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Abstract

The discrimination of healthy tissue from malignant tumors remains a challenging

issue in medicine, with implications for both diagnosis and treatment. Optical

imaging has been identified as a promising modality that can be used in surgi-

cal and endoscopic settings to supplement the visual evaluation by the physician.

Beside their low cost and easy integration, optical methods can be based on a

variety of intrinsic and extrinsic contrast mechanisms. One of the most powerful

approaches is the administration of targeted fluorescent agents, which selectively

bind to specific molecules or cellular structures. Such contrast agents allow for

molecular imaging, which can identify malignant alterations on a cellular level,

before they are perceptible by the human eye and with higher sensitivity and

specificity.

In this thesis, molecular fluorescence imaging in the near-infrared (NIR) spectral

range was translated from pre-clinical animal experiments to patient studies in

open surgery and endoscopy. An intra-operative imaging system was designed

and constructed to enable concurrent acquisition of color and fluorescence im-

ages and their processing at video-rates in order to display a composite image

to the physician. The system was then adapted for the use in endoscopy and

laparoscopy, enabling fluorescence imaging in colonoscopy and gastroenterology.

Furthermore, novel algorithms were developed and evaluated to correct diffusion

effects on fluorescence imaging and obtain the tissue’s wavelength-independent

optical properties from an optimized set of narrow wavebands. Finally, a new

contrast agent was devised, combining a monoclonal antibody, which specifically

targets a tumor marker, with a NIR fluorescent dye. This agent was tested and

validated in mouse experiments and eventually employed in clinical feasibility stud-

ies. During breast cancer surgery, intra-operative imaging of the targeted agent

enabled surgical guidance and ensured complete resection by visualizing leftover

margins to the surgeon. In surveillance colonoscopy, the adapted system was used

iii



to provide a red-flag detection strategy, wherein suspicious areas were highlighted,

helping the endoscopist in finding even small tumor foci and sub-surface lesions.

Thus, optical fluorescence imaging, based on a custom designed system and a tar-

geted agent, was successfully translated to initial clinical applications, promising

improved medical outcomes in the future.
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Chapter 1

Introduction

1.1 Intra-operative imaging

Cancer is one of the most significant health problems of our days, accounting for 25 % of

deaths in the United States [1] and affecting a total of 14.1 million people worldwide [2]. The

most prevalent therapy approaches are cytotoxic chemotherapy [3, 4], hormone therapy [5],

radiotherapy [6], molecularly targeted therapy [7] and surgical resection [8].

Surgical intervention plays an important role and is often the treatment of choice, for example

in breast cancer, which remains the second leading cause of death im women [2]. The adoption

of frequent and widespread mammography screening in the past decades has resulted in

diagnosis at an earlier stage, where surgical treatment is regarded as the most promising option.

Two distinct approaches have been established: mastectomy, i.e. the complete removal of

one or both breasts, and breast-conserving therapy, wherein a partial lumpectomy is combined

with radiotherapy [9]. The latter is associated with several advantages for the patient, notably

reduced infection risk and more appealing cosmetic results [10], with survival rates not inferior

to those of complete mastectomy [11].

Indeed the most crucial factor for the surgical outcome is the completeness of the resection,

which is ensured by removing the tumor along with a rim of healthy tissue, and testing the

borders of the excised specimen for remaining tumor cells. Studies have shown that such

positive margins are indicative of an increased risk for local tumor recurrence [12, 13], which

deteriorates the prognosis and requires additional treatment. Positive margin rates of 20–

40 % have been reported [14, 15], a fact that clearly indicates the clinical need for optimized
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1.2 Optical imaging in endoscopy

surgical procedures.

The existing limitations arise from the challenge of identifying and demarcating malignant

alterations with effectual sensitivity and specificity. The only means available to the surgeon

are the visual assessment of tissue discolorations and tactile sample evaluation, which are

sufficient to identify progressed disease but problematic with respect to early-stage cancer,

small focuses of tumor and sub-surface clusters. This dilemma is specific to the intra-operative

scenario, given that powerful imaging modalities such as positron emission tomography (PET),

magnetic resonance imaging (MRI) or X-ray computed tomography (CT), among others, in

conjunction with radiological tracers, are available for the pre-operative diagnosis, staging

and planning. The same methods can be used for post-operative evaluation, supplemented by

pathological analysis of the excised tissue, using e.g. histological staining such as hematoxylin

and eosin (H&E) or molecular imaging by immunohistochemistry (IHC).

In contrast, the methods available for intra-operative examination are less multitudinous.

One standard procedure is wire-guided localization, the insertion of a wire under ultrasound

or X-ray guidance into the tumor mass before the surgery [16]. Molecular assessment can be

realized by frozen section analysis, where microscopic imaging of excised tissue is performed

during or immediately after the intervention [17]. In addition, intra-operative imaging based

on low-field MRI or X-ray imaging using C-arms employs bulky and expensive devices, with

added disadvantages such as working with magnetic field compatible equipment or exposure

to ionizing radiation. Altogether, the need for intra-operative imaging devices that can help

to achieve improved surgical results by providing accurate tumor localization has not yet been

met [14, 18].

1.2 Optical imaging in endoscopy1

A similar clincal need for improved optical imaging exists also in endoscopy. Colorectal can-

cer (CRC) remains the second leading cause of cancer-related deaths in the western world

and is one of the most prevalent cancer types both in men and women [20]. Surveillance

colonoscopy is the current standard for the prevention and relapse screening of CRC, how-

ever it relies on macroscopic features such as color or texture fluctuations observed under

illumination with white light, which makes the detection of small precursor lesions particularly

1This discussion was published in Ref. [19]
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1.2 Optical imaging in endoscopy

difficult. Consequently, the key aspects of early lesion detection and the identification of the

tumor characteristics to determine the optimal treatment for the individual patients remain

unmet. Molecular characterization of the detected lesions, the basis for the selection of new

targeted treatments in oncology [21], is performed using tissue biopsies, which however can-

not reveal the heterogeneity of the lesions and lymph node metastases [22, 23]. Contrasting

the wide clinical acceptance of white-light colonoscopy, its lack of sensitivity to sub-surface

activity and its incapability to elucidate particular physiological and molecular disease features

of the detected premalignant lesions result in substantial lesion miss-rates that can be as high

as 55% in patients with an inherited predisposition to colon cancer, such as Lynch syndrome

[24].

Given this inadequate diagnostic yield, high-resolution endoscopy and filter-based systems

have arisen and are commercially available from several manufacturers. These advanced en-

doscopic methods encompass chromoendoscopy [25], narrow band imaging (NBI) [26], and

autofluorescence imaging (AFI) [27]. Chromoendoscopy consists in the topical application of

stains or dyes on the colonic mucosa to highlight micro-anatomical changes that would be

imperceptible under white-light illumination. Yet its widespread use has been prevented by

limitations such as elevated time consumption, the lack of standardized classification systems

and reproducibility [28]. NBI highlights hemoglobin absorption by restricting illumination to

the blue and green areas of the spectrum, thus making diseased tissue appear darker than

surrounding healthy mucosa. AFI detects endogenous fluorescent substances such as NADH,

FAD and porphyrins [28], without the administration of exogenous fluorescent agents. Both

NBI and AFI have proven reasonable sensitivity in the delineation of adenomas from sur-

rounding non-dysplastic tissue, therefore assisting in lesion removal, but have not improved

adenoma detection [29]. Although further studies are still required to validate their utility as

stand-alone diagnostic methodologies [26], they can be valuable tools when used as part of

a multimodal imaging scheme [28]. However, all three methods exploit the optical contrast

intrinsic to the tissue and do not confront the lack of information about the expression of rec-

ognized disease biomarkers, which is of paramount importance to guide lesion differentiation

and targeted treatment selection.

Consequently, there is still an unmet clinical need for an endoscopic imaging modality that

can highlight flat precursor lesions, visualize below the surface, and give insight into the bi-

ological characteristics of the CRC lesions. Wide field targeted imaging with near-infrared

(NIR) fluorescence [30] appears to be a promising approach for a number of reasons. Firstly,
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1.2 Optical imaging in endoscopy

wide-field imaging is preferable to virtual or optical biopsy, as achieved for example by confocal

endomicroscopy [31], which still relies first on white-light colonoscopy for the identification of

suspicious areas and it is not suited for screening large surfaces [28]. Therefore, the real clin-

ical need, which lies in the identification at first sight and over a large area of the bowel wall

of those tissue locations that require a closer look, is not solved. Secondly, the employment

of NIR fluorescent agents with targeting specificity to cancer moieties simultaneously allows

for the visualization of specific tissue biomarkers.

Technological challenges mainly arise from the fact that current medical endoscopes are pre-

dominantly videoscopes, which utilize a small charge-coupled device (CCD) chip embedded at

the distal tip of the scope that has insufficient sensitivity for acquiring NIR fluorescence images

in real-time, especially at increased depth, small adenomas and low concentrations. Liu et

al. have proposed an in vivo fluorescence imaging system based on a paediatric urethroscope

to confront this issue [32]. Although it provides outstanding imaging resolution and satisfies

real-time constraints, it would be more appropriate for percutaneous or intraoperative use

since rigid rod lenses cannot be incorporated with the flexible endoscopes that are routinely

used in gastrointestinal endoscopy. Accordingly, flexible alternatives have also been suggested.

Commercial autofluorescence endoscopes incorporate two separate CCDs at their tip, and a

filter that only enables tissue autofluorescence in the 500-630 nm range is placed in front of the

CCD that acquires the fluorescence signal. Sequential color and autofluorescence imaging is

achieved by alternating white and blue light via a rotating filter in front of the light source [27].

Similarly, the modular video endoscope reported in [33] provides white-light, cross-polarized

and fluorescence imaging capabilities via an endoscope cap allocating interchangeable filter

modules. Because of the minimal tissue autofluorescence in the NIR and the small quantities

of the exogenous contrast agents that are administered to ease the pathway towards clinical

translation, this design cannot be redefined for operating in this higher waveband in a straight

forward manner. Within the same framework, a scanning approach has been implemented

by Lee et al. [34, 35]. It exhibits an ultra-compact coaxial-design with an outer diameter

of 1.6 mm, which allows it to be guided through the working channel of routine endoscopes

[34]. A single optical fiber is vibrated laterally using a custom tubular piezoelectric actuator

to scan the image plane in an outwardly growing spiral pattern at frame rates of 30 and 15

Hz for 500 or 1000 line images, respectively. Additionally, both confocal and non-confocal

collection methods are supported [34]. In the non-confocal geometry the backscattered light

is collected by a ring of high numerical aperture (NA) multimode fibers that surround the
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1.3 Optical contrast mechanisms

fiber scanner, whose location, size and number determine the collection efficiency. The latest

development of this scanning endoscope incorporates 12 step-index plastic optical fibers with

a NA of 0.63 and outer diameter of 250 µm [35], yet the reported sensitivity was insufficient

to image fluorophore concentrations below 1 µM.

1.3 Optical contrast mechanisms

Optical imaging has emerged as a promising modality to address the aforementioned chal-

lenges in both surgical and endoscopic imaging [18, 36]. It offers several notable advantages,

that make it an ideal solution for the use in medical interventions. Firstly, the required hard-

ware typically comprises just cameras and some other optical components, making the whole

imaging system cheap, transportable and easy to integrate without impeding the clinical work-

flow. Secondly, optical imaging directly relates to the physician’s vision, which makes it an

intuitive addition that can offer feedback in real-time. Finally, optical imaging is based on

a variety of contrast mechanisms, either intrinsic and externally administrated, enabling its

application to a wide range of clinical tasks.

1.3.1 Endogenous contrast

The intrinsic optical features of biological samples are commonly evaluated in all medical

disciplines, when physicians visually examine their patients. The contrast stems from the

differences in the interaction of tissue compounds with light, which mainly comprises two

distinct physical events, namely absorption and scattering [37]. Both of them are wavelength

dependent, meaning they will occur with a characteristic frequency in different regions of the

light spectrum.

Hemoglobin, the protein in the red blood cells that transports oxygen, has the notable property

of changing its absorption spectrum when saturated with oxygen molecules. This contrast can

even be registered with the bare eyes, it is a main reason for veins appearing blue [38] and also

indicates hypoxia by the bluish discoloration known as cyanosis [39]. The pulse oximeter, a

device to determine the precise blood oxygen level by measuring the absorption of hemoglobin,

has been developed as early as 1935 [40, 41] and is still used today. Recently, more intri-

cate systems have been developed, realizing for instance laparoscopic multispectral imaging

to measure the renal oxygenation during nephrectomy [42]. Chromophores such as melanin
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1.3 Optical contrast mechanisms

are other potential sources of absorption contrast and can be utilized for the identification of

melanoma [43].

Variances in the scattering properties also encode valuable information, that can be measured

by fiber optical probes [44]. Wilke et al. proposed an imaging box for the assessment of

surgically excised tissue specimen that utilizes a classification scheme based on the optical

properties to test for positive margins, reporting a sensitivity of 79 % and a specificity of

67 % [45]. However, a major limitation arose from their fiber-based setup, which required

close proximity to the sample and thus could only be used outside the sterile field. An interest-

ing improvement is spatial frequency domain imaging (SFDI), whereby the tissue is illuminated

by spatially modulated patterns of different frequencies to map the optical properties [46].

In a pilot study, SFDI was used to measure oxygenation [47], thus showcasing non-contact

intra-operative probing of tissue optical properties, which makes SFDI the most promising

approach to employ endogenous contrast in future clinical applications.

1.3.2 Autofluorescence

Autofluorescence imaging (AFI) can be regarded as a special case of the endogenous con-

trast mechanisms described above and has been proposed as a method for tissue diagnosis

already in 1924 [48]. Thereby not the chromophore absorption is of interest, but instead the

subsequent re-emission of higher wavelength photons is measured. Various autofluorescent tis-

sue components, e.g. nicotinamide adenine dinucleotide (NADH), collagen and lipopigments,

along with their characteristic absorption and emission spectra have been identified [49]. An

important advantage of AFI is that it enables non-contact imging of a wide field of view,

without requiring the administration of potentially harmful contrast agents.

Lee et al. studied variances in autofluorescence levels as an indicator of dysplasia and malig-

nancy in lung biopsies [50], reporting 85 % sensitivity and 80 % specificity, while von Breit-

enbuch et al. demonstrated the feasibility of AFI in imaging peritoneal carcinosis [51]. Aut-

ofluorescence contrast can also be used in minimally invasive procedures such as laparoscopy

for the detection of endometriosis [52] and in endoscopy [53]. Therein, it has been employed

as part of a multimodal imaging approach [27] and for surveillance endoscopy [54]. However,

van den Broek et al. reported, that adenoma miss rates could not be significantly reduced

[55].
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1.3 Optical contrast mechanisms

Nevertheless, autofluorescence can offer higher specificity than endogenous contrast, because

therein many tissue chromophores contribute to absorption and scattering, and both parame-

ters vary over wavelength, which makes the quantification of exact contributions difficult. In

contrast, the autofluorescence emission of a chromophore, when measured in a narrow spec-

tral band, seems to be more characteristic, and thus a reliable way to detect the presence or

absence of the respective source. However, a remaining limitation is that the autofluorescent

components themselves are often not very strong indicators of malignancy. Various benign

alterations, as well as metabolic changes and fluorochrome bleaching can effect the detected

signal and compromise specificity of disease identification.

1.3.3 Contrast agents

A logical attempt to improve upon the intrinsic contrast and autofluorescence emission of

biological tissue is the administration of exogenous fluorescent contrast agents. The green-

fluorescent organic dye fluorescein [56] and its derivate fluorescein isothiocyanate (FITC) have

long been used in various clinical applications. These compounds act as blood pool agents,

that can highlight the vasculature and accumulate in tumors due to their increased vessel per-

meability [57]. Since its approval by the United States food and drug administration (FDA)

in 1976 fluorescein has been employed, among others, for thoratoscopy [58], glioma surgery

[59, 60] and margin detection of paget disease [61].

A similar clinically approved drug is indocyanine green (ICG), which, in contrast to fluorescein,

fluoreces in the near-infrared (NIR) spectral region around 800 nm. This longer wavelength

comes with three important advantages. Hemoglobin is the main absorbing component in tis-

sue, but its absorption coefficient in the NIR is significantly lower than in the visible (400–700

nm), consequently allowing for a higher penetration depth and signal intensity. Furthermore,

the excitation and emission wavelengths of ICG are distinct from the visible spectrum and

their filtering does not interfere with the regular color vision, that is still required by physi-

cians for orientation. Lastly, autofluorescence levels are reduced in the NIR range, producing

less parasitic signal and thus an increased target-to-background ratio. The described advan-

tages effectuated the use of ICG in a wide range of clinical fields. Like fluorescein, it has been

used in angiography [62] and as a blood flow marker [63]. Applications in oncology comprise

the injection of ICG for sentinel lymph node mapping during surgery of breast cancer [64, 65],
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1.3 Optical contrast mechanisms

lung cancer [66] or melanoma [67], among others. Following up on the success in lymph node

localization, ICG has also been employed for tumor imaging [68]. Ishizawa et al. showcased

the visualization of hepatocellular carcinomas in the liver [69], while others have reported the

detection of colorectal liver metastases [70] and tumors of the central nervous system [71,

72].

Another agent that is already applied clinically is 5-aminolevulinic acid (5–ALA), an inter-

mediate in the hemoglobin synthesis, that, when administered topically or orally, induces the

synthesis of protoporphyrin IX (PPIX), which is fluorescent around 700 nm. While PPIX is

not ligand-specific, it was shown to accumulate selectively in neoplastic and malignant tissues

due to their decreased ferrochelatase activity and possibly other factors [73]. Consequently,

5–ALA was studied for the visualization of e.g. colorectal cancer [74], bladder cancer [75] and

lung cancer [76]. Yet its most successful application so far was a randomized multi-center

trial that found a significantly improved progression free survival rate after glioma resection

under PPIX fluorescence guidance, heralding its widespread use in brain surgery [77].

The most crucial property of an externally administered contrast agent is its specificity to the

malignancy of interest. Consequently, research interest has focused on agents with molecular

specificity that are able to highlight tumor based on its altered metabolism and marker ex-

pression, a known hallmark of cancer [78]. Pre-clinical research has intensively investigated

molecular tracers [30, 79], showcasing that they can detect a broad range of targets with

high sensitivity, specificity and reproducibility. However, the clinical translations of molecular

fluorescence is progressing slowly and no targeted molecule has so far been approved by the

regulatory authorities. The available feasibility studies are encouraging, though. In 1992, Folli

et al. labeled an anti-tumor-associated antigen antibody with fluorescein and measured ele-

vated fluorescence signals both in resected biopsy samples and intra-operatively in colorectal

cancer patients [80]. Recently, folate-conjugated fluorescein was used by van Dam et. al in

ten ovarian cancer patients to target folate receptor-α [81], which was previously identified

as a potential target in epithelial ovarian carcinomas [82]. Significantly more lesions could be

detected under fluorescence guidance, however broader clinical studies and regulatory approval

are still outstanding.

The lack of clinically approved contrast agents with molecular specificity can be explained by

translational hurdles. Before receiving regulatory approval, a long series of studies, beginning

with pre-clinical toxicity tests in animals and ending with a large phase III clinical trial need

to be carried out, where the required time and costs increase significantly after each step.
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1.4 Quantitative imaging challenges

Consequently, alternative paths were explored, which could lead to a more rapid translation

of new optical agents, while at the same time reducing the translational risk [83, 84]. The

proposed approach is based on disease-specific drugs that have already passed the regulatory

process and are approved by the authorities for clinical use. One such drug is bevacizumab

(Avastin R©, Hoffmann-La Roche, Basel, Switzerland), a humanized monoclonal antibody that

targets vascular endothelial growth factor (VEGF), a factor that is overexpressed in many

tumors. The antibody is then combined with the NIR fluorescent dye IRDye 800CW (LI-COR

Biosciences, Lincoln, US-NE), that has been confirmed as non-toxic in prior experiments [85].

The resulting contrast agent can be applied clinically in very low doses, so called microdoses,

that lie below 1 % of the drug’s pharmacologically active dose. Given the promise to establish

new optical agents with low associated risk and hurdles, the outlined approach was pursued

in this thesis.

1.4 Quantitative imaging challenges

As with all imaging methods, optical fluorescence and reflection images faces various chal-

lenges originating from the physics of their contrast mechanisms. The phenomena discussed

herein concern the signal quantification in both color and fluorescence imaging, aiming to

produce accurate measurements of physiological parameters.

1.4.1 Diffusion in fluorescence imaging

Optical images, whether they are acquired in trans-illumination or epi-illumination geometry,

are strongly affected by light-tissue interaction. The mean free path (MFP) is defined as the

average distance a photon propagates within a sample before being absorbed or scattered.

In turbid media, and specifically in the NIR spectral region, light scattering is the dominant

process and thus severely limits the optical penetration depth and decreases the attainable

resolution [86]. Conventional microscopy typically uses slices thinner than 20 µm, well below

the average MFP in biological tissue [87], to minimize scattering effects and obtain sharp

images. The degradation of images from deep tissue represents a crucial limitation to the in

vivo study of biological processes.

Consequently, significant attention has been directed towards quantifying the true fluores-

cence concentration by correcting for the influence of optical properties on the measured

16



1.4 Quantitative imaging challenges

intensity. Various ratiometric methods that normalize the fluorescence emission by multispec-

tral reflectance measurements have been proposed [88–90]. Such reflection-based approaches

were shown to be beneficial for correcting differences in irradiance and absorption, however, a

crucial limitation of ratiometric methods is that they are performed on a pixel-by-pixel basis,

i.e. they do not model the interaction of neighboring regions and typically are applied and

evaluated on homogeneous phantoms. Furthermore, ratiometric approaches are deteriorated

by the presence of scattering inhomogeneities [91] and theoretical models of light propagation

suggest that reflectance measurements alone are insufficient to resolve the optical parameters

of tissue [92].

By contrast, the possibility to use additional measurements was investigated. Examples in-

clude polarization images to select only photons that are affected by scattering or absorption

[93], structured illumination projection / SFDI as a means to estimate the optical properties

[94] and schemes to focus light through scattering media [95, 96]. Bertolotti et al. [97]

published a method for the imaging of a fluorescent object under a scattering layer, where

the laser beam’s angle of incidence is measured and an iterative algorithm based on speckle

correlations is used to reconstruct the hidden object. However, their approach assumes a

scattering layer that is both homogeneous and isotropic, utilizes a collimated laser beam that

produces a limited excitation area and requires additional instrumentation to measure the

beam angle, all of which represent a challenge for the translation to in vivo clinical practice.

Furthermore, schemes based on wavefront shaping are challenging to perform in real-time for

inhomogeneous samples.

The influence of tissue optical properties on the fluorescence signal affects not only the de-

tected intensity, hindering fluorophor quantification by introducing a dependence on both

absorption and scattering, but it also alters the detected shape. Scattered light loses direc-

tionality, which not only limits resolution and penetration depths but also introduces distortions

in the observed spatial fluorophore distribution [86, 98]. This effect is of particular impor-

tance for the accurate delineation of tumor margins in surgical imaging and is commonly not

addressed by correction algorithms that operate on a pixel per pixel basis. Instead, a novel

approach based on two-dimensional modeling of scattering effects is presented in this thesis.
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1.4.2 Optimization of multispectral wavebands

As discussed in Section 1.3.1, tissue discolorations are an important source of physiological

information and a commonly used tool for the diagnosis and localization of various medical

conditions. However, the human eye is limited in both the light wavelength range it can per-

ceive and the spectral resolution. Consequently, spectral imaging techniques and spectroscopy

have been introduced in biomedical applications to extract more detailed information on the

sample composition from subtle wavelength reflection alterations [99]. Distinct spectral sig-

natures can be used to identify differences in the objects biochemical composition, and thus

alterations in tissue optical properties have been identified as a potential early indicator for

malignant tissue alterations. Clinical applications have been found in melanoma diagnosis

[100], burn wound assessment [101] and retinal imaging [102].

Spectral imaging methods can be classified by their wavelength resolution into multispectral,

hyperspectral and even ultraspectral imaging. However, the measurement at many narrow

bands typically requires either expensive and bulky hardware or a prolonged acquisition time.

Multispectral solutions, preferably with the capability to image in real-time and thus provide

immediate feedback, have been favored for clinical applications [103]. A promising approach

to limit the acquisition complexity while, at the same time, enhancing the specificity for certain

features of interest is the optimization of the measured spectral regions. One such example is

NBI endoscopy, which aims to improve the diagnostic yield of surveillance endoscopy by mea-

suring distinct blue and green spectral bands, that improve the visualization of blood vessels

[26]. Similarly, optimized wavelength ranges have been suggested for chromophore detection

in spatial frequency domain imaging [104], blood oximetry in the retina [102] and malignancy

detection in the uterine cervix [105]. However, a generalized methodology to determine opti-

mal wavelengths for the measurement of tissue properties has not yet been determined.

1.5 Aims and scope of this thesis

This work pursues three major goals in an attempt to bring intra-operative NIR molecular

imaging into the clinics. The first of these was the development of an intra-operative imaging

system that can measure and process the targeted fluorescence in real time during clinical

interventions. Importantly, the system needed to be applicable with minimal adaptations to
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both open surgery and endoscopy, meeting the necessary requirements regarding safety, steril-

ity, ease of use and transportability. The developed imaging platform is presented in Chapter

2, with Section 2.1 describing the intra-operative setup as well as the associated software

interface and image processing steps, while Section 2.1 details the system adaptation for the

use in laparoscopy and endoscopy.

The second goal, the development of processing algorithms and implementations that resolve

some of the challenges of quantitative intra-operative fluorescence imaging, is covered in

Chapter 3. Firstly, the real-time constraint imposed by the necessity for immediate feedback

during medical interventions is addressed by a graphics processing unit (GPU) based parallel

computing architecture for the imaging system software as presented in Section 3.1. Subse-

quently, a novel correction approach for the influence of diffusion on fluorescence images is

developed and evaluated in Section 3.2. Finally, the Chapter concludes with the optimization

of the spectral bands for the determination of tissue properties using an analytical model of

reflectance image formation in Section 3.3.

The final and most significant goal was the clinical translation of the imaging system, in

conjunction with a targeted molecular agent, to the intra-operative imaging of patients in

surgery and endoscopy in Chapter 4. Initially, pre-clinical validation of the involved compo-

nents was carried out, commencing with the experiments presented in Section 4.1.1. Therein,

the imaging system was employed for the laparoscopic imaging of induced colorectal cancer

in mice, showcasing that real-time molecular detection of CRC is feasible. Utilizing a similar

disease model, Section 4.1.2 took the development one step further, firstly by investigating the

fiber and fiberscope based setups for endoscopic screening and secondly by utilizing the agent

bevacizumab-800CW. As outlined in Section 1.3.3, such drug-based compounds currently are

among the most promising agents for rapid clinical translation of molecular imaging.

Given the encouraging pre-clinical results, patient studies were undertaken. Section 4.2.1

presents a feasibility study of fluorescence-guided gastroenterology using a NIR blood pool

agent. Together with clinical collaborators, two ongoing studies of the bevacizumab-800CW

agent for molecular cancer imaging were launched. The first study is discussed in Section

4.2.2 and concerns intra-operative imaging during breast cancer surgery for improved margin

detection and contrast agent validation. The second one aims to realize fluorescence en-

doscopy for the identification of colorectal cancer and is presented in Section 4.2.3.

Finally, the obtained results are summarized in Chapter 5 and possibilities for future work are

outlined.
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Chapter 2

Imaging system development

2.1 Intra-operative imaging system

One of the major technological challenges for the intra-operative imaging of color and NIR

fluorescence is the development of an adequate camera system. The setup developed herein is

based on previously published imaging system setups [1, 2] that were successfully employed in

a number of studies [3–5]. However, the previous incarnation was subject to various limitations

concerning real-time processing, mechanical handling and integrated hardware control, which

were addressed in the current, second generation setup.

2.1.1 System design

An imaging system that is to be used in a clinical operating room (OR) needs to fulfill several

requirements. One important advantage of optical imaging over other non-invasive radiologi-

cal methods is its compact and lightweight equipment. This needs to be translated into the

camera system design to offer a setup that is easily transportable and can be integrated into

surgical procedures with minimal interference. The camera should also be stable, easy to

clean and to sterilize for usage during surgery, where an abacterial environment is of utmost

importance.

Fluorescence molecular imaging for intra-operative guidance requires the detection of fluo-

rochromes even at low concentrations or below the surface, which can only be achieved with

a high sensitivity camera that offers low readout noise and high quantum efficiency. However,

a fluorescence image alone often is of limited use as it provides little anatomical and struc-
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tural information about the environment. This can make orientation difficult for the surgeon,

especially if a small field of view (FOV) is being imaged. For this reason it is important to

simultaneously capture color images of the FOV on a second camera as well. Consequently,

one crucial processing step is the generation of a composite image that can be displayed to the

user and contains both the color information as well as the fluorescence signal, superimposed

in pseudo-color.

Surgical imaging aims to offer instant feedback about tissues and molecular properties to the

physician. A prerequisite for natural interaction and easy orientation is imaging at video frame

rates. Hence the cameras should acquire at low exposure times, which also avoids motion

artifacts, and the computer system needs to be able to process the measured data at a suffi-

ciently high speed in real-time. The user should interact with the system via a graphical user

interface (GUI) that displays the images and allows the camera parameters to be controlled.

Given the above requirements, the following design goals were formulated for the setup:

• Compact and lightweight design

• Easy to clean and sterilize, preferably enclosing sensitive components

• High sensitivity fluorescence detection

• Concurrent color and fluorescence imaging

• Acquisition at video frame rates

• Composite overlay image of molecular and structural information

• Processing in real-time on a single computer system

• A user interface to control all relevant camera parameters

• Easily adaptable for use in endoscopy or laparoscopy

The basic system design and setup for epi-fluorescence imaging in an intra-operative environ-

ment is discussed in Section 2.1.2 while the custom developed imaging software is presented

in Section 2.1.3. The integrated image processing steps are described in Sections 2.1.4 and

2.1.5. Clinical scopes that were considered for endoscopic or laparoscopic fluorescence imaging

are characterized in Section 2.2.1. Finally, the adaptation and characterization of the setup

is described for laparoscopy in Section 2.2.2, cholangiopancreatoscopy in Section 2.2.3 and

colonoscopy in Section 2.2.4.
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2.1.2 Setup for epi-fluorescence imaging

The imaging system setup for concurrent acquisition of color and near-infrared fluorescence

measurements is shown in Figure 2.1. The field of view was illuminated by a 250 W halogen

lamp (KL-2500 LCD, Schott AG, Mainz, Germany) to facilitate reflectance color measure-

ments. In order to avoid crosstalk to the fluorescence channel, the white light was filtered

by a shortpass filter (E700SP, Chroma Technology, Rockingham, US-VT) to remove the NIR

wavelength band. An aspheric condensor lens (ACL2520, Thorlabs, Newton, US-NJ) was

used to focus the light onto the FOV. Fluorescence excitation was provided by a 300 mW

laser diode, emitting a continuous wave (CW) at 750 nm (BWF2-750-0, B&W Tek, Newark,

US-DE). A beam collimator (F260SMA-B, Thorlabs) and a ground glass diffusor (DG10-220,

Thorlabs) were used to achieve uniform laser power distribution. White light reflectance and

epi-fluorescence images were collected and focused by a lens objective (CVO GAZ11569M,

Stemmer Imaging GmbH, Puchheim, Germany). A custom made USB-connected lens control

unit based on the Arduino Uno microcontroller board allowed for the programmatic regulation

of zoom, focus and iris settings. The image wavelengths were separated by a dichroic mirror

(700DCXXR, AHF analysentechnik AG, Tübingen, Germany) and projected onto two CCDs

by relay lenses (MAP10100100-A1, Thorlabs, Newton, US-NJ). A shortpass (ET700SP-2P,

Chroma) was placed in the color channel to filter the NIR excitation light. A NIR emission

filter (ET810/90, Chroma) in the fluorescence channel was used to detect fluorochrome sig-

nals in the 765-855 nm spectral band. Color images were acquired by a 12-bit CCD camera

(pixelfly qe, PCO AG, Kelheim, Germany), while the fluorescence image was recorded by an

iXon 3 electron multiplying charge-coupled device (EMCCD) (DU-897, Andor Technology,

Belfast, Northern Ireland).

Figure 2.2 shows the transmission over wavelength of the filters and dichroic employed in the

setup, visualizing the obtained passbands. The fluorescence channel collects light mainly from

the NIR wavelengths, while the visible range is guided to the color channel. Thus a concurrent

acquisition of the distinct spectral bands was achieved.

Two photographs of the developed intra-operative imaging system are displayed in Figure 2.3.

Figure 2.3A shows the cameras and optics attached to an aluminum frame (Böhm+Wiedemann,

Eching, Germany) that is mounted on a surgical microscope arm (Carl Zeiss, Jena, Germany)

and enclosed by a protective housing (KL Technik GmbH, Krailling, Germany). The mounted

system is covered in sterile surgical drapes for use in the operating room, as shown in Figure
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Figure 2.1: Schematic of the two channel imaging system for concurrent color and NIR
fluorescence acquisition.
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Figure 2.2: Transmission spectra of the utilized fluorescence emission bandpass (ET810/90),
dichroic mirror (700 DCXXR), and shortpass filters (E700SP-2P).

Figure 2.3: A) Intra-operative imaging system mounted on a surgical arm and enclosed by
protective housing. B) System covered by sterile drapes during surgical use.
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2.3B.

2.1.3 Imaging software

Fast data transfer is a necessity for video-rate imaging. Thus, both cameras were connected to

peripheral component interconnect (PCI) acquisition cards that enabled direct memory access

(DMA) into the computer’s RAM. Imaging at video frame rates resulted in a significant data

volume, where color and fluorescence image pairs of up to 1.3 MPixel resolution and up to

14 bits are measured at 12 frames per second (fps). A solid-state-drive (SSD) (256 GB,

SATA-III 6 Gb/s, Liteon, Taiwan) was chosen due to its fast access speed and lack of latency

caused by mechanical components to save the raw image data [6]. The images are then

transferred to the memory of the computer’s graphics processing unit (GPU) (Quadro 5000,

Nvidia Corporation, Santa Clara, US-CA) for postprocessing. The implemented pipeline for

image transfer and processing is shown in Figure 2.4.

A custom designed software was developed in C/C++ to integrate data transfer from and to

the hardware components, postprocessing and visualization, as well as the interface for user

interaction. Significant speedups have been reported for architectures using the GPU as a

coprocessor [7] and, since many image processing operations can easily be parallelized, a GPU

based computation architecture was realized. The fluorescence images are resized to the color

channel resolution and registered by applying a projective transformation that is calculated

from user-selected control points in an initial calibration step. The necessary image processing

operations on the GPU were realized using the NPP library and custom developed CUDA

implementations, as described in Section 3.1. The user interface displays the co-registered

color and fluorescence channel images as well as the composite overlay. Furthermore the

interface offers easy control of all relevant system parameters and the possibility to capture

both individual images and H.264/MPEG-4 recordings of the color and fluorescence channels

and their overlay.

The software interface is shown in Figure 2.5, consisting of the image displays (A), image

statistics as histograms (B), user control elements (C) and status feedback controls (D).

Both automatic adjustment and manual control of the camera acquisition parameters, such

as gain, exposure time and binning are available through the interface.
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Figure 2.4: Schematic of the software pipeline. Camera data are acquired via DMA and
transferred to the GPU, where post-processing is performed and the overlay is generated.
Finally, the images are displayed in 8-bit resolution on the monitor.
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Figure 2.5: Custom designed software interface, consisting of image displays (A), histograms
(B), controls (C) and status feedback (D).
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2.1.4 Image post-processing

A major task of the system’s software is the image post-processing, whereby the acquired raw

data is prepared for real-time presentation to the physician. The image processing pipeline

is displayed in Figure 2.6. The color image was acquired using a color filter array (CFA) on

top of the charge-coupled device (CCD). The interpolation of the missing color values on the

GPU, termed demosaicking, is described in more detail in Section 3.1.4. Additionally, white

balancing was applied to correct for the spectral properties of the camera sensor and the

illumination.  Rwb

Gwb

Bwb

 =
[
cR cG cB

] R

G

B

 (2.1)

Thereby cR, cG and cB are constants obtained in a previous calibration step, typically from

a white reflectance standard image. The fluorescence image was resized to the color channel

resolution using bilinear interpolation and then co-registered by a perspective transform. The

transformation matrix Tp was obtained from a calibration measurement where either the

corners of a checkerboard target were automatically detected [8] or corresponding control

point pairs were selected manually [9].

Tp =

 t00 t01 t02

t10 t11 t12

t20 t21 t22

 (2.2)

The destination coordinates (u, v) were then computed from the original coordinates (x, y)

as follows:

u =
t00x+ t01y + t02
t20x+ t21y + t22

(2.3)

v =
t10x+ t11y + t12
t20x+ t21y + t22

(2.4)

After co-registration the composite overlay is generated from the color and fluorescence im-

ages.
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Figure 2.6: Schematic of the image processing pipeline. Color images undergo demosaicking
and white balancing, while the fluorescence image is resized and co-registered to the color
coordinate system. Finally both images are combined to yield the composite overlay.

2.1.5 Color and fluorescence image overlay1

Intra-operative imaging systems such as the ones presented in Refs. [11] or [12] usually capture

the fluorescence emission waveband as well as an additional color image. In order to provide

the surgeon with easy and intuitive orientation that matches his field of view, the detected

fluorescence signal is superimposed on the color image.

Typically, a pseudocolor image is generated by superimposing the fluorescence image over

the color image in lime green using alpha blending [13]. A transparent overlay can be used

to maintain the structural information present in the color image while adding the molecular

information of the fluorescence distribution.

Biological data visualization requires standardization and robustness to be intuitively inter-

pretable and easily transferable. However, a transparent green overlay is not robust, since it

is based on the presence of a predominantly redish tissue background. Thus, in the cases

where this assumption is violated, it will produce low contrast and an inappropriate visual-

ization. Instead, alternative schemes were developed to select the superimposed color in an

adaptive way that does not make a priori assumptions on the sample’s color appearance.

Furthermore, a novel visualization method for video-rate surgical fluorescence imaging that

modulates transparency and color over the time is also proposed.

1Text and images of this section have been published in Ref. [10]
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2.1.5.1 Overlay Methods

Image Processing Before the two acquisition channels can be merged into a composite

image, the processing steps outlined in Section 2.1.4 are performed. In order to restrict

the superimposed fluorescence signal to physiologically relevant information, denoising and

thresholding can be applied to remove autofluorescence, filter cross-talk and other parasitic

signals [14]. An appropriate threshold can be determined either manually, or by an automatic

thresholding or segmentation algorithm [15, 16]. Herein, Otsu’s method [17] was used to

determine the threshold T , for which the preprocessed fluorescence image F
′

is then calculated

from the measured intensity image F as

F
′
= max (0,F− T ) (2.5)

The composite image was evaluated by computing the color contrast ∆E00 between the

superimposed fluorescence region and the surrounding area in the overlay using the CIEDE2000

formula [18]. Thereby, a high value indicates that the fluorescent region is colored in a way

that can easily be distinguished from the nearby regions.

Alpha Blending Alpha blending combines the two images by weighting individual pixels

with the transparency value α [13]. Blending the fluorescence image F
′

and the color image

C with RGB channels
[
CR CG CB

]T
is given as

 PR

PG

PB

 = (1− α)

 CR

CG

CB

+ αF
′

 OR

OG

OB

 (2.6)

P = (1− α)C + αF
′
O (2.7)

Thereby P is the composite image, α ∈ [0; 1] is the transparency, and O is the pseudocolor

of the overlay. Lime green, i.e. O =
[

0 1 0
]T

, was chosen as the default color for the su-

perimposition on biological tissue. Additionally, a pixel-wise variable map for the transparency

was applied to obtain smoother transitions between areas above and below the fluorescence
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threshold. For a maximum transparency αmax, this can be written as

α = αmax
F

′

max (F′)
(2.8)

HSV-based Color Selection An adaptive approach to select a pseudocolor O that yields

a strong contrast is based on picking a color that is underrepresented in the region of interest

(ROI). The color image was transformed into HSV representation [19], a cylindrical-coordinate

transformation where color is represented by its hue, saturation and value/brightness, and the

average hue Havg was calculated in the ROI where the fluorescence lies above the threshold.

The hue of the overlay color was chosen to lie on the opposite side of the HSV cone, while

both the saturation and value were set to 1.

OHSV =

 mod (Havg + 180◦, 360◦)

1

1

 (2.9)

The obtained color was transformed back into the RGB space and utilized for alpha blending

as described above.

PCA-based Color Selection Alternatively, robust overlay was done by principal component

analysis (PCA) [20] of the color image, where the data are projected onto a set of linearly

uncorrelated base vectors. Thereby, the ROI was vectorized and PCA was performed to

yield the principal component loadings U. The transformation of the color image into the

coordinate system spanned by the principal component eigenvectors is given by

CPCA = UTC (2.10)

As the principal components are ordered by their statistical contribution to the original im-

age, the pre-processed fluorescence image was superimposed on the third, least significant

component in order to achieve the highest contrast to the main image features.

PPCA = (1−α)UTC + αF
′

 0

0

1

 (2.11)
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The composite image was then transformed back into the original RGB color space.

P = U

(1−α)UTC + αF
′

 0

0

1


 (2.12)

Since the eigenvector matrix U is orthonormal, this equation simplifies to

P = (1−α)C + αF
′
U

 0

0

1

 (2.13)

Thus, blending the fluorescence over the least significant principal component is equivalent to

selecting the eigenvector with the smallest eigenvalue as the overlay “color” for alpha blending

in RGB space.

Animated Overlay The methods discussed so far aim to integrate the fluorescence infor-

mation into the spectral components of the color image, generating the contrast by selecting

a color that is underrepresented in the image. Alternatively, especially in the case of continu-

ously acquired clinical images, the signal can also be visualized along the temporal dimension.

It was assumed that the image changes slowly compared to the acquisition frame rate, hence

changes occurring with a higher temporal frequency are easily identifiable in the overlay. The

temporal alpha blending can then be written as

P(t) = (1−α(t))C + α(t)F
′
O(t) (2.14)

For example, a sinusoidal curve can be used to vary transparency with a frequency of 2 Hz

and the overlay color hue with 1 Hz.

Biological Samples Color and epi-fluorescence images from a variety of biological studies2,

as shown in Figure 2.7, were chosen to test and validate the proposed algorithms. Image set

2I would like to thank Mrs. Zhen Bi and Professor Dr. J. P. Schnitzler for the leaf samples, Professor Dr.
G. G. Westmeyer for the zebrafish sample, Dr. Strizker and Professor Dr. Szalay for the melanin and GFP
expressing tumor samples, Dr. Vladimir Ermolayev for the 4T1 mouse, Dr. Wouter Nagengast for proving the
intraperitoneal tumor mice and the cetuximab-CW800 contrast agent and Professor Dr. Gooitzen van Dam
and Professor Dr. E. G. Elisabeth de Vries for the bevacizumab-CW800 agent.
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2.1 Intra-operative imaging system

A stems from a study of leaves transpiration and vasculature network, where the leaf absorbed

Alexa Fluor 750 (Molecular Probes, Eugene, US-OR) through its petiolule. The images of

sets B and C were acquired using a prototype cryoslicer-based imaging system [21]. Set B

shows an axial section of a mouse bearing a tumor targeted by a virus that expressed green

fluorescent protein (GFP) and melanin [22]. In image set C, two zebrafish with pan-neuronal

expression of GFP embedded in the same block are depicted. In set D, we imaged a near-

infrared probe (cetuximab-CW800) targeting intraperitoneal tumors (HT29luc2) through the

intact skin of a nude mouse [23]. In dataset E, we simulated an intra-operative scenario using

a subcutaneous 4T1 tumor targeted with bevacizumab-CW800 [24].

2.1.5.2 Results

Figure 2.7: Color images of the leaf, melanin and GFP expressing mouse, GFP expressing
zebrafish, transcutaneous imaging of an intraperitoneal tumor in a mouse and intra-operative
imaging of a subcutaneous tumor (A–E) as well as corresponding fluorescence images (F–J).

Color images acquired from the five biological samples are displayed in Figs. 2.7A–E, while

the corresponding fluorescence channel is shown in Figs. 2.7F–J. The mouse images contain

parasitic signals from intestinal autofluorescence (Fig. 2.7G), skin autofluorescence (Figs. 2.7I

and J), and contrast agent accumulation in the liver (Fig. 2.7I). The images were co-registered

and automatic segmentation of the fluorescence signal was performed using Otsu’s method.

The ROI was defined for each image as the area containing fluorescence signal above the

threshold.
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2.1 Intra-operative imaging system

Overlay images were calculated for all the datasets using the pseudogreen alpha blending, color

picking in HSV space, and the PCA-based alpha blending. Figures 2.8A–E show the overlay

in lime green, which performs best in the case of a predominantly red background (Fig. 2.8E).

The color selection in HSV space is plotted in Figs. 2.8F–J. The algorithm picks various shades

of cyan for the animal tissue and an orange color for overlay on the leaf. Color selection using

PCA is shown in Figs. 2.8K–O and yields a wider range of colors for the different datasets.

Figure 2.8: Overlay images generated from the color and fluorescence data shown in Figure 2.7
and corresponding color contrast values. (A–E) Pseudogreen alpha blending. (F–J) Robust
overlay color selection in HSV space. (K–O) Robust overlay color selection from principal
component analysis.

The average value of ∆E00 over the five datasets was computed to be 19.7 for the lime

green, 20.5 for the HSV method, and 23.0 for the PCA method, respectively. The two

adaptive methods provide a good average color contrast, yet it is notable that the HSV

method yielded an unsatisfactory result for dataset C, while the PCA selection seems more

consistent in selecting an appropriate overlay color.
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2.2 System adaptation for endoscopy and laparoscopy

2.1.5.3 Discussion

The ongoing translation of fluorescence molecular imaging into clinical and surgical practice

calls for standardized and robust ways to represent multispectral data. Fluorescence emission

wavebands contain molecular information on tissue that is invisible to the human eye, while

additional color images provide anatomical information and easy orientation. In this section,

methods for the fusion of multispectral fluorescence data into a composite RGB image were

investigated.

Among those, the overlay in lime green is widely used for biological tissue, but it is based

on a priori assumptions about the spectral characteristics of the imaged sample. Therefore,

more robust alternatives were introduced, utilizing hue or PCA to adaptively select a color for

the overlay, based on the tissue characteristics. Additionally, visualization along the temporal

dimension of color and fluorescence data acquired in real-time was proposed.

The problem can be generalized to the representation of an n-dimensional dataset in the RGB

color space. Herein, we assumed a single fluorescence measurement that is superimposed on

a corresponding color image. Such a projection onto a lower dimensional space is inherently

lossy; however, the results indicate that the adaptive methods can yield an improved average

color contrast. Given the wide range of biological images considered, future work should study

the performance of the presented methods on a bigger representative dataset or for individ-

ual fields of application. Furthermore, the performance evaluation could be conducted using

questionnaires to physicians instead of the contrast formula employed herein.

As an extension to the presented cases, measurements might be taken with multiple fluo-

rochromes or with just a single visible wavelength for orientation. Modified versions of the

current algorithms for novel schemes need to be developed to provide even more flexibility

under such a wide range of conditions. One possible approach could be the utilization of an

overlay color that varies pixel-wise or within the image region to account for images with a

greater color variation.

2.2 System adaptation for endoscopy and laparoscopy3

Molecular imaging for guidance in ovarian cancer surgery has been performed with a lens-based

system [5], a predecessor to the once described in Section 2.1. Similarly, surgical guidance

3Text and images from this section have been published in Refs. [12], [25] and [23].
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in colorectal cancer surgery would require the detection of color and fluorescence images and

video during endoscopy. Acquisition of color reflectance and fluorescence information through

a single imaging channel can be facilitated by using a filter wheel as demonstrated in [26],

however such a setup measures the two channels sequentially, thus limiting the frame-rate and

reducing the clinical utility of the approach. Instead, methods that can detect simultaneously

color and fluorescent signals offer improved utility, for example endoscopes utilizing dichroic

beam-splitters to separate NIR and color images [27]. However, the systems developed so

far for endoscopic fluorescence imaging are either not adapted to clinical devices or cannot

provide simultaneous color and high-sensitivity fluorescence measurements at video frame-

rates. Clinical propagation of fluorescence molecular imaging will require the development of

video-rate acquisition of color and fluorescence images, their processing and real-time display

capability, which is essential for fast and easy surveillance during endoscopy. Video rate color

and fluorescence imaging can give the physician important feedback during biopsies and sur-

gical intervention.

However, a current limitation is that while most clinical endoscopes have been developed for

color video in the visible, it is unclear if they are optimally suited for operation with fluorescence

molecular probes developed for operation in the near-infrared. The use of NIR wavelengths

for fluorescence molecular imaging provides important advantages as it allows the seamless

separation of conventional color measurements and fluorescence measurements. Furthermore

it offers operation under reduced tissue auto-fluorescence compared to the visible and allows

for the detection of deep-seated signals, typically at depths of 5-10 mm. Thus, as a first

step to the adaptation of the intra-operative imaging system to endoscopic use, the optical

attenuation of various clinical scopes was characterized.

2.2.1 Characterization of clinical scopes

An important concern regarding the translation of the intra-operative imaging system for us-

age in endoscopy and laparoscopy was the suitability of commercial devices for imaging in the

near infrared (NIR) spectral region. Clinical scopes are designed to yield high quality images

in the visible range, hence in this section the transmission properties of scopes considered for

fluorescence imaging in different fields was characterized.

A 750 nm CW laser (BWF2-750-0, B&W Tek, Newark, US-DE) with a maximum output
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power of 300 mW was coupled via a multimode fiber (4.5 mm core diameter, Leoni FiberOp-

tics, Neuhaus-Schierschnitz, Germany) into the scope. The transmitted power was measured

after the multimodal fiber and after the endoscope with a laser power meter. From the ratio

of these values the attenuation of NIR light was determined in order to confirm the device’s

capability to operate with fluorescent probes. The instruments examined were a rigid laparo-

scope (26901-00, Dufner Instruments, Tuttlingen, Germany), a flexible cholangioscope (13700

CKS, Karl Storz, Tuttlingen, Germany), a WS1705/1 laparoscope (Olympus, Tokyo, Japan),

a GIF-XQ20 gastroscope (Olympus), the SpyGlass fiber optic probe (Boston Scientific, Natick,

US-MA) and a BF-P30 bronchoscope (Olympus). The selection comprises clinical grade fiber

scopes and laparoscopes, which are routinely employed in white-light endoscopy of the gas-

trointestinal tract, the biliary and pancreatic ducts and other minimally invasive procedures.

Endoscope Model NIR Attenuation
[dB]

Dufner 26901-00 laparoscope 6.2
Karl Storz 13700 CKS cholangioscope 9.0

Olympus WS1705/1 laparoscope 4.5
Olympus BF-P30 bronchoscope 8.4

Olympus GIF-XQ20 7.3
Boston Scientific SpyGlass 10.0

Table 2.1: Comparison of near infrared light attenuation in dB of different endoscopes. Mea-
surements were taken for CW laser light with a wavelength of 750 nm.

Table 2.1 shows the attenuation in dB of various clinical laparoscopes and endoscopes. The

different scopes attenuate the light by up to 10 dB, where the major losses are considered

to happen due to inefficient coupling and not due to transmission losses within the scope.

Given that most clinical scopes are optimized for operation in the visible, there is a char-

acteristic lack of technical specifications for NIR operation. While the results indicate that

a suitable performance can be achieved using clinical scopes, there is some room for im-

provement. Attenuation differences between devices were found, reaching up to an order of

magnitude for one-way transmission. This indicates up to two-orders of magnitude signal loss

for collecting NIR fluorescence images and video, a suboptimal performance. Instead, color

and NIR-dedicated scopes should be developed and employed in the design of future clinical
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systems.

2.2.2 Adaptation for laparoscopy

2.2.2.1 Setup

The imaging setup was designed to offer video-rate simultaneous color and NIR fluorescence

acquisition during laparoscopic interventions and is shown in Figure 2.9. The system employed

the 10 mm diameter laparoscope (26901-00, Dufner Instruments, Tuttlingen, Germany) with

an aperture angle of 45 degrees and 310 mm length. White light illumination for color imaging

was provided by a 250 W halogen lamp (KL-2500 LCD, Schott AG, Mainz, Germany) while

the fluorescence excitation was provided by a 750 nm CW laser diode (BWF2-750-0, B&W

Tek, Newark, US-DE) with a maximum power of 300 mW. A shortpass filter (E700SP-2P,

Chroma, Rockingham, US-VT) was placed in front of the white light source to minimize cross-

talk of excitation light into the NIR channel. Both sources were coupled into a multimode

bifurcated fiber bundle (Leoni FiberOptics, Neuhaus-Schierschnitz, Germany) connected to

the light guide of the laparoscope. The bundle was manufactured from 80 µm fibers to

connect one white light source and up to three laser outputs to the scope. A focusing adaptor

was used to connect the laparoscope to the imaging system described in Section 2.1.

2.2.2.2 System characterization

Optical characterization The system’s spatial resolution was determined by a standard

three-bar resolving test target (USAF-1951, NT53-714, Edmund Optics, Barrington, US-NJ).

It consists of groups of three vertical and horizontal bars that make it possible to determine

the contrast transfer function (CTF) from the contrast equation.

CTF (f) =
Imax(f)− Imin(f)

Imax(f) + Imin(f)
(2.15)

Thereby Imax and Imin are the maximum and minimum intensity values of neighboring bar

groups and f denotes the spatial frequency of line pairs ( lines
mm

) for a group element. An

element’s spatial frequency is standardized to be 2−
1
6 times the frequency of the adjacent

higher element. Color images of the target were taken at the laparoscopic working distance

of 2 cm.
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Fluorescence
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Figure 2.9: Schematic of the intra-operative imaging system developed for laparoscopy. White
light and laser are connected via a multimodal fiber to the laparoscope and used to illuminate
the field of view. A dichroic beamsplitter separates the reflectance image into a color and
near-infrared (NIR) fluorescence component, which are relayed to two CCD sensors.
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The spatial resolution for the laparoscopic imaging system, as determined from the USAF

1951 test target, is displayed in Figure 2.10. By measuring the maximum and minimum pixel

values within a bar group the contrast transfer function for the groups corresponding spatial

frequency f was calculated. This yields the transverse and lateral CTF for the color channel.

The focusing of point objects through a circular aperture creates a diffraction pattern called

the Airy disk. The Rayleigh criterion defines resolution as the distance between two objects,

where one object’s diffraction pattern minimum overlaps with the others’ maximum. This

corresponds to a contrast of 26.4 % between the maximum and minimum intensity values.

The resolution was determined by approximating the CTF with a linear regression line and

applying the Rayleigh criterion. The transverse resolution was determined to be 49 µm while

the lateral resolution was calculated as 54 µm.

Figure 2.10: Color channel image of USAF 1951 standard resolution target taken with the
laparoscopic imaging system under white light illumination.

Sensitivity measurements The minimal detectable fluorochrome concentration was deter-

mined by measuring a dilution series of Alexa 750 (Invitrogen, Eugene, US-OR) in phosphate

buffered saline (PBS). Starting at 1.56 µM, a total of 17 dilutions were generated. The

concentration was halved at each step, thus the final phantom contained 0.02 nM of Alexa
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2.2 System adaptation for endoscopy and laparoscopy

750. A tube with 500 µL of the respective concentration was placed at a distance of 2 cm

from the laparoscope tip so that the entire tube is in the field of view. White light and laser

illumination were delivered solely through the laparoscope in order to include the attenuation

of the laparoscope optics and the multimodal fiber in the measurement. The exposure time

was chosen individually for each image in such a way, that at least 60 % of the camera’s

dynamic range is used. All other acquisition parameters remained constant. After each mea-

surement a control tube containing PBS was measured with the same parameters and in the

same position. Image statistics were calculated on a region of interest (ROI) that was selected

for each measurement to represent the inside of the tube. The selected ROI corresponded to

an active volume of about 40 µL, which contained the amount of 62.5 pmol of fluorochrome

for the first phantom and 0.95 fmol for the final one. Dark images were acquired for the

respective exposure times and subtracted from the fluorescence and control images. Therein

the image average ranged from 390.9 to 392.0 and the standard deviation from 2.25 to 2.35

pixel counts. In accordance with ASTM guidelines [28] the signal-to-noise ratio (SNR) in dB

can be calculated as:

SNRdB = 20 log

(
S

RMSN

)
(2.16)

Thereby S is the mean signal intensity of the raw fluorescence image within the ROI, while the

root-mean-square noise (RMSN) is calculated as the RMS of the control image’s ROI. In this

way the SNR is normalized for signal variations that are introduced by the PBS, reflections

from the tube or inhomogeneous illumination. For a normal signal distribution a confidence

level of 95 % is achieved if the signal is two times higher than the noise and a 99.7 %

confidence for a signal that is three times higher. On the dB scale these values correspond to

6 dB and 9.5 dB, respectively.

A second experiment was conducted to characterize the imaging performance at video-rate

conditions. Thereby three representative concentrations of 500 nM, 50 nM and 5 nM (20

pmol, 2 pmol and 0.2 pmol respectively in 40 µL) were imaged at fluorescence exposure times

varying from 60 to 200 ms. The resulting image SNR was calculated as described above.

Seventeen images of the different fluorochrome concentrations as well as the corresponding

control images were taken with exposure times ranging from 60 milliseconds to 9.5 seconds.

The calculated SNR for the entire series is plotted in Figure 2.11A. As expected, the SNR

decreases with the fluorochrome concentration, even though the exposure time for each image
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2.2 System adaptation for endoscopy and laparoscopy

was set to a value that used at least 60 % of the dynamic range in order to avoid underexposure.

The measurements were approximated by a linear regression line from which the minimum

concentrations that can be detected with 95 % and 99.7 % confidence were determined. For

the 9.5 dB criterion the sensitivity limit was calculated as 0.8 nM (32 fmol in the 40 µL volume

imaged) while an SNR of 6 dB is achieved for concentrations higher than 0.5 nM (20 fmol in

40 µL). These results correspond well to the visual evaluation of the fluorescence images.
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Figure 2.11: A) Graph showing the signal-to-noise ratio (SNR) in dB over AF750 concentration
(blue) and calculated regression line (red). B) SNR over fluorescence camera exposure time
for concentrations of 500 nM (blue), 50 nM (green), and 5 nM (red).

Figure 2.11B shows the SNR over fluorescence exposure time for concentrations of 500 nM,

50 nM and 5 nM. This is an important measurement to understand the frame rate that

can be achieved with the laparoscope, assuming different required sensitivity levels. Over the

measured integration times the three concentrations exhibit a similar behavior, with the image

quality decreasing more rapidly at low acquisition times. For the two higher concentrations

a satisfactory SNR of over 20 dB can be achieved even for exposure times below 100 ms

(blue and green scale). The lowest concentration of 5 nM yields an SNR of 7.4 dB at 100

ms exposure (red scale). Hence, increased detection accuracy, e.g. the 9.5 dB criterion used

above, can only be achieved when the video frame rate is decreased below 10 fps.
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2.2.3 Adaptation for cholangiopancreatoscopy

2.2.3.1 Setup

Simultaneous color and NIR fluorescence imaging was realized by using the mother-daughter

technique that is frequently used in cholangioscopy. Thereby, a miniature fiber cholangioscope

(Karl Storz, Tuttlingen, Germany) is guided through the working channel of a duodenoscope

into the bile or pancreatic duct. White-light and laser illumination is coupled in the cholan-

gioscope through a multimodal fiber (SEDI-ATI Fibres Optiques, Courcouronnes, France), as

shown in the schematic of the setup in Figure 2.12. The camera setup and image processing

used are described in Section 2.1 while the scope’s attenuation was characterized in Section

2.2.1.

Figure 2.12: Experimental setup for the combined white-light and NIR fluorescence endoscopic
imaging. The cholangioscope is guided through a duodenoscope and connected to the imaging
system. Illumination is provided by a continuous wave (CW) laser and a white light source
that are connected to the scope via a multimodal fiber.

2.2.3.2 System characterization

The resolution of the endoscopic system was examined using the visible wavelength channel

and imaging a 1951 United States Air Force resolution target (USAF 1951, NT53-714, Ed-

mund Optics, Barrington, US-NJ). The points of the contrast transfer function (CTF) where

obtained employing the Michelson contrast formula [29] that is commonly used for patterns
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of the USAF 1951 and defines the contrast as the quotient between the difference and the

sum of the maximum and minimum gray values of adjacent line patterns. Photon detection

sensitivity is an essential metric in establishing NIR fluorescence at video-rates and providing

the physician with immediate feedback in the endoscopy suite during the exploratory proce-

dure. This requirement imposes constraints on the length of the exposure time allowed and

thus on the sensitivity that can be attained on a per frame basis. In order to determine

the system’s sensitivity under typical operating conditions a dilution series of 16 indocyanine

green (ICG; Pulsion Medical Systems, Feldkirchen, Germany) phantoms was measured. Each

phantom consisted of a varying concentration of ICG dissolved in phosphate buffered saline

(PBS), with a total volume of 640 µL. Thereby the initial concentration of 25.2 µM was

halved for every subsequent phantom, yielding 0.77 nM concentration for the final phantom.

Additionally, a control phantom containing only PBS was measured. The tubes were imaged

through the endoscopic system described above at the typical working distance of 1 cm, as

it is expected for the clinical application. Video-rate imaging at a frame-rate of 10 fps was

performed by setting the fluorescence camera’s exposure time to 100 ms. The acquisition

parameters remained constant over the measurement series for easy comparison of signal

intensities between phantoms. A region of interest (ROI) representing an active volume of

about 50 µL was selected for each measurement. The phantom concentrations correspond

to an amount ranging from about 1.25 nmol (highest concentration phantom) to 37.5 fmol

(lowest concentration phantom) in the active volume. The signal-to-noise ratio (SNR) for a

fluorescence measurement was calculated as:

SNRdB = 20 log

(
S

RMSN

)
(2.17)

Thereby S is the mean signal intensity in the ROI, while RMSN is the root-mean-square noise

of the control image. We defined the detection limit as the concentration where the signal is

three times higher than the noise, which corresponds to an SNR of 9.5 dB.

Figure 2.13A) shows a detail from the USAF 1951 resolution target imaged in the system’s

color channel. The contrast transfer function was determined from the target’s horizontal and

vertical bar groups and fitted with a linear regression curve. Applying the Rayleigh criterion of

26.4 % contrast it was calculated that features with a dimension of 47.28 µm can be resolved.

In Figure 2.13B) the signal-to-noise ratio calculated for the 16 phantoms of the dilution series

is shown (dotted line with triangles). As expected, the image quality decreases approximately
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Figure 2.13: A) Detail of the USAF 1951 resolution target image. Applying the Rayleigh
criterion, a lateral resolution of 47.28 µm was determined. B) Signal-to-noise ratio over ICG
concentration measured from the dilution series at 100 ms exposure time.

linearly with the concentration, reaching the floor of 0 dB in the sub-nanomolar range. The

linear regression curve is plotted (solid line), and from it the detection limit of 9.5 dB was

calculated to lie at a concentration of 17.3 nM, which equals an amount of 365 fmol in the

active volume of 50 µL.

2.2.4 Adaptation for colonoscopy

2.2.4.1 Setup

Wide-field fiber endoscope Initially a fiberscope (GIF-XQ20, Olympus, Center Valley, US-

PA) was considered to replace the common objective that was previously shared by the color

and fluorescence camera in the imaging system as described in Section 2.1. The fiberscope

optically transmits the images through a coherent fiber-optic bundle and is connected via a

mechanical and focusing adapter to the camera system. A multi-branched fiber-optic bundle

(SEDI-ATI Fibres Optiques, Courcouronnes, France) simultaneously couples white-light illumi-

nation (Kl-2500 LCD, Schott AG, Mainz, Germany) and fluorescence excitation (BWF2-750-0,

B&W Tek, Newark, US-DE) into the illumination port of the endoscope. The multi-branched

end of the bundle consists of 4 branches, one terminating in a mechanical ferrule adapted

to our white-light source and 3 with SMA connectors. Independent illumination and imaging
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channels are particularly suitable since background signal from the autofluorescence of the

imaging bundle is prevented [30]. Additional filters are allocated in the light path to assure

that the fluorescence and white-reflectance measurements are restricted to the wavebands of

interest.

Miniature flexible endoscope The replacement of the videoendoscopes that are routinely

used in the clinics nowadays by the previous fiberscope to realize the acquisition of fluorescence

images at video-rate induces a significant resolution loss in the color videos, i.e. it impedes

normal clinical workflow. In light of this, an alternative implementation mainly consisting of a

semi-disposable, coherent imaging bundle that is long and thin enough to be inserted through

the accessory channels of routine videocolonoscope is proposed, as suggested by Funovics et

al. for shorter working lengths [27]. To satisfy the requirements regarding the number of pixel

elements, the field of view, working length and distal diameter, a miniaturized fiberscope (Spy-

Glass Direct Visualization Probe, Boston Scientific, Marlborough, US-MA) was considered.

The Spyglass is used routinely in cholangiopancreatoscopy, the endoscopic exploration of the

biliary and pancreatic ducts utilizing a miniature endoscope [31]. This so called cholangioscope

is routed through the working channel of a therapeutic endoscope, which is sufficiently large

to accommodate it, an approach dubbed mother-daughter technique. The probe consists of a

6,000 pixel image bundle surrounded by approximately 225 light transmission fibers that cover

the coherent bundle as an outer sheath. It has a maximal diameter of 0.9 mm, a working

length of 231 cm and includes a lens at the distal tip of the imaging bundle that allows image

capture across a 70◦ field of view. Consequently, its wide field of view and reduced diameter

facilitate its employment as the babyscope for fluorescence acquisition in a mother-daughter

system where a conventional videocolonosope acts as the mother scope.

The transmission of NIR light of both scopes was previously characterized in Section 2.2.1.

With an attenuation of 7.3 dB and 10.0 dB, respectively, both scopes were found to be suit-

able for the use in near infrared fluorescence imaging applications. Table 2.2 summarizes the

technical features of the miniature endoscope by comparison with the fiberscope employed in

the suggested endoscopic imaging alternative.

In a like manner to custom developments used by others in fluorescence confocal microscopy

[32] and microendoscopy [33, 34], a custom developed zoom system was designed for mag-

nifying the image of the proximal end of the imaging bundle to fill the dimensions of the

fluorescence camera sensor. This camera choice was based on the main interest in the easy
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Manufacturer Olympus Boston Scientific
Model name GIF-XQ20 SpyGlass Probe

Distal diameter [mm] 9.8 0.77
Accessory channel [mm] 2.8 N/A

Depth of field [mm] 3–100 2–7
Working length [mm] 1025 3000

Angulation
(Up/down) 210/90

120/120
(Left/right) 100/100

Field of view (air) 120◦ 70◦

Picture elements 20000 6000
NIR attenuation [dB] 7.3 10.0

Table 2.2: Technical specifications of the two clinical grade scopes employed in the wide-field,
concurrent, video-rate color and NIR fluorescence imaging platform for flexible endoscopy.

and quick characterization of the molecular characteristics of the lesions over large fields of

view using targeted fluorescent agents, while the color images would only be used to provide

accurate localization and superimposition on the high resolution images from the conventional

videoscope. This offers the additional advantage of ease of adaptation between intra-operative

and gastrointestinal endoscopy environments, since any required modification of the earlier

intra-operative version of the system is accomplished in front of the beamsplitter that sepa-

rates the two image components. The zoom system is based on an infinity optical microscope

design and it consists of a 40x / 0.75 numerical aperture (NA) infinity-corrected objective lens

(Olympus) and an achromatic doublet with NIR anti-reflective coating to minimize the re-

flectivity at the fluorescence emission wavelength (AC254-100-B, Thorlabs, Newton, US-NJ).

The appropriate focal length of the lens was selected to achieve a combined magnification of

the objective and the lens that maximizes the area of the fiber image on the fluorescence CCD.

Mechanical adapters, positioners and supports were used as needed to assure a comfortable

and stable use in the endoscopy suite, while combined white-light and laser illumination is

similarly provided through the multimodal light guide. For the deployment in the endoscopy

suite an additional shortpass filter (e.g. ET700SP, Chroma Technology, Rockingham, US-VT)

would need to be placed in the white-light source of the videoendoscope to minimize tissue

reflectance at the wavelengths in the range of the emission waveband to enter the fluorescence

detection path. Figure 2.14 schematizes and compares the proposed alternatives for wide-

field, video-rate, concurrent white-light and NIR fluorescence imaging in flexible endoscopy.
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Figure 2.14: Schematic of the two imaging platforms proposed for NIR fluorescence guidance
in surveillance colonoscopy. A) shows the adaption of the clinical grade gastrointestinal fiber-
scope, while the alternative based on the semi-disposable imaging fiber bundle that can be
integrated with conventional videocolonoscopes is shown in B).

2.2.4.2 System characterization

Optical characterization The resolution of the endoscopic system was examined in the

fluorescence channel to determine the minimum size of identifiable lesions. Because of the

geometrical constraints of the endoscopic environment, i.e. epi-illumination and detection

geometries, cross-sectional imaging is not possible. Subsequently, only the lateral resolution

is characterized. To this aim the different pattern groups in a 1951 United States Air Force

resolution target (USAF 1951, NT53-714, Edmund Optics, Barrington, US-NJ) were imaged.

The points of the contrast transfer function (CTF) were obtained employing the Michelson

contrast formula that is commonly used for patterns as the USAF 1951 and defines the

contrast as the quotient between the difference and the sum of the maximum and minimum

gray values of adjacent line patterns.
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Figure 2.15: A) Detail of the USAF 1951 resolution target image. Contrast transfer functions
obtained by determining the specific contrast produced by bar group patterns of various spatial
frequencies taken by the endoscopic imaging platforms based on a clinical grade fiberscope
(B) and on the miniature cholangioscope (C).

The CTF was determined from images of the USAF 1951 bar groups taken with the proposed

endoscopic imaging platforms, as shown in Figure 2.15 (dots). The modulus of the CTF was

linearly fitted (solid line), and the line pairs corresponding to a contrast of 26.4%, applying

the Rayleigh criterion, were determined to be 5 and 2 lp
mm

for the clinical grade fiberscope

and the miniature cholangioscope, respectively. By taking the half-width between two line

pairs, it was determined that features with corresponding dimensions of 100 and 250 µm could

be resolved, demonstrating sufficient resolution for small lesion identification. As expected

from the number of picture elements, resolution is considerably higher for the fiberscope GIF-

XQ20, but this gain in the resolution with respect to the miniature cholangioscope that can

be inserted to the accessory channel is obtained at the expense of no high resolution image

available for white-light illumination.

Sensitivity measurements In order to determine the system’s sensitivity under typical

operating conditions in the endoscopy suite and to demonstrate its capability to provide the

physician with immediate feedback about the molecular characteristics of the lesions, a dilution

series of IRDye 800CW (Li-Cor Biosciences, Lincoln, US-NE) phantoms was measured. Each

subsequent phantom consisted of a halved concentration of the tracer labeling dissolved in

phosphate buffered saline (PBS), with a total volume of 2 ml and initial concentrations of
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0.20 µM and 1.70 µM, for the implementations based on the fiberscope and the reusable

probe, respectively. The dilutions were contained in a black cylinder with a diameter of 2.54

cm and a depth of 1.27 cm, which translates to a sample thickness of 3.95 mm. Additionally,

a control phantom of the same dimensions and containing only PBS was measured. The

phantoms were imaged through the designed implementations at a working distance of 1

cm. Video-rate imaging at a frame-rate of 10 fps was performed by setting the fluorescence

camera’s exposure time to 100 ms. The acquisition parameters remained constant over the

measurement series for easy comparison of signal intensities between phantoms. A region of

interest (ROI) representing an active volume of about 8 µL was selected for each measurement.

The phantom concentrations correspond to an amount ranging from 1.60 pmol to 3.32 fmol

and 13.60 pmol and 26.56 fmol in the active volume for the fiberscope and the reusable probe,

respectively. The SNR for a fluorescence measurement was calculated as:

SNRdB = 20 log

(
S

RMSN

)
(2.18)

Thereby S is the mean signal intensity in the ROI, while RMSN is the root-mean-square noise

of the control image. We defined the detection limit as the concentration where the signal is

three times higher than the noise, which corresponds to an SNR of 9.5 dB.

The signal-to-noise ratio was calculated for the dilution series of IRDye 800CW, as shown

in Figure 2.16 for the two fiberendoscopes (dots). As expected the image quality decreases

approximately linearly with the concentration. From the regression line (solid), the detection

limit of 9.5 dB was calculated to lie at concentrations of 5.97 nM and 23.11 nM, which equal

amounts of 47.79 fmol and 0.18 pmol in the active volume of about 8 µL, corresponding to

the selected ROI with an optical thickness of approximately 3.95 mm. The fiberscope with

larger diameter and better image resolution also achieves higher sensitivity. Reported detection

limits that still satisfy video-rate imaging constraints are attained through the employment of

an imaging fiber bundle to relay the fluorescence images to a highly sensitive sensor module,

and are expected to surpass detection capabilities of videoscopes for fluorescence imaging in

the NIR, given the current state of the art CCD chips on the tip of the flexible scopes. The

determined detection limits mainly represent a characteristic of the imaging setup. However,

bearing in mind the previously determined tumor uptakes [35], these sensitivities are expected

to be sufficient for detecting small lesions. Moreover, no significant detriment is expected

to occur when imaging in tissue, since fluorescence imaging is performed in the NIR range,
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Figure 2.16: Signal-to-noise ratio over concentration measured from the CW800 dilution
series by the endoscopic imaging platforms based on a clinical grade fiberscope (A) and on
the miniature cholangioscope (B), both under video-rate constraints (100 ms exposure time).

where influence from tissue attenuation is minimized compared to the visible range. Yet,

further improvement in the detection limit could be achieved coupling additional excitation to

the presently unused SMA branches of the multimodal illumination bundle.

2.2.5 Discussion

Laparoscopy Section 2.2.2 presented the development of a system that facilitates video-rate

color and near-infrared fluorescence-based molecular imaging through a human laparoscope.

A dual-optical-path approach was combined with highly sensitive fluorescence detection and

GPU-based processing to facilitate video-rate sensing and rendering of low fluorescence signals

and computationally intensive image processing tasks. Due to the computational ability of the

GPU, images acquired from different cameras and CCD chips could be synchronized, aligned,

scaled and superimposed in real-time. The fluorescence distribution was then visualized in

pseudo-color on a composite image. However different visualization schemes may be imple-

mented, including synchronized visualization of raw color and fluorescence video. Another

reason to employ the GPU as a co-processor was the possibility to implement sophisticated

fluorescence correction schemes in the future that reduce the influence of tissue optical prop-
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erties on the signal.

Alternative methods for combining and optimizing white-light illumination and fluorescence

excitation into the illumination port of the laparoscope could be considered. These could

be coupled into a single guide light using conventional optics, specifically aspheric lenses for

collimation followed by posterior refocusing. Alternatively, and in order to maintain the ro-

bustness of the bifurcated fiber approach considered here, fiber-optic or light cones as well as

tapers could be incorporated to maximize the efficiency in the light coupling between guides

of different cross-sections.

Furthermore, the attained sensitivity was examined as a function of frame-rate and fluo-

rochrome concentration under standard operation parameters. Despite the scope attenu-

ation, concentrations in the sub-nanomolar range could be detected, owing to the use of

cooled EMCCD camera detection with high NIR quantum efficiency to facilitate highly sensi-

tive fluorescence measurements. Concentrations in the sub-nanomolar range however require

slowing down the video frame rate at rates below 10 fps for high SNR detection. In an ideal

case, increasing signal collection times would increase the SNR by the square root of the time

allowed, however the results indicate that the improvement gradually decreases for higher

exposure times, showing that other factors such as readout electronics, gain and quantization

noise also play a role. System characterization further yielded 50 µm lateral and transverse

resolution. Obviously, the resolution strongly depends on the imaging distance and the la-

paroscope’s optical path, thus different values would result for different endoscopic devices.

Cholangiopancreatoscopy In Secion 2.2.3 a fiberoptic baby-scope was guided through the

working channel of a duodenoscope (mother scope) and connected to a high sensitivity video-

rate camera system. Characterization of the setup’s spatial resolution yielded approximately

50 µm, which matches the resolution of the human eye and is generally sufficient to detect

small foci of tumor and discriminate the margins. Using a cooled EMCCD camera, fluorophore

amounts as small as 365 femptomoles of an organic fluorescent dye could be detected, an

unprecedented metric in endoscopic fluorescence imaging. This highly sensitive performance

further enabled operation at video frame-rates of over 10 fps. An additional constraint to the

maximum attained sensitivity is imposed by the maximum laser illumination power that has to

abide by the tissue exposure limits established by the International Commission of Non-Ionizing

Radiation Protection [36]. It is important to highlight here that the reported sensitivity limit is

subject to the light intensity and detection sensitivity constraints, which ultimately determine
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the minimum amount detected and the maximum frame rate performance achieved in in vivo

endoscopy for clinical applications.

Colonoscopy Two alternative approaches to realize fluorescence colonoscopy and confront

the insufficient sensitivity in the NIR of routine videoendoscopes were proposed and charac-

terized in Section 2.2.4. Both endoscopic imaging platforms consist in the adaptation of a

gastrointestinal fiberscope and a miniature fiber-optic probe that is used in white-light en-

doscopy of the biliary and pancreatic ducts, respectively, for compatibility with the previously

developed camera system for concurrent white-light and fluorescence acquisition. The em-

ployment of clinical grade fiberscopes to relay the fluorescence images to a more sensitive

sensor module is advantageous for two reasons. First, sensitivity requirements for contrast

agent visualization at microdosing administration are satisfied. Thereby, the incapability of

current clinical wide-field endoscopic technologies to provide information about the expression

of specific disease-associated biomarkers to guide targeted treatment selection is confronted.

Based on the results from the resolution and sensitivity characterization studies, the approach

would also provide a great asset for aiding in the detection of lesions that are currently easily

missed in clinical endoscopy. These are protruding lesions of sizes in the order of several

millimeters and flat lesions that, in spite of being sometimes as large as up to 1 cm, remain

imperceptible because of the lack of contrast to the surrounding tissue. Both types of lesions

are at least one order of magnitude above the size of the features that can be resolved with the

proposed endoscopic imaging platforms and are expected to accumulate large amounts of the

contrast agent. Secondly, their CE certification facilitates the approval for use in humans of

the imaging platforms, thereby alleviating the risk for demonstrating the potential of targeted

NIR fluorescence guidance. The adapted gastrointestinal fiberscope, because of its larger

diameter, achieves better illumination, field of view, image resolution and sensitivity. These

advantages are, however, attained at the expense of no high-definition images available for

the white-light illumination either. The miniature cholangioscope was selected for the second

imaging implementation because it is the only clinical grade fiberscope that is long and thin

enough to be guided through the accessory channel of a conventional videocolonoscope. The

detection limit determined in the characterization stage and the levels of detected fluorescence

signals suggest sufficient sensitivity for in vivo imaging. Consequently, the approach might be

adequate for providing a red-flag lesion detection strategy over a wide-field of view. Since at

typical operating distances, the power densities corresponding to the maximum laser output
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at the distal tip of the endoscopes are below the limits established by the International Com-

mission of Non-Ionizing Radiation Protection [36], further improvement in the detection limit

could be achieved, either by coupling additional light sources to the remaining branches of

the bifurcated fiber or by improving the coupling efficiency of the mechanical connections.
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Chapter 3

Image processing methods

3.1 General purpose computation on graphics processing

unit

A key point of software development is that the software and its algorithms should be adapted

to the underlying hardware. There have been quite significant changes regarding computer

hardware in the last decade, moving from sequential to parallel architectures. While previ-

ously parallel computing has been only a niche technology for specialized high-performance

demands and supercomputer clusters, it has become much more prominent due to two major

developments in the last decade. The first one is the introduction of multi-core microproces-

sors while the other fascinating trend is the usage of the graphics card as a co-processor for

general purpose computations.

This section will discuss the development of the different architectures and look back on the

history of parallel computing.

3.1.1 From single-core to multi-core CPUs

Traditionally, microprocessors have been based on a single central processing unit (CPU). In

accordance with Moore’s law [1] their performance has grown for multiple decades, supplying

ever increasing computing power to both private and scientific users. Software developers

could rely on this development to continuously improve the performance of their software by

providing a new generation of chips on which the program would simply execute much faster.
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Obviously, each step forward gave rise to a set of new ideas and applications that demanded

even faster hardware.

This trend, however, has significantly slowed down in recent years. For the continuous perfor-

mance growth it was necessary to increase the clock-frequency and squeeze more transistors

onto the chip area. Inevitably, problems with power consumption, heat dissipation and the

manufacturing of nanometer scale parts arose. It turned out that technological limitations

eventually slowed the continuous growth. For this reason development took a novel path

towards chip models that now feature multiple processor cores instead of the classical single-

core architecture [2]. Dual- and quad-core processors are well established in the desktop and

notebook market and are even starting to penetrate the field of mobile phones [3]. This

paradigm shift towards multi-core architectures for the central processing unit was dubbed

the concurrency revolution by Sutter and Larus in 2005 [4].

Of course such a fundamental change in design must be supported by appropriate new pro-

gramming concepts. The traditional way of executing a list of operations one after the other

was well suited to single-core CPUs and benefited from every speed-up achieved by new tech-

nology. In order to make use of additional parallel cores the developers were required to

come up with concepts where operations could be executed in parallel, thus keeping all of the

computational units busy all the time [5].

3.1.2 From specialized to programmable GPUs

The graphics processing unit (GPU) was developed as a very specialized piece of hardware,

dedicated to perform fast calculations required for 2D or 3D rendering. The main concept was

to offload these computations from the CPU, thus freeing it for other tasks and allowing a

higher performance due to parallelization on the GPU. The GPU executes a set of predefined

instructions or stages on the input data provided by the host CPU. This set of rendering

methods is referred to as the graphics pipeline [6].

The first task in the graphics pipeline is commonly performed by the CPU and consists of

parameterizing the data into vertices - corner coordinates of geometric primitives such as

triangles. As a next step, appropriate geometric operations are performed on the vertices,

accounting for the 3D viewpoint, lighting conditions, camera transformations and the clipping

of points that are outside of the visible area. Finally, in the rasterization step the actual color

values are assigned to the rendered image by interpolating between the vertices or applying
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textures from memory. The result of this process chain is then displayed on the monitor.

This fixed-function graphics pipeline has been both a strength and a weakness of early GPU

models. It was possible to adapt both hard- and software to this pipeline, thus providing

optimizations for each pipeline stage with a new generation of graphics cards. On the other

hand this design made the GPUs not programmable, the developer was merely able to con-

figure certain parameters in the pipeline and employ an application programming interface

(API) to use GPU resources in his programs. Among the most commonly used APIs were

Microsoft’s DirectXTMand OpenGL R©, an open, platform-independent media library that is

being developed by the Khronos Group. These APIs turned out to not be well suited for sci-

entific computations. They were still restricted and inflexible compared to other programming

approaches, which made their handling difficult for an inexperienced developer. A further

disadvantage was the lack of double precision floating point support which is required in some

specialized scientific applications.

With the unrelenting demand and drive of the video game industry this architecture soon

turned out to be limiting and not flexible enough to satisfy more sophisticated needs. Some

intermediate steps towards a programmable environment were taken by GPU manufacturers

and new API versions, but a major milestone was the release of the compute unified device

architecture (CUDA) framework by Nvidia in 2007 [7]. The further discussion will focus on

CUDA as it is the technology employed in this work.

The introduction of CUDA constitutes a major rework of the Nvidia GPU architecture, adapt-

ing not only the software layer to the needs of programmability, but also the hardware [8].

Among the cornerstones of the new architecture are the ability of the user to directly access

GPU memory and the abandonment of the fixed-function graphics pipeline in favour of a

design featuring parallel programmable threads. Figure 3.1 shows the basic design of a CUDA

GPU. The graphics card receives a set of instructions from the main CPU side (the host)

and those are translated and distributed to the parallel thread units by the thread execution

manager. A number of parallel threads then execute these instruction concurrently, where

each block of threads uses its own dedicated data and texture cache. Furthermore, the device

comes with a global dynamic random access memory (DRAM) that can be used by all threads

for data exchange and storage.

While this step eased the task of video game developers and provided them with new options

it also opened up a wide range of possibilities for completely different applications. The addi-

tional freedom and flexibility made it possible to use the GPU not only as a specialized device
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Figure 3.1: Architecture of a CUDA GPU.

for graphics operations but as a co-processor for general computations, a practise that was

named general purpose computation on graphics processing unit (GPGPU) [9]. Other man-

ufacturers have brought forward similar concepts, such as AMD with their FireStream cards,

which are also intended to be used as floating point co-processors for scientific calculations.

Both CUDA and FireStream however have the disadvantage of being hardware bound: any

algorithm developed on them will require the presence of a suitable GPU by the respective

manufacturer. A platform-independent framework to allow GPU computing is offered by the

OpenCL R© standard (Khronos Group), which has been adopted by both Nvidia and AMD.

These advances have transformed the GPU from a dedicated graphics processor to a co-

processor that supports extensive calculations for a wide range of applications, a development

that must be noted as an important turning point of processing technology. The introduction
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of the GPU as a general purpose computation unit has opened a new design trajectory. One

route is the traditional multi-core design of several CPU chips as outlined in Section 3.1.1

as a continuation of the single-core processors. But the massively parallel architecture of the

GPU, with many slower but concurrent processing units, has successfully established itself as

a promising alternative [10].

Currently hybrid-systems, such as the one presented in this work, where tasks are distributed

between the CPU and the GPU are a frequently used setup. In it, computations that are

inherently parallel, such as independent operations on all pixels of an image or all elements of

a matrix, are performed on the GPU. The remaining tasks, that are better suited for sequential

processing, are then distributed to the CPU. However, this model bears a certain overhead

due to memory transfers between the devices.

In the future these two design trajectories might be fused into a single-device architecture

that is a hybrid between multi-core and massively parallel processors. Those are referred to as

many-core systems and are currently being developed for example by Intel’s research program

Tera-Scale [11, 12].

3.1.3 CUDA GPU architecture

In order to understand the advantages and disadvantages of these two design trajectories

one needs to look at their underlying hardware architecture. Figure 3.2 compares the basic

resource distribution of a CPU and a GPU chip [7].

It becomes clear why the GPU is such a powerful parallel computing device: it simply de-

votes more chip space and thus more transistors to the execution of arithmetic and logical

operations. A contemporary GPU like Nvidia’s GeForce GTX 560 Ti possesses a total of 384

CUDA cores clocked at a frequency of 1.6 GHz. Even though a modern CPU such as the Intel

Core i7-990X runs at two times the frequency and has six cores it is clear, that the parallel

architecture of a GPU achieves a significantly higher number of floating point operations per

second (FLOPS). On the other hand this means that less resources are available for memory

management and control functions. As a consequence the memory structure is quite different:

while the GPU is also equipped with a global DRAM memory it has a much smaller cached

memory. Furthermore the cached memory blocks are usually localized, meaning that they are

only accessible to a subset of the cores. Since reading and writing operations are performed

much faster on the localized cache memory (shared memory) it makes sense for a developer
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Figure 3.2: Comparison of CPU and GPU resource allocation.

to avoid slow DRAM accesses in favor of using the shared memory.

A key concept of CUDA devices is the single-instruction multiple-thread execution model [13].

Thereby, commands are organized and scheduled into groups of 32 parallel threads called

warps. This concept facilitates the highly parallel execution of instructions. An arithmetic

operation, the so-called kernel, can be applied to 32 image pixels by calling a warp with that

instruction. However, this model, like GPU programming in general, requires a certain amount

of optimization. Warp divergence, the case when the parallel kernels of a warp do not perform

the same instruction, is a serious performance issue. This can happen on image edges or

when the instruction set contains conditional statements. Commonly employed techniques

are padding the memory to multiples of 32 units and ensuring coordinated memory access,

which is called coalescing. Figure 3.3 shows an example of coalesced and non-coalesced

memory access within a warp. The access scheme shown in Fig. 3.3A is optimized for the

single-instruction multiple-thread execution model and yields optimal performance, while the

scheme of Fig. 3.3B performs significantly slower due to threads T3 and T4 breaking the

coordinated access and thread T25 not performing an operation at all. For a simple kernel

consisting of a read, increment and write operation an average access time of 356 µs was

reported for the coalesced case and 3494 µs for the non-coalesced scheme [14].

These and various other programming and optimization techniques required to effectively use

the GPU resources were documented for example by Kirk [8] and Sanders [15].
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Figure 3.3: A) Example of a coalesced memory access where 32 threads read from neighboring
memory blocks in a coordinated operation. B) Non-coalesced access where threads T3 and
T4 break the coordinated access and thread T25 does not participate.

On a hybrid architecture, consisting of a host CPU and a GPU, such considerations play an

important role. With the release of a series of GPUs based on the Fermi GF100 architec-

ture [16, 17] some decisive improvements were introduced. Fermi GPUs offer faster double

precision performance, concurrent kernel execution, improved atomic operations and support

for error-correcting code (ECC). Importantly, a transparent L1 and L2 cache hierarchy was

introduced and the shared memory was significantly enlarged [18]. Based on the new architec-

ture, enhanced performance for standard arithmetic operations has been achieved [19, 20] and

guidelines for tuning techniques have been developed to better exploit the new architecture’s

possibilities [21, 22]. Nickolls et al. [23] reported substantial speedups of up to 137× for GPU

enhanced applications in a number of different fields. Notably, iterative image reconstruction

in computed tomography was accelerated by a factor of 130 [24] and a similar improvement

was also reported for an advanced image processing operation like contour detection [25].

With such achievements in mind authors have proclaimed ”The GPU computing era” [23],

however some challenges remain to bridge the gap between GPGPU and the conventional,

widespread computing on CPUs. First, GPUs posses relatively small amounts of DRAM, com-

monly below 4 GB. Second, their memory can only be accessed via the system memory and
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is thus not directly available to input/output (I/O) devices, a factor that limits performance

and makes GPU less attractive for I/O device manufacturers. Third, despite some impressive

speedups that have been realized on parallel architectures, the performance remains limited

by the sequential portion of the program, an argument known as Amdahl’s law [26]. Finally,

current GPUs have not been designed to be employed and programmed in easily scalable

multisocket systems like CPUs, where multiple chips operate on one board [18].

3.1.4 Implementation example: Demosaicking

The aforementioned GPU programming techniques are illustrated in this section on the color

demosaicking implementation that is part of the intra-operative system software discussed in

Section 2.1.

3.1.4.1 Demosaicking

Images in today’s commercial digital cameras are usually acquired by a single charge-coupled

device (CCD) sensor. Color images are recorded by placing a color filter array (CFA) on top

of the sensor. Consequently, a single CCD pixel measures the incoming light solely in the

limited spectral band of its overlaid filter. The most frequently used CFA arrangement was

introduced and patented by Bryce Bayer [27]. It consists of 4 × 4 pixel blocks overlaid with

two green, one red and one blue filters. The green channel is sampled at a higher rate to

account for the fact, that the human eye is most sensitive to luminance in that region, while

less sensor space is devoted to the chrominance components red and blue. This can be seen

as a precursor to the chrominance subsampling approach that is widely established in video

encoding today. However, various other filter arrangements as well as different methods for

color image acquisition exist [28].

Figure 3.4A shows the commercially widespread RGGB Bayer pattern configuration, that was

also employed by the color cameras used in this work, while Figure 3.4B displays how the

spectral components are filtered to yield subsampled channels. A color image at the original,

full resolution is obtained by interpolating the missing pixel information for all color planes.

This process is referred to as demosaicking, and the unprocessed, raw data of the camera is

hence named the mosaicked image.
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Figure 3.4: A) Configuration of the popular RGGB Bayer pattern. B) Schematic of the
filtering of incoming light on the CCD sensor and the resulting pattern.

3.1.4.2 Demosaicking by optimal linear filtering

The simplest demosaicking algorithms use bilinear interpolation to calculate the missing color

values from the measured ones. For the configuration shown in Figure 3.4B the red pixel R6

was not measured, since a blue filter was placed over its position. Yet it can be interpolated

as:

R6 =
1

4
(R1 + R3 + R9 + R11)

Bilinear interpolation is simple, computationally fast and can serve as a baseline for the evalu-

ation of more advanced algorithms, however it generates visible artifacts along high-frequency

components such as edges [29, 30]. Various more refined algorithms have been proposed and

evaluated to reduce interpolation artifacts [31–33].

Herein the linear method published by Malvar et. al [34] was implemented in the CUDA frame-

work and integrated into the intra-operative image processing pipeline previously discussed in

Section 2.1.4. They solved for the optimal 5× 5 filter kernel coefficients assuming correlation

between neighboring raw pixel values of different colors, resulting in a gradient-corrected bi-

linear interpolation. This algorithm was preferred over other sequential or frequency-domain

methods because a bilinear kernel filtering efficiently exploits the GPU’s parallel architecture,

and is easy to implement and optimize. The optimization techniques and speed gains reported

for an implementation of this demosaicking approach in the 3D graphics API OpenGL [35]

served as an additional incentive.

The filter coefficients for the interpolation of all possible pixel-location combinations as pro-

posed by Malvar et al. [34] are displayed in Figure 3.5. It is important to note that among
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the twelve arrangements four trivial identities and eight pairs of identical, shifted filters are

contained, meaning that only five different kernels are eventually applied to the mosaicked

data pixel neighborhood.

3.1.4.3 Unoptimized implementation

The straightforward pseudo-code implementation of the described algorithm is shown in Code

3.1. It shows the basic principle of hybrid CPU-GPU programming, where data is copied from

the host (CPU) side to the device (GPU) and processed there by parallel threads.

1 // CPU ( h o s t ) s i d e f u n c t i o n

v o i d Demosa ick ing ( i n t raw [m] [ n ] , i n t rgb [ 3 ] [m] [ n ] )

3 {
// P r o c e s s th e image i n 16 x16 b l o c k s

5 dim3 t h r e a d s P e r B l o c k ( 1 6 , 1 6 ) ;

// C r e a t e th e a p p r o p r i a t e number o f b l o c k s f o r th e image s i z e and ↪→
←↩ th e t h r e e output c o l o r s

7 dim3 numBlocks ( x /16 , y /16 , 3) ;

// Copy t he raw data to GPU g l o b a l memory

9 MemCopyHostToDevice ( gpu raw , raw ) ;

// C a l l the p a r a l l e l GPU k e r n e l s . One k e r n e l p r o c e s s e s a s i n g l e RGB ↪→
←↩ p i x e l .

11 g p u k e r n e l d e m o s a i c k<<<numBlocks , t h r e a d s P e r B l o c k >>>(gpu raw , gpu rgb ) ;

// Copy t he r e s u l t back from th e GPU to main computer memory

13 MemCopyDeviceToHost ( gpu rgb , rgb ) ;

}
15 // GPU k e r n e l f u n c t i o n to p r o c e s s one output p i x e l

g l o b a l v o i d g p u k e r n e l d e m o s a i c k ( i n t gpu raw [m] [ n ] , gpu rgb [ 3 ] [m] [ n ] )

17 {
// H o r i z o n t a l p o s i t i o n o f th e c u r r e n t k e r n e l

19 i n t x = 16 ∗ blockNumber . x + threadNumber . x ;

// V e r t i c a l p o s i t i o n o f t he c u r r e n t k e r n e l

21 i n t y = 16 ∗ blockNumber . y + threadNumber . y ;

// Output c o l o r o f th e c u r r e n t k e r n e l

23 i n t c o l ;

// Get the 5 x 5 f i l t e r c o e f f i c i e n t s f o r th e c u r r e n t p o s i t i o n

25 i n t c o e f f s [ 5 ] [ 5 ] = G e t C o e f f s A t P o s i t i o n ( x , y , c o l ) ;
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r e s = 0 ;

27 // Do the f i l t e r i n g

f o r ( i n t i =0; i <5; i ++)

29 {
f o r ( i n t j =0; j <5; j ++)

31 {
r e s = r e s + c o e f f s [ i ] [ j ] ∗ gpu raw [ x−2+i ] [ y−2+j ] ;

33 }
}

35 // Wri te r e s u l t to demosa icked image

gpu rgb [ c o l ] [ x ] [ y ] = r e s ;

37 }

Code 3.1: Pseudo-code of a possible GPU demosaicking implementation, where memory usage

is not optimized.

It can be seen that this demosaicking implementation is easily parallelizable as every device

kernel thread, a call of the GPU-side function gpu kernel demosaick, processes an output pixel

independently from all the others. However, the memory usage in the above example is not

optimal. Line 32 reads the 5×5 vicinity of the current position from GPU global memory. This

memory space is accessible to all threads, yet read and write operations on it are extremely

slow compared to shared memory, that is only locally accessible to individual thread blocks.

3.1.4.4 Implementation using optimized memory access

Since Code 3.1 performs multiple reads of every raw data pixel a natural optimization approach

would be to read every pixel just once into the shared memory of a 16× 16 thread block and

perform the other read operations there. The necessary pseudo-code modifications of the

GPU kernel to realize this optimization are shown in Code 3.2.

// GPU k e r n e l f u n c t i o n to p r o c e s s one output p i x e l

2 g l o b a l v o i d g p u k e r n e l d e m o s a i c k ( i n t gpu raw [m] [ n ] , gpu rgb [ 3 ] [m] [ n ] )

{
4 // H o r i z o n t a l p o s i t i o n o f th e c u r r e n t k e r n e l

i n t x = 16 ∗ blockNumber . x + threadNumber . x ;

6 // V e r t i c a l p o s i t i o n o f t he c u r r e n t k e r n e l
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i n t y = 16 ∗ blockNumber . y + threadNumber . y ;

8 // Output c o l o r o f th e c u r r e n t k e r n e l

i n t c o l = threadNumber . z ;

10 // Get the 5 x 5 f i l t e r c o e f f i c i e n t s f o r th e c u r r e n t p o s i t i o n

i n t c o e f f s [ 5 ] [ 5 ] = G e t C o e f f s A t P o s i t i o n ( x , y , c o l ) ;

12 r e s = 0 ;

// Use s h a r e d memory f o r f a s t e r r e a d o p e r a t i o n s

14 d e v i c e s h a r e d i n t rawBlock [ 2 0 ] [ 2 0 ] ;

// Every k e r n e l r e a d s one p i x e l to s h a r e d memory

16 rawBlock [ threadNumber . x +2] [ threadNumber . y +2] = gpu raw [ x ] [ y ] ;

// Handle 2 p i x e l apron o f s h a r e d memory

18 HandleApron ( . . . ) ;

// Do the f i l t e r i n g

20 f o r ( i n t i =0; i <5; i ++)

{
22 f o r ( i n t j =0; j <5; j ++)

{
24 r e s = r e s + c o e f f s [ i ] [ j ] ∗ ↪→

←↩ rawBlock [ threadNumber . x+i ] [ threadNumber . y+j ] ;

}
26 }

// Wri te r e s u l t to demosa icked image

28 gpu rgb [ c o l ] [ x ] [ y ] = r e s ;

}

Code 3.2: Pseudo-code of the GPU demosaicking kernel, where localized shared memory is

used for optimized access performance.

The read operation in line 24 is now performed on the faster shared memory. The shared

memory block int rawBlock[20][20] is loaded in line 16, with every kernel thread loading only

a single pixel, thus ensuring coalesced access and no idle threads. An apron of 2 pixels on

every side of the sub-block is required by the kernels. Loading this apron is not elaborated in

Code 3.2 (line 18), but is still an important part of the memory optimization. It should be

noted that using a block size of 20× 20 where all threads load the shared memory and only

the inner subset performs the filtering operation would not be a good solution since numerous

kernels are inactive during the GPU function call. In the current implementation loading the

inner block and the apron is distributed among the kernels associated with different output

pixel colors.
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3.1.4.5 Performance evaluation

The performance gain attained by hybrid computing for the demosaicking post-processing

step was measured by comparing implementations in different programming languages and

environments. The linear filtering algorithm was realized in CPU-only implementations in

MATLAB (The MathWorks, Natick, MA, USA) and C/C++ as well as in a hybrid CPU/GPU

environment using C/C++ and CUDA.

Demosaicking Implementation Average Processing Time
(Programming Language) (1.3 MPixel Image)

[ms]

MATLAB 42160
C/C++ 339

Hybrid C/C++ and CUDA 10

Table 3.3: Average computation times measured for implementations of the demosaicking in
MATLAB, C/C++ and CUDA.

Table 3.3 shows the computation times obtained by averaging over 100 executions on sample

images of 1.3 MPixel size. The results indicate, that a significant performance gain can

be attained solely by using parallel hybrid computing in image processing. This becomes

crucial for applications that require real-time or video-rate image processing, such as those

being employed in the medical field. Detailed profiling reveals that a significant amount of

the hybrid implementation processing time is required for copying data between host and

GPU memory. This fact becomes an important bottleneck in most high-throughput GPU

computations and further exemplifies the need for direct I/O access to the graphics card’s

memory.

It is important to note that the measured times do not represent an absolute lower limit

for this algorithm but are rather based on straight-forward implementations. Optimization

routines for image filtering with separable kernels are well known [36] and could be applied

to all three codes to reduce processing times. MATLAB functions that already include such

routines were not used to maintain comparability. Furthermore, MATLAB has already started

to support parallel computing in newer versions, thus also harvesting performance gains from

hybrid CPU/GPU computing [37]. This is perhaps another hint that parallel computing will

play an increasingly important role in the future of various scientific fields.
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3.2 Space-variant deconvolution

As discussed in Chapter 1, fluorescence imaging is a potent method to study molecular func-

tions in tissue. It allows for non-contact imaging of in vivo cellular processes such as gene

expression, protein function and cellular signaling [38], as well as the visualization of malig-

nant tissue alterations [39]. The emergence of fluorescence molecular imaging as a means

to enhance human vision in clinical applications such as surgery and endoscopy strengthens

the need for accurate fluorescence images in turbid media. Surgical and endoscopic guidance,

based on fluorescent agents that report on disease biochemistry using fluorescence emission,

has received considerable attention in recent years. Both the induction of tissue autofluores-

cence [40] and the systemic administration of fluorescent probes with biomarker specificity

[41, 42] have been successfully applied in clinical studies for the identification and demarcation

of cancerous tissue.

The progress in developing agents has not been however matched by a corresponding drive

for delivering high-end imaging systems. Typically the novelty in the systems developed is

limited to the number of wavelengths that can be acquired multispectrally or the sensitivity

of the camera employed. However, there are fundamental limitations on the accuracy of such

systems imposed by the physics of photon propagation. The measured images are degraded

by light scattering, resulting in a loss of both quantitative information about the marker con-

centration and spatial distortions.

Light-tissue interaction, as well as previous attempts to correct its effects, were discussed in

Section 1.4.1. Herein, a method designed to operate in vivo while offering adaptive ability

to account for tissue heterogeneity is presented. The diffuse nature of a fluorescence signal

from within biological tissue was characterized as the convolution of the true fluorophore

distribution with a space-variant fluorescence point spread function (FPSF). A space-variant

deconvolution scheme was developed, which estimates the FPSF from spatial characteristics

of spectral measurements and retrieves the fluorescence distribution within a turbid medium.

3.2.1 Methods

3.2.1.1 Theory

Space-variant convolution Convolution is a mathematical operation that is being used

for a variety of applications in signal processing [43, 44], computer vision [45] and image
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processing [46, 47]. The convolution of two functions f(t) and g(t) is defined as an integral

transform:

(f ∗ g) (t) =

∫ +∞

−∞
f (t− τ) g (τ) dτ (3.1)

Digital images are typically represented as a discrete two-dimensional array I[x][y], when the

convolution with a constant kernel K[u][v] can be written as a sum.

(I ∗K) [x][y] =
∑
u

∑
v

I[x− u][y − v]K[u][v] (3.2)

Therein I[x][y] is the image evaluated at pixel coordinates x and y, while K is the 2D con-

volution kernel. Various image processing steps can be performed utilizing constant kernels

of certain shapes, for example edge detection, sharpening and blurring [48]. Consequently,

deconvolution, the inversion of Equation (3.2), has been used for the deblurring of images in

fields such as microscopy [49, 50] and astronomy [51, 52]. Thereby image blur is modeled

as the convolution of the sharp image with a system-specific kernel, named the point spread

function (PSF). In many cases the PSF is not known and cannot be easily measured. Hence,

blind deconvolution has been developed [53, 54] to estimate both the PSF and the sharp

image from the blurred measurement.

However, situations where the PSF changes with the image location require an extended cor-

rection scheme. Spatially variant blurs occur in various cases [55], e.g. astronomical adaptive

optics imagery [56], in motion blur of multiple objects [57], as well as for collimator blurring

in SPECT imaging [58]. It has been confirmed through simulations [59] and experiments [60,

61] that in general the blurring kernel should be modeled with a spatial dependency. For a

space-variant image blur the convolution operation can be written as:

(I ∗K) [x][y] =
∑
u

∑
v

I[x− u][y − v]K[u][v](x, y) (3.3)

In contrast to Equation (3.2), the PSF value varies not only with the kernel image coordi-

nates (u, v) but also with the image position (x, y), yielding a pointwise linear transformation.

Various methods have been proposed to model space-variant kernels with reasonable compu-

tational complexity [62, 63], such as parametric models of the space-variant blur [64], tensor

products [65], wavelet domain approximation [66] or piecewise space invariant convolutions

[67, 68]. Spatially adaptive methods, in contrast to the conventional use of deblurring to
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correct for degradations introduced by the imaging system, can also be employed the correct

for properties of the sample itself [69–71].

Herein the space-variant deconvolution framework was adapted for the enhancement of diffuse

fluorescence imaging, developing a novel method to correct for diffusive effects introduced by

the sample properties. A space-invariant approach is insufficient to correct for optical diffu-

sion caused by scattering in fluorescence imaging. Primarily, the diffuse signal measured from

fluorescent molecules is influenced by tissue optical properties [72, 73], and thus is varying

spatially in the sample.

Space-variant deconvolution The spatially variant kernel K[u][v](x, y) can be interpreted

as a fluorescence point spread function (FPSF) that describes the propagation of a fluorescent

point emission from the image point (x, y). The FPSF was modeled as the product of a

gaussian kernel with standard deviation σ[x][y] and the anisotropy map A[x][y]. The latter

accounts for the spatial variance of diffusion properties and is of the same size as the image

I. We assumed that the diffusion anisotropy is separable from the standard deviation and

only dependent on the kernel pixel location relative to the image. The space variant kernel

can then be written as

K[u][v](x, y) = A[x][y]G(σ[x][y])[u][v] (3.4)

where G(σ)[u][v] is a 2D gaussian kernel with standard deviation σ. The distribution’s full

width at half maximum (FWHM) is related to the standard deviation as follows:

FWHM = 2σ
√

2 ln 2 (3.5)

The kernels at all locations (x, y) were normalized so that∑
u

∑
v

K[u][v](x, y) = 1 (3.6)

The diffusion correction is performed by a modified Richardson-Lucy algorithm. This algorithm

is widely used in microscopy [74] and astronomy [75] and is also employed as the basis of

blind deconvolution [76]. It calculates the maximum-likelihood solution to a deconvolution

86



3.2 Space-variant deconvolution

problem by performing a series of iterative convolutions [77].

In+1 = In

(
C

In ∗K

)
∗K (3.7)

Thereby In is the reconstruction at iteration step n, C is the observed blurred image, K is

the convolution kernel and K is the kernel flipped along both coordinate axes. Equation (3.7)

was extended to yield a space-variant deconvolution by replacing the two space-invariant

convolution operations with the space-variant model described above, and applied with 75

iteration steps. For computational reasons the standard deviation map σ[x][y] was discretized

for the deconvolution iterations and interpolated afterwards. The modified Richardson-Lucy

algorithm was implemented in MATLAB (The MathWorks, Natick, US-MA) in Fourier space,

where the flipped kernel K simplifies to the complex conjugate.

3.2.1.2 Phantom experiment

A series of 15 tissue mimicking liquid phantoms was measured to characterize the effects of

varying optical properties, both on the color reflectance images and the fluorescence point

spread function. Phantoms contained a spherical inclusion of 500 nM Alexa Fluor 750 at a

depth of about 5 mm below the surface. A solution containing 10.9mg
ml

titanium oxide (TiO2)

powder (Sigma-Aldrich, St. Louis, US-MO) was prepared to match the scattering properties of

Intralipid 20% (Sigma-Aldrich) [78], which is frequently used for tissue mimicking phantoms

[79]. The TiO2 solution was added in concentrations of 0.4%, 0.8%, 1.2%, 1.6% and 2.0%

respectively. Bovine blood was used as an absorber in concentrations of 1.0%, 2.0% and

4.0%, respectively. The range of both components was chosen to correspond to tissue optical

properties documented in the literature [80].

The true shape of the fluorescent inclusion was measured from a phantom devoid of blood

and TiO2. The FPSF of every phantom was determined as the deconvolution of its imaged

fluorescence and the gold standard inclusion. Additionally, a phantom consisting solely of the

titanium solution was measured to serve as a reflectance standard. The samples were imaged

using the intraoperative system as described in Section 2.1.
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3.2.1.3 Tissue experiments

The proposed method was validated on images acquired from ongoing studies to provide

realistic cases. In the first dataset, the fluorescent probe scVEGF-CY5.5 (SibTech, Brookfield,

US-CT) was employed to target a subcutaneous 4T1 breast cancer allograft. The second

dataset stems from a study to evaluate an experimental lipid-bound indocyanine green (ICG)

based probe (Lipo-ICG) inside a subcutaneous 4T1 tumor. The third dataset investigated the

bio-distribution of AlexaFluor750 (Molecular Probes, Eugene, US-OR) in excised mouse lungs

after probe application using an inhalation technique [81].

Fluorescence and color measurements were taking using an imaging-cryoslicer system [82].

This system has an almost identical geometry with the clinical intra-operative and endoscopic

setup, taking planar color and epi-fluorescence images of tissue blocks using sequential filter

wheel acquisition. A major advantage of the cryoslicing system is the possibility to preserve

the surface sample slice for validation and histology. Such thin tissue slices are virtually

turbidity-free, since their thickness of about 20µm is significantly smaller than the mean free

path. Makroscopic epi-fluorescence images of such preserved slices provided a gold standard

validation of the fluorophore distribution to evaluate the deconvolution algorithm performance.

3.2.2 Results

3.2.2.1 Phantom experiment

The fluorescence point spread function (FPSF) was calculated for every phantom as the

space-invariant deconvolution of the measured fluorescence image with the gold standard

fluorescence distribution and is shown in Figure 3.6. The images indicate, that the obtained

fluorescence point spread function is predominantly dependent on the scattering, which is

denoted by the titanium concentration, and mostly invariant against changes of absorption.

This is in agreement with the expectation that scattering is dominant over absorption effects

in the NIR range for tissue.

Intensity profiles through the fluorophore location were calculated and averaged over all angles.

The FWHM was measured from the resulting curves. Figure 3.7A shows the FWHM over the

reduced scattering coefficient µ
′
s, which was computed from the utilized TiO2 concentration.

A linear fit of the measurement points was done and confirmed the high correlation of the

kernel FWHM to the scattering (R2 = 0.95). Considering that µ
′
s is generally not known
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Figure 3.6: Fluorescence point spread function (FPSF) of the 15 tissue mimicking phantoms
with varying absorption and scattering properties.

when measuring biological tissue, Figure 3.7B plots the FWHM over the average red pixel

value of the phantom at the fluorophore location, which was obtained from the color camera

measurements. As expected, the red intensity does not describe the kernel width as well as

the scattering coefficient, yet a reasonable goodness of fit (R2 = 0.86) was achieved.

Based on the obtained fitting, the measured fluorescence was corrected using the proposed

algorithm. Since the phantom’s optical properties are homogeneous the inhomogeneity map

A simplifies to a constant.

A = 1 (3.8)

The standard deviation map was obtained using both linear fittings shown in Figure 3.7 in

conjunction with Equation (3.5). Figure 3.8A displays the fluorescence image of phantom 7,

which was corrected to yield the image in Figure 3.8B. Therein the red pixel count was used to

obtain the gaussian kernel, decreasing the FWHM from 186 to 70 pixels after correction. The

ground truth fluorescence, with a FWHM of 48 pixels, is plotted in Figure 3.8C. The correction
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3.2 Space-variant deconvolution

Figure 3.7: FWHM of the fluorescence point spread function (blue), corresponding linear
fitting (red) and coefficient of determination R2 as a function of the phantom’s reduced
scattering coefficient (A) and the average red pixel intensity (B).

performance over all phantoms is displayed in Figure 3.8D. Thereby the two methods to

estimate the kernel were applied to decrease the measured fluorescence width (black) towards

the actual fluorophore extend (cyan). The resulting average improvement of the FWHM was

73.7 % for the kernel estimation from the reduced scattering coefficient and 74.2 % using the

red channel.

3.2.2.2 Tissue experiments

Measurements of the reduced scattering coefficient were not available for the tissue data,

thus due to its simplicity and good performance in the phantom experiment the red channel

of the corresponding color images was used to determine both the inhomogeneity A and the

standard deviation map.

A = R (3.9)

σ = c1R + c2 (3.10)

As no calibration measurements were available, the constants c1 and c2, relating the diffusion

path in cm−1 to pixel units, were determined empirically. These constants account for differ-

ences in the field of view, magnification and illumination intensity between the utilized setups.
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3.2 Space-variant deconvolution

Figure 3.8: A) Fluorescence image of a representative phantom (#7) comprising 2 % Blood
and 0.8 % TiO2 with a full width at half maximum of 186 pixels. B) Phantom image corrected
by deconvolution, where the standard deviation was estimated from the red channel, with a
FWHM of 70 pixels. C) Fluorescence image of the ground truth phantom, containing neither
blood nor titanium (FWHM = 48). D) Graph plotting the FWHM of the 15 phantoms as
originally measured (black) and after applying deconvolution where the kernel was obtained
from either µ

′
s (green) or from the red intensity (red).
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3.2 Space-variant deconvolution

Figure 3.9 shows how the space-variant point spread function is constructed from a color

reflectance image (Fig. 3.9A) according to Equation (3.4). The color image’s red channel

is used both as the inhomogeneity map A (Fig. 3.9B) and to obtain the pointwise gaussian

standard deviation (Fig. 3.9C) using Equation (3.10). The resulting kernel at the location

indicated by the arrow is finally displayed in Figure 3.9D. This FPSF describes a preferred

fluorescence propagation into the fatty tissue and a stronger attenuation by the more vascular

region in the center.

Figure 3.9: A) Color image of a mouse cryosection. B) Corresponding red channel, which is
utilized as the inhomogeneity map. C) Map of the kernel standard deviation obtained from
the red channel. D) Fluorescence point spread function at the location indicated by the arrow
in A)

The results of the space-variant deconvolution, applied to the three mouse datasets, are pre-

sented in Figure 3.10. Using space-variant fluorescence point spread functions derived from

the color images (Fig. 3.10A–I), the cryosection fluorescence images (Fig. 3.10B–J) are cor-

rected to yield the images displayed in Figures 3.10C–K. For the three datasets a successful

correction is achieved, yielding output images that bear a closer resemblance to the gold

standard data (Fig. 3.10D–L) than the original fluorescence measurements.
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3.2 Space-variant deconvolution

Figure 3.10: A–I) Color images of the three mouse cryosections. B–J) Corresponding fluo-
rescence measurements. C–K) Correction result of the proposed space-variant deconvolution
method. D–L) Gold standard scatter-free fluorescence image of a thin tissue slice.

3.2.3 Discussion

A scheme based on space-variant deconvolution was developed to correct the two dimensional

signal distortions introduced by diffusive light propagation. Phantom experiments demon-

strated, that the local deterioration introduced by scattering can be reversed by deconvolu-

tion with an appropriate kernel. Based on color reflectance measurements, a spatially varying

fluorescence point spread function was determined. Space-variant deconvolution was realized

by a modified Richardson-Lucy algorithm and applied to datasets of cryosectioned mouse tis-

sue. A significant improvement, with respect to the gold standard fluorophor distribution, as

measured from thin tissue slices, was observed in the analyzed cases. Specifically, the shape

and extend of the fluorescence distribution could be evaluated more precisely, by reducing

the signal spread to provide better demarcation (Fig. 3.10G and K) and by revealing features

previously disguised by diffusion (Fig. 3.10C).

An important merit of the proposed approach, as opposed to pixel-wise intensity adjustment,

is the two dimensional character. Since light propagates through optically inhomogeneous

locations due to photon scattering, a correction of such effects requires a model for spatial
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3.3 Wavelength optimization for the determination of tissue properties

interaction. Herein, color reflectance measurements were used to construct a gaussian kernel,

based on their observed correlation to the full width at half maximum (FWHM). The kernel

was spatially modulated by an inhomogeneity map, also retrieved from the color channel. As

the current approach employs only fluorescence and RGB measurements it can easily be inte-

grated into the intraoperative imaging system presented in Chapter 2. In surgical applications

of molecular fluorescence imaging, the more accurate spatial delineation of the fluorophore

distribution yielded by the deconvolution approach would be of crucial importance to evaluate

the tumor margins and preserve healthy tissue.

However, the kernel composition represents an obvious opportunity for improvement. The

phantom experiments indicated that the kernel spread mostly varies with the scattering coef-

ficient µ
′
s, which however cannot be retrieved using the current setup due to the reflectance’s

scale invariance to the optical properties [83]. Consequently, further development of the

approach could introduce an analytical model, whose parameters are determined by more

advanced means, such as narrow band multispectral imaging or measurement schemes involv-

ing source-detector separation. Refinements of the iterative Richardson-Lucy implementation

might be useful to reduce the influence of noise, ill-posedness and improve iteration conver-

gence. Finally, considering the three-dimensionality of biological tissue and light propagation

therein, an extension to incorporate depth effects should be considered, possibly accompanied

by applications to 3D fluorescence tomography or volumetric cryoslice image data.

3.3 Wavelength optimization for the determination of

tissue properties

Unlike conventional color imaging, which aims to replicate the perception of the human eye,

the imaging of endogenous tissue contrast in biomedical applications intends to measure phys-

iological tissue parameters that might be of diagnostic value. Herein, a method to optimize

the imaged narrow wavelength bands in a way that yields the best representation of the sample

optical properties is presented. Therefore an analytical model for the diffuse reflectance in epi-

illumination imaging was investigated. It describes the reflected light intensity at a wavelength

as a function of the absorption and scattering properties of tissue. However, the absorption

and reduced scattering coefficients themselves are wavelength-dependent, and consequently

cannot be resolved from multispectral images [83]. Instead, assuming hemoglobin absorption
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and Mie scattering, a novel formulation in terms of three wavelength-independent optical prop-

erties is presented. From the analytical expressions the preferred wavebands are determined

by optimizing for a well-conditioned inverse problem. Finally, the predicted wavelength sets

are validated on liquid phantoms, showcasing that a precise determination of properties such

as the hemoglobin oxygenation and scattering power is possible from merely three spectral

bands.

3.3.1 Methods

3.3.1.1 Theory

Diffuse reflectance model The analytical model published by Farrell et al. [84] was used

for the diffuse imaging of a turbid medium. It gives the following expression for the total

reflectance R in a planar epi-illumination setup:

R =
a

2

(
1 + exp

(
−4

3
Nr

√
3 (1− a)

))
1

1 +
√

3 (1− a)
(3.11)

Thereby a is the medium’s transport albedo, while Nr is a boundary coefficient that accounts

for the difference in refractive indices between air and the medium. For a relative refractive

index nrel = nt

na
of the tissue-air interface Nr can be calculated as [85]:

Nr =
1 + rd
1− rd

(3.12)

rd = −1.440n−2rel + 0.710n−1rel + 0.668 + 0.0636nrel (3.13)

Water is the main constituent of biological tissue, thus its refractive index of nH2O = 1.33

was used for the medium’s nt [86]. With na = 1.00 for air, a value of Nr = 2.79 was computed.
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3.3 Wavelength optimization for the determination of tissue properties

Inversion for albedo Equation (3.11) describes a function that projects an albedo a ∈ A0

onto a normalized reflection measurement R ∈ R0 where R0 = {R ∈ R|0 ≤ R ≤ 1}.

f : A0 → R0 (3.14)

f(a) = R (3.15)

The function f(a) is defined over the set of albedo values A0 = {a ∈ R|0 ≤ a ≤ 1} and

assumes positive values for the square root functions. Such a continuous and real function

is injective if it is either strictly monotonically increasing or decreasing. This can be assessed

from its derivative.

∂R

∂a
=

exp
(
−4

3
Nr

√
3 (1− a)

)
+ 1

2
(√

3 (1− a) + 1
) +

√
3 a
(

exp
(
−4

3
Nr

√
3 (1− a)

)
+ 1
)

4
(√

3 (1− a) + 1
)2√

1− a

+

√
3Nr a exp

(
−4

3
Nr

√
3 (1− a)

)
3
(√

3 (1− a) + 1
) √

1− a
(3.16)

Evaluating the individual terms yields, that the partial derivative ∂R
∂a

is always positive for

positive roots and a ∈ [0, 1[. Thus it follows that f is injective. From the intermediate

value theorem and the function values f(a = 0) = 0 and f(a = 1) = 1 it follows, that the

computation of the set of the normalized diffuse reflectance R0 = {R ∈ R|0 ≤ R ≤ 1} is a

bijective function. Therefore, f is invertible and an inverse function g exists for which:

g : R0 → A0 (3.17)

g(R) = a (3.18)

The existence of an inverse function means that from a single diffuse reflection measurement

the medium’s transport albedo a can uniquely be determined.

Inversion for the wavelength-independent parameters The transport albedo a at a

wavelength λ can be expressed by the reduced scattering coefficient µ
′
s(λ) and the absorption

coefficient µa(λ).

a(λ) =
µ

′
s(λ)

µa(λ) + µ′
s(λ)

(3.19)
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It was assumed that hemoglobin is the major source of optical absorption in tissue. The

absorption coefficient for a blood volume of concentration cB with the oxygen saturation sO2

can then be written as follows:

µa(λ) = cB
(
sO2µ

HbO2
a (λ) + (1− sO2)µ

Hb
a (λ)

)
(3.20)

Thereby µHbO2
a and µHba denote the absorption coefficients of oxygenated and de-oxygenated

hemoglobin, respectively. Their documented values in the visible wavelength range were used

herein [87]. The reduced scattering coefficient µ
′
s can be expressed according to Mie theory

[88] as:

µ
′

s = Aλ−b (3.21)

The wavelength-independent optical properties are given as

p =

 sO2

b

v

 (3.22)

with v = A
cB

. Combining Equation (3.19) with Equations (3.20) and (3.21) yields the albedo

as a function of the optical parameters p.

a(λ,p) =
λ−b

v
(
sO2µ

HbO2
a (λ) + (1− sO2)µHba (λ)

)
+ λ−b

(3.23)

As noted above, a series of N spectral measurements can be inverted to yield the albedo at

the corresponding wavelengths:

G : RN
0 → {a ∈ R|0 ≤ a ≤ 1} (3.24)

For a set of N distinct wavelengths λ =
[
λ1 λ2 · · · λN

]T
the following notation is

used: 
a(λ1,p)

a(λ2,p)
...

a(λN ,p)

 = G



R(λ1,p)

R(λ2,p)
...

R(λN ,p)


 (3.25)

97



3.3 Wavelength optimization for the determination of tissue properties

a (λ,p) = G (R (λ,p)) (3.26)

Therein a (λ,p) ∈ AN0 and R (λ,p) ∈ RN
0 . Thus a system of N equations with the three

unknowns p is obtained. In the following the minimum required number of N = 3 spectral

measurements is assumed to characterize if the system of equations can be solved and how

well conditioned it is for different sets λ.

Invertibility and condition number We consider the function H, that would solve the

system denoted by Equation (3.26), i.e. yield the variables p from the albedo values a (λ).

H : AN0 → P 3
0 (3.27)

p = H (a (λ)) (3.28)

The concatenation of H and G determines the wavelength-independent parameters from a

set of reflectance measurements.

p = H (G (R (λ,p))) (3.29)

The Jacobian matrix J is used to analyze the resulting problem.

J (λ,p) =


∂R(λ1)
∂sO2

∂R(λ1)
∂b

∂R(λ1)
∂v

∂R(λ2)
∂sO2

∂R(λ2)
∂b

∂R(λ2)
∂v

∂R(λ3)
∂sO2

∂R(λ3)
∂b

∂R(λ3)
∂v

 (3.30)

Based on the concatenation of H and G, the partial derivatives therein can we written as

follows:

∂R

∂sO2

=
∂R

∂a

∂a

∂sO2

(3.31)

∂R

∂b
=
∂R

∂a

∂a

∂b
(3.32)

∂R

∂v
=
∂R

∂a

∂a

∂v
(3.33)
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While the expression for ∂R
∂a

is given in Equation (3.16), the partial derivatives of a were

calculated to be:

∂a

∂sO2

= −
v
(
µHbO2
a − µHba

)
λb
(
v
(
sO2µ

HbO2
a + (1− sO2)µHba

)
+ λ−b

)2 (3.34)

∂a

∂b
=

log(λ)

λ2b
(
v
(
sO2µ

HbO2
a + (1− sO2)µHba

)
+ λ−b

)2 − log(λ)

λb
(
v
(
sO2µ

HbO2
a + (1− sO2)µHba

)
+ λ−b

)
(3.35)

∂a

∂v
= − sO2µ

HbO2
a + (1− sO2)µ

Hb
a

λb
(
v
(
sO2µ

HbO2
a + (1− sO2)µHba

)
+ λ−b

)2 (3.36)

Let JF be the Jacobian determinant of the matrix J, which itself is a function of the optical

properties and the measured wavelengths.

JF (λ,p) = det (J (λ,p)) (3.37)

If the function H exists for a set of values p and λ then the Jacobian determinant at that

point is non-zero. The converse statement, namely that the existence of H follows from

JF 6= 0 remains unproven. For the polynomial case it is known as the Jacobian conjecture

[89].

Equilibration is applied to the Jacobian in order to reduce the influence of scaling and obtain

an optimal condition number [90].

J∗ = DJ (3.38)

Thereby the equilibration matrix D is a diagonal matrix whose k-th diagonal entry is the

inverse of the k-th row sum of J. An inverse of the Jacobian exists for a set of measured

wavelengths and optical properties that yield a determinant JF 6= 0.

Jinv (λ,p) = inv (J∗ (λ,p)) (3.39)

The condition number κp of this linearized approximation can be computed as:

κp (λ,p) =
‖J∗inv (λ,p)‖ ‖R (λ,p)‖

‖p‖
(3.40)
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Optimization It can be seen from Equation (3.40) that the condition number is a function

of both the selected wavelengths λ and the specific wavelength-independent parameters p.

Consequently, the condition number of a set of wavelengths was defined as κp for the worst

case parameters, i.e. by taking the maximum over the vector p.

κ (λ) = max
p

(κp (λ,p)) (3.41)

The ranges given in Table 3.4, derived from data published in the literature [80], were utilized

for the values in p.

Parameter Minimum Maximum

sO2 0 % 100 %
b 0.5 4.1
v 1.5 · 10−7 5 · 10−3

Table 3.4: Ranges of the wavelength-independent properties in biological tissue.

For the set of possible wavelengths, 10 nm bandpass filters around the central wavelengths

shown in Table 3.5 were assumed, corresponding to the available optical filters for the phan-

tom experiment.

460 470 480 491 500 510 520 532
541 550 561 570 580 590 600 610
620 630 640 650 660 670 790 800

Table 3.5: Central wavelengths of the 10 nm bandpass filers employed in the wavelength
optimization.

The condition number κ (λ) was computed for all possible wavelength triplets, among which

those with the lowest condition number were considered the best wavelengths for the determi-

nation of the optical properties, since they are minimally sensitive to variances of the diffuse

reflectance measurements.
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3.3.1.2 Phantom experiment

A series of eleven homogeneous liquid phantoms was measured as a gold standard reference for

the retrieval of the wavelength-independent optical properties. Whole rabbit blood was mixed

with Intralipid (Sigma-Aldrich, St. Louis, US-MO), with the blood concentration ranging from

2 % to 6 % and the Intralipid concentration ranging from 0.4 % to 2 %. The hemoglobin

oxygenation status of the phantoms was modified by adding sodium dithionite in appropriate

amounts [91]. The liquid was placed on a magnetic stirrer to prevent sedimentation and

imaged with a Luca-R camera (Andor Technology, Belfast, Northern Ireland) through a Z16

APO A lens (Leica Microsystems, Wetzlar, Germany). Reference values for b and v were

obtained by a least-squares fitting of the published spectrum of Intralipid [92] to Equation

(3.21).

µ
′

s = Aλ−b (3.21)

The fitting result is plotted in Figure 3.11, wherein the values A = 6.45 · 105 and b = 0.966

were obtained. From the value of A and the known blood and Intralipid concentrations the
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Figure 3.11: Least-squares fitting of the spectrum of Intralipid 10 % (cI = 0.1) to Equation
(3.21), with the computed variables A = 6.45 · 105 and b = 0.966.

values of v were calculated by:

v =
cB
cIA

(3.42)

The utilized mixing concentrations, as well as the respective wavelength-independent param-

eters over the phantom set are detailed in Table 3.6.
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Phantom [#] 1 2 3 4 5 6 7 8 9 10 11

cI [%] 2.0 1.2 2.0 1.2 2.0 1.2 2.0 0.4 2.0 1.2 1.2
cB [%] 6.0 4.0 4.0 6.0 4.0 4.0 6.0 2.0 4.0 6.0 4.0
sO2 [%] 95 98 98 98 2 69 76 100 39 97 87
b 0.966
v [10−6] 4.7 5.2 3.1 7.8 3.1 5.2 4.7 7.8 3.1 7.8 5.2

Table 3.6: Phantom properties for the wavelength reference experiment, comprising the In-
tralipid concentrations cI , the blood concentration cB, the measured hemoglobin oxygenation
sO2, the scattering power b and the parameter v.

Reflectance measurements of the phantoms were taken with a total of 24 different 10 nm

bandpass filters (Chroma Technology, Bellows Falls, US-VT) placed in a custom made filter

wheel (Cairn-Research, Kent, UK), whose central wavelengths are listed in Table 3.5. Illumi-

nation was provided by a KL2500 halogen lamp (Schott AG, Mainz, Germany). The spectral

behavior of the light source and the CCD sensor response over wavelength needed to be taken

into account. Consequently, one of the eleven phantoms was used for calibration by assum-

ing its properties to be known, while the other ten were used for the evaluation, i.e. their

parameters were retrieved from an inversion of the diffuse reflectance model using non-linear

least-squares curve fitting. The average reconstruction error over the possible parameter range

(Tab. 3.4) was computed by using every phantom for calibration once and taking the mean

of all iterations, effectively a leave-ten-out cross-validation scheme.

In this way the average reconstruction error for the 2024 possible wavelength triplets was

calculated, providing a gold standard quality metric for all possible combinations of three

filters.

3.3.2 Results

The condition number κ (λ) was calculated for all possible wavelength triplets λ =
[
λ1 λ2 λ3

]T
among the available filters. Condition number values ranged from 325.3 to 1.5 ·109, the latter

indicating a Jacobian with a determinant JF that is numerically close to zero, making it im-

possible to retrieve the desired parameters. Non-linear least-squares inversion was performed

on the phantom data and the average error was computed with respect to the known optical

properties. The optimal wavelength sets, determined analytically and from the phantoms, are
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listed in Table 3.7.

Optimization Phantoms

Rank κ Wavelengths Rank Avg. Error Wavelengths
[#] [a.u.] [nm] [#] [%] [nm]

1 325.3 500 790 800 1 4.58 480 630 800
2 408.9 510 670 800 2 4.60 470 500 550
3 419.2 510 660 800 3 4.62 480 640 800
4 429.9 510 650 800 4 4.66 480 620 800
5 432.4 500 670 800 5 4.66 470 491 550
6 440.3 500 660 800 6 4.69 480 630 790
7 441.1 510 640 800 7 4.72 480 640 790
8 448.6 500 650 800 8 4.82 480 660 800
9 449.1 510 670 790 9 4.83 460 491 550

10 451.0 520 670 800 10 4.84 510 640 800

Table 3.7: Optimal set of wavelength triplets as determined from the condition number and
phantom experiments, with their respective rank and quality measure.

It can be seen that there is a good agreement between the numerical solution and the phan-

tom experiment data. Specifically, both methods suggest that measuring a green wavelength

(480–510 nm), a red wavelength (640–670 nm) and a near-infrared wavelength (790–800 nm)

promises a good result. The phantom results show that for realistic cases a residual error of

about 4.5 % range persists, which can be considered a good result given the broad parameter

range and the limited number of spectral measurements.

The attained reconstruction error for the wavelength sets suggested by condition number opti-

mization is plotted in Figure 3.12. On average, the reconstruction error for the 50 wavelength

sets with the lowest condition number was 0.46 % higher than the error for the 50 optimal

wavelengths. However, the highest ranked triplet represents a notable outlier that yields a

significantly higher error than the subsequent ones.

3.3.3 Discussion

The optimal set of narrow-band filters for the reconstruction of wavelength-independent tissue

optical properties was determined from an analytical model of the total diffuse reflectance.

The predicted quality of possible wavelength triplets among a set of available filters was com-
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Figure 3.12: Optical properties reconstruction error for the wavelength sets yielded by the
numerical analysis (blue) with respect to the gold standard error obtained from the phantom
experiment (red).

pared with the reconstruction error on liquid phantoms of known optical properties. A good

agreement between the predicted and measured inversion accuracy was observed, indicat-

ing that the proposed analytical model is suitable to determine optimal spectral measurement

points without the need for an empirical validation. A consistent pattern in the highest ranked

triplets was the selection of a green, a red and a near-infrared wavelength.

An important feature of the presented approach is that it is based purely on the assumed

light propagation model and optical spectra, not taking into account the method used for

inversion or the image acquisition process. On the one hand this can be considered an advan-

tage, because an optimization that addresses the properties of the underlying mathematical

problem can be considered to be more universal and independent of the specific setup and

measurement conditions. On the other hand, the relatively high reconstruction error obtained

from the triplet with the lowest condition number suggests that inaccuracies in the model re-

duce the predictive power of individual numeric results. While just two outliers in the first 50

ranks show the general correctness of the approach, it has to be noted that common patterns

among the optimal wavelengths should be considered rather than precise individual numbers.

Possible model refinements could increase the reliability and robustness of the presented op-
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timization technique. Incorporating the scattering properties of blood, as documented in the

literature [93], could be a promising approach, resulting in a more complex formula than Equa-

tion (3.21). Similarly, blood has been considered as the only absorber, while it is known that

water [94] and other tissue components also contribute [95]. Furthermore, the wavelength

dependence of both the light source and the CCD sensor could be included in the model

to account for their contribution to the spectral variance in real measurements. Recently

an alternative model for the diffuse reflectance has been published [96], and while a strong

agreement with the model utilized herein has been reported [97] it could still be interesting

to compare the results between them.
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Chapter 4

Experimental validation

4.1 Pre-clinical imaging

4.1.1 Laparoscopic imaging of colorectal cancer in mice1

4.1.1.1 Introduction

Colorectal cancer (CRC) is the third most prevalent cancer in the United States [2] and

worldwide [3], resulting in an estimated number of 608.000 deaths annually [4]. Treatment

of colorectal cancer is frequently performed using endoscopic approaches, in particular laparo-

scopic intervention, which is a preferred method over open surgery [5, 6]. Cancer identification

during surgical treatment relies on the physician’s visual ability to discriminate healthy from

malignant tissue under white light illumination. However, the low intrinsic contrast of car-

cinomas, especially with respect to the propagating tumor margin or smaller foci of disease,

makes it difficult to precisely demarcate and completely excise during surgery. In addition,

color endoscopy cannot visualize under the surface, making it virtually impossible to discrim-

inate deep-seated cancer or accurately evaluate the penetration extend of carcinomas. As a

result, color endoscopy is known to miss tumors in up to 24 % of the cases [7].

Optical contrast enhancement using narrow band imaging (NBI), chromoendoscopy and aut-

ofluorescence imaging (AFI) has been considered in imaging colorectal cancer during colonoscopy.

NBI uses narrow bandpass filters to enhance the hemoglobin contrast and thus visualize the

tumor vascularization [8]. A randomized study published by Adler et al. [9] concluded that

1Text and images from this section have been published in Ref. [1].
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adenomata are detected more frequently using NBI compared to color endoscopy, however the

detection difference observed between the two methods was not statistically significant. In

chromoendoscopy non-specific dyes are applied to visualize micro-anatomical changes in the

mucosa, but the technique is mostly used for biopsy guidance. Autofluorescence imaging is

based on the emission of intravital fluorescent molecules and has been used for the detection

of lesions [10] and polyps [11] in colonoscopy as well as in oral oncology [12], among others.

While AFI can help to identify molecular differences between tissues, the method lacks suf-

ficient sensitivity and specificity for improving clinical outcome. These techniques have been

mostly applied for screening and diagnostic purposes in colonoscopy and their use in surgical

laparoscopy of colorectal cancer is not established.

The administration of fluorescent agents has been also considered to improve endoscopic de-

tection of cancer. Indocyanine green (ICG) is an FDA approved fluorescent dye that has been

used in medical procedures for over 50 years. ICG is a cyanine dye used as a blood-pool agent

that can be administered intravenously to visualize blood vessels, for example in eye angiog-

raphy [13]. It may demarcate vascular tumors and extravagate in cases of elevated vascular

permeability, however it has not shown highly specific cancer identification. Similar cancer

detection performance has been observed with other non-specific dyes, such as fluorescein.

Alternatively, fluorescent molecules with targeting capacity to cancer moieties have been in-

stead considered in recent years to increase the sensitivity and specificity of cancer detection

[14, 15]. Their ability to specifically target molecular signatures of cancer promises a great

increase of efficiency and recognition rates also in colonoscopic screening [16]. Importantly,

the first clinical translation of a targeted agent was recently achieved for surgical guidance in

open ovarian cancer surgery [17], possibly heralding the use of targeted fluorescent agents in

endoscopic procedures as well. The study indicated that targeted fluorochromes may result

in higher detection of cancer over visual inspection, offering a promising outlook for surgical

molecular guidance.

In order to facilitate the clinical translation of these molecular agents to laparoscopic inter-

ventions the intra-operative imaging system was adapted for laparoscopic use, as described

in Section 2.2.2. Herein, its ability to detect colorectal cancer in animal models at video-rate

performance is demonstrated, based on targeted fluorescence signals in vivo.
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4.1.1.2 Animal model

To induce tumors, 8 week old FvB mice (Charles River, Wilmington, US-MA) were injected

into the peritoneum with a single dose of azoxymethane (AOM; A2853, Sigma-Adrich, St.

Louis, US-MO) at 10mg
kg

. AOM is a methylating genotoxic colonic carcinogen [18] that induces

mutations in the β-catenin gene, resulting in the persistent activation of the wnt pathway [19]

and initiates tumor development in the distal colon of mice and rats [20]. Since hyperactiva-

tion of the wnt signaling pathway by mutations is considered one of the earliest events in the

sequence of genetic changes that leads to human colon cancer development, AOM induced

mouse colon tumors recapitulates molecular and pathological features seen in the sporadic

form of the human disease [21].

After AOM treatment animals were exposed to 3 cycles of dextran sulfate sodium salt admin-

istration (DSS; 160110, MP Biomedicals, Illkirch, France) in the drinking water (cycle 1: 3

%, 5 days; cycle 2: 2 %, 5 days; cycle 3: 1,5 %, 5 days). DSS is directly toxic for intestinal

epithelial cells and impairs the integrity of the mucosal barrier that induces inflammation [22].

Administration of several cycles of DSS leads to chronic colitis and drives tumor progression

[23, 24].

IntegriSense 750 (PerkinElmer, Waltham, US-MA) was injected intravenously at the recom-

mended dose of 2 nmol per mouse. IntegriSense is a nonpeptide fluorescence imaging agent

that specifically targets αvβ3 integrin receptors commonly expressed by tumor cells as well as

by neovasculature [25]. Mice were sacrificed 24 hours after agent injection and intra-operative

and ex vivo images of the murine colon were taken. For ex vivo imaging the colon was re-

moved, flushed with phosphate buffered saline (PBS) and cut open. White light and laser

illumination was delivered through the human laparoscope and video-rate recordings were

acquired at a working distance of 2 cm. The sample was placed in a light-tight box, into

which the laparoscope was inserted through a small incision, thus creating an environment

mimicking the conditions during human laparoscopy.

The presence of colorectal tumors was further confirmed using common histological tech-

niques. The colon was fixed as a “Swiss roll” in 4 % paraformaldehyde at 4 ◦C overnight

and embedded in paraffin. Sections of 2 µm were cut and stained with hematoxylin and eosin

(H&E). All procedures were performed in accordance with institutional guidelines.
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4.1.1.3 Results

The epi-illumination images obtained from the colon of the mouse are shown in Figure 4.1.

This model showcases the system’s ability to image fluorescent markers with high resolution

and high sensitivity in tissue.

The color images displayed in Figure 4.1A) and E) directly relate to the surgeon’s vision, how-

ever, the lack of contrast between healthy and malignant tissue is apparent. The fluorescence

images in Figure 4.1B) and F) show a distinct accumulation of the NIR contrast agent in the

colon. The fluorescence and color channel overlay was created using PCA color picking as

described in Section 2.1.5 and is shown in Figure 4.1C) and G). Histopathological examination

using hematoxylin and eosin (H&E) staining was performed on the excised colon to confirm

the malignant nature of the tissue. In addition, video recordings were acquired during the

experiments, with a frame rate of 10 fps or more, to showcase the system’s capability for real-

time imaging. The video-rate display of the molecular contrast provided by IntegriSense not

only helps in localizing the tumor but can also give instant feedback during surgical resection.

4.1.1.4 Discussion

Applied to tissue measurements, the system was shown capable to detect physiologically rele-

vant fluorescence signals from tumors when using targeted fluorochromes at frame-rates of 10

fps. The average signal-to-noise ratio (SNR) in the tissue measurements was approximately

21 dB, which was well above the detection limit of the camera. Clinical application of the

imaging system will make high demands on sensitivity. However, by adapting the illumination

intensity within ANSI limits and by possibly slowing down the video rate, even more sensitive

detection could be achieved for areas of controversial signal appearance. Using the GPU pro-

cessing power such adaptive processes could be applied dynamically during the measurement.

The ability to simultaneously visualize color and fluorescence images in video mode can be

beneficial during a surgical intervention in comparison with systems that switch between color

and fluorescence measurements in a time-share mode. In addition the use of a low end cam-

era may not be an optimal solution for high-performance fluorescence imaging. Therefore a

dual channel, dual CCD-chip system would be necessary for endoscopic fluorescence molecular

imaging, for example in laparoscopic colorectal surgery.
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Figure 4.1: Laparascopic imaging of the mouse colon performed ex vivo in the abdomen (A-C)
and on the excised colon (E-G). A) and E) Color channel images. B) and F) Fluorescence
images of the IntegriSense 750 distribution within the colon. C) and G) Composite overlay
image, where the fluorescence is thresholded and superimposed via alpha blending on the color
image for better visualization. D) H&E stained ”Swiss roll” of the colon. H) Detail (20x) of
H&E staining.
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4.1.2 Drug-based molecular imaging of colorectal cancer2

Widespread clinical use of targeted imaging with near-infrared fluorescence has been limited

by translational hurdles. The successful development and approval of novel contrast agents is

a time and cost intensive process. Prior to toxicity and efficacy studies of the agent, promising

targets need to be identified through the histological characterization with respect to marker

overexpression, histomorphological and molecular heterogeneity of excised tumor lesions. A

recently proposed approach to overcome the regulatory hurdles for the administration of such

novel contrast agents involves the usage of optically labeled drugs [27]. Among the proposed

drugs, bevacizumab (Avastin R©, Hoffmann-La Roche, Basel, Switzerland) was identified as

a promising choice. Bevacizumab is a humanized monoclonal antibody that prevents the

growth of blood vessels by neutralizing all isoforms of vascular endothelial growth factor A

(VEGF-A), which is expressed by tumors to stimulate angiogenesis. Anti-VEGF therapy was

originally studied for colorectal cancer [28] and has since found widespread clinical use for

the treatment of various other cancer types. The antibody bevacizumab was combined with

clinically applicable NIR fluorophores, specifically IRDye 800CW, as suggested in [29]. Such

dyes are not FDA approved, but are currently being used clinically in Europe (ClinicalTrials.gov

number, NCT01508572).

Recently, the NIR fluorescent tracer bevacizumab-800CW was shown to exhibit selective tumor

uptake in mouse xenografts of human ovarian, breast and gastric cell lines [30]. In this Section,

its applicability for the endoscopic imaging of colorectal cancer (CRC) shall be evaluated. In

Section 2.2.4 an adaptation of a clinical grade gastrointestinal fiberscope for simultaneous,

video-rate, color and NIR fluorescence imaging, as well as a miniaturized alternative that

can be integrated with conventional medical videocolonoscopes were presented. Herein, the

technique for in vivo characterization of the molecular characteristics of CRC lesions is pre-

clinically validated in a mouse model, employing targeted fluorescent antibodies.

Colonoscopy is recommended as a colorectal cancer screening method every ten years for

patients older than 50 years [31, 32]. Screening strategies based on sigmoidoscopy and

colonoscopy are cost-effective [33] and commonly used [34] procedures that are expected to

reduce the incidence of CRC by about 80 % [35, 36]. However they currently miss up to 22

% of polyps or flat adenomata [37], underlining the need for improved contrast in screening

modalities.

2Text and images from this section have been published in Ref. [26].

120



4.1 Pre-clinical imaging

4.1.2.1 Materials and methods

The IRDye 800CW-NHS (LI-COR Biosciences, Lincoln, US-NE) was labeled to bevacizumab

as described previously [30]. Briefly, bevacizumab was reacted with the dye at a molar ratio

of 1:4 in a phosphate buffered medium and subsequently purified by ultra centrifugation. A

labeling efficiency of 85–90 % was obtained using size-exclusion high-performance liquid chro-

matography, resulting in an average of 3.5 dye molecules per antibody.

Six male athymic nude mice (Harlan, Horst, The Netherlands), 16–20 weeks old, were sub-

cutaneously inoculated with 2 · 106 human colon tumor cell lines HCT116luc (Caliper Life

Sciences, Hopkinton, US-MA) in the left dorsal flank. Growth of the tumors was monitored

by measuring their diameter with a digital caliper, while stable transfection of the cell lines

with the firefly gene luciferase also allowed for screening by luminescence imaging of the

mice using an IVIS Spectrum (Caliper Life Sciences). The mice were fed with alfalfa-free

food to minimize intestinal autofluorescence. The labeled antibody bevacizumab-800CW was

intravenously administrated via the penile vein after four weeks, when tumors measured ap-

proximately 6–15 mm in diameter. All experiments were performed using general anesthesia

(2.5 % isoflurane in oxygen 0.4 l
min

), approved by the animal welfare committee of the Univer-

sity of Groningen and carried out in accordance with the Dutch Animal Welfare Act of 1997.

Endoscopic explorations are performed in epi-illumination and detection geometry. Conse-

quently, the fluorescence intensity measured by the proposed imaging platforms is modulated

by the tissue optical properties and the depth of the recorded activity, and does not directly

report the underlying agent concentration. Although correction techniques that aim at the

compensation of the effects of absorption and scattering in tissue to quantify the absolute

fluorophore concentration are emerging [38, 39], an overall solution to this challenge is still

pending. In light of this, the tumor-to-background ratio (TBR) for the labeled antibody is

estimated as the quotient of the average fluorescence intensities in the segmented lesion and a

ring region of interest (ROI) adjacent to the tumor. Because of the fluorescence signal being

diffused to the surrounding areas as a consequence from scattering, this approach might result

in estimated TBRs being significantly smaller than if a non-tumorous region away from the

lesion was selected. It tries, however, to minimize the variation of the tissue optical properties

between selected areas.
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4.1.2.2 Results

Representative images of the in vivo testing of the sensitivity of the proposed NIR fluorescence

endoscopes are presented in Figure 4.2. The shown images correspond to a subcutaneous

colonic tumor created by inoculating human colon carcinoma cells in the left dorsal flank

of the mouse. The mouse was intravenously administered with the targeted contrast agent

48 hours prior to the examination. Color and NIR fluorescence epi-illumination images were

obtained with the adapted gastrointestinal endoscope (Fig. 4.2A and 4.2B) and the miniature

cholangioscope (Fig. 4.2D and 4.2E) placed above the mouse. The mouse is in turn placed

on a 1 cm× 1 cm grid to have an estimation of the tumor size. Gaussian filtering was applied

to mitigate the visualization of the honeycomb pattern typical of fiberscopes and originating

from the claddings around each fiber within the coherent imaging bundle. Coregistered color

and fluorescence images are displayed both independently and superimposed (Fig. 4.2C and

4.2F) to the user by the custom designed software. The fluorescence images in Fig. 4.2D

and 4.2E are superimposed on the color images using the overlay as described in Section

2.1.5 to generate the composite images in Fig. 4.2C and 4.2F. Comparison of the top and

middle horizontal panels in Figure 4.2 evidences the limitations of the alternative designed to

be inserted through the accessory channel of conventional videoscopes, mainly regarding its

low resolution, as expected from the restricted number of individual fibers that compose the

coherent bundle, and its restricted field of view. The observed fluorescence signal, which is

elevated even through the skin, also suggests that its sensitivity, however, is sufficient.

In clinical endoscopy the endoscope is first introduced towards the proximal end of the colon,

the cecum, and then imaging is performed while extracting the endoscope backwards. In this

situation the section of the colon lumen that needs to be imaged at every instant has approxi-

mately a cylindrical shape with a diameter between 2.5–4 cm (depending on insufflation) and

a depth of 4–5 cm from the tip of the endoscope. Figure 4.3 demonstrates the capability of

the proposed approach for the minimally invasive visualization of the VEGF expression in the

lesions present in this cylindrical imaged section of the colon for future human clinical studies.

The adapted fiberscope for gastrointestinal endoscopy was again placed above the mouse at

approximate distances of 2, 4 and 6 cm. It is important to note here the sharpness of the

margins between the subcutaneous lesion and the surrounding areas, which showcases the

preferential accumulation in the lesions of the targeted agent. The average TBR measured

from the segmented subcutaneous lesions to the surrounding ring ROIs was 2.07.
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Figure 4.2: Comparison of the visualization of a subcutaneous tumor with the proposed
imaging platforms; Color images under white-light illumination, fluorescence and color with
superimposed fluorescence acquired with the adapted fiberscope for gastrointestinal endoscopy
(A–C) and the miniature cholangioscope (D–F).

4.1.2.3 Discussion

Fluorescence molecular guidance is expected to have outstanding relevance regarding early le-

sion detection and can reveal functional and morphological information of the detected lesions,

thereby improving the diagnostic yield of surveillance colonoscopy and identifying the optimal

treatment for the diagnosed patient. However, these clinical potentialities are currently pre-

vented by the regulatory difficulties in the clinical propagation of disease-specific fluorescent

agents and the lack of a commercially available flexible endoscope that is capable of acquiring

simultaneous color and NIR fluorescence images at video-rates. The straight-forward devel-

opment of an adequate technological platform was realized in Section 2.2.4, while herein the

employment of a contrast agent based on an approved monoclonal antibody for therapy was

showcased.

Regarding the minimization of the translational risk with respect to new chemical entities

that have never been administered to humans, an optical agent based on a clinically approved

drug, that targets a therapeutically relevant carcinoma-related biomarker, namely bevacizumab

targeting VEGF, was used. Specificity of binding of the labeled drug was demonstrated in sub-
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Figure 4.3: Representative images that showcase the characterization of the VEGF expression
in the inoculated subcutaneous tumor in 2-6 cm upfront in the bowel with an insufflation-
dependent diameter; color images (A, D, and G), fluorescence (B, E, and H), and color
with superimposed fluorescence (C, F, and I) were acquired with the adapted fiberscope for
gastrointestinal endoscopy at 2, 4 and 6 cm distances, respectively.
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cutaneous murine tumor models and an average TBR in the NIR fluorescence channel of over

2 was found even when the ROI for the background was selected adjacent to the segmented le-

sions. The employment of an antibody targeting disease-associated human biomarkers, which

is intended to enable the pathway to clinical translation in colonoscopy of the technique,

prevents, however, its demonstration in an animal model of colon cancer. Future research in-

cludes the investigation of alternative mouse models, such as modified peritoneal, orthotopic

and genetic tumor models to allow their visualization from inside the colon lumen. Further-

more, and although the study was focused on the visualization of biomarker expression for the

identification of optimal treatments, a red-flag technique that facilities the detection of small

and precursor lesions could be based on an identical methodology, provided that alternative

contrast agents targeting established biomarkers that are overexpressed in colorectal adeno-

mas, such as trastuzumab targeting human epidermal growth factor receptor 2 (HER2), were

used [40]. Although the data on HER2 expression in colorectal cancer are still ambiguous due

to differences in staining and scoring techniques, further confirmation of the pathophysiologi-

cal role of cytoplasmic HER2 would create a new treatment option for about 360000 patients

a year, a clear breakthrough in the treatment of colorectal cancer. This molecular character-

ization would allow immediate patient selection, and in the case of tumor heterogeneity can

potentially be used for follow-up of targeted therapy [41].

Systemically administered agents may offer better lesion targeting within the entire field of

view, as well as avoid spraying inhomogeneity, and provide better access to deeper seated

lesions by comparison with topically sprayed fluorescent agents that are also considered as

an alternative approach to reduce the translational risk for new agents. Although challenged

by the difficulties in the regulatory process, it is expected that these agents benefit from the

experience in nuclear medicine [42] and, thereby, are expected to find a pathway to clinical

translation (ClinicalTrials.gov number, NCT01508572).

The benefits of fluorescence imaging in the NIR have been highlighted in the accomplished

preclinical validation, namely deep photon penetration, the enhancement in the tumor-to-

background ratio through a minimization of the tissue autofluorescence and its easiness of

integration around conventional white-light endoscopy in patient care suites since it does not

overlap with normal human or color vision. In spite of this, detected fluorescence intensity,

and as a consequence the characterization of the heterogeneity of the biomarker expression, is

still affected by light-tissue interaction phenomena and further research is required for precise

quantification of the agent uptake. Though, areas with clear positive and negative target
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expression can be elucidated with this approach. Another limitation is that cross-sectional

imaging is not possible and, even if the fluorescence signals can be collected from depths

of at least few millimeters, these appear attenuated and mixed with more superficial signals.

This implies that the determined molecular information will always be surface-weighted and

to address this limitation other novel imaging modalities would need to be incorporated [43].

Altogether, a pre-clinical wide-field technique based on NIR targeted fluorescence was devel-

oped for the detection of precursor lesions of CRC and the determination of the molecular

characteristics of the detected lesions. Specific binding of a monoclonal antibody labeled

with IRDye 800CW to lesions overexpressing a therapeutically relevant carcinoma-related hu-

man biomarker was shown and the sensitivity of the proposed endoscopic imaging platforms

was proven to be sufficient for the inspection of 0.72–6 cm upfront in the bowel with an

insufflation-dependent diameter, as it is expected for the clinical application. The relevance

of this endoscopic imaging modality in surveillance colonoscopy procedures is being explored

in an ongoing clinical study (NL-43407.042.113).

4.2 Interventional imaging

4.2.1 Near infrared fluorescence cholangiopancreatoscopy3

4.2.1.1 Introduction

The diagnosis of malignant conditions in the biliary and pancreatic ducts remains challenging

[45, 46]. Endoscopic retrograde cholangiopancreatography (ERCP) is a widespread method

for the assessment and therapy of biliary and pancreatic diseases [47], however, its diagnos-

tic sensitivity is considered unsatisfactory, with reported values ranging from 43–81% [48].

The recognition of small lesions and tumors in early stages is particularly challenging [49].

Cholangiopancreatoscopy, i.e. white light imaging of the biliary and pancreatic ducts through

fiber- or camera-based miniature endoscopes, provides improved biopsy guidance [50] and

direct visualization of epithelial lesions. Optical inspection has been found beneficial for the

diagnosis and localization of various conditions of the biliary ducts [51]. It was originally

introduced for the visualization of stones during bile duct exploration [52], but the technique

has since gained importance in diagnosing cholangiocarcinoma [53] as well as the localization

3Text and images from this section have been published in Ref. [44].
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of intraductal papillary mucinous neoplasm (IPMN) [54]. However, white light endoscopy is

still mostly based on visual inspection, leading to high miss rates and lack of specificity, which

makes the detection of small or subsurface lesions challenging. Uhlmann et al. reported a

benign histopathological diagnosis for 14 % of patients with suspected cholangiocarcinoma

[55]. Endoscopic procedures are furthermore affected by parameters that range from reso-

lution achieved by the employed endoscopes to the training and experience of the physician

[56].

Enhanced endoscopic imaging methods such as chromoendoscopy [57, 58], narrow band imag-

ing (NBI) [59, 60], and autofluorescence imaging (AFI) [61, 62] have been introduced to

emphasize the fine features of the mucosal structure of biliary and pancreatic tracts, however

none of them yielded the desired sensitivity and specificity [63–65].

Near-infrared fluorescence guidance using exogenously administered dyes differs from these

approaches since contrast can be engineered by selecting and targeting desired biomarkers. It

comes therefore with the potential to enhance the sensitivity and the specificity of detection.

A strong advantage of fluorescence detection is that it can outline even small lesions, since flu-

orescence signals can act as physiological or molecular beacons, compared to NBI or AFI which

generally exhibit strong background signals and therefore reduced contrast. Correspondingly,

selection of adept biomarkers can lead to enhancing tissue characterization, differentiation

and diagnosis. Fluorescence imaging directly relates to the physician’s vision and, when near-

infrared fluorochromes are employed, sub-surface visualization and reduced contamination by

tissue auto-fluorescence can be accomplished over imaging in the visible. These essential

advantages have been for long heralded as important for improving interventional procedures

and have been more recently demonstrated in the field of optical image-guided surgery, show-

ing the advantages of fluorescence molecular imaging for highlighting the contrast between

healthy and malignant tissue in resection surgeries [66, 67] and for sentinel lymph node map-

ping [68, 69]. Additionally, NIR fluorescence imaging with tumor specific agents would offer

optimal specificity and facilitate an accurate assessment of tumor-free margins [17].

The use of NIR detection becomes even more important in cholangiopancreatoscopy. As the

endoscopes employed become smaller for insertion in narrow cavities, image quality also drops,

making color endoscopy more challenging. In this case the use of beacon signals may be in-

valuable for improving detection and outline regions that possibly require closer inspection.

For this reason we examined here NIR detection through a clinical cholangioscope employed

in routine procedures, combined with real-time sensitive color and fluorescence imaging.
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Medical endoscopes that are currently employed in hospitals are, with few exceptions, video-

scopes [70], i.e. camera tip based scopes, with insufficient sensitivity to acquire fluorescence

signals within the real-time constraints of surveillance procedures. Additionally, they do not

provide the capability to simultaneously acquire color and fluorescence signals. In the particular

case of cholangioscopy, both reusable and semidisposable fiberoptic cholangioscope systems

are available for peroral retrograde and percutaneous use [71]. Furthermore, enhanced in-

traoperative visualization of pancreatic tumors has been previously reported [72] employing a

rigid laparoscope and a single camera that swapped between visible and fluorescent images

with a foot switch.

Instead we opted herein for concurrent white-light and NIR fluorescence flexible endoscopy

utilizing a system comprising a color camera and an ultra-sensitive CCD for fluorescence acqui-

sition operating in parallel, combined with a common fiber-optic bundle, in a similar fashion

to custom instruments used by others in endovascular imaging [73]. This section demon-

strates the contrast enhancement in the visualization of diseased tissue attained with NIR-

fluorescence guidance in clinical cholangiopancreatoscopies. These endoscopic explorations

provide direct visualization of the biliary and pancreatic ducts and are performed with minia-

ture endoscopes that are mostly fiberoptic based due to the limited commercial availability of

video-cholangioscopes [71]. Consequently, it is the ideal medical discipline for demonstrating

the first clinical translation, according to the authors’ knowledge, of this novel gastroendo-

scopic imaging technique based on NIR-fluorescence guidance and processing approach.

4.2.1.2 Patients

Two patients suspected for biliopancreatic malignancy were examined. Endoscopic examina-

tions were performed under conscious sedation with midazolam and propofol. ICG was injected

intravenously at a dose of 0.5mg
kg

. Image acquisition was performed within 30 minutes after

injection, using the fiberoptic babyscope introduced via the accessory channel of the mother

endoscope, as described above. Procedures were performed according to the hospital’s ethics

commission approval #2381/09.

Patient one (male, 49 years) was referred to the department with an incidentally detected

cystic lesion of the pancreatic head. Routine laboratory tests were normal and the patient did

not report any symptoms. Endoscopic ultrasound revealed a dilation of the main pancreatic

duct in the pancreatic head, and main duct intraductal papillary mucinous neoplasm (MD-
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IPMN) was suspected. For further evaluation, pancreatoscopy was performed.

Patient two (male, 63 years) was transferred to the department with painless jaundice and

increasing cholestasis. Indeterminate distal biliary stricture was described using CT scan

and magnetic resonance cholangiopancreatography. Endoscopic retrograde pancreatography

(ERCP) and endoscopic brush cytology were performed for further evaluation.

4.2.1.3 Results

ICG is well known to bind to plasma proteins such as albumin, globulins, and lipoproteins [74]

and has therefore been largely exploited for imaging of angiogenesis. However, if only ICG

fluorescence images are provided, the overall accuracy of the approach may be compromised.

Since color and NIR fluorescence images are acquired strictly simultaneously it is possible to

provide the endoscopist with a pseudo-diagnosis image that overlays on the color image the

areas with higher probability of tumor appearance.

Real-life fluorescence guidance in routine clinical surveillance endoscopies was conducted to

demonstrate the capabilities of the imaging system and the contrast enhancement attained in

tumor visualization.

Figure 4.4A–C) and E–G) show representative images obtained during the endoscopic proce-

dures. Gaussian filtering was applied to suppress the honeycomb pattern resulting from the

fiber claddings. The color images A) and E) show suspicious areas in the pancreatic and

bile duct respectively, however the low tissue contrast makes accurate lesion delineation diffi-

cult. The corresponding fluorescence images in B) and F) both exhibit a signal-to-noise ratio

(SNR) of approximately 15 dB, which lies well above the detection limit. While ICG does

not directly highlight cancer, the obtained SNR indicates a significantly increased perfusion in

the respective areas. Color and NIR images were co-registered, segmented and superimposed

using transparent alpha-blending to produce the overlay images C) and G).

In patient one, white light pancreatoscopy showed a suspicious area in the pancreatic head.

Using ICG fluorescence imaging, a villous proliferation within the pancreatic duct highly sus-

pected for IPMN was detected. Additionally, the detailed extent of the IPMN could be

evaluated. Based on these results, the patient was transferred to surgery to perform pan-

creaticoduodenectomy. Figure 4.4D) shows the hematoxylin and eosin (H&E) staining of a

biopsy sample. Pathological analysis of the operative specimen confirmed suspected diagnosis

of intestine type IPMN with papillary structure, columnar epithelium and luminal mucin.
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Figure 4.4: Intraoperative images acquired in the pancreatic duct (A–C) and the bile duct
(E–G). Thereby A) and E) represent the color channel, B) and F) show the fluorescence signal
of ICG and C) and G) are a composite overlay image. hematoxylin and eosin (H&E) staining
of biopsies confirmed IPMN (D) and inflammation in the bile duct (H), respectively.

In patient two, cholangioscopy demonstrated distal biliary stenosis (2 cm). Direct inspection

of the epithelium was not suspected for carcinoma and a benign fibrotic cause of stenosis was

suspected. However, ICG fluorescence imaging demonstrated contrast enhancement in the

stenotic area indicative for malignant lesions rather than scarred tissue. Cytological analysis

revealed cells highly suspected for cholangiocarcinoma. Because of declining performances

status, the patient decided for a conservative therapeutic approach. Biopsy samples displayed

in Figure 4.4H) showed unspecific signs of inflammation. Malignant stenosis could not be

obtained.

4.2.1.4 Discussion

The study showcased previously undocumented concurrent color and NIR fluorescence cholan-

giopancreatoscopy in patients. To examine the clinical imaging feasibility and perform system

characterization in patients we employed the indocyanine green (ICG) fluorescent dye, which

is well established for medical applications. ICG is not expected to offer specific cancer detec-

tion capacity as it only outlines areas of high vascularization and permeability and was utilized
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herein to establish the feasibility of this pilot study. However areas of elevated fluorescence

both in the pancreatic and bile duct were biopsied. Analysis of the biopsies confirmed the

presence of malignancy in both fluorescent lesions visualized.

The system’s capability to process fluorescence signals at video rates could enable adept ca-

pabilities during endoscopy, as it provides immediate feedback on suspicious lesions for biopsy

guidance. With the use of agents with targeting specificity to cancer it is possible that in-

creased accuracy and reproducibility in endoscopic procedures can be afforded, and operator

variability minimized. A long list of tumor specific NIR fluorescent probes has been developed

over the past years [75] that could offer enhanced visualization over the non-specific dye em-

ployed herein.

NIR fluorescence endoscopic imaging could be easily integrated in patient care suites, operating

around conventional white light color endoscopy with a minimal impact on the normal clinical

workflow given the real-time imaging capabilities and the ease of adaption to the endoscopy

theater compared with radiological technologies. Conversely, the employment of a fiberscope

compromises the resolution, as can be observed in the images displayed in Figure 4.4. These

show the typical honeycomb effect that originates from the cladding around each fiber within

the coherent imaging bundle. However, none of the available high quality videoscopes provide

sufficient sensitivity for fluorescence imaging in the NIR range. An alternative approach would

be the employment of a fiber optic imaging bundle that is long and thin enough to be guided

through the accessory channel of a traditional videoscope. Thereby, physicians would still

have the high-resolution images from the videoscope at their disposal for routine diagnostic

means and utilize the fluorescence guidance as an aid in assessing the biologic importance

of the lesion. Rigid relay lens scopes could be adopted in other endoscopic disciplines to

attain improved image quality, but would also require a more invasive procedure. Altogether,

we demonstrated that NIR fluorescence-guidance in cholangiopancreatoscopy enhances lesion

visualization in the bile and pancreatic ducts and offers sensitivity that allows the detection

of femptomole fluorophore amounts and video-rate fluorescence implementation.

4.2.2 Intra-operative breast cancer imaging

4.2.2.1 Rationale

Clinical studies have identified vascular endothelial growth factor (VEGF) and its role in angio-

genesis as an important factor in the progression of breast cancer [76]. Importantly, increased
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vascularization is already present in precursor and pre-invasive lesions [77]. This overexpres-

sion of VEGF in malignant and pre-malignant tissue makes it a promising molecular target in

breast cancer, the more so as it is expressed by a reported 72–98 % of breast cancer patients

[77, 78]. Furthermore, the identification of angiogenesis as a therapeutic target in general

[79], and specifically the inhibition of its key mediator VEGF [80], have lead to the usage of

anti-angiogenic drugs such as bevacizumab (Avastin R©, Hoffmann-La Roche, Basel, Switzer-

land), a humanized monoclonal antibody, in breast cancer therapy. However the attained

success, risk and precise indications remain controversial [81].

On the other hand, the high percentage of VEGF-positive patients and its sensitivity to ma-

lignant tissue make it an excellent marker for molecular imaging. Pre-clinical studies demon-

strated that radio-labeled bevacizumab exhibits selective uptake in ovarian cancer [82] and

renal cancer [83], enabling noninvasive molecular imaging with positron emission tomogra-

phy (PET). However, the ionizing radiation and bulky instrumentation render PET imaging

an inadequate method for intra-operative use. Instead, optical fluorescence labeling of be-

vacizumab and similar therapeutic drugs has been proposed to introduce new, highly tumor

specific fluorescence agents into clinical practice with reduced translational risk [27]. In Sec-

tion 4.1.2 bevacizumab was labeled with the NIR fluorescent IRDye 800CW-NHS (LI-COR

Biosciences, Lincoln, US-NE) and imaged with the developed intra-operative system in a

mouse model. Herein, the next step is taken by evaluating the feasibility of molecular imaging

with bevacizumab-800CW during breast cancer surgery by utilizing the concept of microdosing

[84], where less than 1 % of a drug’s pharmacologically active amount is injected.

4.2.2.2 Methods

Materials The intra-operative imaging system as described in Section 2.1 was used to mea-

sure color and fluorescence images in real-time during the surgical intervention. Electrical

safety was ensured by connecting the system’s electronics to an isolation transformer to pro-

vide galvanic isolation. Since the camera arm and imaging system are used in the sterile field

of the operating room (OR) they were covered in surgical drapes to prevent contamination.

The contrast agent bevacizumab-800CW was produced as previously described in Section 4.1.2

and in [30]. Three days before the surgery patients were injected intravenously with a mi-

crodose of 4.5 mg of bevacizumab-IRDye 800CW, equivalent to an amount of 30 nanomoles.

Tumor resection was performed as a partial lumpectomy or mastectomy, depending on the
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tumor size and infiltration. Intra-operatives images were taken of the tumor before surgical

removal to provide surgical guidance and after the resection to assess margins and residual

disease. Similarly, the sentinel lymph node and its cavity were imaged before and after re-

moval. The excised lymph nodes and the sliced tumor specimen were also imaged immediately

after the surgery.

Finally, some of the excised tissue was fixed in formalin and embedded in paraffin for histolog-

ical analysis. Color and fluorescence images were taken of the sample blocks to verify ex vivo

fluorescence emission. Microscopic slices were cut from the block to assess tumor presence

and malignancy using hematoxylin and eosin (H&E) staining. The overexpression of VEGF

on the slices was detected by staining with anti-VEGF (A-20) antibodies (sc-152, Santa Cruz

Biotechnology, Dallas, US-TX).

Patients At the time of writing, nine patients (1 male, 8 female) were included in the study,

ranging from 46 to 81 years of age. Inclusion criteria were a diagnosed invasive ductal carci-

noma, validated by cytology or histology, that measured at least 6 mm in diameter, informed

consent and a WHO performance score [85] of 0-2. Patients with other serious medical

conditions, pregnancy and those that have previously received radiotherapy or chemotherapy

were excluded from the study population. An overview of the patient characteristics and the

performed interventions is listed in Table 4.1.

4.2.2.3 Results

Intra-operative imaging Fluorescence and color images were acquired during the surgical

procedures for eight out of nine patients. The imaging steps did not interfere with the normal

clinical workflow and only slightly extended the total surgery duration by no more than 20

minutes. No side effects or adverse reactions to the bavacizumab-800CW injection were

observed in any patient. Representative images of the intra-operative tumor fluorescence are

shown in Figure 4.5A–F. During the surgical intervention no direct imaging of cancerous tissue

on the surface could be obtained, instead, as in the displayed samples, the tumor was typically

located several millimeters to centimeters below the surface. Consequently, the measured

signal, after having propagated through the tissue, appears strongly diffuse. By contrast, Fig.

4.5G–I shows the fluorescence signal obtained from two lymph nodes, both of which later
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Patient number Sex Age Surgery Tumor diameter
[#] [y] [mm]

1 m 67 Mastectomy 22
2 f 57 Mastectomy 23
3 f 46 Lumpectomy 25
4 f 81 Mastectomy 25
5 f 70 Mastectomy 28
6 f 71 Lumpectomy 19
7 f 64 Mastectomy 13
8 f 62 Lumpectomy 11
9 f 66 Lumpectomy 6

Table 4.1: Overview of patient data and performed surgeries in the breast cancer study, show-
ing sex, age, the type of surgical intervention and the tumor size as measured by ultrasound
imaging.

tested positive for metastases, that are more clearly delineated.

Ex vivo imaging Excised tissue was imaged ex vivo in the operating room to achieve a

clearer, unobstructed view. Figure 4.6A–C shows a specimen removed during lumpectomy,

that exhibits a strong fluorescence emission on the dorsoventral side, while Fig. 4.6G–I displays

the fluorescence from an excised lymph node. The removed tumors were subsequently cut

into approximately 3 mm thick slices for pathological evaluation and separate imaging (Fig.

4.6D–F), which allowed for the investigation of the entire tumor specimen, unobstructed by

tissue diffusion.

Validation Figure 4.7A–C shows the color, fluorescence and overlay images of a paraffin

embedded tumor sample. Therein, the tumor is located on the right side, while on the left side

autofluorescence from skin can be seen. Standard histological staining with H&E confirmed the

malignant nature of the tissue and corresponded well to the measured fluorescence (Fig. 4.7D),

however it is important to distinguish between unspecific autofluorescence, e.g. from skin,

and the molecular targeting by the bevacizumab-800CW agent. Staining for hematoxylin and

VEGF is shown in Figs. 4.7E–F, which were taken at the two respective positions indicated in

Fig. 4.7D. As expected, the overexpression of VEGF corresponds both to the tumor localization

and fluorescence emission, showcasing the successful molecular targeting of breast cancer with
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Figure 4.5: Intra-operative color, fluorescence and overlay images acquired with the imaging
system during breast cancer surgery, utilizing the molecular bevacizumab-800CW agent. Intra-
operative fluorescence from the tumor as seen during mastectomy (A–C) and lumpectomy
(D–F). (G–I) Intra-operative fluorescence assessment of lymph nodes.
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Figure 4.6: Ex vivo images, showing an excised tumor lump (A–C), a single 3 mm slice through
the same lump (D–F) and an excised lymph node (G–I).
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the conjugated antibody.

Figure 4.7: Validation of tumor targeting by bevacizumab-800CW, showing color, fluorescence
and overlay images of a paraffin embedded tissue sample (A–C). D) Hematoxylin and eosin
staining of the top slice. Staining for VEGF (brown, 20X) and hematoxylin revealed strong
expression at position 1 (E) and virtually no presence at position 2 (F).

4.2.2.4 Discussion

It is important to note that the study is still ongoing, however some preliminary observations

can be made at this point. The most important one concerns the proposed usage of therapeu-

tic drugs as molecular imaging agents, where the available results confirm the feasibility of the

proposed approach of conjugating a NIR dye and injecting the obtained agent in microdosing

amounts. Histopathological analysis of excised tissue confirmed the selective accumulation

of bevcizumab-800CW in areas of increased VEGF expression, which also coincided with ma-

lignancy. The marker seems to offer high sensitivity, as the main tumor location exhibited

fluorescence in all patients during ex vivo slice imaging. However, the precise specificity still

needs to be assessed, importantly it remains unclear whether VEGF overexpression is restricted

to the tumor sites.

Due to the complex nature of the imaging process, a precise quantification of the method’s
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performance has to take the efficacy of several biochemical and physical processes into ac-

count. The first step in contrast formation is the expression of VEGF by malignant tumors,

thus the specificity of this expression represents a first limiting factor for the approach. As

numerous previous works addressed this issue it shall not be evaluated on the small number

of samples in the current study. A second major step is the selective contrast agent accumu-

lation in areas of elevated VEGF presence. Detailed microscopic analysis based on antibody

staining as demonstrated in Figure 4.7 needs to be conducted for all patient samples to verify,

that the distribution of bevcizumab-800CW corresponds to the presence of VEGF. Finally,

the fluorescence image formation has to be validated, noting that sources other than the

contrast agent might be detected in the fluorescence channel. Thereby, it is also important

to discriminate the different acquisition environments, parameters and circumstances, most

notably intra-operative and ex vivo data. Due to the more controlled conditions and reduced

patient-to-patient variability the analysis of ex vivo samples represents the more promising

path towards a preliminary assessment of the imaging sensitivity and specificity.

Regarding intra-operative imaging, some challenges were encountered. Signal intensity from

tumors located several centimeters below the tissue surface turned out to be relatively low,

with autofluorescence and crosstalk from unfiltered light sources in the operating room further

degrading detection. Additionally, optical diffusion severely distorted the signal, hampering

the envisioned surgical guidance application. The intra-operative evaluation of sentinel lymph

node seems to represent an interesting possibility (Fig. 4.5G–I), however the expression of

VEGF in lymphatic metastases needs to be investigated more closely, considering that in other

patients no fluorescence was detected in positive nodes.

Intra-operative imaging of bevacizumab-800CW can potentially be employed to evaluate tu-

mor margins, since fluorescence emission was also measured in tissue slices that contained

smaller lesions distant from the main tumor mass. However, no case of positive margins was

encountered in the patients so far, and thus it remains unclear whether small foci of residual

disease can be imaged with reasonable sensitivity using microdosing amounts of the tracer.

Indeed, various issues could be ameliorated by increasing the contrast agent dose, thus am-

plifying the signal-to-background ratio with respect to parasitic signals and autofluorescence.

With the current study showcasing the possibility of using drug-based agents for optical imag-

ing it is envisioned that future applications using higher doses can pass the regulatory hurdles

more easily. Other molecular targets, such as human epidermal growth factor receptor 2

(HER2), which is associated with a negative prognosis and expressed by over 20 % of patients
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[86, 87], could also be targeted by appropriate antibodies.

4.2.3 Fluorescence colonoscopy

4.2.3.1 Rationale

Among all types of cancer, colorectal cancer (CRC) is the second most common cause of

death [88, 89]. Regular colorectal screening via white light endoscopy is recommended for

patients above the age of 50 to facilitate earlier detection and thus improve prognosis [90, 91].

However, especially small and flat adenomas are difficult to detect during colonoscopy due to

the low tissue contrast, with reported lesion miss rates ranging from 20–26 % [37, 92, 93].

As discussed previously, fluorescence molecular imaging could significantly improve detection

rates by providing a red-flag detection technique that can visualize tissue alterations which are

imperceptible to the human eye over a large field of view [94]. The intra-operative imaging

system developed in this work has been adapted for the use in laparoscopy (Section 2.2.2)

and endoscopy (Section 2.2.4) and validated for clinical use with a NIR blood pool contrast

agent in Section 4.2.1 [44].

The final crucial component thus is the identification of a suitable molecular cancer marker

and a corresponding clinically applicable contrast agent. Angiogenesis, the formation of new

blood vessels, plays an important role in the development and progression of CRC. As a main

mediator of angiogenesis, vascular endothelial growth factor (VEGF) has been the subject of

extensive research in diagnostic and therapeutic studies. Overexpression of VEGF has been

found in colorectal cancer, and, importantly, seems to coincide with the progression from

adenoma to cancer, enabling its exploitation for early stage lesions [95–98]. Similar to breast

cancer, as discussed in the previous section, bevacizumab (Avastin R©, Hoffmann-La Roche,

Basel, Switzerland) has also, and indeed initially, been studied for the treatment of CRC by

inhibiting angiogenesis, with studies reporting a prolonged survival time [28, 99] of patients

who received anti-angiogenic treatment.

In Section 4.1.2 the therapeutic drug bevacizumab was conjugated to IRDye 800CW-NHS

(LI-COR Biosciences, Lincoln, US-NE), yielding a molecular NIR fluorescent agent, and uti-

lized successfully to target colorectal cancer in a mouse model, while Section 4.2.2 described

the first in human usage of the bevacizumab-800CW agent in breast cancer patients. Herein,

the same contrast mechanism, the overexpression of VEGF in cancerous tissue, is used to

image CRC, employing a standard clinical fiberscope (GIF-XQ20, Olympus, Tokyo, Japan)
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connected to the intra-operative system.

4.2.3.2 Methods

The gastroscope GIF-XQ20 was previously characterized for imaging in the NIR range in Sec-

tion 2.2.1 and found suitable for clinical use, with an attenuation of 7.3 dB. The scope was

connected to the imaging system as described in Section 2.2.4, facilitating concurrent color

and NIR fluorescence image acquisition. An isolation transformer was used to ensure electrical

safety.

The molecular contrast agent, a compound of bevacizumab and IRDye 800CW, was produced

as described in Section 4.1.2 and [30]. A total of three patients with diagnosed CRC were

imaged. The patients received an intravenous injection of the microdose amount of 4.5 mg

three days before the intervention. Each patient was imaged twice, session 1 was performed

before he or she received any treatment, while session 2 took place after the patient had

received radiochemotherapy for three weeks.

Initially, during each session, videocolonoscopy is performed to assess the tumor using the clin-

ical standard, followed by fluorescence endoscopy to locate areas of selective contrast agent

accumulation. Finally, biopsies are taken, again under videocolonoscopy guidance, from the

proximal end of the tumor, the tumor center and the distal point. For each biopsy sample the

measured fluorescence level was recorded, normalizing the intensity by the unspecific autoflu-

orescence levels of nearby healthy tissue.

4.2.3.3 Results

Representative images from the first imaging session of the three patients are shown in Figure

4.8. In the color images (Figs. 4.8A, D and G) the anatomical structures can be seen, while

the tumor lesions can be recognized from their discoloration. However, improved specificity is

afforded by the fluorescence channel (Figs. 4.8B, E and H), which exhibits selective contrast

agent presence and thus NIR signal emission in the colorectal tumors.

Images of the corresponding sites acquired during session 2, i.e. after 3 weeks of radiochemother-

apy, are shown in Figure 4.9. Tissue alterations as a result of the treatment can be recognized

in the color images, most notably in Patient 1 (Figs. 4.8A–C), however the measured fluores-

140



4.2 Interventional imaging

A B C

D E F

G H I

Figure 4.8: Color, fluorescence and overlay images acquired before treatment (session 1) from
the first (A–C), second (D–F) and third (G–I) colorectal cancer patient.
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Figure 4.9: Color, fluorescence and overlay images acquired after treatment (session 2) from
the first (A–C), second (D–F) and third (G–I) colorectal cancer patient.
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cence intensity remained inconclusive. Due to heavy variations in acquisition geometry and

parameters as well as the difficulty in identifying corresponding areas between the sessions the

fluorescence emission before and after treatment could not easily be compared. Analyzing the

ratio of tumor to background fluorescence counts, no clear decrease was seen after treatment.

However, the analysis of the resected tissue biopsies is still outstanding at the time of writing.

Indeed the evaluation of such samples represents a better opportunity to quantify contrast

agent presence and VEGF expression before and after the treatment, as the measurement

conditions are more controlled and standardized. Furthermore, final confirmation of the co-

localization of NIR fluorescence and malignant CRC should also be obtained from the patho-

logical sample analysis, however, fluorescence intensity corresponded well to the physician’s

visual assessment during videocolonoscopy.

4.2.3.4 Discussion

Molecularly targeted NIR fluorescence colonoscopy was realized for the first time in human

patients. This was achieved by employing a modification of the developed real-time imaging

system, wherein a fiberscope is used the deliver the illumination and acquire color and fluo-

rescence images concurrently. The monoclonal antibody bevacizumab, conjugated to a NIR

dye, was employed as a molecular contrast agent, as previously realized in mouse models (Sec.

4.1.2) and breast cancer patients (Sec. 4.2.2).

Even though the pathological analysis of the excised tissue was not completed at the time

of writing, it has to be noted that the available information indicates successful targeting

of colorectal cancer by bevacizumab-800CW, given that the detected fluorescence accurately

corresponded to the physician’s evaluation of the lesions from videocolonoscopy. This opens

the exciting possibility of a red-flag detection strategy, based on molecular agents and surveil-

lance fluorescence colonoscopy, which has the potential to improve lesion detection rates

significantly. It is important to characterize the contrast agent’s sensitivity and specificity in

further studies. While the current results show great promise, a high clinical impact requires a

statistically significant decrease in lesion miss rates to be demonstrated on a broader patient

population. Additionally, the suitability of alternative molecular targets, e.g. human epider-

mal growth factor receptor 2 (HER2) should be investigated. Considering that cancer is a

distinctively heterogeneous disease, a personalized approach to its molecular targeting might

be called for.

143



4.2 Interventional imaging

Concerning the system adaptation to endoscopy, an alternative setup was proposed in Section

2.2.4, namely one where a fiber bundle is coupled to the cameras and guided through the

working channel of a clinical endoscope. While the usage of a fiberscope offers the advantage

of an available working channel, it suffers from the downside of a significantly decreased color

image quality. Consequently, in the present study, the physicians preferred to take biopsies

under standard videocolonoscopy guidance. Major sources for the decreased color image qual-

ity are the fiber claddings and the inefficient light coupling. On the other side, the fiberscope

setup was characterized to yield an increased fluorescence sensitivity, thus allowing for the

detection of smaller contrast agent doses. Notably, fluorescence imaging was feasible in real-

time, setting acquisition times of 100 ms and below, thus providing immediate feedback and

intuitive orientation. Future work should explore the alternative imaging setup using a fiber

bundle, as a “minimally invasive translation” approach, that impacts standard clinical proce-

dures as little as possible, while complementing them with molecular fluorescence information.
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Chapter 5

Conclusion and outlook

5.1 Conclusion

The three major objectives of this work were the construction of an intra-operative imaging

system for the use in surgery and endoscopy, the development of appropriate image process-

ing algorithms for the representation, analysis and enhancement of fluorescence images and

the translation of molecularly targeted near-infrared (NIR) fluorescence imaging into clinical

studies.

The intra-operative imaging setup was presented in Chapter 2 and its sensitivity and optical

resolution were characterized both for the lens-based setup and the adaptations to endoscopy

and laparoscopy. High sensitivity in the NIR spectral range was attained by using a cooled

EMCCD sensor, enabling the detection of very low dye amounts, which were expected in the

translational microdosing studies. The detection sensitivity decreased slightly in the endo-

scopic setup as a result of the inefficient laser coupling into the scope’s light port and due to

attenuation of the fibers, as measured in Section 2.2.1.

Handling of the system turned out to be very easy during clinical interventions. Since the

cameras are mounted on a surgical arm, which also carries the necessary hardware compo-

nents, the system can quickly be moved in and out of the sterile field during surgery, without

impeding the physician’s work. Most parameter control and processing functions were au-

tomated in the custom developed software, thus image acquisition could be performed in a

minimal amount of time, increasing the surgery duration by only a few minutes. Importantly,

real-time processing on the graphics processing unit (GPU) offered immediate feedback at
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video frame rates, a significant factor for surgical guidance applications. Experiences during

endoscopic use of the system turned out to be equally positive, with more relaxed workflow

and sterility requirements easing setup and preparation, while utilized flexible scopes provided

enough maneuvering possibilities for the physician, despite the mechanical coupling to the

setup.

A powerful framework for intra-operative image processing has been created by the custom

developed software. Profiling of the current processing pipeline indicated, that more compu-

tationally expensive steps can be realized using the GPU as a co-processor as described in

Section 3.1. An important development that might utilize further processing power is quan-

titative fluorescence imaging, which requires the correction of various degrading effects on a

fluorescence image to retrieve the true fluorophore concentration at a tissue location.

One of the major challenges for quantitative imaging, the interaction of light with the tissue

sample through which it propagates, was discussed in Section 3.2. Therein, crucial improve-

ments upon previous approaches to the correction of the influence of optical properties on

the signal were introduced. Previously, algorithms that operate on a pixel-by-pixel basis have

been proposed, predominantly for the correction of inhomogeneous absorption in tissue [1, 2].

However, the influence of light scattering has been hardly addressed in planar fluorescence

imaging, and indeed is of a more complex nature. The key aspect is the two-dimensional

nature of scattering, namely the fact that a scatterer at a certain location not only influences

the measured intensity at that very point but in its entire vicinity. A novel approach based

on space-variant deconvolution was proposed, wherein scattering was modeled by a gaussian-

shaped fluorescence point spread function (FPSF) and corrected by iterative deconvolution.

The results showed that diffusion effects could be corrected in phantoms and mouse data by

estimating the FPSF from multispectral reflection measurements. However, some remaining

issues prevented the implementation in the intra-operative setup for application in patient

measurements. Firstly, the proposed iterative deconvolution scheme is computationally ex-

pensive and not easily parallelized on the GPU, consequently making video-rate performance

unattainable at the moment. Secondly, the FPSF estimation from reflectance measurements

is suboptimal and only observation-based. Ideally, the reduced scattering coefficient would be

used, however light propagation models indicate that it cannot be determined from planar re-

flectance images [3, 4]. Instead, spatial frequency domain imaging (SFDI) was shown capable

of resolving absorption and scattering coefficients [5], and consequently could be integrated

in a next-generation intra-operative system to determine the scattering coefficient as an input
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for the proposed correction method.

Another possible system upgrade results from the wavelength optimization presented in Sec-

tion 3.3. Based on a theoretical diffuse reflectance model [3], an optimization of the three

spectral measurement points was conducted to yield the wavelengths that are most suitable to

reconstruct the wavelenght-independent optical properties of tissue, which comprise physio-

logically important parameters like the blood oxygenation. Such optimized wavelengths could

replace the current color acquisition, wherein three broad spectra are used to closely reproduce

human color perception, in favor of obtaining quantitative measurements of tissue parame-

ters. The optimization was verified on liquid phantom data, showing that the computed

wavelengths indeed yielded highly accurate results in retrieving the optical properties. Future

work should validate the calculation on in vivo animal data in order to ensure the validity of

the made assumptions and confirm the possibility to translate wavelength-optimized reflection

imaging to clinical applications.

Chapter 4 presented the experimental results, where initially two pre-clinical studies were con-

ducted in Section 4.1 to validate the developed materials and methods under relevant imaging

conditions. In Section 4.1.1 the laparoscopic system adaptation developed in Section 2.2.2

was used to image induced colorectal cancer (CRC) in mice using a commercial pre-clinical

molecular agent. The results confirmed the system’s adequacy and expected sensitivity, in-

dicating that molecular targeting of CRC could help to increase clinical detection rates. On

the other hand, handling the laparoscope turned out to be difficlt, as both the scope and

the camera head are rigid and consequently make panning shots and even small adjustments

difficult. A possible solution would be the integration of a coherent imaging fiber bundle

connecting the laparoscope to the camera system, however this would come at the expense

of decreased image quality and sensitivity.

The molecular agent bevacizumab-800CW, a compound of a monoclonal antibody and a NIR

fluorescent dye, was evaluated for CRC detection in Section 4.1.2. Two designs suitable for

clinical endoscopy were developed in Section 2.2.4, namely a fiberscope and a miniature fiber

probe. Both were evaluated on mouse models of human CRC, showcasing that intra-operative

fluorescence imaging can visualize molecular targets, in this case vascular endothelial growth

factor (VEGF), during endoscopic screening. The results showed a clear delineation of can-

cerous tissue, encouraging clinical translation of both the agent and the imaging setup.

The clinical work was presented in Section 4.2, where first a feasibility study in endoscopic

gastrointestinal imaging was performed in Section 4.2.1. Two patients with malignancies in
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the bile duct and pancreatic duct, respectively, were injected with indocyanine green (ICG) and

imaged using a fiber cholangioscope connected to the intra-operative system. The fluorescent

dye’s distribution could be monitored in real time, enabling enhanced diagnosis through its

accumulation in areas of increased vascular permeability. While the results showed that flu-

orescence imaging holds promise to improve endoscopic diagnosis, further patients were not

measured in order to concentrate on targeted contrast agents.

Using the drug-based agent bevacizumab-800CW in microdosing concentrations, clinical trans-

lation of intra-operative molecular imaging for breast cancer surgery was undertaken in Section

4.2.2. Intra-operative images were acquired before and after the tumor resection to assess

leftover margins. Furthermore, ex vivo tissue imaging as well as histopathological validation

was conducted to verify the findings. Considering that the study is still ongoing, only pre-

liminary results are available, which currently appear mixed. On the bright side, validation

confirms the selective agent uptake in tumor tissue, thus demonstrating, for the first time,

a successful clinical application of a drug-based agent in microdoses. Ex vivo imaging of

both tissue slices and paraffin-embedded samples exhibit a high correlation with histology and

VEGF staining. Surgical imaging, however, turned out to be challenging. Due to the fact

that the tumor is typically covered by several centimeters of tissue, especially when a complete

mastectomy is performed, the images are heavily affected by diffusion and the limitations of

light penetration. The available data suggests, that imaging tumors located deep inside the

breast with extremely low contrast agent doses is not suitable for surgical guidance. The

identification of positive margins, which would be on the surface after resection, remains as a

possible application, however no such margins were encountered and thus it remains unclear

whether their signal intensity would surpass the autofluorescence and crosstalk level.

Finally, fluorescence colonoscopy was realized in Section 4.2.3 by injecting CRC patients with

bevacizumab-800CW and imaging through a clinical fiberscope connected to the system. At

the time of writing three patients were imaged before and after they received radiochemother-

apy. While the results regarding treatment monitoring remain inconclusive due to the limited

number of patients and current lack of histological validation, some notable observations

were made nonetheless. Given that the cancer lesions are typically located on the colon wall

surface, the images were significantly less affected by diffusion and light absorption that in

the breast cancer scenario, resulting in a clearer delineation and higher signal-to-background

ratio. It appears that a red-flag detection strategy, that identifies cancerous alterations in

wide-field endoscopy is feasible even with microdosing agent concentrations. However, ex
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vivo biopsy analysis still needs to confirm the correspondence of fluorescence intensity to

tissue malignancy.

5.2 Outlook

In this work the clinical translation of intra-operative NIR fluorescence imaging with molecu-

lar specificity was realized, however several more steps are necessary to shift the paradigm in

surgical imaging.

The technological development of intra-operative imaging systems is ongoing [6]. Possible

improvements are the incorporation of image correction schemes such as the one presented

in Section 3.2 or simpler ratiometric methods [2, 7] to facilitate quantitative fluorescence

measurements which are unaffected by variances in the tissue optical properties. The aut-

ofluorescence contribution can be unmixed from multispectral images [8] or mitigated using

a contiguous waveband measurement [9]. Apart from multiple spectral images in reflection

geometry, the usage of additional hardware represents a more promising path to a new gen-

eration of imaging systems. Tissue properties can be measured by SFDI using structured

illumination [10] or by fiber optic spectroscopy [11]. Other developments might improve the

system handling, e.g. the use of wearable goggles [12] to display the images directly to the

surgeon or pulsed excitation that can measure under standard operation room light conditions

[13]. On the other hand, a downside of different systems with different technological capabil-

ities is the lack of standardization and comparability. Consequently, standard measurements

for parameters like resolution and sensitivity need to be introduced, comparing the perfor-

mance under realistic conditions that include autofluorescence, depth dependence and optical

property variations.

The translational concept of microdosing was successfully applied herein to demonstrate feasi-

bility, safety and efficacy of drug-based agents while bypassing regulatory hurdles. Higher doses

should be explored in future studies in order to significantly improve the attained tumor-to-

background ratio. Importantly, the novel imaging methods should be assessed quantitatively

on larger patient populations in phase II and III trials to demonstrate the improved cancer vi-

sualization capability that is promised by the current results. Finally, targeted drug molecules

other than bevacizumab should be investigated, potentially leading to a more diverse portfolio

of contrast agents that are optimally suited for different types of cancer, or even selected

individually for each patient as part of a personalized treatment approach.
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Molecular optical imaging will significantly impact current clinical practice and improve diagno-

sis and treatment that was previously based on anatomical imaging, often performed with the

bare eye. Herein the possible benefits in two medical fields have been outlined, namely cancer

resection surgery and surveillance endoscopy. Obviously many more applications are thinkable,

the principle of supplementing optical imaging with molecular information is a universal one.

With more fluorescent agents being explored, either over the course of microdosing studies or

along the traditional translation path, clinical demand from both patients and physicians is

expected to grow.
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