sputum cytology was 22% and 48.7% (30). Early lesions of non-small cell lung cancer in John Hopkins study were sputum positive in 15% only. A lot of peripheral lesions were not represented in sputum. The specificity of sputum cytology is high (26). From 81 cases with stage I tumor in the Mayo clinic lung project, 44 cases were x-ray positive (peripheral adenocarcinoma), 30 cases were sputum cytology positive and radiologically occult (central squamous cell carcinoma), and 7 cases were radiologically evident and sputum positive. Sputum cytology and chest x-rays complement each other in detecting early lung cancer. 

To summarize, it was found that the value of chest x-ray in screening is debatable, no added advantage for using sputum cytology could be proved and both methods did not effectively reduce the mortality rate. Screening for lung cancer was abandoned as a waste of resources (4, 27).

1.5. Automated Image Cytometry (AIC)

1.5.1. Background:

DNA cytometry has gained wide acceptance in pathology and cytopathology as a means to obtain objective information concerning the diagnosis and grading of human cancer (12). With this technique, cells are stained specifically for DNA, and digital images of microscope fields are acquired, typically using a CCD camera. Computers are used to process the digital images and to perform a wide variety of Nuclear feature measurements, such as the size, shape, and DNA content, as well as features describing the spatial distribution of chromatin within the nucleus (24).

One of the most widely applied image cytometry measurements is that of DNA content of the nucleus which is accepted by an international consensus group (1). Using this new technique, we can detect not only the DNA amount inside the nucleus but also the chromatin structure and distribution. As a rule, the higher the malignancy grade of the tumor, the higher will be the DNA content, its uneven distribution and the number of aneuploid cell nuclei. The genetic basis for the relevance of tumor aneuploidy measurements has been well established through cytogenetic studies of tumor cell populations (29). In these studies, correlation was demonstrated between cytometric measurements of aneuploidy and gene or chromosome amplification processes. In addition, karyotypic instability has been shown to have dramatic effects on DNA content distribution in tumor cell populations.

However, the DNA content of exfoliated cells from the respiratory tract can be affected by a number of factors that must be considered in the differential diagnosis of either sputum cytology or cytometry. Some of these are the replication rate, (polyploidal) nuclei, nonspecific effects of chemotherapy and radiotherapy, vitamin B12 deficiency, autolysis, necrosis and viral infection.

 The Cyto-Savant® is a promising device developed recently in corporation between the British Columbia Cancer Agency and Oncometrics Corp. Vancouver BC, especially for gynecological screening examinations (31) Fig 3.

1.5.2. Method of Automated Image Cytometry: 

The prerequisites of AIC was determined in the consensus report of the European society for analytical cellular pathology task force on standardization of diagnostic DNA image cytometry (12). An automated cytometer device requires a high resolution level by provided efficient focus range. DNA content and structure of a nucleus must be measured independently from a monolayer slide without any qualitative or quantitative failure. 

The device (Cyto-Savant®) feeds the microscope automatically with slides. Nuclei are focused by a high spatial and photometric resolution. For every object, the program will calculate 114 features that will identify and eliminate artifacts and then will classify cells into groups of lymphocytes, granulocytes, epithelial nuclei, alveolar macrophages and abnormal or suspicious nuclei.
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Fig. 3. Photo of Cyto-Savant® (from right to left: automatic slide
              supplier, Microscope with a connected CCD camera, monitor
              for microscope, magnetic disk operator and the analysis monitor)

A representative number of leucocytes will be taken to normalize the features as regards to the different staining characteristics between different batches of slides. Then with the use of trainable classifiers, will the different nuclei be arranged in different groups and their picture will be projected on a screen. From every group, the mean and standard deviation of every feature will be calculated and tabulated. Then a distribution histogram of different feature combinations will be obtained.

1.5.3. Technical specifications:
A special CCD (charge couple device) camera is used. It observes the whole field at the same time with a picture frequency of 20 MHz without blind spots. (Fig. 4) is an example for such a camera (Microimager 1400), Xillix Technologies Corporation. 

1.5.4. Cell tracking:
In the current version, the cytometer identifies and analyses up to 50.000 objects in 30 minutes. About 2000 cells (1000 epithelial cells, 200 suspicious nuclei with a DNA index of more than 1.25 and less than 2.5 and up to 100 highly suspicious ones with a DNA index of more than 2.5) were collected and stored. Along with the epithelial cells, up to 200 lymphocytes, polymorphonuclear and eosinophil granulocytes were identified and 100 alveolar macrophages each.
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Typical sensor of a video camera

Special CCD sensor

Fig.4. Difference between CCD sensors and conventional video cameras: 
           normal video image has blind spots, CCD has the “full-fill” factor, 
           i.e., no blind spots.

The standard value for the integrated optical density (IOD) of epithelial cells was 110. For each of the 2000 cells, digital values of all features were calculated and stored. Coordinates of all cells were stored and suspicious cells could be revisited interactively. The DNA amount of normal epithelial nuclei, referred to as 2c value or euploidy value, is calculated from a representative group of lymphocytes. 

Three parameters were calculated from the DNA value of epithelial nuclei: the rate of 5c exceeding nuclei (5cER), the 2c-deviation index (2cDI) and the malignancy grade (MG). The 5cER is the rate (in %) of aneuploid nuclei with a DNA amount > 5c. These are different from normal separating mitotic nuclei. Nuclei are called euploid if their DNA amount is in the range 2c ± 0.25c. 2cDI is defined as the sum of all squared deviations of the DNA amount of all epithelial cells (Ci) from the mean value (2c) divided by the number of cells. This value is equivalent to the mean square from the deviation of the mean diploid value. Further gradations are based on the malignancy grade (MG) as the logarithmically transformed 2cDI. This procedure allows quantifying the whole spectrum of malignancy with the help of a simple score. 

1.6. Autofluorescence Bronchoscopy (AF)

1.6.1. Historical background: 

The concept of fluorescence detection, as an aid for diagnosis of malignancies, has intrigued the minds of many since the beginning of the twentieth century. Policard observed red fluorescence under ultraviolet light as early as 1924 in an experimental model of mouse sarcoma (65). The trial of intra-operative differentiation between normal and tumor tissue with the help of an ultraviolet operation lamp was an early application of this concept. Subsequent investigations showed that this red fluorescence was due to the presence of porphyrins. 

In 1933, Sutro and Burman observed that when surgically excised breast tissue was exposed to ultraviolet Wood’s light, normal breast tissue fluoresced green while breast cancer tissue fluoresced purple and this could be helpful in detecting resection borders (74). It was also observed by Ronchese in 1954 that advanced cancer of the breast, mouth or skin emits a bright red fluorescence upon illumination by Wood’s light (69).

In 1964, Lipson at Mayo clinic synthesized hematoporphyrin derivative (HpD) (52). HpD was found to have superior tumor localizing properties than hematoporphyrin alone for a variety of tumors including lung cancer. The partially purified preparation is known as photofrin (profimer sodium). Although various experimental fluorescence bronchoscopy systems have been developed to localize early lung cancer as well as to treat invasive tumors by using HpD or photofrin (20, 40), clinical application has been limited by several problems: 

a) The fluorescence yield from a small, thin CIS is often weak when compared to invasive cancers.

b) Some areas with diffuse fluorescence and blurred margins or areas with low contrast are difficult to differentiate from the normal background.  The magnitude of this contrast appears to correlate with the stage of cancer, with the more invasive tumors showing the highest contrast. (15).

c) Baumgartner in 1991 proved the non-specific uptake of the fluorescent drug by inflammatory cells. He showed 27% false positive results even with a dose of photofrin that is one-fifth of that conventionally used for photodynamic therapy (9).

d) The serious side effects of photofrin or HpD as regards skin photosensitivity. Patients who have received photofrin or HpD have to remain out of any strong light for thirty days and sometimes for several months (25).

e) Almost all of the fluorescent drugs are available for investigational use only. Even when these drugs become available for clinical use, they will add to the cost of bronchoscopic examination (51).

An interesting finding was the discovery that detection of dysplasia and carcinoma in-situ by fluorescence techniques can be achieved without using any drug at all. In vivo spectroscopy during bronchoscopic examination with an optical multichannel analyzer and a Helium - Cadmium Laser (442 nm) for illumination showed a significant decrease in autofluorescence intensity, predominantly in the green region of the visible spectrum in areas with dysplasia or CIS compared to normal bronchial tissue (35). The advancement in technology of screen resolution and computer data analysis in the last few years helped the development of this discovery (66). A well established, now in routine use, system was developed in association with the British Columbia Cancer Agency, the LIFE-Lung  (Laser Induced Fluorescence Emission) system (Xillix)® 
Fig. 5.

Fig. 5. Photo of Xillix LIFE-Lung Fluorescence Endoscopy System® 
              (right: Imaging console integrating the CCD camera with
              suspension system, touch screen monitor, processor and a VCR. 
              Left: Illumination console for He-Cd laser)

1.6.2. Causes of autofluorescence phenomenon:

Fluorescence is a physical phenomenon, which appears when atoms in tissues are excited with light photons of a specific wavelength that are absorbed by electrons causing their movement to a higher energy level. The electron gives up its energy after a short time and returns to its original orbital emitting its energy as photons. This emitted light is the source of fluorescence, which is taken up and processed by the highly sensitive CCD camera (fig 6).





(a) Absorption



(b) Fluorescence

Fig. 6. Showing (a) absorption of photons by electrons and its movement 
            to a higher energy level (excitation) and (b) emission of this 
            energy in the form of photons giving rise to fluorescence.    

This reaction appears in living as well as dead tissues and it has long been used as a parameter to differentiate between healthy and diseased tissues. Tissue substances emitting fluorescence are named fluorophores and tissue type and metabolic state control their localization and concentration. The following substances found in the human body act as fluorophores: (Table 1) 

Table 1. Fluorescing Substances in human body

Fluorescent substance
wavelength of excitation light (nm)
Fluorescent wavelength (nm)

1- Tryptophan
280
340

2- Collagen
325
380

3- Elastin 
410
440

4- NADH
365
470

5- Flavin
440
520

6- Porphyrin
400
630,690

The causes of the difference in fluorescence properties is a matter of research till now. Difference in epithelial thickness, increased blood supply in malignant lesions through increased vascularisation (hemoglobin absorbs nearly all the green light), the over-production of lactic acid by cancerous cells due to increased glycolytic activity and the change in concentration and oxidation state of the fluorophores may all play a role (35, 6, 2).
Non imaging instruments have been devised primarily to allow quantitative measurements of fluorescence or fluorescence ratios in different wavelength bands. Disadvantages of the non-imaging systems are the non-precise delineation of lesions, very small lesions can be missed and in vivo calibration may take by chance a reference area of unknown dysplasia or metaplasia (45).

1.6.3.  Instrumentation:

1.6.3.1.The LIFE® Lung system: 

Fluorescence bronchoscopy requires a bronchoscope, a light source for excitation of fluorescence and a detection system. 

The bronchoscope used is a conventional white light flexible fiberscope. The light source for white light bronchoscopy is a xenon arc lamp, typically 200-1000 W. this source delivers a broad spectrum in the visible range; the accompanying infrared emission is filtered out. A white light source is probably not suitable for fluorescence bronchoscopy, because the nonspecific part of the spectrum overlaps the weak fluorescence of interest, making it impossible to detect. There are new mercury arc lamps that are coupled with small fiberoptic light guides and appropriate filters that filter out the longer wavelengths overlapping the fluorescence, which can replace more expensive laser light sources (51).

The preferred light source is a low energy 150-mW laser, emitting about 12-20 mW at the distal end of the light guide bundle. At a typical bronchoscope-to-tumor distance of about 1cm, this power is sufficient and avoids thermal effects. For excitation of autofluorescence, a helium-cadmium laser has been found suitable, emitting in the blue range at 442 nm (35, 61, 47, 50). The blue light is transmitted through the built-in fiberoptic light guide normally used for white-light illumination. It is important that the spatial distribution of the irradiance in the bronchus is quite uniform; otherwise irregular shadows caused by non-uniformity or a projection of tissue could be mistaken for a tumor.

 
The detection system for imaging is critical, and various solutions have been proposed. The eye alone is not sensitive enough to detect the weak fluorescence from small, thin tumors even when they contain a fluorescent agent such as photofrin, especially considering the light losses in the bronchoscope. Theoretically, increasing the laser power and hence the excitation irradiance would increase the fluorescence intensity. A higher output laser may damage normal tissue. Instead, image intensifiers are used to amplify the weak fluorescence signal to a level that can be detected by the light-adapted eye (necessary in the bronchoscopy environment) or a CCD video camera (51).

LIFE is comprised of a low energy helium-cadmium laser as a monochrome light source (442 nm), two images intensified CCD cameras with green and red filters respectively, a computer with an imaging board, and a color video monitor. Two images at different (red and green) wavelengths are simultaneously captured in precise registration by the imaging board. When the bronchial epithelium is illuminated by the blue light, it will have its peak of fluorescence in the green wavelength (520 nm). Premalignant changes as dysplasia or CIS will emit red-brown color with a wavelength of 630 nm as seen in fig 7
The above mentioned filters capture the emitted wavelengths from the bronchial epithelium in the spectrum of 520 nm and ( 630 nm and exclude the excitation wavelength (51).

The images are then combined and processed by the imaging board using a specially developed algorithm that allows normal tissue to be clearly distinguished from malignant tissue when displayed as a pseudocolor image on the video monitor. The captured image is displayed in real time (at video rates). The processed image can be displayed as desired, for example, normal tissue as green and tumor tissue as brown or brownish red. An abnormal area can be biopsied under direct vision for pathological confirmation.











Fig. 7. Fluorescence light-emitting characteristics of normal


  and dysplastic bronchial mucosa

1.6.3.2. Other autofluorescence devices:

Increasing interest in ELC detection has encouraged the development of more imaging AF-bronchoscopy systems with slightly modified technique. System D-Light AF (Storz, Germany), a system adapted to rigid bronchoscopy as well uses filtered Xenon instead of laser light for excitation (32). Impairment of AF can be observed either through the bronchoscope directly or with the help of a video camera. Prolonged exposure time required for the AF video camera mode leads to sequential frozen frames on the monitor. With the System D-Light as well as with the similar SAFE 1000 System (Pentax, Japan) switching between WLB and AF-mode is possible without changing light source and camera. The display of AF-images with the SAFE 1000 provides a continuous real time image; the system is adapted to flexible bronchoscopy (37).

1.6.4.  Clinical applications of AF:

The LIFE imaging system facilitates earlier detection of lung cancer and provides physicians with more information for the management of the diagnosed lung cancer patients. Using the LIFE imaging system for the following indications will supply useful diagnostic information.

1.6.4.1. Indications of AF examination:

Patients at high risk for lung cancer are the target group for AF examinations. These are:

1- Patients with previously resected for cure lung cancer: Patients with previously resected stage I lung cancer have local recurrences or second primary lung cancers at a rate of approximately 3.6 per year (77). From what is known about the natural history of lung cancer (70), the second primary cancers that where diagnosed in the first 3-5 years after surgery where probably present as dysplasia or CIS at the time of initial bronchoscopy before surgery and were missed by white light bronchoscopy.

2- In preoperative assessment of patients with lung cancer: in order to determine the extent of endobronchial involvement and resection margins respectively.  

3- Patients with suspected bronchogenic carcinoma: (symptoms, abnormal chest x-ray, positive sputum cytology or cytometry, undiagnosed pleural effusion or paraneoplastic syndrome).

4- Patients with head and neck cancers: as there is a high incidence in developing a second primary cancer not only locally but also in the lungs (62). 

5- Individuals at otherwise high risk of developing lung cancer: i.e. patients who are current or past heavy smokers with positive family history of lung cancer, workers with asbestos or other relevant industrial exposure.

 1.6.4.2. Other potentially useful Applications:

1- Delineation of the exact extent of the tumor before photodynamic therapy is of particular importance for dosimetry calculation, fiber type, total treatment sessions and to ensure complete eradication of the entire tumor (50).

2- Autofluorescence bronchoscopy may serve as a vehicle to educate bronchoscopists in recognizing subtle changes during routine bronchoscopy.

3- This method allows detection and biopsy of pre-malignant respiratory epithelium for genetic and differentiation marker studies.

1.6.4.3. Contraindications for AF examination:

1- Patients with known or suspected pneumonia.

2- Patients with acute bronchitis within one month of the procedure.

3- Patients with white count less than 2000 or more than 20 000, and/or platelet count less than 50 000.

4- Patients who had received fluorescent photosensitizing drugs such as photofrin within three months of the procedure.

5- Patients who are on, or have received chemopreventive drugs (e.g. retinoic acid) within three months of the procedure.

6- Patients who had received ionizing radiation treatment to the chest within six months of the procedure.

7- Patients who had received cytotoxic chemotherapy agents systematically within six months of the procedure.

8- Other general contraindication for bronchoscopy as patients with bleeding disorders, left ventricular failure, uncontrolled hypertension, unstable angina and known reaction to topical xylocaine.

1.7. Aim of the study:
The following questions will be addressed in this study:

1- Is automated image cytometry a sensitive tool for recognizing early malignant changes in nuclei of bronchial mucosal cells?

2- Is autofluorescence bronchoscopy a reliable and sensitive tool for early detection and localization of centrally located early lung cancer lesions? 

3- Can an increase in the diagnostic rate of preneoplasia be achieved by the combined use of automated image cytometry and white light/autofluorescence bronchoscopy? 

The study is conducted at the Research Institute for Diagnosis and Treatment of Early Lung Cancer (RIDTELC)™ of the Augusta Teaching Hospital in Bochum, Germany.
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