
 

 

 

OPTICAL INNOVATIONS 

IN ENDOBRONCHIAL 

DIAGNOSTICS 

Renée Geraats  
20th December 2019 
 

 

 

 

 

 

 
Technical Medicine - Faculty of Science and Technology - University of Twente Enschede 

Department of Pulmonary Diseases – Radboudumc Nijmegen 

 

 

 

EXAMINATION COMMITTEE: 

Chairman University of Twente:   Dr. Ir. Ferdi van der Heijden 

Medical supervisor Radboud UMC:  Erik van der Heijden MD PhD 

Daily supervisor Radboud UMC:  Roel Verhoeven MSc 

Technical supervisor University of Twente: Dr. Ir. Ferdi van der Heijden 

Additional member University of Twente: Dr. Ir. Frank Simonis 

Process supervisor University of Twente: Elyse Walter MSc 
 

 

 

 

 

 

 

MASTER THESIS TECHNICAL MEDICINE 

 

 



 
 

  1 
 

Summary 
Bronchoscopy is a pulmonary intervention in which a flexible endoscope is inserted in the central 

airways to perform diagnosis or execute interventions. Optical enhancement is the emittance of 

specific wavelengths of light to illuminate the tissue. This illumination method causes certain tissue 

properties to stand out in endoscopic images. Optical enhancement was initially designed for gastro-

intestinal purposes. Two modes of optical enhancement settings are currently available on clinical 

bronchoscopy systems; optical enhancement mode 1 and optical enhancement mode 2. The aim of 

this research is to assess the value of optical enhancement techniques in endobronchial diagnostics 

and interventions. This research consists of three parts.  

 

First, a technique validation of optical enhancement for bronchoscopy was done. An optical setup 

using lowpass and highpass filters was built to mimic commercially available optical enhancement 

spectra and to alternate the optical settings. Resulting images were analysed for surface texture, 

capillary and vessel contrast. A broad range of wavelengths resulted in the best surface texture 

visualisation. This was proven by the significant relationship between histogram peak width and 

surface visualisation (p << 0.01). As expected, blue light seemed to be favourable for capillary 

visualisation, but this observation could not be significantly proven (p = 0.636). As expected, red light 

was significantly proven to be essential for deep vein visualisation (p = 0.020). Based on this technique 

assessment, commercially available optical enhancement spectra seem suitable for clinical application 

in bronchoscopy.  

 

Secondly, the possibilities of direct improvement of bronchoscopy interpretation by the application of 

optical enhancement was investigated. 176 patient bronchoscopy reports were studied to register 

complications and assess imaging pitfalls. This analysis resulted in a list of complication causes in the 

Radboudumc hospital (Nijmegen, the Netherlands) and a list of challenging aspects in bronchial wall 

visualisation for which optical enhancement can improve the visualisation. Furthermore, a prospective 

case series of endobronchial images of fourteen patients either with or without central airway lesions 

were analysed. When visually inspecting the collected images, optical enhancement mode 1 contained 

more additional information about the bronchial wall than optical enhancement mode 2. This 

observation supports the quantification results in which optical enhancement images contain 

additional information about bronchial arches, vascular beds and bronchial abnormalities. 

 

Lastly, the starting steps for automatic detection of systemic disease were taken. A literature research 

was carried out to determine the tissue properties of tissue affected by lung cancer, nontuberculous 

mycobacteria and sarcoidosis. A research proposal for a prospective database registry for 

bronchoscopy images was submitted and approved (CMO 2019-5583). The applications of the 

bronchoscopy database and the required future research that is needed to accomplish these 

applications were described.  

 

Optical enhancement is an innovation that has potential for endobronchial application in routine 

practice. Improved vessel, arch and bronchial abnormality visualisation can prevent bronchial bleeding 

and perforation, and detect pathological lesions in an early stage. The first step for future research in 

optical enhancement is filling the prospective database of endobronchial images to allow for automatic 

distinction between healthy and affected airways.  
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List of abbreviations 
 

3D  Three-Dimensional 

AIDS Auto Immune Deficiency Syndrome 

CCD Charged-Coupled Device 

CM Co-occurrence Matrix 

CMOS Complementary Metal Oxide Semiconductor 

COPD Chronic Obstruction Pulmonary Disease 

ECG Electrocardiography 

HD High Definition 

HP High Pass optical filter 
ISO International Standards Organisation 
LED Light Emitting Diode 

LP Low Pass optical filter 
μm micrometre, 10-6 meter 

OE Optical Enhancement 

OE1 Optical Enhancement filter mode 1 

OE2  Optical Enhancement filter mode 2 

NBI Narrow Band Imaging 
nm nanometre, 10-9 meter 

NSCLC Non-Small Cell Lung Cancer 

NTM Nontuberculous Mycobacteria 

ROI Region of Interest 
RGB Red Green Blue 

SCLC Small Cell Lung Cancer 

WLB White Light Bronchoscopy 

  

 

 

  



 
 

  5 
 

1. General introduction 

1.1 Endobronchial diagnostics 
Bronchoscopy is a pulmonary intervention in which a flexible endoscope is inserted in the central 

airways (figure 1). A bronchoscopy procedure is aimed at obtaining and visually interpreting images of 

the endobronchial condition of the patient. At the Radboudumc hospital in Nijmegen, the Netherlands, 

bronchoscopies are performed by pulmonologists. Besides collecting visual information, bronchoscopy 

allows for the collection of cytological and histological material for further diagnostic analysis. Different 

techniques are available to collect endobronchial material during bronchoscopy. Lastly, pulmonary 

interventions such as tumour debulking, bronchial stenting, abscess drainage or foreign body removal 

can be executed during a bronchoscopy procedure.  

 

Diffuse or localized lung infiltrates, recurrent or unresolved pneumonia, bronchiectasis, haemoptysis, 

persistent cough, aspirated objects and symptoms of endobronchial obstructions are indications for a 

bronchoscopy procedure. [1]  

 

 
Figure 1: Schematic representation of a bronchoscopy procedure. [2] 

 

1.2 Bronchoscopy innovations  

1.2.1 History of bronchoscopy 
The physician most commonly identified as the founding father of modern bronchoscopy is Gustav 

Killian. In 1876, this German otolaryngologist examined the trachea and main bronchi of a volunteer 

using a rigid laryngoscope. Afterwards he proceeded to remove an aspirated pork bone from the right 

main bronchus of a farmer. [3]  

 

Flexible fibre optic bronchoscopy was invented by Shigeto Ikeda, a Japanese thoracic surgeon. The first 

prototype of a flexible fibre optic bronchoscope became commercially available in 1968, also known 

as the year of the second revolution in bronchoscopy. [3] Two years later, Olympus Corporation (Tokyo, 

Japan) brought the first bronchoscope with improved imaging and handling capacities to the market. 

[4]  
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Asahi Pentax Corporation, now known as Pentax Medical (Tokyo, Japan), developed the first video 

bronchoscope in 1987. In its first design, a fibre optic bronchoscope transferred the endobronchial 

image to the eye of the bronchoscopist using optical fibres. Later designs now commonly include video 

camera imaging chips such as a charged-coupled device (CCD) chip or a complementary metal oxide 

semiconductor (CMOS) chip in the tip of the bronchoscope for capturing endobronchial images. The 

digital signal is transferred to a video screen where multiple spectators can inspect the image. The 

invention of the video bronchoscope has created the possibilities of saving and digitally analysing 

bronchoscopic images.  

  

While a standardized measure for high definition (HD) is lacking, video bronchoscopes with continually 

improving image qualities have been manufactured since 1987. These HD image quality bronchoscopes 

provide higher image resolution, creating possibilities for more advanced diagnostics. Video 

bronchoscopes are still an integral part of the practice of chest medicine these days. [3] But also rigid 

bronchoscopes have never left clinical practice. Rigid bronchoscopes have a wider working channel 

that allows more instruments to pass while maintaining an adequate airway during the procedure. 

Rigid bronchoscopes are most commonly used to perform endobronchial interventions such as 

bronchial stenting and tumour debulking. [5] 

 

1.2.2 Virtual chromoendoscopy 
Recognising visual cues is the main method to detect central lung pathologies during bronchoscopy. 

Recognising deviations in vascular characteristics is essential for the diagnosis of endobronchial 

processes such as malignant growths. [6] While regular white light bronchoscopy (WLB) is the most 

broadly used imaging method, it does not always offer the best surface visualisation and vessel 

contour. To enhance these visual cues in endobronchial images, digital processing can be applied. This 

technique, such as commercially available in the Pentax i-scan settings, is called virtual 

chromoendoscopy. This technology was introduced by Pentax Medical in 2010. [7] The i-scan imaging 

technique can be used to distinguish pathological tissue from healthy tissue more effectively.  

 

In the analysis of bronchoscopic images, a relationship between vessel diameter, capillary pattern and 

malignancy grade has been proven. [6] Manipulation of the colour space without spectral filtering of 

the reflected light causes the representation of certain colours on the screen to be suppressed or 

enhanced. This digital manipulation causes vascular characteristics of vessel diameter, capillary 

pattern and malignancy grade to be easier to distinguish. [8][9] Since the virtual chromoendoscopy 

technology is purely an imaging processing technology, white light bronchoscopy and virtual 

chromoendoscopy can be derived from the same input image. In current clinical practice in the 

Radboudumc hospital in Nijmegen, the Netherlands, i-scan settings are used when the interpretation 

of mucosal abnormalities in the central airways is unclear.  

 

Two clinical studies on the Pentax i-scan settings have been performed in the Radboudumc hospital. It 

has been shown that i-scan settings detect additional lesions in one third of patients compared to 

white light bronchoscopy. In 8.4% of cases, these additional findings were clinically relevant. [10] The 

other study has shown that virtual chromoendoscopy results in better detection of subtle vascular 

abnormalities compared to white light bronchoscopy and autofluorescence bronchoscopy (AFB). [11] 

Autofluorescence bronchoscopy is based on the interaction between a specific wavelength of light and 

tissue fluorophores. Healthy, inflamed and neoplastic tissue have different autofluorescence 

characteristics and emit fluorescent light with different characteristics. [12] In optical enhancement 

multiple ranges of wavelengths are being applied, contrary to AFB in which only one wavelength is 

applied. 
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1.2.3 Optical enhancement 
To further enhance visual cues in bronchoscopic images, one can also alter the light that is emitted by 

the bronchoscope. An image-enhanced endoscopic technology that emits selective wavelengths of 

light has been brought to the market in 2005 by Olympus Corporation (Tokyo, Japan) under the name 

Narrow Band Imaging (NBI). [13] Recently, Pentax Medical (Tokyo, Japan), also incorporated this 

optical technique in their endoscopes and bronchoscopes, naming it optical enhancement imaging 

(OE). Since this research was conducted using Pentax bronchoscopes, this optical technique will be 

referred to as optical enhancement imaging throughout this report. The OE technology combines 

digital processing and optical filters that define the spectral characteristics of the emitted light. [14] 

The emitted light is filtered, resulting in a selective spectrum of light that is being absorbed and 

reflected. A camera response model describing how different signals are perceived by the endoscope 

camera is given in appendix 7.1. Optical enhancement is not the same as virtual chromoendoscopy 

such as described in section 1.2.2 “Virtual chromoendoscopy”, since OE alters the emitted light while 

virtual chromoendoscopy is purely a post-processing technology based on the white light 

bronchoscopic image.  

 

OE typically uses multiple bandwidths of light. An example is an optical enhancement setting (called 

OE mode 1) with blue light emittance at 390 to 450 nm which is absorbed by superficial capillaries, 

combined with green light emittance at 530 to 555 nm which is absorbed by deeper blood vessels 

below the mucosal capillaries (figure 2a). This particular OE setting ensures distinction of superficial 

and deep capillaries, because the peaks of the emitted light correspond with the peaks in the 

haemoglobin absorption spectrum. Blood vessels absorb the blue and green light while surrounding 

tissue reflects light of these wavelengths. This maximizes the contrast between blood vessels and 

surrounding tissue (figure 2b). Different combinations of emitted bandwidths are fine-tuned for 

different tissue types. Depending on the desired tissue visualisation, the spectrum can be altered. [15] 

A more detailed description of the interaction of tissue and light, which forms the technological 

principle of optical enhancement, is given in appendix 7.2.  

  

 

Figure 2a:  

Example of an OE emittance spectrum 

with two bandwidths of light. The 

absorption spectrum of haemoglobin 

is shown in dark purple. [16] 

 

 

 

Figure 2b: 

Schematic representation of OE 

working mechanism. Light 

penetration depth is related to 

wavelength. Vessels absorb light 

(situation on the left) while 

surrounding tissue reflects light 

(situation on the right), maximizing 

the contrast between them. [17] 
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The principle of optical enhancement is illustrated in figure 3. In white light bronchoscopy, superficial 

and deep vascularisation are difficult to distinguish (figure 3a). When using optical enhancement 

imaging, the deep vessels absorb a large portion of the light with longer wavelengths (figure 3b) while 

the superficial vessels absorb a large portion of the light with shorter wavelengths (figure 3c). Post 

processing ensures the visualisation as seen in figure 3d.  

a b  c  d  
 

Figure 3: (a) Tissue illuminated with white light. (b) In OE, deep vessels absorb red light. (c) In OE, 

superficial vessels absorb blue light. (d) Resulting OE image after image post-processing. [18] 

 

The use of optical enhancement during endoscopy was initially focused on gastrointestinal 

applications. In gastrointestinal endoscopy, there is a need to enhance tissue properties for better 

recognition and classification of polyp lesions and gastric abnormalities. [9][14][19] OE has also been 

used in the diagnosis of oesophageal squamous cell carcinoma. [16] 

 

For the application of OE and NBI in bronchoscopy, little research has been published. However, 

capillary bed aspects such as capillary loops, dotted vessels, complex vascular networks of tortuous 

vessels and abrupt ending vessels have been proven to be indications for pathology. [15] It might be 

possible to improve the visualisation of these vascular abnormalities using optical enhancement. Also 

premalignant airway lesions might be detected more accurately using optical enhancement. [19]  

 

1.3 Aims and research questions 
Lung pathologies can be diagnosed during bronchoscopy by recognising visual cues. While regular 

white light bronchoscopy is the most broadly used imaging method, it does not always offer the best 

surface and vessel visualisation. Changes in surface texture and vascular patterns can indicate lung 

pathologies that need further diagnosis and treatment. When these endobronchial aspects are not 

clearly visualised, there is a risk of missing pathological lesions or underestimating the extend of 

pathological lesions. Since the indications for further diagnostics or treatment are based on the 

diagnostic outcome of the bronchoscopy, it is of essential importance to visualise the bronchial wall as 

thoroughly as possible.  

 

Optical enhancement, initially designed for gastrointestinal endoscopy, is a promising innovation for 

application in bronchoscopy. In optical enhancement, blood vessels and surrounding tissue absorb 

wavelengths in different manners, making vascular patterns easier to distinguish. This improved 

vascular visualisation is thought to be of added clinical value in the diagnostics of lung diseases during 

bronchoscopy. A more thorough examination of the bronchial tissue ensures more accurate diagnosis, 

aiding in the early diagnosis of lung disease. When added clinical value is proven, optical enhancement 

should be implemented in the standard of care for bronchoscopy.  
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When implementing an existing technology for an innovative application, as is the case for optical 

enhancement imaging, multiple steps need to be taken. The suitability and safety of the existing 

technology for the new application needs to be determined. If required, the technology needs to be 

fine-tuned for the intended new application. Substantiated hypotheses need to be formulated to 

determine the clinical focus for the application of the technology. Lastly, patient data needs to be 

collected to test the hypotheses and find out whether the innovative application of the existing 

technology is contributing to better patient care.  

 

This internship was aimed at the first steps of optical enhancement implementation in bronchoscopy 

with the main research question:  

 

“What is the value of optical enhancement in endobronchial diagnostics and interventions?” 

 

 

 

The sub question that this report aims to answer are: 

- Which ex vivo optical setup can mimic the commercially available optical enhancement 

settings and alter the spectrum of the emitted light? 

- Which wavelengths of light are the most suitable to visualise surface texture, capillary vessels 

and deep veins of the bronchi?   

- Are the commercially available optical enhancement settings suitable for application in 

bronchoscopy?  

 

- What are the incidences and causes of complications in bronchoscopy in the Radboudumc 

hospital in Nijmegen?  

- Which challenging aspects of bronchoscopic visualisation can potentially be improved by the 

application of optical enhancement? 

- For which aspects of bronchoscopic visualisation do optical enhancement images carry 

additional information compared to white light bronchoscopic images? 

 

- Which diagnosis of systemic pulmonary diseases can potentially be improved by the 

application of optical enhancement? 

- How should data acquisition for future clinical research on optical enhancement be executed? 

- How can automatic detection of systemic disease in bronchoscopy images be realized in 

clinical practice? 

 

This internship report focuses on three subjects and is therefore divided into three chapters. In chapter 

2, a technique validation is done to find out whether the available optical enhancement settings are 

optimal for the application in bronchoscopy. In chapter 3, the immediate clinical benefits of the 

application of optical enhancement in the interpretation of bronchoscopy are studied.  In chapter 4, 

the possibilities and requirements of automatic detection of central systemic disease using OE in 

bronchoscopy images are covered.  
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2 Technique validation of optical enhancement for bronchoscopy 
In this chapter, the optical enhancement technique as commercially available is validated for 

endobronchial application by various ex vivo optical experiments. These experiments aim to assess the 

following questions: 

- Which ex vivo optical setup can mimic the commercially available optical enhancement 

settings and alter the spectrum of the emitted light? 

- Which wavelengths of light are the most suitable to visualise surface texture, capillary vessels 

and deep veins of the bronchi?   

- Are the commercially available optical enhancement settings suitable for application in 

bronchoscopy?  

 

2.1 Introduction 

2.1.1 Bronchoscopy setup 
A bronchoscopy setup consists of two main components, the bronchoscope and a compatible 

processor. The bronchoscope consists of a flexible distal end that is inserted into the airways of the 

patient. Attached to the distal end is a handle with a steering lever and several buttons. [20] The handle 

is operated by the bronchoscopist to manoeuvre the tip of the distal end and to initiate air suction, 

alterations between settings and image recordings. The bronchoscope handle is connected to the 

bronchoscope processor in which a xenon light source is embedded. Various filters can be mechanically 

laid upon the light source to create different optical enhancement spectra. The desired light spectrum 

is transmitted to the tip of the bronchoscope through optical fibres. The light reflected by the bronchial 

tissue is registered on a chip in the tip of the bronchoscope, from which the digital signal is then 

transmitted back to the bronchoscopy processor. Various image processing settings can be applied to 

these raw images. The resulting video output is displayed to a screen for immediate evaluation while 

the video output is also stored on a server for future reference and scientific research. The schematic 

setup in figure 4 shows where the spectrum alterations and image acquisition steps take place.  

 
Figure 4: Schematic representation of a bronchoscopy setup. [18] 
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2.1.2 The optical enhancement spectra 
The optical enhancement spectra as provided on the OptiVista EPK-i7010 processor (Pentax Medical, 

Tokyo, Japan) are available in two modes. [18] OE mode 1 emits a band of blue light at 390-450 nm 

and a band of green light at 530-555 nm. The green peak is 2.6 times as intense as the blue peak (figure 

5b). OE mode 2 emits a band of blue light at 390-450 nm, a band of green light at 530-580 nm and a 

band of red light at 640-660 nm. The ratio of the intensities of the blue, green and red peaks 

respectively is 1, 2.7 and 2.5 (figure 5c). [8] The ratios between the height of the peaks in the intensity 

diagrams are relevant for an accurate replication of the optical enhancement spectra. The spectra as 

shown in figure 5 were produced using the Pentax OptiVista EPK-i7010 processor combined with the 

Pentax E1990i HD bronchoscope. [18][21] As expected, the optical enhancement spectra produced by 

a EG29-i10N gastroscope (Pentax Medical, Tokyo, Japan) are exactly the same as the bronchoscope 

spectra since the optical filters are applied inside the processor which is identical for both scopes. [22] 

 

 
 
Figure 5: Intensity versus wavelength plots as 
emitted by the Pentax OptiVista EPK-i7010 
processor combined with the Pentax E1990i HD 
bronchoscope measured in a clinical setting 
using the Ocean Optics USB4000-VIS-NIR-ES 
spectrometer. (a) white light settings (b) optical 
enhancement mode 1 (c) optical enhancement 
mode 2.  
 

 
 

 

 

 
  

2.1.3 RGB colour scale 
When describing and analysing endoscopic images, the depiction method of the reflected light on the 

video screen is of major importance. Different ways of assigning pixel values can result in different 

quantifications of contrast. For the application of this research, the RGB (Red Green Blue) colour model 

is described but it should be noted that numerous other colour depiction scales are available.  

 

RGB is a three-dimensional colour model that describes what kind of light needs to be emitted to 

produce a certain colour. The individual intensity values for red, green and blue light can be depicted 

as a location in a three-dimensional cubical space (figure 6). A common application of the RGB colour 

model is the display of colours on a cathode ray tube, liquid-crystal display, plasma display or organic 

light emitting diode. Also charged-coupled device sensors operate using the RGB model. [23][24] 

a 

c b 
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Figure 6: 3D representation of the RGB colour space. 

When using this representation, any colour can be 

described by a combination of three coordinates along the 

red, green and blue axis. [23] 

 

 

 

 

 

2.1.4 Quantification of contrast and texture 
The development and presence of various endobronchial pathologies is related to changes in surface 

texture and vascular patterns. [6] Therefore the optical enhancement modes (Pentax Medical, Tokyo, 

Japan) are fine-tuned for the absorption spectrum of haemoglobin as shown in figure 2a. To compare 

different light spectra in their suitability to detect the contrast between vascular patterns and mucosal 

surface texture, objective methods for contrast and texture quantification are needed. 

 

2.1.4.1 Quantifying RGB contrast 

To quantify the RGB contrast between two regions of interest (ROI) in an image, a group of pixels can 

be quantified in a colour histogram. A histogram plots pixel counts versus RGB values for all of the 

pixels within the ROI. [25] For all three colour channels, the histogram can be described with a mean 

pixel value and a standard deviation. The mean RGB values of two regions can be compared by 

computing the three-dimensional Euclidean distance between these values in the cubic RGB colour 

space using equation 1. This method is effective in capturing contrast in one descriptive value, but 

carries no information regarding the relative position of pixels in respect to each other. [26] Colour 

contrast defined by this method does not correspond fully to the way the human eye perceives colour 

contrast. Various other methods that attempt to quantify contrast in accordance to human perception 

are available. [27]  

 

 

Equation 1: Computation of 3D colour distance in RGB colour space.  

𝑅𝐺𝐵𝑑𝑖𝑠𝑡1,2 =  √(𝑅2 − 𝑅1)² + (𝐺2 − 𝐺1)² + (𝐵2 − 𝐵1)²   (1) 

 

 

𝑅𝐺𝐵𝑑𝑖𝑠𝑡1,2  = colour distance in RGB colour space for the quantification of RGB contrast between 

  region of interest 1 and region of interest 2. 

(𝑅1,𝐺1, 𝐵1)  = mean RGB colour values for region of interest 1 

(𝑅2,𝐺2, 𝐵2)  = mean RGB colour values for region of interest 2 
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2.1.4.2 Quantifying texture 

To quantify texture, a co-occurrence matrix (CM) can be computed. Co-occurrence matrices can be 

defined for greyscale images. In order to analyse coloured images using co-occurrence matrices, the 

colours need to be indexed into greyscale categories. A co-occurrence matrix G of image f is a matrix 

of which an element gij is the number of times that pixel pairs with intensities zi and zj occur in f as 

specified by operator Q that defines the position of two pixels relative to each other. [28][29] The value 

of Q can be chosen in any direction and any magnitude smaller than the greyscale image. Co-

occurrence matrices are often computed only for the eight values of Q that indicate the adjacent pixels 

in all directions relative to the pixel of interest. In that case, eight co-occurrence result from a single 

picture. These eight possible values of operator Q are shown in figure 7a. For example, a 0° co-

occurrence matrix describes the relationship of pixels with their adjacent pixel on the right. An 

illustration of the creation of a 0° co-occurrence matrix is depicted in figure 7b.  

 

 

 

 

Figure 7a: Eight possible values of 
operator Q that describes the 
direction in which two pixels are 
being compared. [30]  

Figure 7b: The creation of a 0° co-occurrence matrix. [31] 

 

To quantify and compare the content of co-occurrence matrices, co-occurrence matrix descriptors are 

needed. In table 1, four descriptors of co-occurrence matrices and their equations are given.  
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Table 1: Descriptors and equations of co-occurrence matrices [28][32] 

 

𝑝(𝑖, 𝑗)  = normalized co-occurrence matrix, describing the chance of values being situated at 

 positions (𝑖, 𝑗). 𝑝(𝑖, 𝑗) is derived by dividing the co-occurrence matrix by the sum of the 

 samples in the co-occurrence matrix. Therefore, the sum of all values in 𝑝(𝑖, 𝑗) equals 1. 

𝜎𝑖  = the standard deviation of values of 𝑝 over the 𝑖 axis of the co-occurrence matrix. 

𝜎𝑗  = the standard deviation of values of 𝑝 over the 𝑗 axis of the co-occurrence matrix. 

𝜇𝑖   = expected value of 𝑖 

𝜇𝑗   = expected value of 𝑗 

 

Property Description Equation  

Co-
occurrence 
matrix (CM) 
Contrast 

Returns a measure of the intensity contrast 

between a pixel and its neighbour over the 

whole image. 

Range = [ 0  (size(CM,1) - 1)² ]  

CM contrast is 0 for a constant image. 

 

High CM contrast is a requirement for successful 

surface visualisation 

  

∑(𝑖 − 𝑗)2𝑝(𝑖, 𝑗)

𝑖,𝑗

 

 

(2) 

Correlation Returns a measure of how correlated a pixel is to 

its neighbour over the entire image. 

Range = [ -1  1 ] 

Correlation is 1 or -1 for a perfectly positively or 

negatively correlated image. Correlation 

is NaN (not a number) for a constant image. 

 

High correlation is a requirement for successful 

surface visualisation 

  

∑
(𝑖 − 𝜇𝑖)(𝑗 − 𝜇𝑗)𝑝(𝑖, 𝑗)

𝜎𝑖𝜎𝑗
𝑖,𝑗

 
(3) 

Energy  
(also called 
Uniformity) 

Returns the sum of squared elements in the CM. 

Range = [ 0  1 ] 

Energy is 1 for a constant image. 

 

Low energy is a requirement for successful 

surface visualisation 

  

∑  𝑝(𝑖, 𝑗)2

𝑖,𝑗

 (4) 

Homogeneity Returns a value that measures the spatial 

closeness of the distribution of elements in the 

CM to the CM diagonal. 

Range = [ 0  1 ] 

Homogeneity is 1 for a diagonal CM. 

 

Low homogeneity is a requirement for successful 

surface visualisation 

  

∑
𝑝(𝑖, 𝑗)

1 + |𝑖 − 𝑗|
𝑖,𝑗

 
(5) 
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2.2 Methods 
To investigate whether the commercially available spectra are optimal for the visualisation of bronchial 

tissue texture and vascular RGB contrast, different illumination spectra need to be assessed. This 

section covers the different aspects of an ex vivo optical setup that allows for this assessment. Analysis 

of the results has been executed in MATLAB 2018a (MathWorks, Natick, United states of America). A 

list of programmed scripts is provided in appendix 7.3. These scripts are available on the digital 

research server of the Pulmonary department of the Radboudumc in Nijmegen, the Netherlands.  

 

2.2.1 Building variable spectra 
In order to assess the effect of different combinations of wavelengths of light, an optical setup needs 

to be designed. This optical setup should be able to create a variable spectrum in which various 

combinations of bands of wavelengths can be created. The variable spectrum can be used to assess 

the effect of different spectra on surface texture and vascular contrast visualisation. Four possible 

methods to achieve this goal are described.  

 

2.2.1.1 Specific optical filters 

The first and most straightforward method to create variable spectra is to purchase specifically 

fabricated filters. However, this option is very costly and would consequently require concessions on 

the number of spectra that can be tested. It is believed that making this concession would diminish the 

value of the analysis and therefore other methods of variable spectrum creation were tried. 

 

2.2.1.2 Variable LED lamps 

The second method for the building of variable spectra is the use of a combination of variable coloured 

light emitting diodes (LED). This method is widely applied in electronic applications and is able to create 

all possible colours perceivable to the human eye. However, an LED spectrum is constructed from 

distinct peaks in red, green and blue wavelengths and is thus not representative for the continuous 

spectrum created by a xenon lamp. To illustrate this discrepancy, figure 8 shows two spectra that both 

appear white to the human eye but consist of different combinations of wavelength intensities.  

 

  
Figure 8a: Intensity versus wavelength plot of 
white light spectrum as emitted by xenon lamp. 

Figure 8b: Intensity versus wavelength plot of 
white light spectrum as emitted by LED lamp. 
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2.2.1.3 Diffraction gratings 

The optical setup of the third method for the creation of a variable spectrum is visualised in figure 9. 

The wavelengths of an incandescence lamp were spatially separated using a diffraction grating. After 

blocking selective wavelengths of light with narrow objects, the spectrum was directed into another 

diffraction grating to create a parallel beam of light again. Theoretically, this method provides the 

possibilities to create any desired spectrum.  

 
Figure 9: Setup of optical diffraction gating experiment that blocks undesired bands of wavelengths. 

 

However, after experimenting it needs to be concluded that the spectra created by this method were 

certainly not resembling the characteristics of optical enhancement spectra. The intensity of undesired 

wavelengths was only halved instead of diminished completely, and the ranges of wavelengths that 

were affected by the blocking objects were over 200 nm wide. Narrowing the blocking objects did not 

improve these flaws. This method is not specific enough to reproduce the optical enhancement 

spectrum. These results can be explained by the fact that an incandescence light source has a diameter 

and is not a point light source. This causes blending of the wavelengths at the diffraction grating instead 

of a clean separation.  

 

2.2.1.4 Highpass and lowpass filters 

Since the methods described above were not viable for the selective creation of variable spectra, a 

setup using optical highpass and lowpass filters was used (figure 10). These filters were available in 

intermediate steps of 50 nm, meaning that the possibility to vary the spectra with smaller steps than 

50 nm was lost. Furthermore, this setup was limited to only two identical incandescence light sources. 

This allows for the creation of spectra with a maximum of two continuous peaks. By connecting the 

light sources to variable power supplies, differences in peak ratio were realised. Since the bronchial 

tree is tube-shaped, the distal end of the bronchoscope illuminates the bronchial wall from an acute 

angle of 30 to 45 degrees. [20] To replicate the clinical situation as closely as possible, the illumination 

direction was set accordingly.   

 

The spectra were measured using an Ocean Optics (Largo, United States of America) USB4000-VIS-NIR-

ES spectrometer. The spectra were always corrected for the background spectrum as measured in the 

dark experiment room. The elimination of unwanted wavelengths was nearly faultless with cut-off 

values shaped like a step function. Images were obtained with a CASIO (Tokyo, Japan) EX-FH20 camera. 

The focal point, white balance and ISO (International Standard Organisation) value were manually set 

and remained constant during the experiment. 
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Figure 10: Setup of optical experiment using highpass (HP) and lowpass (LP) filters. 

 

2.2.2 Spectra for optical testing 
To assess the effect of different illumination spectra on the visualisation of surface texture and vessel 

RGB contrast, 28 different optical filter combinations were assessed. The optical setup as shown in 

figure 10 can create spectra with a maximum of two continuous peaks and intermediate steps of 50 

nm. In table 2, the 28 different spectra as assessed in this experiment are visualised. The optical 

enhancement spectra as provided by Pentax are provided as well. 

 

To mimic the optical enhancement modes, combinations of blue, green and red wavelength bands 

were assessed. All possible variations of wavelength bandwidth and position were tried out. These 

combinations of wavelength bands can be seen in spectrum 1 – 16 and spectrum M1 – M3. To identify 

the visualisation properties of separate bands of wavelengths spectrum B1 – B3 and spectrum A1 – A5 

were assessed. Lastly, spectrum 17 functions as a reference spectrum without the application of any 

optical filters.  
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Table 2: The 28 spectra used for optical testing.  

Spectru
m 
number 

Transmitted wavelengths 
 

 
 

 

The Pentax optical enhancement spectra 

OE1 
 

 
 

OE2 
 

 
 

Group 1: recreating the optical enhancement spectrum with one blue peak and one green peak.  

1 
 

 
 

 

 

2 
 

 
 

3 
 

 
 

Group 2: recreating the optical enhancement spectrum with one blue peak and one red peak.  

4 
 

 
 

5 
 

 
 

6 
 

 
 

7 
 

 
 

 

Group 3: recreating the optical enhancement spectrum with one green peak and one red peak.  

8 
 

 
 

9 
 

 
 

10 
 

 
 

11 
 

 
 

12 
 

 
 

13 
 

 
 

14 
 

 
 

15 
 

 
 

16 
 

 
 

Group 4: the full incandescence light spectrum without optical filters. 

17 
 

 

Group 5: individual band components of the optical enhancement spectra.  

B1 
 

 
 

B2 
 

 
 

B3 
 

 
 

Group 6: combinations of individual band components of the optical enhancement spectra 

M1 
 

 
 

M2 
 

 
 

M3 
 

 
 

Group 7: narrow bands of increasing wavelengths.  

A1 
 

 
 

A2 
 

 
 

A3 
 

 
 

A4 
 

 
 

A5 
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2.2.3 Phantoms for optical testing 
To compare the different spectra, three phantoms were used. The different phantoms were chosen 

for their ability to quantify the visualisation of tissue surface, capillary vessels and deep vessels. A 

further explanation why these three tissue properties are important in bronchoscopy is provided in 

section 4.1.3 “Bronchial wall in systemic disease”. 

 

For the model of irregular tissue surface, flesh coloured polymer clay was moulded into a tubular shape 

and irregularities were applied to the surface (figure 11a). A varnish was applied to replicate the moist 

bronchial wall tissue. It needs to be noted that polymer clay does not absorb and reflect in the same 

manner as tissue, but using a polymer clay model ensured a reproducible irregular surface to compare 

the effect of illumination by different spectra. [33]  

 

To study the visualisation of capillaries, a piece of porcine trachea was used (figure 11b). To eliminate 

a shift in phantom position, this ex vivo tissue specimen was used. The porcine airway is an appropriate 

animal model for translational respiratory research, both in vivo as well as ex vivo. [34] The lungs were 

donated by an abattoir and were derived from a 22 weeks old pig weighing approximately 90 

kilograms. Due hygiene regulations, the porcine trachea could not be examined using the clinical 

bronchoscopy setup. For this reason, the underside of a living human tongue has been used as a 

phantom to study capillary perfusion with a clinical bronchoscope. The underside of the human tongue 

is an easy accessible capillary bed which is representative for endobronchial capillaries. [35][36] 

 

The phantom to study deep veins was the back of a living human hand, since the presence of 

haemoglobin in blood is the working mechanism of the optical enhancement technique to distinguish 

vessel from background. Reference points were indicated on the skin to transform the obtained images 

during analysis (figure 11c). 

 

   
Figure 11a: Polymer clay 
phantom to study tissue 
surface.  

Figure 11b: Porcine trachea 
phantom to study 
endobronchial capillaries.  

Figure 11c: Back of living 
human hand to study deep 
veins.  

 

2.2.4 Measuring spectrum intensity 
The properties of light spectra can be measured using a spectrometer. As visible in figure 10, a USB-

spectrometer is part of the optical setup. This spectrometer generates a graph of light intensity over 

wavelengths. In this research, spectra were measured using the Ocean Optics (Largo, United States of 

America) USB 4000-VIS-NIR-ES spectrometer. The acquired data was processed using OceanView 

(Largo, United States of America) version 1.6.7 and Overture software (Largo, United States of 

America). [37]   
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To make the spectroscopy measurements of spectra mutually comparable, the spectra obtained by 

the spectrometer need to be corrected for the integration time settings. Integration time corresponds 

with the number of photons that get the chance to reach the spectrometer. A lower integration time 

results in lower measured light intensity. The integration time is variable to prevent saturation of the 

spectrometer. [37] 

 

The total intensity of the spectrum corresponds with the area under curve of the intensity versus 

wavelength plot. Spectrum intensity can be calculated using equation 6.  

 

Equation 6: Calculation of spectrum intensity. 

𝐼𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 = ∑ 𝐼𝜆∆𝜆

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

 
 
(6) 

 

𝐼𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚  = the intensity of the total spectrum     [number of photons] 

𝜆𝑚𝑖𝑛  = shortest wavelength that was measured by the spectrometer  [nanometre] 

𝜆𝑚𝑎𝑥 = longest wavelength that was measured by the spectrometer   [nanometre] 

𝐼𝜆 = light intensity for wavelength λ      [number of photons] 

∆𝜆  = bandwidth of each spectrometer measurement    [nanometre] 

 

2.2.5 Hypotheses 

2.2.5.1 Light intensity 

It is hypothesized that spectrum light intensity is positively and linearly correlated with successful 

texture visualisation. This relationship is assumed linear because the amount of signal collected by the 

camera is linearly influenced by the intensity of the light under which an object is illuminated. When 

using higher intensities of light, all crevices of the rough surface visualisation phantom will be 

illuminated. The signal-to-noise ratio of the resulting picture will become higher and therefore will 

result in a more favourable surface visualisation. This linear relationship is not applicable when 

suffering from overexposure since information regarding surface structure will get lost when specular 

reflections due to overexposure occur.  

 

It is hypothesized that capillary and deep vein visualisation is positively and linearly correlated with the 

intensity of the light. Capillary and deep vein visualisation is quantified by selecting regions of interest 

in the image and comparing the areas of the blood vessels to areas of adjacent mucosa. The contrast 

is defined as the absolute difference in colour between the regions of interest. The contrast will 

increase when applying a higher light intensity, since the difference between light reflection will 

increase when applying a higher intensity of light.  

 

2.2.5.2 Histogram peak width 

The histogram peak width indicates the ranges of the colour channels that are being used by an image. 

The width of the red, green and blue peaks above a relative intensity threshold can be summed to 

compute one value for histogram peak width per image. The relative threshold was determined at 10% 

of the maximum intensity of the highest of the three RGB channel peaks. It is hypothesized that the 

histogram peak width is positively and linearly correlated with successful texture visualisation. This 

relationship is assumed because a wide histogram peak width indicates the utilisation of many 

different shades of colour, creating the most detailed visualisation of surface structure.  
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2.2.5.3 Spectrum wavelengths 

It is hypothesized that spectra containing short wavelengths (blue light) are best for capillary vessel 

visualisation because short wavelengths have a shallow penetration depth in tissue. [17][16] It is 

hypothesized that spectra containing long wavelengths (red light) are best for deep vein visualisation 

because long wavelengths have a deeper penetration depth in tissue. [17] A more detailed description 

of the interaction of tissue and light on which these hypotheses were based is given in appendix 7.2.  

 

2.2.6 Experiment protocol 
Six experiments have been done to assess the effect of the 28 light spectra on the visualisation of 

surface texture, capillary vessels and deep veins. Three experiments have been done in an optical 

laboratory using the setup as described in section 2.2.1.4 “Highpass and lowpass filters”. The other 

three experiments have been done in an endoscopy room using a clinical bronchoscopy setup. In both 

settings, the visualisation of surface texture, capillary vessels and deep veins was assessed. 

 

The polymer clay phantom was used for the surface structure experiments and the back of a living 

human hand has been used for the deep vein experiments in both the optical laboratory and the clinical 

setting. In the optical laboratory, a piece of porcine trachea was used for the capillary vessels 

experiment. Because of hygiene regulations, the porcine trachea could not be examined using the 

clinical bronchoscopy setup. For this reason, the underside of a living human tongue has been used as 

a phantom to study capillary perfusion with the clinical bronchoscopy setup.  

 

2.3 Results 
The measured intensities for all 28 tested spectra are provided in table II in appendix 7.4. Since 

spectrum intensities were measured during the surface texture measurements and the capillary vessel 

measurements, two intensity values are given for each spectrum. 

 

2.3.1 Surface texture 

2.3.1.1 Quantifying surface texture in a polymer clay phantom 

This experiment was done using the polymer clay phantom as depicted in figure 11a. The phantom 

was illuminated consecutively by the 28 different light spectra as shown in section 2.2.2 “Spectra for 

optical testing”. The collected data consists of 28 images of the phantom and 28 spectrometer 

measurements. 

 

In one of the images, a region of interest was manually selected (figure 12a). The region of interest 

was used as a mask to delete the surrounding image (figure 12b). The coloured image was indexed into 

1000 grey levels so that the dimension of the co-occurrence matrix becomes 1000 by 1000 (figure 12c). 

 
 

   
Figure 12a: Selected region  
of interest. 

Figure 12b: Region of interest 
mask. Surrounding pixels are 
deleted. 

Figure 12c: Indexed region of 
interest in 1000 grey level 
categories. 

b a c 
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The region of interest as shown in figure 12a was transformed to the other 27 images using Procrustes 

translation, scaling and rotation which principle is shown in figure 13. This transformation ensures 

similar positioning of the region of interest in all 28 pictures, enabling comparison of the images. 

Procrustes transformation was necessary because optical filter exchange in between experiments 

caused the phantom and camera position to move slightly. The transformation was executed using the 

manually indicated points of specular reflection in each image. These specular reflections occur at the 

same position on the phantom in every picture.   

 

 
Figure 13: Principle of Procrustes transformation (a) original datasets, (b) normalized centroids by 

translation, (c) normalized size by scaling, (d) normalized orientation by rotation. [38] 

 

For each of the 28 images of the polymer clay model, co-occurrence matrices have been calculated in 

eight directions relative to the pixel of interest as described in section 2.1.4 “Quantification of contrast 

and texture”. Mean values for co-occurrence matrix (CM) contrast, correlation, energy and 

homogeneity over the eight directions were calculated for each spectrum. The results are shown in 

table III in appendix 7.4. The top 3 of best performing spectra as classified by the four co-occurrence 

descriptors have been provided in table 3. High values for CM contrast and correlation indicate 

successful texture quantification. Energy and homogeneity are inversely correlated with texture 

visualisation, therefore the top 3 in these categories consist of the five lowest values.  

 

Table 3: Top 3 best performing spectra for surface texture visualisation, according to the four co-

occurrence matrix descriptors. Values of the co-occurrence matrix descriptors and corresponding 

spectrum numbers (#) are given.  

Top 3 CM contrast # Correlation # Energy # Homogeneity 

 

# 

1 0.1456 9 0.7901 3 
 

0.9383 8 0.9877 8 

2 0.1427 8 0.7870 9 0.9400 7 0.9878 9 
 

3 0.1277 7 0.7846 7 0.9403 9 0.9882 7 
 

Worst 
spectrum 

0.0010  0.1999  0.9996  0.9999  

 

Using spectrum 9, 7 and 8 results in the best surface texture visualisation. A representation of the 

wavelengths of these spectra is given in figure 14. All these spectra contain a broad range of 

wavelengths.  
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#9 
 

 
 

#7 
 

 
 

#8 
 

 
 

 

 
 

Figure 14: Spectra that perform the best surface texture visualisation. 

 

The values for CM contrast, correlation, energy and homogeneity were correlated to the measured 

values for spectrum intensity and tested to see whether a significant correlation between the intensity 

of the illuminating spectrum and the descriptors of the co-occurrence matrices exists. Correlation was 

quantified by calculating the Pearson linear correlation coefficient ρ. The ranges of ρ are -1 to 1. Values 

close to -1 indicate perfect negative correlation, values close to 1 indicate perfect positive correlation. 

A value of zero means that there is no linear correlation between two values. The corresponding p-

value tests the hypothesis of no correlation against the alternative hypothesis of a nonzero correlation. 

If the p-value is smaller than 0.05, then the linear correlation coefficient ρ is significantly different from 

zero. [39]  

 

As indicated in table 4, the co-occurrence matrix descriptors, which are values for surface texture 

visualisation, are poorly correlated to the spectrum intensity. [40] With p-values larger than 0.05, the 

zero hypothesis of no correlation between the variables could not be rejected.   

 

Table 4: Linear correlation coefficient ρ and corresponding p-value for the correlation between the co-

occurrence matrix descriptors and spectrum intensity. 

Co-occurrence 
matrix descriptor 

Linear correlation 
coefficient ρ 

p-value 

CM Contrast 0.073 0.717 

Correlation 0.247 0.213 

Energy -0.095 0.638 

Homogeneity -0.135 0.503 

 

The values for CM contrast, correlation, energy and homogeneity were also correlated to the 

measured values of the peak width in the colour histogram. Histograms were created for the RGB 

colour channels. The width of the peaks of the histogram indicate the ranges of the colour channels 

that are being used. The width of the red, green and blue peaks above a threshold were summed to 

analyse the width of the total of channels. The resulting sum of the peak widths is provided in table IV 

in appendix 7.4.  

 

As indicated in table 5, the co-occurrence matrix descriptors, which are values for surface texture 

visualisation, are moderately to strongly correlated to the sum of the width of the R, B and peaks. [40] 

As expected, CM contrast and correlation are positively correlated with the histogram peak width, 

while energy and homogeneity are negatively correlated with the histogram peak width. With p-values 

smaller than 0.05, the zero hypothesis of no correlation needs to be rejected, meaning that the 

correlation coefficients are significantly different from zero.  
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Table 5: Linear correlation coefficient ρ and corresponding p-value for the correlation between the co-

occurrence matrix descriptors and width of the R+G+B histogram peak. 

Co-occurrence 
matrix descriptor 

Linear correlation 
coefficient ρ 

p-value 

CM Contrast 0.788 <<0.01 

Correlation 0.625 <<0.01 

Energy -0.804 <<0.01 

Homogeneity -0.836 <<0.01 

 

2.3.1.2 Quantifying surface texture in bronchoscope images 

This experiment was done using the polymer clay phantom as depicted in figure 11a. The images 

shown in figure 15 were obtained using a clinical setup with the E1990i HD bronchoscope and the EPK-

i7010 processor from Pentax Medical (Tokyo, Japan). [20][18] The images were obtained in twin-mode, 

meaning that the optical enhancement filter is applied every other image frame. This alteration is done 

with a frequency of 30 Hz. Since the displacement of the distal tip of the bronchoscope is minimal 

between these timeframes, the images are directly comparable without Procrustes transformation. 

 

A region of interest was manually selected in one of the images and copied to the other images. For 

each of the four settings (WLB, OE1, WLB and OE2), eight co-occurrence matrices have been calculated 

as described by the equations in section 2.1.4 “Quantification of contrast and texture”. Mean values 

for CM contrast, correlation, energy and homogeneity over the eight directions were calculated for 

each of the four measurements. The resulting mean values of co-occurrence descriptors are given in 

table 6 and do not indicate an evident superior spectrum for texture visualisation. Only little variations 

in surface quantifications were observed. 

 

  
Figure 15a: Twin mode image of polymer clay 
model. WLB1 on the left, OE1 on the right. 

Figure 15b: Twin mode image of polymer clay 
model. WLB2 on the left, OE2 on the right. 

 

Table 6: Co-occurrence matrix descriptors for white light, OE1 and OE2 spectra.  

Light setting CM Contrast Correlation Energy Homogeneity 

WLB1 0.0296  0.7300  0.9817  0.9964  

OE1 0.0215  0.7504     0.9830   0.9967  

WLB2 0.0313  0.7184   0.9825   0.9963  

OE2 0.0312  0.7225 0.9811  0.9964  

 

2.3.2 Capillary vessels 

2.3.2.1 Quantifying capillary vessel RGB contrast in a porcine trachea 

This experiment was done using the porcine trachea phantom as depicted in figure 11b. The phantom 

was illuminated consecutively by the 28 different light spectra as shown in section 2.2.2 “Spectra for 

optical testing”. The collected data consists of 28 images of the phantom and 28 spectrometer 

measurements.  
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A region of interest and a region of reference were manually selected in one image as shown in figure 

16. The regions of interest were transposed to the other 27 images using Procrustes transformation 

on manually selected reference points. This enables similar positioning and comparison of the images.  

 

 

 

 

 

Figure 16: Region of interest around a capillary 

vessel and a region of reference on the 

background mucosa indicated in an image of 

porcine trachea. Image obtained during 

illumination by spectrum 10 with wavelength 

bands between 500 – 550 nm and 650 – 700 nm.  

 

 

 

 

For the pixels within these regions of interest, the colour values were determined in the RGB colour 

space. A mean colour of the capillary ROI and a mean colour of the background ROI was calculated. 

The 3D distance between the mean colour in the ROI of interest and the mean colour in the ROI of 

reference was computed and is a quantification for the colour difference. The 3D colour distances and 

the contrast in three RGB colour channels for all 28 pictures can be found in table V in appendix 7.4. 

The top 3 of best performing spectra as classified by the 3D colour distance in RGB colour space have 

been provided in table 7. A large 3D distance between the mean colour of the capillary and the mean 

colour of the background represents a big colour contrast indicating favourable capillary visualisation.  

 

Table 7: Top 3 best performing spectra for capillary visualisation, according to the 3D distance in RGB 

colour space. Values for 3D distance and corresponding spectrum numbers are given. 

Top 3 3D RGB distance Spectrum # 

1 33.1114 7 

2 31.7750 1 

3 30.5616 A3 

Worst 
spectrum 

1.0665  
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Using spectrum 7, 1 and A3 results in the best capillary vessel visualisation. A representation of the 

wavelengths of these spectra is given in figure 17. Spectrum 7 and spectrum 1 contain blue 

wavelengths. It is remarkable that spectrum 1 and spectrum A3 perform nearly similar, but do not have 

any overlap in wavelengths.  

 

#7 
 
 

 

#1 
 
 

         

#A3 
 

 

 

 

 
 

Figure 17: Spectra that perform the best capillary vessel visualisation. 

 

Since it was hypothesized that spectra containing blue light perform better in capillary visualisation, a 

two sample t-test was performed. [39] Spectra 1 – 7, 17, B1, M1, M3 and A1 contain blue light. Spectra 

8 – 16, B2, B3, M2 and A2 – A5 do not contain blue light. The spectra containing blue light resulted in 

a mean 3D distance of 21.0954 ± 9.8454 while the spectra not containing blue light resulted in a mean 

3D distance of 19.4211 ± 8.5947. The zero hypothesis of no variance between the groups could not be 

rejected because the difference in means between the two groups was not significant.  

 

The values for three-dimensional RGB distance and the three individual colour channels were 

correlated to measured values of spectrum intensity to assess a significant correlation between the 

intensity of the illumination and the measures of contrast.  

 

As indicated in table 8, the three-dimensional distance in colour space and the contrast in the individual 

colour channels are poorly correlated with the intensity of the illumination. With p-values larger than 

0.05, the zero hypothesis of no correlation between the variables could not be rejected.   

 

Table 8: Linear correlation coefficient ρ and corresponding p-value for the correlation between the RGB 

contrast quantifications and spectrum intensity. 

3D distance or channel colour 
quantification 

Linear correlation 
coefficient ρ 

p-value 

3D RGB distance 0.130 0.509 

Red channel -0.050 0.801 

Green channel 0.249 0.201 

Blue channel 0.138 0.486 
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2.3.2.2 Quantifying capillary vessel RGB contrast in bronchoscope images 

This experiment was done using the underside of a living human tongue as a phantom. The images 

were obtained using a clinical setup with the E1990i HD bronchoscope in combination with the EPK-

i7010 processor from Pentax Medical (Tokyo, Japan). [20][18] The images were obtained in twin mode 

and can be seen in figure 18. 

 

 
Figure 18a: Twin mode image of the underside of a living human tongue. WLB left, OE1 right. 

 
Figure 18b: Twin mode image of the underside of a living human tongue. WLB left, OE2 right. 

 
A region of interest around a capillary vessel and a region of reference in an adjacent mucosal area 

were manually selected in one of the images. Since the tongue moves in between measurements, 

these selections were transposed using Procrustes transformation based on manually indicated 

reference points. For each of the four settings (WLB, OE1, WLB and OE2), the mean RGB colour has 

been calculated for the region of interest and the region of reference. The 3D distance in colour space 

between the region of interest and region of reference was calculated to classify the contrast between 

capillaries and surrounding mucosa. The resulting values are given in table 9. Both optical 

enhancement settings lead to an increase in 3D distance in the RGB colour scale.  

 

Table 9: Capillary contrast as classified by the 3D distance in the RGB colour space for different 

bronchoscope settings. 

Light setting 3D distance between colour of interest 
and colour of reference in RGB 

WLB1 13.2959 

OE1 22.9776 

WLB2 7.6709 

OE2 13.6446 
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2.3.3 Deep veins 
These experiments were done using the back of a living human hand as a phantom (figure 11c). The 

phantom was illuminated consecutively by the 28 different light spectra as shown in section 2.2.2 

“Spectra for optical testing”. The collected data consisted of 28 images of the phantom.  

 

2.3.3.1 Quantifying vein RGB contrast on the back of a human hand 

In one image, a region of interest for a deep vein and a region of reference for the surrounding tissue 

were indicated as shown in figure 19. Three reference dots were placed on the phantom to allow for 

position alignment using Procrustes transformation.  

 

 

 

 

 

 

 

Figure 19: Black reference dots, region of 

interest in green around a deep vein and region 

of reference in red on the background.  

 

 

 

 

 

For the pixels within these regions of interest, the colour values were determined in RGB colour space. 

A mean colour of the deep vein ROI and a mean colour of the background ROI were calculated. The 3D 

distance between the mean colour in the ROI of interest and the mean colour in the ROI of reference 

was computed and is a quantification for the colour difference. The 3D colour distances and the 

contrast in three RGB colour channels for all 28 pictures can be found in table VI in appendix 7.4. The 

top 3 of best performing spectra as classified by the 3D colour distance in RGB colour space have been 

provided in table 10. A large 3D distance between the mean colour of the vein and the mean colour of 

the background represents a big colour contrast indicating favourable deep vein visualisation. 

 

Table 10: Top 3 best performing spectra for deep vein visualisation, according to the 3D distance in 

RGB colour space. Values for 3D distance and corresponding spectrum numbers are given. 

Top 3 3D RGB distance Spectrum # 

1 26.6567 4 

2 25.0291 7 

3 24.7438 9 

Worst 
spectrum 

0.8353  

 

Using spectrum 4, 7, and 9 results in the best deep vein visualisation. A representation of the 

wavelengths of these spectra is given in figure 20.  
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Figure 20: Spectra that perform the best deep vein visualisation. 

 

Since it was hypothesized that spectra containing red light perform better in deep vein visualisation, a 

two sample t-test was performed. [39] Spectra 4 – 17, B3, M3, A4 and A5 contain red light. Spectra 1 

– 3, B1, B2, M1, M2 and A1 – A3 do not contain red light. The spectra containing red light resulted in a 

mean 3D distance of 17.9328 ± 5.4377 while the spectra not containing red light resulted in a mean 3D 

distance of 11.4472 ± 8.4080. The zero hypothesis of no variance between the groups could be rejected 

with a p-value of 0.020 and the difference in means between the two groups was therefore proven to 

be significant.  

 

The values for three-dimensional RGB distance and the three individual colour channels were 

correlated to measured values of spectrum intensity to assess a significant correlation between the 

intensity of the illumination and the measures of contrast. As indicated in table 11, the three-

dimensional distance in colour space and the contrast in the individual colour channels are poorly 

correlated with the intensity of the illumination. With p-values larger than 0.05, the zero hypothesis of 

no correlation between the variables could not be rejected.  

 

Table 11: Linear correlation coefficient ρ and corresponding p-value for the correlation between the 

contrast quantifications and spectrum intensity. 

3D distance or channel colour 
quantification 

Linear correlation 
coefficient ρ 

p-value 

3D RGB distance 0.184 0.350 

Red channel 0.277 0.154 

Green channel 0.242 0.214 

Blue channel -0.054 0.784 

 

2.3.3.2 Quantifying vein RGB contrast using bronchoscope images 

The images were obtained using a clinical setup with the E1990i HD bronchoscope in combination with 

the EPK-i7010 processor from Pentax Medical (Tokyo, Japan). [20][18] The images were obtained in 

twin mode and can be seen in figure 21. Regions of interest around a deep vein were selected and are 

indicated in green. Regions of interest around the background skin were selected and indicated in red. 

Five reference dots were placed to allow for Procrustes position transformations of the regions of 

interest.  
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Figure 21a: Twin mode image of the back of a human hand. WLB left, OE1 right. Vein indicated with 
green, background indicated with red.  

 
Figure 21b: Twin mode image of the back of a human hand. WLB left, OE2 right. Vein indicated with 
green, background indicated with red. 

 

For each of the four settings (WLB, OE1, WLB and OE2), the mean RGB colour has been calculated for 

the region of interest and the region of reference. The 3D distance in colour space between the region 

of interest and the region of reference was calculated to classify the contrast between deep veins and 

surrounding tissue. The resulting values are given in table 12. Only optical enhancement mode 2 leads 

to an increase in 3D distance compared to white light bronchoscopy. It is remarkable that OE mode 1 

and OE mode 2 show high differences between 3D distance in RGB colour space.  

 

Table 12: Deep vein contrast as classified by the 3D distance in the RGB colour space for different 

bronchoscope settings. 

 3D distance between colour of interest 
and colour of reference in RGB 

WLB1 29.9157 

OE1 30.6774 

WLB2 16.3897 

OE2 20.8863 
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2.4 Discussion and conclusion 

2.4.1 Optical setup 
The first aim of this chapter was to investigate which ex vivo optical setup can mimic the optical 

enhancement settings and alter the spectrum of the emitted light. The setup with two incandescence 

lights, highpass and lowpass optical filters as shown in figure 10, has been the most effective and 

feasible in achieving this goal. The spectrum of the incandescence lamps closely resembles the 

spectrum of the xenon lamp as used in a clinical bronchoscope processor.  

 

Since the optical filters were available with intermediate steps of 50 nm, the concession was made to 

lose the possibility to vary the spectrum with steps smaller than 50 nm. It can be concluded that it is 

possible to design an optical setup that can produce an alterable spectrum. But since the variability of 

the wavelengths is limited, a perfect resemblance of the optical enhancement spectrum was not 

achieved.  

 

2.4.2 Visualisation of surface texture 
Spectrum 9, 7 and 8 are the best spectra for surface visualisation (figure 22). These spectra contain a 

broad range of wavelengths. It was hypothesized that light intensity is positively and linearly correlated 

with successful texture visualisation. However, the texture visualisation quantifications were found to 

be poorly correlated to the spectrum intensity (ρ = 0.073, 0.247, -0.095, -0.135). With p-values above 

0.05, the zero hypothesis of no correlation between the variables could not be rejected. This result can 

be explained by the high variability in spectrum intensity measurements. The USB spectrometer is a 

sensitive instrument and is prone to measurement errors. When inspecting the values for spectrum 

intensity for the measurement of the polymer clay model and the porcine bronchus (Table II in 

appendix 7.4), the values differ a lot while the emitted spectra are supposed to be the same in both 

experiments. In future experiments, a plausible hypothesis for the relationship between surface 

visualisation and light intensity is a negative quadratic relationship. A certain level of light intensity is 

required to realise any surface texture visualisation at all. When increasing the light intensity, crevices 

of the texture phantom will get illuminated and surface texture visualisation increases. However, the 

visualisation starts to worsen when the amount of specular reflections increases, and the object gets 

overexposed by light. It would be best to assess this hypothesis by generating images of the phantom 

using the same illumination spectra while altering its intensity.  

 

It was hypothesized that the histogram peak width is positively correlated with successful texture 

visualisation. The texture visualisation quantifications were indeed moderately to strongly correlated 

(ρ = 0.788, 0.625, -0.804, -0.836) to the spectrum intensity. With p-values <<0.01, the zero hypothesis 

of no correlation needs to be rejected, meaning that the found correlation coefficients are significantly 

different from zero. A wide range in the RGB colour histogram is associated with successful texture 

visualisation. This significant relationship also supports the visual interpretation that spectrum 9, 7 and 

8 contain a broad range of wavelengths.  

 

Regarding the measurements with the clinical bronchoscope setup, an evident superior spectrum for 

texture visualisation was not indicated. Only little variations in surface quantifications were observed. 

The lack of difference in RGB contrast visualisation between these illumination modes can be explained 

because the polymer clay phantom is not made from living tissue and therefore does not contain 

multiple layers that can react differently to different wavelengths of light.  
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2.4.3 Visualisation of capillary vessels 
Spectrum 7, 1 and A3 are the best spectra for capillary vessel visualisation (figure 22). It is remarkable 

that spectrum A3 does not contain any blue wavelengths while it was hypothesized that spectra 

containing blue light would perform the best capillary visualisation. [17] This discrepancy was assessed 

by testing if there was a significant difference between the group of spectra containing blue 

wavelengths, and the group of spectra not containing blue wavelengths. No significant difference in 

capillary vessel visualisation could be found between the groups (p = 0.636). An explanation for this 

insignificant difference can be found in the porcine tracheal phantom that was used. When comparing 

the porcine trachea specimen to the in vivo conditions in humans during bronchoscopy, an 

unrepresentative low number of capillaries were present in the porcine trachea. It was attempted to 

use other parts of the porcine airway system, but there was no piece of airway available that had more 

visible capillaries than the trachea. This can be explained because the ex vivo porcine tracheal tissue is 

not perfused. Due to the few capillaries in the phantom, the region of interests that were used were 

small, making them prone to measurement artefacts.   

 

The relationship between capillary vessel visualisation and spectrum intensity was assessed. Positive 

linear correlation between contrast quantification and spectrum intensity was expected. However, the 

RGB contrast quantifications were poorly correlated (ρ = 0.130, -0.050, 0.249, 0.138) to the spectrum 

intensity. With p-values above 0.05, the zero hypothesis of no correlation between the variables could 

not be rejected. This observation can be explained by the unrepresentative low number of capillaries 

that were present in the porcine trachea. When it is desired to assess the effect of light intensity on 

the visualisation of capillaries, different intensities of the same spectrum can be applied to a phantom 

with more capillaries to assess whether the capillary contrast is linearly correlated to the light intensity.  

 

Regarding the measurements with the clinical bronchoscope setup on the underside of the human 

tongue, both optical enhancement settings lead to an increase in capillary RGB contrast compared to 

white light bronchoscopy. However, a large difference between the two white light images was seen. 

This inaccuracy is assumed to be caused by inaccurate region of interest selection, caused by the 

Procrustes transformation based on manually indicated reference points.  Redefining the regions of 

interest did not help in minimizing this discrepancy. It is recommended to repeat these experiments 

with the clinical bronchoscopy system to assess whether this inaccurracy is always present.  

 

2.4.4 Visualisation of deep veins 
Spectrum 4, 7 and 9 are the best spectra for deep vein visualisation (figure 22). All these spectra contain 

wavelengths of red light, but the top 3 is followed by spectra that do not contain red wavelengths. It 

was hypothesized that spectra containing red light would perform the best deep vein visualisation 

because red wavelengths penetrate in tissue as the deepest of all visible wavelengths. [17] This 

hypothesis was assessed by testing if there was a significant difference between the group of spectra 

containing red wavelengths, and the group of spectra not containing red wavelengths. A significant 

difference in deep vein vessel visualisation could be found between the groups (p = 0.020). 

 

The relationship between deep vein visualisation and spectrum intensity was assessed. It was expected 

that the deep vein visualisation would be correlated to the intensity of the applied spectrum. However, 

the RGB contrast quantifications were poorly correlated (ρ = 0.1836, 0.2768, 0.2423, -0.0542) to the 

spectrum intensity. With p-values above 0.05, the zero hypothesis of no correlation between the 

variables could not be rejected. This observation can be explained by the high variability in spectrum 

intensity measurements.  
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Regarding the measurements with the clinical bronchoscope setup on the back of the human hand, 

only optical enhancement mode 2 lead to an increase in deep vein RGB contrast. Since this optical 

enhancement mode contains a band of red light, this finding is in line with the hypothesis.  However, 

a large difference between the two white light images was seen. This inaccuracy is assumed to be 

caused by inaccurate region of interest selection, caused by the Procrustes transformation based on 

manually indicated reference points.  Redefining the regions of interest did not help in minimizing this 

discrepancy. It is recommended to repeat these experiments with the clinical bronchoscopy systems 

to assess whether this effect is always present. 
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Figure 22: Overview of most successful spectra for surface texture, capillary vessels and deep veins.  

  



 
 

  34 
 

2.4.5 General conclusions 
The setup with two incandescence lights, highpass and lowpass optical filters as shown in figure 10, 

has been the most effective and feasible in mimicking the optical enhancement settings and altering 

the spectrum of the emitted light.  

 

Using a spectrum with a broad range of wavelengths ensures the best surface texture visualisation. As 

expected, the width of the peaks in the colour histogram of the image and the quantifications of 

texture visualisation were significantly correlated. Blue light was thought to be essential for capillary 

visualisation, but this could not be significantly proven. This can be explained by the unrepresentative 

low number of capillaries that were present in the porcine trachea phantom that was used. As 

expected, red light was significantly proven to be essential for deep vein visualisation. There was no 

significant correlation between the visualisation of texture, capillary vessels or deep vein visualisation 

and the total intensity of light used to illuminate the phantoms. This result can be explained by the 

high variability in spectrum intensity measurements. When it is desired to determine the effect of light 

intensity on the visualisation of surface structure, capillary vessels, and deep veins, different intensities 

of the same spectrum can be applied. 

 

It should be noted that the spectra that are classified by the optical experiments as the best spectra, 

also appear that way to the naked eye when inspecting the phantom images. This qualitative analogy 

indicates that the methods used for analysis are effective in selecting favourable spectra for the 

visualisation of surface texture, capillaries and veins.  

 

The optical enhancement spectra as commercially available by Pentax are suitable for the application 

of central airway diagnostics in bronchoscopy. Quality of central airway diagnoses was quantified in 

the visualisation of surface texture, capillaries and deep veins. The optical enhancement spectra by 

Pentax contain the essential wavelengths for capillary and vein visualisation. Further, the intensity of 

the light of the clinical bronchoscopy setup is adequate. Because of the large intermediate steps in the 

adaptable spectra that were used, it was not possible to create a spectrum that performed better than 

the commercially available optical enhancement spectra. Using optical highpass and lowpass filters 

with smaller intermediate steps can ensure a closer imitation of the commercially available spectra.  

 

From the results of this study, there are no reasons to disapprove the Pentax optical enhancement 

spectra for application in bronchoscopy. The created spectra resemble the Pentax optical 

enhancement spectra close enough to let the ex vivo conclusions from this experiment serve as a 

justification to assess the Pentax optical enhancement spectra in vivo in patients. 
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3 Improvement of bronchoscopy interpretation 
In this chapter, the potential clinical benefits of the application of optical enhancement in the 

interpretation of bronchoscopy are studied. A patient file research into bronchoscopy complications 

gives insight in the current pitfalls of bronchoscopy that provide possible clinical applications for optical 

enhancement. A case-series of bronchoscopy patients illustrates which additional information is 

present in optical enhancement images. This chapter aims to assess the following questions: 

- What are the incidences and causes of complications in bronchoscopy in the Radboudumc 

hospital in Nijmegen?  

- Which challenging aspects of bronchoscopic visualisation can potentially be improved by the 

application of optical enhancement? 

- For which aspects of bronchoscopic visualisation do optical enhancement images carry 

additional information compared to white light bronchoscopic images? 

 

3.1 Introduction 
The appearance of bronchial tissue during bronchoscopy is different when using adapted light settings. 

It has been explained in section 1.2.3 “Optical enhancement” that red light penetrates deeper into 

tissue than blue light and the depth of the vessels corresponds with the fraction of certain colours of 

light that reach these vessels.  

 

White light bronchoscopy contains all visible wavelengths. The summation of this light looks white. 

Optical enhancement mode 1 contains blue and green wavelengths. Optical enhancement mode 2 

contains blue, green and red bands of wavelengths. In the central bronchi, certain structures appear 

different in the different illumination methods. As can be seen in figure 23, especially the vascular bed 

appears different in OE mode 1 and OE mode 2 compared to white light bronchoscopy. (green arrows) 

Further, longitudinal bands in the bronchi are visualised different in the optical enhancement pictures 

compared to white light bronchoscopy. (orange arrows) 

 

 

 
 
Figure 23: Collected 
endoscopic images 
from healthy 
patients.  
(a) White light 
bronchoscopy left 
twin image with OE 
mode 1 right. 
 (b) White light 
bronchoscopy left 
twin image with OE 
mode 2 right.  
Vascular beds are 
indicated by the 
green arrows. 
Longitudinal bands 
are indicated by the 
orange arrows.  
 

 

 

a 
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3.2 Complication registration 

3.2.1 Methods complication registration 
Patient selection was done using the medical file research program CTcue (CTcue B.V., Amsterdam, 

the Netherlands). Bronchoscopy procedures between January 1st 2018 and June 30th 2019 in the 

categories “Interventie bronchoscopie”, “Therapeutische bronchoscopie”, “Interventie long” or 

“Spoed interventie bronchoscopie” were included. These four search cues resulted in fifteen 

procedure descriptions which are all synonyms for intervention bronchoscopies. Bronchoscopy 

procedures without the presence of a procedure report “OK verslag” or “Scopieverslag” were 

excluded. This resulted in a list of bronchoscopy procedures that was downloaded from CTcue. The 

procedures without a hospital registration number were excluded.  

 

The remaining bronchoscopy reports were opened in the digital patient file. When the procedure had 

been ordered but had not been executed, it was excluded from analysis. An additional number of 30 

bronchoscopy procedures has been found in patient files that were listed only once in the CTcue list, 

while the patient underwent multiple bronchoscopies. These procedures were included in the analysis.  

 

3.2.2 Results complication registration 

3.2.2.1 Patient inclusion 

The patient selection resulted in the inclusion of 176 bronchoscopy reports amongst 132 unique 

patients, see CONSORT (consolidated standards of reporting trials) flow diagram in figure 24. The 

bronchoscopy reports were read by the author of this report. The occurrence and cause of reported 

complications were registered. Besides the clinical complications, all challenging aspects of bronchial 

wall visualisation that were listed in the bronchoscopy reports were registered. These challenging 

aspects indicate the potential added value of the application of optical enhancement in intervention 

bronchoscopy. 

 
Figure 24: CONSORT flow diagram for the intervention bronchoscopy complication file research. 
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3.2.2.2 Numerical results complication registration 

In this complication registry, 176 bronchoscopy reports amongst 132 unique were analysed. A number 

of 102 patients underwent a single bronchoscopy. The remaining 30 patients underwent multiple 

bronchoscopies in the eighteen-month timeframe. The 176 bronchoscopy procedures were 

categorized as 45 stent placements, 13 stent removals, 1 stent repositioning and 117 procedures 

without stenting.  

 

The patient population of 132 patients consisted of 54 males and 78 females of which 3 were pregnant. 

The mean age of the patient population at the time of procedure was 59.6 ± 14.28 years. Of the 132 

patients, 20 patients had been registered in the clinical patient file as deceased on the 30th of August 

2019. The deceased patients had passed away after a mean of 52 days, ranging from 0 to 269 days 

following their last bronchoscopy. In 13 of the 176 analyses procedures (7.4%), complications occurred. 

Four of these complications occurred during a stent placement procedure. The descriptive results will 

cover the origins of these complications.  

 

3.2.2.3 Descriptive results complication registration 

The registered complications were caused by various reasons as shown in table 13. Especially 

endobronchial bleeding and bronchial damage or perforation can be prevented by improving the 

visibility of structures in the bronchial wall. Besides the registered complications, all challenging 

aspects of bronchial wall visualisation were registered. These challenging aspects indicate the potential 

added value of the application of optical enhancement and are shown in table 14.  

 

Table 13: Causes of complications during intervention bronchoscopy.  

Endobronchial bleeding 

Post procedural bleeding for which re-intervention was indicated 

Heavy endobronchial bleeding of 400 mL for which coagulation and application of adrenalin 

was indicated  

Heavy endobronchial bleeding of 800 mL causing substantial desaturation 

Heavy endobronchial bleeding causing substantial desaturation and occlusion of bronchus 

Bronchial damage 

Damage of bronchial cartilage ring 

Damage of bronchial wall needing covering with bronchial stent 

Desaturation 

Substantial desaturation after cryobiopsy causing procedure termination 

Substantial desaturation caused by an occluded bronchus with a blood clot 

Cardiac complication 

Bradycardia and hypertension during cryoablation 

Temporary intraprocedural electrocardiography (ECG) change revealing unknown cardiac 

abnormalities 

Technical difficulties 

Power supply failure 

Failed stent placement despite multiple attempts of repositioning  

Technical failure of stent loader 

Other 

Damage of upper jaw caused by rigid tube manipulation 

 



 
 

  38 
 

Table 14: Challenging aspects of bronchial wall visualisation. 

Visualising endobronchial processes 

Visualising the margins of tumours and polyps before, during and after coagulation. 

Visualising the depth of tumour invasion in the bronchial wall. 

Improved visualisation of mucosal, polyp and diffuse metastatic surface texture. 

Visualisation of vascular abnormalities that otherwise might go unnoticed. 

Placement of intervention devices to prevent bleeding 

Strategic placement of cryobiopsies, forceps biopsies and coagulation probes to prevent 

bleeding. 

Strategic placement of diathermic needle knife incisions to prevent bleeding during 

dilatation of bronchial stenosis. 

Avoiding weak spots 

Avoiding contact with mucosa, polyps and tumours vulnerable for bleeding. 

Visualising thin areas in the bronchial wall and cartilage to prevent perforation. 

Assessing the vascularization and weak spots on scar tissue and anastomoses. 

Supporting endobronchial stenting 

Visualisation of stent epithelialisation and granulation to assess the stent quality. 

Assessing mucosal damage after stent removal. 

Other 

Improved visualisation of inflammatory, ulcerating, granulating and atrophic tissue. 

Assessing airway secretions and assessing the activity of nontuberculous mycobacteria 

infections.  

Assessing hematomas on vocal cords. 

 

3.2.2.4 Expert interviews 

At the pulmonary department of Radboudumc in Nijmegen, two bronchoscopists have specialized into 

interventional bronchoscopy. These pulmonologists have been asked for potential pitfalls in 

bronchoscopy which might be prevented when applying optical enhancement imaging. The results of 

the complication registration as previously described were confirmed by the two expert 

bronchoscopists. As an addition, the prevention of bleeding caused by scope manipulation in contact 

with vulnerable tissues offers room for improvement. Visualisation of weak spots with superficial 

vascularisation is essential to achieve this. Lastly, a promising application of optical enhancement 

bronchoscopy is the evaluation of the perfusion of bronchial sleeve anastomosis.  
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3.3 Case series 
A case series of bronchoscopy images of fourteen patients was analysed to determine for which 

aspects of bronchoscopic visualisation optical enhancement images carry additional information 

compared to white light bronchoscopic images.  

 

3.3.1 Methods case series 

3.3.1.1 Comparing optical enhancement and white light bronchoscopy images 

To determine the tissue structures of which optical enhancement images carry more information, 

subtraction imaging was performed. Only images acquired in twin mode are suitable for analysis by 

this method, since the exact same bronchoscope location must be used. By subtracting the RGB pixel 

values of the white light bronchoscopy image from the optical enhancement spectrum, the resulting 

image contains information about the difference in colour between the two light settings. This image 

processing is visualised in figure 25. Structures that are highly different in the OE spectra compared to 

WLB spectra will be visualised very light (near white) or very dark (near black). Since the results of the 

subtraction can be positive as well as negative, structures that are exactly the same in both images 

appear grey. This is the case with the black corners on the outside of the pictures. This technique was 

used to assess the bronchoscopic images of fourteen patients included in this case series.  

 
Figure 25: Image subtraction principle. Central trachea visualised in twin mode with optical 

enhancement mode 1 (OE1) and white light bronchoscopy (WLB). The subtracted image shows the 

tracheal arches and the vascular beds. Since the results of the subtraction can be positive as well as 

negative, pixels that are exactly the same (such as the black corners on the outside of the image) appear 

grey.  

 

3.3.1.2 Patients without central abnormalities 

For the analysis of the visualisation of blood vessels and endobronchial arches, seven patients without 

central bronchial abnormalities were included in this case series. This group consisted of four male and 

three female patients. All seven patients underwent a navigational bronchoscopy procedure. During a 

navigational bronchoscopy, it is attempted to collect diagnostic material of peripheral lung lesions. The 

central airways of these patients did not show any abnormalities but suspected peripheral 

malignancies were present in all patients.  

 

A double inspection bronchoscopy was performed using the Pentax OptiVista EPK-i7010 processor 

combined with the Pentax E1990i HD bronchoscope. [18][21] The images were acquired in twin-mode, 

meaning that the light source in the bronchoscope processor alternates between white light and the 

optical enhancement filter. This alteration is done with a frequency of 30 Hz. The first inspection 

bronchoscopy shows white light bronchoscopy and optical enhancement mode 1 side by side. The 

second inspection bronchoscopy shows white light bronchoscopy and optical enhancement mode 2 

side by side. The videos were exported from the bronchoscope processor directly onto a USB-stick. 
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The images were analysed using MATLAB 2018a (MathWorks, Natick, United states of America). The 

visualisation of blood vessels and bronchial arches was assessed.  

 

Subtraction imaging was performed to visually assess the differences in visualisation of endobronchial 

vessels and arches in optical enhancement compared to white light bronchoscopy. In the images of 

the seven included patients, regions of interest for blood vessels, bronchial arches and background 

mucosa were selected on the subtracted images to assess the colour values of these regions. When 

comparing the regions of interest to the corresponding background mucosa, the additional 

information that optical enhancement illumination provides about endobronchial vessels and arches 

can be quantified. 

 

3.3.1.3 Patients with central abnormalities 

For the analysis of the visualisation of endobronchial processes, seven patients with central bronchial 

abnormalities were included in this case series. This group consisted of four male and three female 

patients. All seven patients underwent an interventional bronchoscopy procedure. Data of these 

patients was acquired and collected in the same manner as the data of the patients without central 

abnormalities. Subtraction imaging was performed to assess the visualisation of endobronchial lesions 

in optical enhancement illumination compared to white light bronchoscopy.  

 

3.3.2 Results case series 

3.3.2.1 Patients without central abnormalities 

Visualisation of bronchial tissue in optical enhancement mode 1 

In figure 26, the subtracted images of optical enhancement mode 1 and white light bronchoscopy are 

depicted for three endobronchial locations. When visually inspecting these images, more information 

is provided about the bronchial arches and vascular beds. The increased RGB contrast for both the 

tracheal arches and the vascular beds are mainly stored in the red channel of the subtracted image. A 

mask was created from the red channel of the subtracted image by applying digital low and high 

intensity thresholds. The edges of the selected areas were smoothed by opening and closing with a 

structuring element. When superimposing the mask over the original WLB image, the structures can 

be clearly visualised as is seen in figure 27.  

 

 
Figure 26: Subtraction images of OE mode 1 minus WLB. (a) Central trachea. (b) Vascular bed of the 

left main bronchus. (c) Bronchial structure at the deepest point that a 19 French scope can access.  

 

b a c 
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Figure 27: Superimposed mask obtained from the red channel of the OE1 minus WLB subtraction image. 

The red areas indicate the superimposed mask over the original WLB image. (a) Central trachea. (b) 

Vascular bed of the left main bronchus. (c) Bronchial structure at the deepest point a 19 French scope 

can access. 

 

Visualisation of bronchial tissue in optical enhancement mode 2 

In figure 28, the subtracted images of optical enhancement mode 2 and white light bronchoscopy are 

depicted for three endobronchial locations. When visually inspecting these images, little added 

information is provided about the bronchial arches. Especially the vascular beds are clearly visible in 

the subtracted images. This is visualised in the subtracted images in figure 28. The increased RGB 

contrast the vascular beds is mainly stored in the green channel of the subtracted image. A mask was 

created from the green channel of the subtracted image. When superimposing the mask over the 

original WLB image, the structures can be clearly visualised as is seen in figure 29. 

  

 
Figure 28: Subtraction images of OE mode 2 minus WLB. (a) Central trachea. (b) Vascular bed of the 

left main bronchus. (c) Bronchial structure at the deepest point a 19 French scope can access.  

 

 
Figure 29: Superimposed mask obtained from the green channel of the OE2 minus WLB subtraction 

image. The green areas indicate the superimposed mask over the original WLB image. (a) Central 

trachea. (b) Vascular bed of the left main bronchus. (c) Bronchial structure at the deepest point a 19 

French scope can access. 
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Analysis of subtraction images for visualisation of bronchial arches and vessels 

Subtraction images as shown in figure 26 and 28 were generated for all seven included subjects. 

Structures that are highly different in the OE spectra compared to WLB spectra are visualised very light 

(near white) or very dark (near black). A large difference in visualisation was expected for the blood 

vessels, since the working mechanism of optical enhancement relies on vessel visualisation. It was a 

surprising observation that optical enhancement images also contained additional information about 

the position of bronchial arches compared to the white light bronchoscopic images. For that reason, 

the RGB values of the bronchial arches and surrounding tissue have been quantified as well. When 

comparing the RGB colour values of the four different regions of interest in the subtracted image, the 

additional information in optical enhancement images can be quantified.  

 

Four regions of interest were manually selected as shown in figure 30. The colour value of the vessels 

was compared to an adjacent area of mucosa. The colour value of the bronchial arches was compared 

to an adjacent area of mucosa. For every picture, this analysis resulted in four mean RGB colour values, 

corresponding with the selected areas. The 3D distance between the RGB colour values of the 

bronchial vessels and arches and their corresponding background colours was calculated and is 

provided in table 15. 

 

 
Figure 30: Subtraction image of OE mode 1 minus WLB. Four regions of interest for the analysis of 

vessel-to-background RGB contrast and bronchial arch-to-background RGB contrast are indicated in 

red, blue, yellow and green.  
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Table 15: 3D RGB colour distance for the quantification of vessel-to-background contrast and bronchial 

arch-to-background contrast. 

 RGB Contrast vessels – 

background  

[3D RGB distance] 

RGB Contrast bronchial arch – 
background [3D RGB distance] 

Subject 
identification 
number ↓ 

OE1 OE2 OE1 OE2 

S1 39.7673 23.2881 37.5993 12.8232 

S2 22.3185 4.3263 11.4886 8.9755 

S4 8.4194 3.8250 24.0450 12.5835 

S5 17.8572 13.3743 21.9506 14.1284 

S7 8.2403 14.0328 29.0078 5.0606 

S8 2.9072 7.0054 29.8432 4.2989 

S9 11.6919 3.3106 9.8864 23.4256 

Mean 15.8860 9.8804 23.4030 11.6137 

 
As seen in table 15, most cases of optical enhancement mode 1 provide more information about 
bronchial vessels and bronchial arches than optical enhancement mode 2 does. This difference is 
bigger in bronchial arches than in bronchial vessels.  
 

3.3.2.2 Patients with central abnormalities 

Twin mode images of seven patients with central abnormalities were acquired and analysed. In figure 
31, the collected optical enhancement images, white light bronchoscopy images and corresponding 
subtraction images of three different patient cases are depicted. All processes are depicted in OE1 
since that visualisation provides more visual information. 
 
The other bronchial processes of which images have been collected were cobblestone mucosa, a 
necrotic tumour, and a tracheal stenosis before circotracheal resection. For those applications, optical 
enhancement did not provide noticeable additional information about the bronchial abnormalities.  
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Figure 31: Three central bronchial abnormalities under optical enhancement mode 1 illumination, 
white light illumination and their corresponding subtraction images. (a) Carcinoid tumour obstructing 
a bronchus. (b) Tissue dysplasia with longitudinal crevices indicated with green arrow, which was 
proven to be adenocarcinoma by biopsy. (c) Ulcerating tumour indicated with orange arrow.  
 
 

3.4 Discussion and conclusion 

3.4.1 Complication registration 
Of the 176 bronchoscopy procedures that were retrospectively analysed, complications occurred in 

7.4% (13) cases. The complications that could have been prevented using optical enhancement are 

endobronchial bleeding and bronchial damage. Optical enhancement could be used to visualise 

endobronchial processes, aid the placement of interventional devices, avoiding contact with bronchial 

weak spots and supporting endobronchial stenting. 

 

An additional number of 30 bronchoscopy procedures was found in patient files that were listed only 

once in the CTcue list, while the patient underwent multiple bronchoscopies. The existence of these 

procedures make it seem like the medical file research program CTcue does not filter all procedures 

correctly. The only way to validate the CTcue search results is to manually go through the planning of 

the endoscopy and surgery departments. This time-consuming method is prone to mistakes as well. 

Therefore, the inclusion of patients in the complication registration was not validated. There are no 

reasons to suspect a selection bias in terms of amount and types of complications in the included 

bronchoscopy reports within the analysed timeframe. 
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3.4.2 Case series 

3.4.2.1 Patients without central abnormalities 

In most cases, optical enhancement mode 1 provides more information about bronchial vessels and 

bronchial arches than optical enhancement mode 2 does. This difference is bigger in bronchial arches 

than in bronchial vessels. It should be noted that the group of patients without central abnormalities 

is not a population of healthy people. All patients were included during navigation bronchoscopies, 

meaning that they had peripheral lung lesions suspected for malignancies and possibly other 

pathologies. This inclusion bias makes the acquired data unsuitable to be representative for healthy 

airways.  

 

It was a surprising observation that optical enhancement images contain additional information about 

the position of bronchial arches compared to white light bronchoscopic images. This phenomenon 

could be explained by the more superficial position of the vascular bed in between the rings of 

bronchial cartilaginous tissue. As displayed in table 15, optical enhancement mode 1 generally provides 

more information about bronchial vessels and bronchial arches than optical enhancement mode 2 

does. This difference is more outspoken for bronchial arches than for bronchial vessels. When visually 

inspecting the subtraction images, optical enhancement mode 1 contains more additional information 

than optical enhancement mode 2. This observation supports the quantification results.  

 

However, the quantification for RGB contrast visualisation must be seen as an indication because the 

analysis method is prone to selection bias.  First of all, regions of interest were selected manually and 

therefore results can differ per iteration and per observer. The manual selection currently was the best 

option because the bronchoscope positions in twin mode OE1 and twin mode OE2 were not 

reproducible. Since the applied method is prone to selection bias, calculating significance levels would 

provide false insights in the visualisation properties of optical enhancement. 

 

When repeating this experiment in the future, more reliable results can be obtained when acquiring 

the different modes of optical enhancement directly after each other using the same bronchoscope 

position. For the dataset of the seven patients without central abnormalities, it was challenging to 

select similar time frames for OE1 and OE2 within the bronchoscopy videos.  

 

3.4.2.2 Patients with central abnormalities 

Optical enhancement mode 1 contains additional information about bronchial abnormalities, as also 

seen when visually interpreting figure 31. The analysis of the seven patients with central abnormalities 

functions as a demonstration for possible applications of optical enhancement and the appearance of 

these abnormalities in subtracted images. For a more objective quantification of the improved 

visualisation, more data should be collected. It would be wise to classify different types of 

endobronchial lesions and compare patients with similar lesions.  

 

It should be noted that when bleeding occurs during a procedure, the added value of optical 

enhancement is nihil. Because the wavelengths of the light spectra are fine tuned for vessel RGB 

contrast, all bleedings appear black in optical enhancement. When scope contact bleedings occur, it is 

difficult to obtain comparable images. When applying optical enhancement in interventional 

bronchoscopy, this optical technique is of most value when obtaining images before executing the 

intervention, while avoiding touching the bronchial wall with the bronchoscope.  
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3.4.2.3 Technological remarks of twin mode bronchoscopy imaging 

The white balance of a clinical bronchoscopy system is corrected for the current colour of the image. 

This white balance correction takes some time, appearing as a delay in optimal image quality. When 

inspecting the airways with optical enhancement in twin mode, the spectrum of the light source 

changes with a frequency of 30 Hz. This frequency seems too high for constant adaption of the white 

balance, making images seem over- or underexposed. This phenomenon disappears when using single 

mode illumination. A possible explanation for this phenomenon is the suspicion that the twin mode 

images are acquired very fast after each other, exactly timed around the alteration of the light source. 

In that case, the mutual time intervals between the two light settings is not constant. This suspicion 

would need to be tested by contacting the manufacturer of the bronchoscope processor. Future 

testing should include a comparison of optical enhancement images of the same object in dual mode 

and twin mode. Based on clinical observations, blending of white light bronchoscopy and optical 

enhancement occurs when using twin mode.   

 

The previously mentioned white balance is determined when a certain threshold of photons have 

reached the CCD chip in the tip of the camera. When removing a certain colour of input light, such as 

is done in optical enhancement, the threshold needs to be reached by the remaining colour channels. 

This automatic adaption of integration time of the camera chip can cause measurement artefacts when 

mutually comparing different spectra. The raw image output of the bronchoscope processor 

unfortunately does not contain information about the white balance settings. More information from 

the manufacturer of the image processing software must be acquired when assessment of this 

phenomenon is desired. It would be desirable to eliminate the automatic white balance and execute 

all measurements with the same white balance settings. The gain of the image, which indicates the 

digital amplification of signal on the camera chip, should also be set at a predefined level without 

automatic adaption of the bronchoscope processor.  

 

The twin images can suffer from movement artefacts because of the bronchoscope movement. A 

balance needs to be found between the movement artefacts that happen between the twin mode 

images and the white balance adaption of the image. When the spectrum alteration frequency would 

be lowered, more movement artefacts would occur, but also the white balance would have more time 

to adapt, resulting in higher image quality. When paying attention to maintaining the scope at a steady 

position inside bronchi, movement artefacts can be kept to a minimum. Because the inspection 

bronchoscopy videos used in the case study were made dynamically, it was difficult to get comparable 

screenshots without movement artefacts. For future purposes, maintaining a steady bronchoscope 

position is advised. 

 

3.4.2.4 Future outlook  

In this case series, comparison of optical enhancement and white light bronchoscopy images was done 

by subtracting the RGB values of the WLB image from the RGB values of the OE image to create the 

RGB values of a new image as illustrated in equations 7a-c. 
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Equations 7a-c: Calculation of new RGB values by subtracting WLB and OE images 

 

𝑅𝑛𝑒𝑤 = 𝑅𝑊𝐿𝐵 − 𝑅𝑂𝐸 (7a) 
𝐺𝑛𝑒𝑤 = 𝐺𝑊𝐿𝐵 − 𝐺𝑂𝐸 (7b) 
𝐵𝑛𝑒𝑤 = 𝐵𝑊𝐿𝐵 − 𝐵𝑂𝐸 (7c) 

 

𝑅𝐺𝐵𝑛𝑒𝑤 = RGB values of image that shows the difference between WLB and OE per colour channel 

𝑅𝐺𝐵𝑊𝐿𝐵 = RGB values of white light bronchoscopy image, twin imaged with 𝑅𝐺𝐵𝑂𝐸 

𝑅𝐺𝐵𝑂𝐸 = RGB values of optical enhancement bronchoscopy image, twin imaged with 𝑅𝐺𝐵𝑊𝐿𝐵 

 

But subtracting the RGB values from each other as shown in equations 7a-c is only one of the many 

calculations that can be done to extract additional information from optical enhancement imaging. 

More generally, equations 8a-c provide the calculation of a colour channel value by combining 

information from all colour channels. The RGB values of the new image can be computed by combining 

RGB values of the OE and WLB images in a way that provides the most information.  

 

Equations 8a-c: Calculation of new RGB values by combining RGB values of all colour channels of both 

image settings into the RGB values of the new image. 

 

𝑅𝑛𝑒𝑤 = 𝑎1 ∙ 𝑅𝑊𝐿𝐵 + 𝑎2 ∙ 𝑅𝑂𝐸 + 𝑎3 ∙ 𝐺𝑊𝐿𝐵 + 𝑎4 ∙ 𝐺𝑂𝐸 + 𝑎5 ∙ 𝐵𝑊𝐿𝐵 + 𝑎6 ∙ 𝐵𝑂𝐸 

𝐺𝑛𝑒𝑤 = 𝑏1 ∙ 𝑅𝑊𝐿𝐵 + 𝑏2 ∙ 𝑅𝑂𝐸 + 𝑏3 ∙ 𝐺𝑊𝐿𝐵 + 𝑏4 ∙ 𝐺𝑂𝐸 + 𝑏5 ∙ 𝐵𝑊𝐿𝐵 + 𝑏6 ∙ 𝐵𝑂𝐸 

𝐵𝑛𝑒𝑤 = 𝑐1 ∙ 𝑅𝑊𝐿𝐵 + 𝑐2 ∙ 𝑅𝑂𝐸 + 𝑐3 ∙ 𝐺𝑊𝐿𝐵 + 𝑐4 ∙ 𝐺𝑂𝐸 + 𝑐5 ∙ 𝐵𝑊𝐿𝐵 + 𝑐6 ∙ 𝐵𝑂𝐸 

 

𝑅𝐺𝐵𝑛𝑒𝑤 = RGB values of image that shows the difference between WLB and OE per colour channel 

𝑅𝐺𝐵𝑊𝐿𝐵 = RGB values of white light bronchoscopy image, twin imaged with 𝑅𝐺𝐵𝑂𝐸 

𝑅𝐺𝐵𝑂𝐸 = RGB values of optical enhancement bronchoscopy image, twin imaged with 𝑅𝐺𝐵𝑊𝐿𝐵 

 𝑎1−6, 𝑏1−6, 𝑐1−6  = coefficients to indicate mutual weighing of the six colour channels of  

   𝑅𝐺𝐵𝑂𝐸 and 𝑅𝐺𝐵𝑊𝐿𝐵 

 

When analysing additional information about a bronchial structure in optical enhancement images, 

optimal values for the eighteen coefficients in equations 8a-c should be found. By manual or automatic 

segmentation, a region of interest for the bronchial structure should be indicated in an OE image and 

in a WLB image which were acquired in twin mode.  The two regions of interest should be plotted in a 

three-dimensional colour space in which the red, blue and green channels are the axis. Altering the 

values of coefficients  𝑎1−6, 𝑏1−6, 𝑐1−6 results in a scaling in this three-dimensional space. This scaling 

can be chosen in a way that the pixel colours in the regions of interest show the least overlap and 

therefor provide the greatest mutual distinction. [41] 

 

3.4.3 General conclusion 
Of the 176 bronchoscopy procedures that were retrospectively analysed, complications occurred in 

7.4% (13) cases. The complications that could have been prevented using optical enhancement are 

endobronchial bleeding and bronchial damage. Optical enhancement could be used to visualise 

endobronchial processes, aid the placement of interventional devices, avoiding contact with 

endobronchial weak spots and supporting endobronchial stenting. Optical enhancement provides 

additional information about bronchial arches, vascular beds and bronchial abnormalities.  
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4 Automatic detection of systemic disease 
In this chapter, possibilities for the automatic detection of systemic disease in bronchoscopy images 

are assessed. Literature research has resulted in a list of systemic diseases and their distinctive tissue 

properties whose detection can potentially be improved by the application of optical enhancement. A 

prospective database registry was set up to provide the infrastructure needed to assess the automatic 

detection of disease in bronchoscopy images in the future. This chapter aims to assess the following 

questions: 

- Which diagnosis of systemic pulmonary diseases can potentially be improved by the 

application of optical enhancement? 

- How should data acquisition for future clinical research on optical enhancement be executed? 

- How can automatic detection of systemic disease in bronchoscopy images be realized in 

clinical practice? 

 

4.1 Introduction 

4.1.1 Systemic pulmonary diseases and their tissue properties 
In order to explore the diseases in which optical enhancement imaging can be of added value, focus 

was placed on pathologically altered vascular bed aspects. Further, structural changes of the bronchial 

mucosal surface can potentially be visualised more clearly using optical enhancement imaging. In the 

selection of pulmonary diseases that require further investigation into the added value of optical 

enhancement, it was taken into consideration which pathologies present themselves regularly in 

Radboudumc Nijmegen for the indication of bronchoscopy. This was done in order to allow for in vivo 

data collection possibilities.  

 

In general, in case of pathology, there is more irritation and inflammation in the tissue. The higher 

activity in the irritated tissue is accompanied by more vessel growth or dilatation of the vessels. This 

leads to a higher vessel to mucosa surface area ratio and a mucosal colour that generally appears red.  

 

In the following sections, background will be given on three central and/or systemic airway 

pathologies: lung cancer, nontuberculous mycobacteria infection and sarcoidosis. These three airway 

pathologies are likely to be more effectively recognisable using optical enhancement.  

 

4.1.1.1 Lung cancer 

Lung cancer is a malignant growth of cells in the lungs. In the Netherlands, over 13.000 people are 

diagnosed with lung cancer on a yearly basis. [42] Lung cancer can be classified as a primary malignancy 

which originates from pulmonary tissue, or as metastases originating from a cancerous process 

elsewhere in the body. Lung cancer tends to be non-symptomatic until a far progressed phase of the 

disease. Tumours in peripheral parts of the lung mostly go undetected for longer compared to central 

bronchial lung cancers. It is common for lung cancer to have metastasised to lymph nodes or other 

body parts are common at the time the cancer is detected. [43] Because early phases of disease are 

commonly asymptomatic, improving recognition of early lesions is essential. Lung cancer is classified 

as the most lethal cancer with a five-year survival after diagnosis of only 8% for small cell lung cancers 

(SCLCs) and 20% for non-small cell lung cancers (NSCLCs). [42] 
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Endobronchial representation of lung cancer 

General airway inflammation and irritation cause the mucosa to appear red in lung cancer, because of 

the more erythematous bronchial mucosa. [15] As seen from within the bronchi, lung cancer can be 

recognized by a higher vessel-to-mucus ratio in which the blood vessels have an unorganized 

topography. [44] Vascular abnormalities and irregular vascular enlargement can be indicators for lung 

cancer. [9] Dotted vessels, as seen in figure 32a are more common for adenocarcinoma and their 

growth is mostly limited to the mucosa only. Abrupt vessel endings as seen in figure 32b are more 

common for squamous cell carcinoma. This lung cancer type mostly invades in the submucosa. Lastly, 

vessel abnormalities can appear as torturous or spiral vessels as seen in figure 32c. These vascular 

abnormalities are more common for squamous cell carcinoma. [6][11][10][15][45] 

 

   
Figure 32a: Dotted vessels 
(yellow arrow) as most 
commonly seen in 
adenocarcinoma. [10]  
 

Figure 32b: Abrupt vessel 
endings most commonly seen 
in squamous cell carcinoma. 
[10] 

Figure 32c: Torturous and 
spiral vessels most commonly 
seen in squamous cell 
carcinoma. [10] 

Besides vascular abnormalities, other endobronchial characteristics can indicate lung cancer. Swelling 

or thickening of the mucosa, fibrosis, the presence of granulation tissue and thickening of the carinas 

are risk indicators for the presence of lung cancer. Besides, nodular polypoid lesions and an irregular 

surface texture of the mucosa are signs for lung cancer. [15]  

 

4.1.1.2 Nontuberculous mycobacteria infection 

Nontuberculous mycobacteria (NTM) are mycobacteria which do not cause tuberculosis or leprosy. 

Over 150 species of these mycobacteria have been discovered, most of which are found in our natural 

environment. [46] NTM infections cause pulmonary symptoms that resemble tuberculosis or 

lymphadenitis. Unlike tuberculosis or leprosy, which can be transferred by animal-to-human and 

human-to-human contact, NTM are acquired by environmental exposure. [47] NTM infections are 

most often seen in post-menopausal woman and patients with existing lung diseases such as cystic 

fibrosis or prior tuberculosis infection. Individuals with acquired immune deficiency syndrome (AIDS) 

or malignancies are more susceptible for pulmonary nontuberculous mycobacteria infections.  

 

Treatment is a combination of pulmonary care, intermittent or continuous antibiotics or surgical 

treatment. The most suitable treatment depends on the bacterial species, patient tolerance and 

individual symptoms. Recovery of a nontuberculous mycobacteria infection remains challenging, but 

is possible. [48] 

  

a c b 
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Endobronchial representation of nontuberculous mycobacteria 

A higher vessel-to-mucus ratio appears in endobronchial tissue that is infected by nontuberculous 

mycobacteria, but this increase in vessel growth and diameter appears in an organized manner. [44] 

Airway inflammation caused by the infection causes the mucosa to become more erythematous and 

appear red. Swelling and thickening of the mucosa are also caused by the infection. [15] In patients 

suffering from NTM, more and thicker mucus can be expected. The appearance of airway mucus in 

NTM patients is more opaque compared to mucus of healthy subjects. [46]  

 

4.1.1.3 Sarcoidosis 

Sarcoidosis is a not fully understood interstitial lung disease in which spontaneous inflammation 

occurs. The collections of inflammatory cells that arise in reaction to the inflammation are called 

granulomas. This process can occur in any part of the body but is most common in the lungs and lymph 

nodes. Other affected body parts are the eyes, skin and heart. [43] In 90% of sarcoidosis patients, the 

disease is present in the lungs. [49] In most patients, the granulomas spontaneously disappear over 

the course of two to three years. In 20-30% of cases, the disease becomes chronic. Chronic sarcoidosis 

can lead to fibrosis of the lung tissue which irreversibly affects the organ function. [43][49] The 

aetiology of sarcoidosis is still unclear. [50] The diagnosis of sarcoidosis should be made after excluding 

other possible causes of similar symptoms.  

 

Endobronchial representation of sarcoidosis 

The most recognisable cue in bronchoscopy of sarcoidosis are cobblestone lymph nodes. The lymph 

nodes appear as flattened and pale-coloured plaques arising from the bronchial mucosa (figure 33a). 

[43] Clusters of nodes can cause bronchial lumen crowding (figure 33b). Sarcoidosis presents itself with 

a higher vessel-to-mucus ratio in an organized topography. [44] The inflammation causes 

erythematous bronchial mucosa. [15] The vascular abnormalities can present themselves as mucosal 

hypervascularisation with vessels running perpendicular to the cartilage rings of the bronchi (figure 

33c). Vascular network formation of mucosal vessels with mucosal oedema can be observed in 

sarcoidosis (figure 33d). [49] 
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Figure 33a: Cobblestone lymph nodes in 
sarcoidosis. [49] 

Figure 33b: Bronchial lumen crowding in 
sarcoidosis. [49] 

  
Figure 33c: Mucosal hypervascularisation in 
sarcoidosis. [49] 

Figure 33d: Network formation of mucosal 
vessels in sarcoidosis. [49] 

 

4.1.2 Tissue properties caused by comorbidities and individual patient factors  
Various comorbidities and individual patient factors can alter the visual aspect of the endobronchial 

wall. This causes a less rigid classification between healthy tissue, tissue affected by disease and 

individual anatomical differences. When trying to automatically analyse endobronchial images, these 

comorbidities and individual factors must be taken as variables to distinguish between endobronchial 

cues caused by the presence of a disease or endobronchial cues caused by comorbidities and individual 

patient factors. In this section, four comorbidities and individual patient factors that affect the 

appearance of the bronchial wall, are outlined.  

 

One of the comorbidities that affects the endobronchial appearance is chronic obstruction pulmonary 

disease (COPD). COPD is a collective name for chronic bronchitis and emphysema. The airway 

obstruction is irreversible and is paired with an abnormal inflammatory response as a reaction to 

external stimuli. More mucus is produced in the lungs of COPD patients. [43][51] Furthermore, lungs 

that have been treated by ionizing radiation in radiotherapy tend to develop an altered endobronchial 

presentation. The walls appear thinner, and strength of the tissue relies more on the longitudinal 

connective tissue strands. The tissue is more erythematous and bleeds easily when touched by the 

bronchoscope. In general, radiotherapy manifests as traction bronchiectasis, volume loss and scarring. 

[52] Black discolouration of the bronchial wall can also occur, a process called anthracosis. Exposure 

to dust and wood smoke is the most postulated etiology for anthracosis. It may be seen as superficial 

black discolouration or scattered black spots with retracted mucosa. [53][54] Lastly, smoking or smoke 

inhalation injury can have a direct effect on the bronchial visualisation. The airway mucosa is denuded 

and can appear sloughed. Also smoke particles can appear in the central airways. [55] 
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4.1.3 Bronchial wall in systemic disease 
The possibilities of disease recognition by optical enhancement are limited to depths in tissue that can 

be reached by light in the visible spectrum. Blue light with a wavelength of 440 nm generally reaches 

depths less than 1 mm. Because of the short wavelength, photon energy is reflected, absorbed or 

scattered in this shortest distance of all visible light wavelengths. For red light with a wavelength of 

650 nm, depths of 4 mm can be reached. [56] 

 

In bronchial tissue affected by disease, tissue properties change. These changes occur at different 

depths in the tissue. Since the penetration depth of different wavelengths of light is different, the 

effect of the affected tissue on the reflected optical enhancement spectrum (and therefore the 

appearance of the resulting images) can be hypothesised. This section provides information about the 

depths of disease processes in bronchial pathologies which are useful when hypothesizing the effect 

of bronchial disease on reflected spectra.  

 

All systemic diseases are associated with erythema, redness of the tissue caused by dilation or an 

increase in number of capillaries. The expansion or increase in number of capillaries occurs inside the 

submucosa of the bronchial wall, in between the mucus-secreting cells. The capillaries in tracheal and 

central bronchial tissue are situated 80 – 130 μm away from the epithelial surface. [57] When 

measuring the distance from capillary walls to the epithelial surface in numerous histological slides, a 

mean distance of 146 μm was found. [58] Capillaries have a diameter of 5 to 10 μm. Deeper vessels 

which are embedded in between the muscle tissue of the trachea are situated at a depth of 300 – 360 

μm from the epithelial tissue. [59] This number was confirmed by measuring the capillary to mucosal 

distance in histological slides. The absorption of blue light within the superficial capillaries and the 

absorption of green light within the deeper blood vessels is visualised in figure 34.  

 

 

 

 

 

 

Figure 34: Schematic 

representation of absorption of 

blue light in superficial capillaries 

and absorption of green light in 

deeper blood vessels. [17] 

 

 

 

 

Lymph nodes are embedded deep in the bronchial wall, unable to be reached by light from the visible 

spectrum. However, when suffering from lymph node cobble stones in sarcoidosis, the lymph nodes 

thicken and rise the surface of epithelium. Lymph nodes have a whiter colour than surrounding 

mucosa, causing thickened lymph nodes to be detectable by the visible light spectrum. [49] 

 

The layer of mucus on top of the epithelium is 2 to 10 μm in healthy tracheal tissue and has a 

transparent and viscous appearance. [60][61] More opaque white mucus indicates thickening of mucus 

which causes slow passage of mucus through the respiratory tract. Coloured lung mucus can indicate 

bleeding, infections and fungal infections. [61] 
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4.1.4 Need for automatic interpretation  
As indicated in the paragraphs above, bronchial tissue can appear in numerous variations in colour, 

mucosal aspect, surface texture and vascular patterns. These visual cues can be an indication for 

pathology or can be assigned to individual patient differences. The different options for diagnosis 

arising from these nonspecific bronchial aspects make it challenging for a fully accurate visual 

interpretation of bronchoscopy images. Besides the intrinsic ambiguous interpretation of 

bronchoscopy images because of the numerous tissue variabilities, the quality of the image acquisition 

and interpretation is dependent on the bronchoscopist. [62][63]  

 

These inevitable inaccuracies in bronchoscopy procedure interpretation might be solved by automatic 

interpretation of bronchoscopy images. Automatic detection and interpretation is being introduced in 

multiple fields of medicine and will become of inestimable value in the near future of diagnostic 

interpretation. [64] Ideally, automatic detection would operate real-time. The acquired images are 

compared to a database and are classified as normal or abnormal. The bronchoscopist receives 

immediate feedback to decide on the collection of material.  

 

4.1.5 Optical enhancement as input for automatic detection 
Automatic detection of medical images can potentially distinguish normal from abnormal tissue when 

taking features visible and invisible to the naked eye into account. Optical enhancement illumination 

of tissue is providing an optical preselection of certain tissue features that would not be detected using 

regular white light bronchoscopy. This feature preselection provides different information than 

conventional white light bronchoscopy, making optical enhancement image acquisition an interesting 

source for automatic detection algorithms.  

 

A Technical Medicine intern at the department of Pulmonology in Radboudumc hospital, the 

Netherlands, focused on the automatic classification of vascular patterns in bronchoscopy images in 

2015. [65] She concluded that automatic detection and classification was not yet possible with the 

current database size and the convolutional neural network that was used. Virtual chromoendoscopy, 

the i-scan settings by Pentax Medical, were used in the analysed images. It was tried to classify the 

regions of the images in which vessels were present by applying various segmentation methods. 

However, successful vessel structure segmentation was not achieved. The failed feature extraction has 

been explained by the little RGB contrast between vessels and tissue obtained using the i-scan settings. 

Collecting datasets using the optical enhancement settings can possibly solve this problem.  

 

The accuracy of an automatic detection algorithm is correlated with the amount of annotated data 

that is used to build the algorithm. However, there is not a single correct answer to the minimally 

required size of a dataset. Depending on the complexity of the problem and the complexity of the 

learning algorithm, the appropriate sample size can be determined. [66] One of the rules of thumb in 

artificial intelligence is to have at least ten times more data points as the number of dimensions. [67] 

However, more efficient deep learning can be achieved using transfer learning, needing less data 

points. Because the definition of the problem being solved with artificial intelligence is unknown and 

the complexity of the chosen neural network is unknown, the recommendation is to collect as many 

datasets as possible. Lots of datasets can be created by taking multiple image frames from the same 

procedure and presenting them to the algorithm as individual cases. However, one should be alert that 

this this causes irrational proportions of patient characteristics within the study populations.  
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4.2 Prospective database registry for bronchoscopy 
In order to develop automatic detection algorithms, a lot of annotated bronchoscopy videos are 

necessary for the training and validation of neural networks. To do so, the start of a prospective 

database registry without a fixed end goal was requested to the Medical Ethical committee of Arnhem 

Nijmegen. The approval was officially granted on the 1st of August 2019 under file number 2019-5583.  

 

The research protocol of this prospective database registry can be found in appendix 7.5. The most 

important considerations are the undetermined duration of the study with a re-evaluation of the 

persistence of the database every five years. Parameters that will be stored are categorized in 

bronchoscopic images and their settings, data from the clinical report and patient demographics. The 

patient information letter, which was written in Dutch, can be found in appendix 7.6. When giving 

consent to participate in the bronchoscopy database, patients approve that coded medical data is 

saved, stored and used for research without a fixed end goal. It is optional to consent to being 

approached for further research in the future, as well as the option to request patient data from a 

central Dutch registration system.  

 

4.3 Applications of bronchoscopy database registry 
In automatic image analysis, two main methods can be distinguished. On one hand, we have model-

based methods. Here, features are defined either manually by hypothesizing that a set of features 

carries information about the disease, or by mathematically and physically modelling the relationship 

between image data and the effects of the disease on the anatomy. On the other hand, we have data 

driven models, in which features are found automatically using artificial neural networks. These 

networks are fed with images and the underlying diseased or healthy state of the subjects. For the 

application of the bronchoscopy database, focus is placed on this artificial intelligence image analysis. 

[68] 

 

Before artificial intelligence can be applied, an annotated database of bronchoscopy images must be 

created. Since visual interpretation by bronchoscopists is the current standard of clinical practice, 

these observations will be taken as the golden standard. For every video, a timeframe of interest must 

be selected, and a clinical conclusion needs to be coupled to these images. These image processing 

steps might be worth automating but will most likely still require manual input.  

 

The next step, after the time frames of interest have been selected, is to perform segmentation to 

exclude regions that are not of interest. In 2015, a Technical Medicine intern evaluated different 

segmentation methods and concluded that Canny, Hessian and Laws algorithms show potential for 

vascular pattern segmentation. The dark endobronchial regions of the lumen were successfully 

detected. [69] Besides the dark lumen, regions of the bronchial tissue covered in bubbles can be 

filtered out. An end product of this intermediate step can be an algorithm that detects the lumen and 

bubbles in every frame and filters these out of the image.  

 

When the bronchoscopic data has been annotated with the clinical outcome and uninteresting time 

frames and image parts have been filtered out, detection algorithms can be designed. The first possible 

application of the automatic detection algorithm is the detection of areas with a high risk for bleeding 

during bronchoscopy. Examples of this are bronchial tube anastomoses or bronchial lumen 

constrictions. The vessels in these detected areas can be projected on top of the white light 

bronchoscopic images.  
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The second application of the automatic detection algorithm is to distinguish between healthy and 

affected tissue. By offering the algorithm annotated parts of videos in which the disease is present, 

and parts of videos which are unaffected, distinction can be learned. From literature research, 

numerous pathological tissue properties are recognisable using optical enhancement. Especially 

surface texture, protruding lymph nodes and vascular bed aspects have potential for automatic 

recognition.  

 

4.4 General conclusion  
Lung cancer, nontuberculous mycobacteria infection and sarcoidosis are the systemic pulmonary 

diseases whose diagnosis can potentially be improved by application of optical enhancement. These 

three airway pathologies are likely to be more effectively recognisable using optical enhancement. For 

future clinical research on optical enhancement, a clinical database of bronchoscopy images was set 

up. This database is the basis for future research regarding bronchoscopic imaging. Automatic 

detection of systemic disease in bronchoscopy can be realized by analysing the bronchoscopic images 

in the database and distinguishing healthy from affected tissue.  
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5 General discussion and conclusion  
The aim of this research was to assess the value of optical enhancement in endobronchial diagnostics 

and interventions. The empirical cycle of this research differs from the standard because the optical 

enhancement technology had already been implemented in the clinical bronchoscopes and processors 

without an elaborate assessment of the suitability of these spectra for bronchial application. The 

optical enhancement spectra have initially been designed for endoscopic application during 

gastroscopy and colonoscopy.  

 

To assess the feasibility of the optical enhancement spectra for application in bronchoscopy, a 

validation of the spectra was done in the second chapter of this report. An optical setup using lowpass 

and highpass filters was built to resemble the optical enhancement spectra and alternate the optical 

settings. Resulting images were analysed using texture and contrast analysis. It can be concluded that 

a broad range of wavelengths results in the best surface texture visualisation. As expected, blue light 

seems to be essential for capillary visualisation, but this could not be significantly proven. Red light is 

proven to significantly enhance deep vein visualisation. Besides these three quantitative variables, it 

would have been interesting to incorporate the thickness of the mucus layer in the analysis because it 

plays an essential role in the presentation of lung diseases. However, it was beyond the scope of this 

graduation research to develop a method to produce mucus layers of reproducible thickness for the 

ex vivo assessment of the mucus measurement.  

 

The optical setup has shown that the commercially available optical enhancement spectra contain the 

essential wavelengths for tissue surface, capillary and vein visualisation. Further, the intensity of the 

light of the clinical bronchoscopy setup was adequate. This makes the commercially available optical 

enhancement spectra suitable for clinical application. Because of the large intermediate steps in the 

adaptable spectra caused by the limited availability of optical filters, it was not possible to create a 

spectrum that performed better than the Pentax optical enhancement spectra. The resemblance of 

the created spectra is close to the optical enhancement spectra and therefore this ex vivo conclusion 

serves as a justification to assess the Pentax optical enhancement spectra in vivo.   

 

In the third chapter, direct improvement of bronchoscopy interpretation by the application of optical 

enhancement was investigated. A complication registration during interventional bronchoscopy was 

done. This resulted in a list with bronchoscopy aspects that offer room for improvement. Fourteen 

patient cases were included to assess the value of optical enhancement in patients with and without 

central lung abnormalities. Subtraction imaging has showed that optical enhancement images contain 

more information regarding bronchial arches and vessel structures as compared to conventional white 

light bronchoscopy images.  

 

To assess if automatic detection of systemic disease using optical enhancement is feasible in the 

feature, a literature research was performed in chapter four. The tissue properties of bronchi affected 

by lung cancer, nontuberculous mycobacteria and sarcoidosis were investigated. A research proposal 

for a prospective database registry for bronchoscopy images with the registration code 2019-5583 was 

submitted and approved. Every patient eligible for bronchoscopy will be asked to participate in the 

prospective registry during their pre-procedural consultation. Because of the large timeframe which is 

required to collect the needed amount of data, the results of this chapter remain at the preparations 

of the necessities to start building automatic detection algorithms. All work has been done to let 

physicians in the Radboudumc collect bronchoscopy images in a database which future researchers 

can work with.  
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The first application of the automatic detection algorithm is the detection of areas with a high risk for 

bleeding during bronchoscopy. Examples of these areas are bronchial tube anastomoses or bronchial 

lumen constrictions. The vessels in these detected areas can be projected on top of the white light 

bronchoscopic images. The second application of the automatic detection algorithm is to distinguish 

between healthy and affected tissue by quantifying parameters both visible as invisible to the naked 

eye. Especially surface texture, protruding lymph nodes and vascular bed aspects have potential for 

automatic recognition.  

 

An image analysis method that is worth looking into is motion magnification. This method detects 

motion and enlarges the amplitude of the movements. [70][71][72] Motion magnification can be used 

to exaggerate vessel pulsation in endobronchial videos. This method might be suitable for the 

detection of deep vessels that cannot be reached by the wavelengths of visible light.  

 

Optical enhancement is an innovation that has potential for endobronchial application in routine 

practice. Because of the improved vessel visualisation, endobronchial bleeding can be prevented. The 

first step in future research in optical enhancement is to fill a database of endobronchial images to be 

the basis for automatic detection algorithms.  
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7 Appendices 

7.1 Camera response model 
The response model for a digital camera is expressed in equation 9. 

 

Equation 9: Calculation of camera response signal 

𝑟𝑘 = 𝑡𝑒 ∫ 𝑆𝑒(𝜆)𝑅𝑛(𝜆)𝑆𝑘(𝜆)𝑑𝜆

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

 

 
[73] 

 
(9) 

 

𝑟𝑘  = camera response signal in colour channel 𝑘. The surface below this graph is a measure for 

 the energy of the signal in the specific colour channel. 

𝑘  = index for the three colour channels red (𝑘 = 1), green (𝑘 = 2), and blue (𝑘 = 3). 

𝑡𝑒  = exposure time in seconds. 

𝜆  = wavelength of light in nanometre, of which the limits 𝜆𝑚𝑖𝑛 and 𝜆𝑚𝑎𝑥 enclose the sensitive 

 spectral area of the image. These limits are often chosen in agreement with the limits of the 

 human visual range. 

𝑆𝑒(𝜆)  = light emittance spectrum with which the object is illuminated as a function of the 

wavelength 𝜆. This emittance spectrum is altered in optical enhancement imaging by 

applying optical filters. 

𝑅𝑛(𝜆)  = reflection spectrum reflected by the illuminated object as a function of the wavelength 𝜆. 

 This reflection spectrum is specific for the tissue or material 𝑛. 

𝑆𝑘(𝜆)  = sensitivity spectrum for colour channel 𝑘 as a function of the wavelength 𝜆. The sensitivity 

 spectrum for each of the colour channels is unique for every camera type. For a 

 comparable camera that has been used in this experiment, the sensitivity spectrum as  given 

 in figure 35 is true.  

 

 
Figure 35: Camera sensitivity spectrum as a function of the wavelength for the colour channels of red, 

green, and blue light. [73] 
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7.2 Interaction of tissue and light of various wavelengths 
When light encounters a tissue, reflection, absorption or transmission can occur. The principle of 

optical enhancement relies on the differences in light interaction between blood vessels and 

surrounding tissue. When simplifying tissue as a superficial layer and a deep layer in either of which 

blood vessels can be present, four different tissue types can be distinguished.  In table I, the interaction 

of tissue and light is given for three different colours of light. The percentages are estimations of 

relative reflection, absorption and transmission based on the molar attenuation coefficient of 

haemoglobin for different wavelengths of light. [74][75][76][77] 

 

Table I: Interaction of tissue and light for superficial versus deep layers and blood vessels versus 

surrounding tissue. Percentages are estimations and serve to illustrate the effect of illumination by 

different wavelengths on different tissues.  

 

Light colour 
(wavelength) 

Incoming 
light in 
superficial 
layer 

Superficial layer  
(~1 mm) 

Incoming 
light in 
deep 
layer 

Deep layer  
(~3 mm) 

Blood 
vessel 

Surrounding 
tissue 

Blood 
vessel 

Surrounding 
tissue 

Red 
620-750 nm 

100% 4% Ref 
6% Abs 
90% Trans 

6% Ref 
4% Abs 
90% Trans 

90% 10% Ref 
80% Abs 

90% Ref 
0% Abs 

Green  
495-570  nm 

100% 15% Ref 
35% Abs 
50% Trans 

35% Ref 
15% Abs 
50% Trans 

50% 15% Ref 
35% Abs 

50% Ref 
0% Abs 

Blue  
450-495 nm 

100% 10% Ref 
90% Abs 
0% Trans 

90% Ref 
10% Abs 
0% Trans 

0% - - 

Ref = reflection 
Abs = absorption 
Trans = transmission 

 

Red light has a slightly different interaction with blood vessels as compared to surrounding tissue in 

the superficial layer, meaning that the red channel of the signal contains a slight difference in signal 

between blood vessels and tissue in the superficial layer. Most of the red light is transmitted to the 

deeper layer, where the difference in reflection and absorption of light between blood vessels and 

surrounding tissue is more outspoken.  

 

The blue light shows a large difference in interaction with blood vessels as compared to surrounding 

tissue in the superficial layer. A larger portion of the blue light is absorbed when blood vessels are 

present. The blue light is either reflected or absorbed in the superficial layer and is not transmitted to 

the deeper layer. 

 

The interaction of the green light shows a pattern that lies in between the red and blue light tissue 

interactions. There is a difference in interaction with blood vessels as compared to surrounding tissue 

in the superficial layer, meaning that the green channel of the signal contains a difference in signal 

between superficial blood vessels and tissue. A substantial portion of the light is transmitted to the 

deeper layer, where a difference in reflection and absorption of light between blood vessels and 

surrounding tissue is observed.  
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7.3 Names and descriptions of MATLAB scripts 
Analysis of the results have been executed in MATLAB 2018a (MathWorks, Natick, United states of 

America). These scripts and example data sets are available on the digital research server of the 

Pulmonary department of the Radboudumc in Nijmegen, the Netherlands. 

  

 
SPECTRUM INTENSITY 
 

Input data Script name Description 

Spectrometer 
measurements 

visualiseSpectraPhantom.m  
 

Calculating spectrum intensity from 
spectrometer data for the phantom 
measurements 

visualiseSpectraBronchus.m   
 

Calculating spectrum intensity from 
spectrometer data for the porcine 
bronchus measurements 

 
SURFACE STRUCTURE VISUALISATION 
 

Input data Script name Description 

Pictures of 
surface 
visualisation 
phantom 

clickFiducialsPhantom.m 
 

Manually indicate five fiducial points for 
Procrustes alignment 

generateQuantificationsPhantom.m 
 

Select ROI, perform Procrustes alignment, 
create co-occurrence matrix, create 
histograms, determine RGB values 

analyseQuantificationsPhantom.m 
 

Determine the top 5 best performing 
spectra.  

correlateTexturePhantom.m 
 

Calculate the correlation between co-
occurrence matrix descriptors and 
spectrum intensity. Calculate the 
correlation between co-occurrence matrix 
descriptors and histogram peak width. 

Pictures of 
surface 
visualisation 
phantom with 
clinical system 

analysePentaxImagesPhantom.m  
 

Select ROI, create co-occurrence matrix, 
calculate the co-occurrence matrix 
descriptors  
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CAPILLARY VISUALISATION 
 

Input data Script name Description 

Pictures of 
superficial 
capillaries 
phantom 

clickFiducialsBronchus.m Manually indicate four fiducial points for 
Procrustes alignment 

generateQuantificationsBronchus.m 

 

Select ROI, perform Procrustes alignment, 
create co-occurrence matrix, create 
histograms, determine RGB values 

analyseQuantificationsBronchus.m 

 

Determine the top 5 best performing 
spectra. Correlate the performance with 
spectrum intensity and t-test of spectrum 
groups. 

Pictures of 
underside of 
human tongue 
with clinical 
system 

clickFiducialsTongue.m 
 

Manually indicate five fiducial points for 
Procrustes alignment 

analysePentaxImagesTongue.m  
 
 
 

Select two ROI, calculate colour difference 

 
DEEP VEIN VISUALISATION 
 

Input data Script name Description 

Pictures of 
deep vein 
vessel 
phantom 

clickFiducialsHand.m  Manually indicate three fiducial points for 
Procrustes alignment 

generateQuantificationsHand.m   Select ROI, perform Procrustes alignment, 
create co-occurrence matrix, create 
histograms, determine RGB values 

analyseQuantificationsHand.m Determine the top 5 best performing 
spectra. Correlate the performance with 
spectrum intensity and t-test of spectrum 
groups. 

Pictures of 
deep vein 
vessel 
phantom with 
clinical system 

clickFiducialsHand.m Manually indicate five fiducial points for 
Procrustes alignment 

analysePentaxImagesHand.m Select two ROI, calculate colour difference 

 
PATIENT CASE SERIES 
 

Input data Script name Description 

Video stills of 
patients 
undergoing 
bronchoscopy 

subtractWLBOEnoLesions Analyse twin mode images of patients 
without central bronchial lesions. Create 
subtraction images. 

AnalyseArchesVessels.m 
 

Select bronchial arch, vessel and 
background ROI. Quantify the RGB 
contrast. 

subtractWLBOELesions.m Analyse twin mode images of patients 
with central bronchial lesions. Create 
subtraction images.  
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7.4 Tables results technique validation of optical enhancement for bronchoscopy 
 

Table II: Spectrum light intensity for the 28 tested spectra. Intensity was measured twice, during the 

polymer clay surface texture phantom measurements, and during the porcine bronchus phantom 

measurements.  

 

Spectrum 
name 

Light intensity polymer 
clay phantom 
measurements 
[number of photons] 

Light intensity porcine 
bronchus phantom 
measurements 
[number of photons] 
 

1 256278756 124184777 

2 410219065 790799580 

3 292916184 544339725 

4 304870862 645105980 

5 417570049 978129097 

6 235453300 584043728 

7 470489314 1029339812 

8 1195021650 2465242813 

9 1446598162 3261668708 

10 1041568738 2092164464 

11 3336523624 3489842283 

12 4033034563 4364634144 

13 2960405180 3442926927 

14 2309145379 2606279907 

15 3075130550 3358281706 

16 2122085102 2324794365 

17 32438195952 77040324795 

A1 340135391 422032743 

A2 944503343 1066049063 

A3 1159222969 1327701947 

A4 1185153703 1342490515 

A5 984565215 1023416073 

B1 109950695 130406765 

B2 65013985 70787933 

B3 71367918 75872109 

M1 89748518 168626609 

M2 96376008 109353631 

M3 141274751 163068824 
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Table III: Mean co-occurrence matrix (CM) contrast, 
correlation, energy and homogeneity of the eight co-
occurrence matrices as quantifications for surface texture for 
all 28 spectra. The top 5 spectra with the most favourable 
values for surface visualisation are indicated in green.  
 
* data for spectrum 17 was not saved effectively and could 
therefore not be included in the analysis 
 

  Table IV: R+G+B colour 
histogram peak width for 
all 28 spectra 
 

Spectrum 
name 
 

CM 
contrast 

Correlation Energy Homo- 
geneity 
 

 Spectrum 
name 
 

R+G+B colour 
histogram 
peak width 

1     0.0173     0.6619     0.9776     0.9961  1 258 

2 (5)    0.0896     (5)   0.7781     (5)   0.9418    (4)   0.9888  2 274 

3 (4)    0.0998     (1)   0.7901     (4)   0.9405     (5)   0.9894  3 242 

4     0.0284     0.7162     0.9635     0.9941  4 290 

5     0.0233     0.7544     0.9635     0.9941  5 262 

6     0.0154     0.6447     0.9755     0.9962  6 190 

7 (3)    0.1277     (3)   0.7846     (2)   0.9400     (3)   0.9882  7 321 

8 (2)    0.1427     0.7693     (1)   0.9383     (1)   0.9877  8 422 

9 (1)    0.1456     (2)   0.7870     (3)   0.9403     (2)   0.9878  9 417 

10 0.0277    0.7273     0.9717     0.9951  10 204 

11     0.0300     0.6641     0.9702     0.9939  11 163 

12 0.0292     0.6649     0.9683     0.9939  12 175 

13 0.0831     0.7413     0.9428     0.9897  13 264 

14     0.0091     0.6209     0.9944     0.9988  14 106 

15     0.0094     0.6568     0.9925     0.9985  15 103 

16     0.0149     0.6924     0.9807     0.9965  16 290 

A1     0.0084     0.5261     0.9889     0.9976  A1 167 

A2 0.0098     0.6780     0.9932     0.9985  A2 146 

A3     0.0178     0.5820     0.9854     0.9970  A3 213 

A4 0.0106     0.6263     0.9883     0.9977  A4 83 

A5     0.0141    (4)   0.7785     0.9555     0.9965  A5 141 

B1     0.0077     0.4739     0.9864     0.9972  B1 144 

B2 0.0010     0.5877     0.9996     0.9999  B2 19 

B3 0.0102     0.1999     0.9945     0.9983  B3 25 

M1   0.0132     0.3216     0.9903     0.9978  M1 154 

M2     0.0026     0.5147     0.9972     0.9994  M2 22 

M3     0.0078     0.7406     0.9732     0.9970  M3 161 
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Table V: Resulting 3D distance in the RGB colour space and the individual colour channels as 

quantifications for capillary visualisation for all 28 spectra. The top 5 spectra with the most favourable 

values for capillary visualisation are indicated in green.  

 

Spectrum 

name 

 

3D distance 

RGB 

Colour 
difference red 
channel 

Colour 
difference 
green channel 

Colour 
difference 
blue channel 

1 (2)   31.7550    0.0024    16.4988    27.1324 

2 (5)   30.0961     1.3610    16.3092    25.2574 

3 23.3370    5.8616     9.4477    20.5182 

4 26.2201   20.6812     0.0004    16.1178 

5 27.1602    21.4215     0.0027    16.6972 

6 17.0180     6.1737     0.0084    15.8587 

7 (1)   33.1114    17.0434    14.6955    24.2884 

8 19.2628    12.1402     8.6192    12.2221 

9 20.8615    12.9631     8.4018    14.0203 

10 17.3968          0 10.5067    13.8656 

11 20.1514     5.2745     8.7114    17.3888 

12 22.1045     7.8835    10.9860    17.4862 

13 29.3380    23.8981     5.3237    16.1635 

14 21.9930     3.0075    21.7864          0 

15 22.3059     0.1817    22.3051          0 

16 27.3323    20.5274    18.0466          0 

17 24.8008     4.4935    16.4066    18.0475 

A1 8.9180    0.0664     3.9538     7.9934 

A2 14.9062          0 7.4229    12.9265 

A3 (3)   30.5616    23.5194    19.5154          0 

A4 14.1759          0 12.7002     6.2977 

A5 (4)   30.3669    30.2907     0.1264     2.1464 

B1 15.4854     0.3973     0.0001    15.4803 

B2 1.0665     0.1376     0.9201     0.5214 

B3 2.0848     1.9408     0.4104     0.6413 

M1 14.2300     0.5344     0.0056    14.2200 

M2 1.6437     1.1282     1.1336     0.3792 

M3 16.1979     1.6376     0.0020    16.1149 
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Table VI: Resulting 3D distance in the RGB colour space and the individual colour channels as 

quantifications for deep vein visualisation for all 28 spectra. The top 5 spectra with the most favourable 

values for deep vein visualisation are indicated in green.  

 

Spectrum 
number 
 

3D distance 
RGB 

Colour 
difference red 
channel 

Colour 
difference 
green channel 

Colour 
difference 
blue channel 

1 15.8860    0.0001     8.4794        13.4337 

2 (5)   23.4195 5.4690 16.8020 15.3706 

3 (4)   23.5632 7.2517  13.9688 17.5360 

4 (1)   26.6567    20.1334 0.0295 17.4706 

5 22.0346        15.8447   0.0093 15.3124 

6 17.6520 6.9327       0.2591        16.2316 

7 (2)   25.0291  16.8840  13.3117       12.8134 

8 20.6876         17.2200        9.8421        5.8805 

9 (3)   24.7438        19.4822        12.6714        8.4931 

10 15.1305       7.7674        8.9597        9.3981 

11 18.3738        12.8722        13.1081       0.2847 

12 17.4604        12.6685        12.0153      0.0851 

13 19.8729        16.0425        11.6838        1.0275 

14 16.8302        11.1883        12.5728    0.0003 

15 17.2657        10.8160        13.4580    0.0000 

16 12.4308        9.3994        8.1348     0.0026 

17 21.0271       15.7063        10.7690        8.9151 

A1 2.2665       0.1362       0.9825        2.0379 

A2 8.0374        0        5.8902   5.4685 

A3 16.9235        15.2510        7.3357    0.0007 

A4 8.3222   0.0289        8.1906         1.4740 

A5 12.7928        12.7090      0.0033        1.4618 

B1 13.1628       0.7552      0.0117        13.1411 

B2 0.8353       0.2200       0.6991       0.4008 

B3 2.6022       2.5637       0.3298       0.3003 

M1 16.7465       0.8839       0.4684        16.7166 

M2 3.2991        3.0399        1.2731       0.1483 

M3 14.2092        3.4627       0.1366         13.7801 
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7.5 Research protocol prospective database registry  
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7.6 Patient information letter prospective database registry (Dutch) 
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