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ABSTRACT
The motivation for this thesis rose from the demand to improve the early detection
and identification of neoplastic tissue in Barrett’s esophagus. Barrett’s esophagus
is a potential precursor of adenocarcinoma which occurs in the distal part of the
esophagus. The prognosis of patients diagnosed with adenocarcinoma is poor,
only early detection can lead to early treatment and therefore improve the outcome.
With this thesis we explore optical spectroscopic methods in order to improve the
early detection of these pre-cancer lesions.
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Barrett’s Esophagus
In Barrett’s esophagus (BE) the normal lining of the esophagus which consists of
squamous epithelium has transformed into columnar epithelium containing
intestinal metaplasia. This change is caused by a chronic exposure to gastric acid
and/or bile due to gastroesophageal reflux disease. Figure 1 shows an endoscopic
view of the normal squamous epithelium and BE.

Figure 1. Endoscopic view of normal
squamous and Barrett’s esophagus.

BE is known as a pre-cancerous condition from which adenocarcinoma can
develop over several stages: from non-dysplastic intestinal metaplasia, to lowgrade dysplasia then high-grade dysplasia and invasive cancer [1-3]. Those
different stages can hardly be distinguished with white-light endoscopy. Patients
with BE are under regular endoscopic surveillance which involves taking biopsies
of suspicious lesions and randomly in four quadrants every 2 cm according to the
national protocol. The biopsies are then histologically evaluated and classified by
pathologists. Figure 2 shows the histopathological features and classification of the
transition from squamous epithelium to Barrett’s esophagus, dysplasia and
adenocarcinoma.

Figure 2. Histopathological features of A) normal squamous epithelium. B) Barrett’s esophagus (BE)
without dysplasia. C) BE with low-grade dysplasia. D) BE with high-grade dysplasia/early cancer. E)
adenocarcinoma.
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Early stages of dysplasia and neoplasia have a negligible risk of lymphatic
metastasis and therefore will be treated endoscopically, which has significant lower
morbidity and mortality rates than late stage surgical therapy [4-7]. Over the last
years, endoscopic therapy procedures such as endoscopic resection [8-10] and
radiofrequency ablation [11-13] have improved. The ability to detect and identify
early neoplasia for example during surveillance endoscopy, however, still needs
improvements to significantly reduce the need of esophagectomy and the number
of unnecessary taken biopsies.

Early detection of neoplasia in Barrett’s esophagus
Early cancers or premalignant lesions like neoplasia might be detected due to
specific changes in the tissue architecture such as mucosal thickening or loss of
layered structures, changes in light absorption and scattering properties of each
layer, the distribution and concentration of fluorophores, the biochemical
microenvironment and the metabolic state of the tissue (Figure 3). [14;15]

Figure 3. Schematic illustration
of light tissue interaction.

Imaging and spectroscopy in BE uses these changes in tissue properties, which
are wavelength and tissue dependent, to differentiate between layers, structures,
metabolic states, oxygenation, vascularization, and might therefore, differentiate
between normal tissue and disease progression. During conventional endoscopic
examination and imaging, white light endoscopy is used which shows the reflected
light from the mucosa. More recently, high resolution endoscopy and magnifying
endoscopy have shown their potential to identify gastric carcinoma by revealing
changes in mucosal microvasculature and pit patterns [16;17]. Confocal
10

Introduction

endomicroscopy is another technique with improved magnification, allowing
improved visualization of the mucosa [18;19].
To enhance tissue contrast during endoscopy several dyes, optical and electronic
methods were developed. For example, chromoendoscopy uses manual staining
with vital/absorptive or contrast/reactive stains by spraying them onto the
esophageal surface to enhance tissue topography and mucosal lesion visibility
using white light endoscopy. Methylene blue and lugol’s solutions are vital stains
which are absorbed by the epithelium, whereas contrast stains such as indigo
carmine accumulates in depressions and crevices in the mucosa [20;21]. Acetic
acid also enhances the mucosal pattern and showed good results when used with
magnifying endoscopy or narrow band imaging (NBI) [22]. NBI is a dye-less
optically based chromoendoscopy which uses selected excitation and emission
bands to enhance the mucosal structure and vascular network [23;24]. NBI uses
blue (390-445 nm) and green (530-550 nm) light to illuminate the mucosa which
will be maximally absorbed by hemoglobin within blood vessels. The reflected light
of the surrounding tissue of the vessels creates an image which allows lesion
identification [25].
Figure 4 shows an early neoplastic lesion with high-resolution white light
endoscopy (a), NBI (b), after indigo carmine spraying (c), and after acetic acid
spraying (d).

Figure 4. Endoscopic view of early neoplastic lesion with high-resolution white light endoscopy (HRWLE) (a), narrow band imaging (NBI) (b), after indigo carmine spraying (c), and after acetic acid
spraying (d). Modified from Boerwinkel et al. [26]

In endoscopic autofluorescence imaging (AFI) the mucosa is illuminated with blue
light (390-470 nm) to excite endogenous fluorophores which, in turn, will emit
visible light of a longer wavelength. The detected fluorescence (500-630 nm) and
green reflectance (540-560 nm) is processed and a pseudocolor image is
constructed, in which non-suspicious Barrett’s mucosa appears green and
suspicious areas have a purple appearance. [27]. To reduce the high false positive
rate of AFI, an endoscopic TriModal imaging system (Figure 5) was developed,
which combines high resolution endoscopy, AFI and NBI.
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Figure 5. Endoscopic view of early neoplastic lesion with high-resolution white light endoscopy (HRWLE) (a), autofluorescence imaging (AFI) (b) and narrow band imaging (NBI) (c). Modified from Curvers
et al. [28].

The endoscopic TriModal imaging system has shown to be more sensitive and
specific than AFI or white light endoscopy alone [28]. Follow-up studies where the
endoscopic TriModal imaging system was compared to standard video endoscopy
with random biopsies did not confirm these positive results [29]. Furthermore, the
clinical relevance of AFI-detected lesions and the impact on management of
patients with early neoplasia in BE were determined using five prospective AFI
studies. The results showed a diagnostic and therapeutic value of AFI of negligible
2 % [30]. Thus, AFI still needs to be improved to reduce the high false positive rate
and to increase the diagnostic and therapeutic impact.
Beside those imaging techniques, point probe based laser induced spectroscopy
which uses discrete excitation wavelengths to extract tissue information from one
particular location, was studied for the detection of precancerous changes in the
esophagus [31-38]. Autofluorescence spectroscopy of neoplastic tissue in BE
showed decreased green fluorescence and increased red fluorescence compared
to non-neoplastic BE tissue [35;39]. Those characteristics could be used to guide
biopsies during surveillance endoscopy in BE patients.

Objective of this thesis
New developments for the detection of early neoplasia in Barrett’s esophagus
focus mainly on imaging techniques. A challenging aspect is that Barrett’s
esophageal tissue has lost its homogeneous structure and furthermore contains
inflammations. To differentiate during surveillance endoscopy between
inflammation, dysplasia and different disease stages is a continuous problem.
Another problem is the intensive biopsying during surveillance endoscopy which is
laborious, time intense and gives no real time information. To overcome these
restrictions we propose to improve the detection and discrimination of early
neoplasia in Barrett’s esophagus by enhancing the tissue contrast. Therefore, we
12
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developed, evaluated and tested new imaging and spectroscopy systems and preclinical analysis models using fluorescence and up-conversion luminescence
detection.

Fluorescence
The luminescence in which photons are absorbed by molecules that then rapidly
emit photons at a longer wavelength and thus lower energy is called fluorescence.
We distinguish between endogenous and exogenous fluorescence, in which
endogenous fluorescence is native tissue fluorescence (‘autofluorescence’). Most
absorption spectra of fluorophores in biological tissue have maxima in the UV-blue
wavelength range with fluorescence emission in the visible range. In contrast to
tissue fluorophores, chromophores are light absorbers without re-emission, the
energy is converted into heat. The main absorbers in the UV-visible range are oxyhemoglobin and deoxy-hemoglobin. Table 1 shows an overview of main tissue
chromophores, fluorophores and their absorption and fluorescence properties.
Table 1. Main tissue chromophores and fluorophores with maxima absorption and emission
wavelengths [14,40,41].

Tissue
fluorophore

Biological
molecule

Biological
source

Absorption
spectral
range

Absorption
maxima (nm)

Emission
maxima (nm)

Collagen

Connective
tissues
Connective
tissues
Metabolic
coenzyme
Metabolic
coenzyme
Lipopigment
granules; age
related; lipid
oxidation
product
By-product of
heme
biosynthesis,
bacterial fauna
Hemoglobin
carrying oxygen
Hemoglobin
without oxygen

UV

335, 370

380, 460

UV-visible

350, 420, 460

420, 500, 540

UV

350

460

Visible

450

515

UV-visible

340-395

430-460, 540640

Visible

405

635

UV-visible

412, 542, 577

-

UV-visible

430, 555, 760

-

Elastin
NAD(P)H
FAD, flavins
Ceroid,
lipofuscin

Porphyrins

Tissue
chromophores

Oxyhemoglobin
Deoxyhemoglobin
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Tissue endogenous fluorophores that may play a role in carcinogenesis are
collagen and elastin, which are found in connective tissues, nicotinamide adenine
denucleotide (NADH) and flavine adenine dinucleotide (FAD), which are metabolic
coenzymes, and porphyrins, which are part of the heme biosynthesis or rise from
bacterial fauna [14]. In contrast to endogenous fluorophores which are naturally
occurring biomolecules with rather low autofluorescence, exogenous fluorophores
are biomolecules, for example hematoporphyrin derivative (HpD), which can be
administered and act as contrast agent to localize a specific target molecule for
early cancer detection. Another approach is to exogenously induce fluorophores in
the patient’s body by the administration of an exogenous precursor. For example,
the photosensitizer precursor –aminolevulinic acid (5-ALA) induces the formation
of Protoporphyrin IX (PpIX) that accumulates in tumor tissue [41].

Up-conversion luminescence
In an up-conversion process two or more photons are simultaneously or
sequentially absorbed and the emitted light is of shorter wavelength thus higher
energy than the excitation wavelength. The up-conversion enables the conversion
of infrared light to visible light. Up-converted luminescence can be used for imaging
[42] and even therapy such as local photodynamic therapy (PDT) [43]. Upconversion can only occur in materials which allow more than one metastable
excited state for example materials like rare-earth compounds which contain
lanthanide ions [44]. Lanthanide-doped up-conversion nanoparticles (UCNP) were
developed to improve cancer diagnosis and therapy [45]. Luminescent UCNP can
be excited with near-infrared light, which has the advantage of negligible
autofluorescence from surrounding tissue while the low energy of near-infrared
photons will not damage the tissue and have no photobleaching effects.
Furthermore, UCNP can be used to passively or actively target tumor cells. In
passive targeting the UCNP distribute from angiogenic vessels into the surrounding
tissue due to the enhanced permeability of the vessel wall and they accumulate
due to the lack of lymphatic drainage. This principle is called enhanced
permeability and retention effect. In active targeting the UCNP are functionalized
with antibodies, which specifically target receptors on tumor cells.

14
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Outline of the thesis
In chapter 2 a third generation AFI endoscope with three autofluorescence modes
to target specific fluorophores is compared to the predecessor AFI system with one
mode. Because the newest generation AFI endoscope specifically targets
fluorescence in malignant cells, it may improve the detection of early neoplasia and
reduce the false-positive rate. Thereto, a clinical study was performed in which BE
patients with endoscopically inconspicuous neoplasia underwent two diagnostic
endoscopies in a single session.
In the next two chapters, we focus on the use of the spectroscopic features present
in the autofluorescence signal in order to further improve the early detection of
neoplasia in BE and to reduce the amount of unnecessary taken biopsies. In
chapter 3 autofluorescence spectroscopy at 405 nm excitation was performed
using an optical biopsy system with an optical fiber integrated in a standard biopsy
forceps. To further determine the optimal excitation and emission wavelengths we
built and evaluated in-vivo a multi-wavelength spectroscopy system, chapter 4,
compromising five different excitation wavelengths.
In the last part of the thesis, two pre-clinical studies for ‘exogenously induced’
enhanced tissue contrast were performed. In chapter 5 we evaluated the
chorioallantoic membrane (CAM) model for the usage of fluorescence diagnostic
and photosensitizer on human BE tissue. BE biopsy specimens were grafted on
the CAM and followed up to 9 days. In chapter 6 we used the CAM model for
targeted labeling of early-stage cancer with upconversion nanoparticles.
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ABSTRACT
INTRODUCTION:
In
Barrett’s
esophagus
(BE),
second-generation
autofluorescence imaging (AFI-II) improves targeted detection of high-grade
intraepithelial neoplasia (HGIN) and early cancer (EC), yet suffers from high falsepositive (FP) rates. The newest generation AFI (AFI-III) specifically targets
fluorescence in malignant cells and may therefore improve detection of early
neoplasia and reduce FP-rate.
AIM: Compare AFI-III with AFI-II for endoscopic detection of early neoplasia in BE.
METHODS: BE patients with endoscopically inconspicuous neoplasia underwent
two diagnostic endoscopies (AFI-II/AFI-III) in a single session. Endpoints: number
of patients and lesions with HGIN/EC detected with AFI-II and AFI-III after whitelight-endoscopy (WLE) and the value of reïnspection of AFI-positive areas with
WLE and narrow-band imaging (NBI).
RESULTS: 45 patients were included (38 males, age 65 years). 19 patients
showed HGIN/EC. AFI-II inspection after WLE increased detection of HGIN/EC
from 9 to 15 patients (47 % to 79 %); AFI-III increased detection from 9 to 17
patients (47 % to 89 %). WLE plus random biopsies diagnosed 13/19 (68 %)
HGIN/EC-patients. 104 abnormal AFI-areas were inspected; 23 (22 %) showed
HGIN/EC. AFI-II increased detection of HGIN/EC from 10 to 18 lesions (43 % to
78 %). AFI-III increased detection from 10 to 20 lesions (43 % to 87 %). FP-rate
was 86 % for AFI-II and AFI-III. Reïnspection with WLE or NBI reduced FP-rate to
21 % and 22 % respectively, but misclassified HGIN/EC-lesions as unsuspicious in
54 % and 31 %, respectively.
CONCLUSIONS: This first feasibility study on third-generation AFI again showed
improved targeted detection of HGIN/EC in BE. However, the results do not
suggest AFI-III performs significantly better than conventional AFI-II.
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INTRODUCTION
Endoscopic surveillance of patients with Barrett’s esophagus (BE) is recommended
to detect early neoplasia (i.e. High Grade Intraepithelial Neoplasia (HGIN) and/or
Early Cancer (EC)) at a curable stage [1]. When using standard endoscopy,
however, it may be difficult to distinguish areas with early neoplasia within the
normal Barrett’s mucosa [2]. In the absence of visible abnormalities random fourquadrant biopsies are obtained every 1-2 cm of the BE [1], to allow for histological
evaluation for the presence of neoplasia [2, 3]. Unfortunately, random biopsies are
associated with significant sampling error and therefore occult malignant lesions in
the BE may be missed [4, 5].
To increase the detection of early neoplasia in BE patients, different advanced
imaging techniques have been studied. A promising approach is Endoscopic
TriModal Imaging (ETMI), which incorporates white light endoscopy (WLE),
autofluorescence imaging (AFI) and narrow-band imaging (NBI) in a single
endoscopy system. AFI is based on the principle that certain endogenous
substances such as flavins and collagen (i.e. fluorophores) emit fluorescent light
when they are excited with short wavelengths of light. It has been demonstrated
that early neoplasia has a different autofluorescence spectrum than non-neoplastic
Barrett’s tissue [6, 7]. When these spectra are computed into a pseudocolor image,
early neoplastic areas show a violet color, whereas the non-neoplastic Barrett’s
tissue appears green. Two uncontrolled studies have suggested that AFI increases
the detection of early neoplasia, at the expense of a relatively high false positive
rate [8, 9]. The third modality of the ETMI system, NBI, utilizes short wavelength
light (essentially, blue light) to enhance the superficial imaging of the mucosa,
resulting in an enhanced image of the relief, epithelial architecture and vascular
structures. Initial studies yielded promising results in terms of distinguishing NBI
images of non-neoplastic BE from those containing early neoplasia [10, 11]. We
have recently conducted two randomized crossover trials comparing the ETMI
system with standard video endoscopy. These studies showed that AFI
significantly increases the targeted detection of early neoplasia and that
subsequent inspection with NBI reduces the false-positive rate. The increased
targeted detection of the ETMI system, however, can be fully compensated by
obtaining random biopsies during standard endoscopy. In fact, targeted biopsies
with ETMI was found to be inferior to targeted biopsies plus random biopsies with
standard endoscopy [12-14].
The AFI-mode of the current ETMI system (AFI-II) uses an algorithm which
computes the emitted autofluorescence spectra and reflected green light into a
pseudocolor image. With the current algorithm, the detected autofluorescence is
23

2

Third generation AFI endoscopy
mainly produced by fluorophores in the submucosal layer [15]. Autofluorescence
therefore is dependent on the thickness of the mucosa, since the excitation light
has to pass through the mucosa to reach the submucosa and subsequently the
emitted fluorescent light has to return through the mucosa to reach the esophageal
lumen. This implies that the autofluorescence signal can also be altered by nondysplastic changes of the mucosal architecture such as extensive tissue
inflammation [9].
A different combination of fluorescence and/or reflectance signals may target the
actual dysplastic parameters more adequately. Imaizumi et al. have suggested that
by changing excitation wavelength and combining multiple fluorescence spectra,
fluorophores in malignant cells are specifically targeted, rather than tissue
architectural changes [16]. Their research resulted in a new AFI algorithm which
was subsequently incorporated in a third generation AFI endoscope (AFI-III) and
combined with WLE and NBI in a third generation ETMI system.
We hypothesize that the new AFI-III system – compared to the conventional AFI-II
– enhances the distinction between early neoplasia and inflammation in BE and
thus reduces the amount of false positive lesions, allowing for targeted sampling
and better detection of early neoplasia in BE. This is the first uncontrolled feasibility
study investigating the third generation AFI system for the detection of early
neoplasia in a selected group of patients with BE.

METHODS
Setting
This pilot study was performed at the Academic Medical Centre (AMC) Amsterdam,
a tertiary-care referral centre for the treatment of patients with early Barrett’s
neoplasia. The study was approved by the Medical Ethical Committee of the AMC
Amsterdam and all patients provided a written informed consent.
Patients
In line with previous pilot studies on earlier AFI systems, a total of 49 patients was
considered sufficient in this pilot study to investigate the feasibility of the third
generation AFI-system [8, 9]. Patients were included if they met all the following
inclusion criteria:
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Prior diagnosis of BE defined as columnar lined esophageal epithelium
upon endoscopy and intestinal metaplasia upon histological assessment of
esophageal biopsies;



Confirmed diagnosis of EC, HGIN, LGIN or non-dysplastic BE;



Written informed consent.

Patients were excluded if they met any of the following exclusion criteria:


Active erosive esophagitis grade B or higher according to the Los Angeles
classification of erosive oesophagitis [17];



Advanced neoplastic lesion (i.e. any lesion considered not amendable to
endoscopic treatment based on its endoscopic appearance);



Unable to undergo biopsy sampling (e.g. due to coagulation disorders,
esophageal varices).

Technical background
Two separate ETMI systems were used in this study. The ETMI endoscopes (GIFFQ260Z, Olympus Inc., Tokyo, Japan) provide real-time endoscopic images for
high-resolution WLE, AFI and NBI, and allow for optical zooming (magnification
100x). The light sources (CLV-260SL, Olympus Inc., Tokyo, Japan) use sequential
red, green and blue (RGB) illumination through a set of two filters: one filter
switches between WLE, AFI or NBI. The second filter rotates and contains filters
for WLE and NBI on the outer ring and AFI filters on the inner ring. The
endoscopes contain two separate high-quality monochromatic charge-coupled
devices (CCD’s): one for high-resolution WLE and NBI, and one for AFI. In the
WLE and NBI mode the reflected RGB light is detected by a monochromatic CCD
and transmitted to a video processor (Lucera, Olympus Inc., Tokyo, Japan), which
is synchronised with the rotary filter. The processor then overlays the red, green
and blue images to produce a high-quality WLE or NBI image. The WLE and NBI
modalities of both ETMI systems used in this study are equal. The AFI mode of
both systems is described separately below.
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AFI-II-ETMI system
In the AFI-II mode, the AFI image is composed of total emitted autofluorescence
after blue light excitation (390-470 nm) and green reflectance (540-560 nm). A filter
is placed in front of the AFI-CCD to only allow passage of fluorescent light with a
wavelength between 500 and 630 nm, eliminating the blue excitation light. The
composed signal is then transmitted to the video processor and projected on the
monitor in pseudocolors: normal, non-suspicious Barrett’s mucosa appears green
and suspicious areas have a dark purple appearance.
AFI-III-ETMI system
The AFI algorithm in the prototype AFI-III-ETMI system targets alterations in the
metabolism of fluorescent NADH (hydrolized nicotinamide adenine dinucleotide)
and FAD (flavin adenine dinucleotide), which is influenced by neoplasia related
hypoxia. AFI-III induces fluorescence with dual narrow wavelength excitation
combined with green reflectance: F380ex (λ = 380-390 nm), F405ex (λ=400-420 nm),
Gref, (λ = 540-560 nm). The barrier filter in front of the AFI CCD allows passage of
light between 450 and 570 nm. With the AFI-III-ETMI system, the endoscopist can
choose from three distinct AFI modi, in which the images are constructed from
different components of fluorescent and reflected light:
1. The first mode uses a two-colour image and is composed of “pure
fluorescence”: [R, G, B] = [F380ex, F405ex, F380ex]
2. The second mode produces a full three colour image:
[R, G, B] = [F380ex, F405ex, Gref]
3. The third mode resembles the conventional AFI-II:
[R, G, B] = [Gref, F405ex, Gref]
Study design
All patients underwent two consecutive endoscopy procedures in one session. The
first endoscopy was performed with the AFI-II-ETMI system. Subsequently, the
AFI-II-ETMI system was replaced by the prototype AFI-III-ETMI system. All
endoscopic procedures were performed in the AMC Amsterdam by one expert
endoscopist (JB) with extensive experience in the use of advanced imaging and
endoscopic treatment for neoplastic lesions in the esophagus.

26

Third generation AFI endoscopy

2

Endoscopic procedures
Patients were sedated by intravenous administration of propofol or midazolam (2.515 mg) supplemented with fentanyl (0.1-0.2 mg) if necessary. The procedure was
started with the AFI-II ETMI system. The esophagus was first examined in
overview with WLE and the length of the Barrett’s segment was recorded according
to the Prague-classification system [18]. Then, detailed WLE inspection of the
Barrett’s segment was performed. For all detected lesions the location (distance
from the incisors and endoscopic quadrant), diameter and lesion type according to
the Paris classification [19] were recorded on a standardized CRF and still images
were obtained. Subsequently, the Barrett’s segment was inspected with AFI-II for
the presence of additional lesions. For all additional lesions primarily detected with
AFI-II, the location, diameter and macroscopic appearance were recorded. All
lesions were subsequently inspected using WLE and NBI in overview and
magnification using a 4-mm soft clear cap, to document the following NBI
characteristics: mucosal pattern (regular -including flat or absent- vs. irregular);
vascular pattern (regular vs. irregular); abnormal blood vessels (present vs.
absent); the mucosal relief (completely flat vs. granular/nodular); the overall NBI
appearance (suspicious vs. not suspicious for neoplasia) [20, 21]. Furthermore, an
AFI-negative control area was identified and inspected with WLE and NBI.
Then, the AFI-II-ETMI system was replaced by the AFI-III-ETMI system and
prototype endoscope. All lesions, including the AFI-negative control area, initially
found with WLE or AFI-II were inspected with AFI-III, followed by inspection of the
remaining BE with AFI-III for the presence of additional lesions. During inspection
with the AFI-III-ETMI system, all three AFI-III modes were used by the endoscopist
to assess the esophagus. Areas found positive with AFI-III that were not detected
with WLE or AFI-II, were reinspected by reintroducing the AFI-II-ETMI system. All
additional lesions detected with AFI-III were recorded and subsequently inspected
with WLE and NBI. All lesions, including the AFI-negative control area, were
sampled for histological correlation using a standard disposable biopsy forceps
(FB-240K, Olympus, Tokyo). Finally, 4 quadrant random biopsies were obtained at
2 cm levels of the Barrett’s segment. The prior biopsied targeted areas were
avoided for random sampling.
Histological assessment
All biopsies were fixed in formalin, embedded in paraffin and routinely cut and
stained with haematoxylin and eosin (H&E). Histological assessment of all biopsies
was performed by an expert GI-pathologist (MV), who recorded the presence of
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intestinal metaplasia and neoplasia according to the revised Vienna classification:
no-dysplasia, indefinite for dysplasia, LGIN, HGIN or invasive cancer [22].
Study outcome parameters


The number of additional patients with HGIN/EC detected with AFI-II and
AFI-III after inspection with WLE;



The number of additional lesions with HGIN/EC detected with AFI-II and
AFI-III after inspection with WLE;



False positive rates of AFI-II and AFI-III;



Accuracy of reinspection of AFI-positive areas with WLE, expressed by
reduction of false positive rate of AFI and misclassification of HGIN/EC
lesions as unsuspicious;



Accuracy of detailed inspection of WLE- and AFI-positive areas with NBI,
expressed by reduction of false positive rate of AFI and WLE and
misclassification of HGIN/EC lesions as unsuspicious.

Statistics
Statistical analysis was performed with SPSS 16.0.2/18 software for Windows. For
descriptive statistics mean (±SD) was used in case of a normal distribution of
variables, and median (IQR) was used for variables with a skewed distribution.
Where appropriate, the student t-test, McNemar’s test and the Mann-Whitney test
were used.

RESULTS
Patients
From September 2010 until July 2011, 49 patients with BE (38 males, mean age 65
years [SD 12]) were included with the following indications (the histological
diagnoses are based on review of the biopsies from the referring center by the
study pathologist):
1. 10 BE patients were referred with HGIN/EC (8/2) and an endoscopically
visible lesion;
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2. 10 BE patients were referred with HGIN in the absence of an
endoscopically visible lesion;
3. 13 BE patients were referred with low grade intraepithelial neoplasia
(LGIN) in the absence of an endoscopically visible lesion;
4. 16 Patients with a non-dysplastic Barrett’s esophagus (NDBE) and no
visible lesions.
Three patients were excluded during endoscopy due to unexpected more
advanced stages of carcinoma upon first endoscopy after referral. One patient was
excluded due to refractory oesophagitis, leaving a total of 45 patients for analysis.
Median circumferential Barrett’s length was 4 cm (IQR: 1-9), median maximum
Barrett’s length was 6 cm (IQR: 4-10). Two patients were found to have grade A
reflux esophagitis. The histological diagnoses in these 45 patients were: HGIN in
19 patients, LGIN in 9 patients and NDBE in 17 patients.
Per patient analysis
Of the 19 patients with HGIN/EC, 9 patients had HGIN/EC lesions that were initially
detected with WLE (9/19; 47 %). AFI-II picked up an additional 6 patients with
HGIN/EC, improving the targeted detection rate from 47 % to 79 % (15/19).
Subsequent inspection with AFI-III resulted in the additional detection of 3 patients
with HGIN in targeted biopsies, increasing overall targeted detection to 95 %
(18/19). The remaining patient was diagnosed with HGIN solely based on random
biopsies out of multiple levels in a C3M5 Barrett’s segment, while targeted biopsies
out of two AFI positive lesions and a negative control area showed LGIN (table 1).
If only AFI-III had been used next to WLE, an additional 8 patients with HGIN/EC
would have been detected, resulting in a detection rate of 89 % (17/19). The
additional value of AFI-II and AFI-III over WLE was comparable (15/19 (79 %) vs.
17/19 (89 %) respectively, p=0.25).
Targeted biopsies after WLE yielded 9 patients with HGIN/EC. Without the use of
both AFI systems, random biopsies would have detected 3 additional patients with
HGIN. Therefore, random biopsies increased the targeted detection rate of WLE
from 47% to 63% (12/19). The contribution of all individual imaging modalities and
random biopsies to the diagnosis of patients with HGIN/EC is summarized in
table 1.
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Table 1. Detection of patients and lesions with HGIN/EC by WLE, AFI-II and AFI-III separately, and
random biopsies, out of a total of 45 patients included in this study. AFI-II and AFI-III both reached a
high false positive rate of 86%.

Per lesion analysis
In 45 patients, a total number of 104 abnormal areas (figure 1) and 41 negative
control areas were inspected. Of the 104 abnormal areas, 23 (22%) showed
HGIN/EC in targeted biopsies, 14 showed LGIN, 67 showed no dysplasia (overall
FP rate: 78% (81/104)). In total 23 areas were suspicious on WLE inspection, 10
lesions contained HGIN/EC (WLE FP-rate 57% (13/23)). Inspection with AFI-II
picked-up 57 AFI-II positive areas of which 8 areas contained HGIN/EC (AFI-II FPrate 86% (49/57)). If WLE had been followed only by AFI-III, an additional 71 AFI-III
positives areas would have been detected of which 10 lesions contained HGIN/EC
(AFI-III FP rate of 61/71; 86%). These figures suggest that there is no difference in
false-positive rates between both AFI systems (86% for AFI-II vs. 86% for AFI-III,
p=0.289) (table 1). Forty-one areas, unsuspicious with both AFI-II and AFI-III, were
included as negative controls. All areas were also considered unsuspicious with
WLE and NBI. Thirty-five areas showed non-dysplastic mucosa, five areas
contained LGIN, and in one patient with a C3M6 BE, 1 area showed HGIN. Four
out of 8 random biopsies confirmed the multifocal distribution of HGIN in this
patient. The negative predictive value for HGIN/EC of both systems combined
therefore was 98% (40/41).
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Figure 1a-f. Area containing HGIN in a patient referred with LGIN. The area was detected with AFI-II
(b), considered unsuspicious with WLE (a) and suspicious with AFI-III (d-f) and NBI (c).

Table 2. The summary, distribution and (dis)agreement between AFI-II and AFI-III positive and negative
areas and the yield of neoplasia (HGIN/EC).

Areas that were positive with both systems were significantly more often neoplastic than areas that were
considered negative with both systems (19/90; (21%) vs 1/41; (2%), p=0.006). Discordant cases are
shown in gray. In these discordant cases, there was no difference in the detection of neoplasia
(neoplastic yield in AFI-II positive/AFI-III negative areas: 1/4 (25%) vs. AFI-II negative/AFI-III positive
areas: 3/10 (30%), p=0.85).
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Concordant and discordant AFI-II/AFI-III cases
Table 2 shows the number of concordant and discordant AFI-II and AFI-III areas.
Areas that showed suspicious AFI features with both AFI-systems demonstrated
significantly more often HGIN/EC, compared to areas that were considered
negative with both systems (19/90; 21% vs 1/41; 2%, p=0.006). Four areas were
AFI-II positive and AFI-III negative, whereas 10 areas were considered AFI-III
positive and AFI-II negative. There was no difference in the detection of neoplasia
in the discordant cases (neoplastic yield in AFI-II positive/AFI-III negative areas:
1/4 (25%) vs. AFI-II negative/AFI-III positive areas: 3/10 (30%), p=0.85).
The high number of concordant cases and the comparable neoplasia yield of the
two systems for discordant cases suggest that both systems are comparable in
terms of detecting neoplasia. This is also demonstrated by the yield of neoplasia in
AFI positive areas for both systems individually (AFI-II 20/94 (21%) vs. AFI-III
22/100 (22%), table 2).
Reinspection of AFI-positive areas with WLE and NBI
Primary inspection with WLE resulted in 23 areas suspicious for early neoplasia, of
which 10 contained HGIN/EC. Subsequent inspection with AFI (AFI-II and/or AFIIII) yielded 81 additional suspicious areas, 13 of which showed HGIN/EC. The
false-positive (FP) rate of AFI after WLE inspection therefore was 84% (68/81).
These 81 AFI-positive areas were reinspected with WLE and 23 areas
demonstrated subtle abnormalities. Six of these 23 areas contained HGIN/EC, the
other 7 areas with HGIN/EC were considered normal upon reinspection with WLE.
Reinspection with WLE thus reduced the FP-rate from 84% to 21% (17/81) at the
expense of missing 54% (7/13) of lesions with HGIN/EC (figure 2).
All suspicious areas (WLE or AFI) were inspected in detail with NBI. Most of the 23
lesions identified primarily with WLE were also considered suspicious when
inspected with NBI (21/23). NBI correctly identified all 10 HGIN/EC areas, yet also
labelled 11/13 of the areas that did not contain HGIN/EC as suspicious. The
reduction in FP-rate by NBI after primary inspection with WLE was therefore limited
(WLE: 13/23 (57%); WLE+NBI: 11/21 (52%). Of the 81 AFI-positive areas
additionally detected after inspection with WLE, NBI graded 27 areas as suspicious
for neoplasia. Nine of these 27 areas contained HGIN/EC (33%) vs. 4/54 AFIpositive areas which were considered normal upon inspection with NBI (7%).
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Figure 2. Flowchart of all areas detected by WLE and AFI, the amount of areas containing HGIN/EC
and the additional value of (re)inspection with WLE and NBI. FP: false positive.

Detailed inspection with NBI thus reduced the FP-rate of AFI-positive areas from
84% (58/81) to 22% (18/81), yet at the expense of misclassifying 31% (4/13) areas
containing HGIN/EC (figure 2).
Post-hoc evaluation of discordant AFI-II/AFI-III images
A post-hoc analysis of the still images of all discordant lesions as described in table
2 was performed. In retrospect, 2 out of 4 areas considered AFI-II positive/AFI-III
negative during real-time AFI, were now scored as both AFI-II and AFI-III positive.
Contrary, 6 out of 10 AFI-II negative/AFI-III positive lesions were in retrospect
regarded as positive with both AFI systems. In the post-hoc image analysis of
discordant cases, 50% (2/4) and 60% (6/10) of the real-time gradings were thus
changed.
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DISCUSSION
This is the first feasibility study on the use of a third generation videoautofluorescence system for detection of early neoplasia in BE. By adjusting the
excitation wavelengths and computing algorithms, this system aims to target
fluorescent changes in malignant cells, instead of architectural and spatial
alterations due to secondary tissue reactions. We hypothesized that the AFI-IIIETMI system would increase the detection of dysplasia in Barrett’s esophagus and
reduce the false positive rate associated with the AFI-II-ETMI system.
Our results again show that AFI markedly increases the detection of early
neoplastic lesions in BE. Both AFI systems showed a comparable performance in
detecting early neoplasia on a per patient basis. The added neoplastic yield of AFIII over WLE was 32% and AFI-III improved the detection of HGIN/EC with 42%. In
the per lesion analysis, AFI-II and AFI-III also achieved similar additional detection
rates of 35% and 44%, respectively. In those few areas that were found to be
positive with one AFI system and not with the other (discordant cases), no
difference between both systems was observed in the yield of neoplasia.
As was shown in previous studies, AFI was associated with a high false-positive
rate. In our study, both AFI-II and AFI-III had a FP-rate of 86%.
The tandem endoscopy design used in our current study may have introduced a
systematic bias. Inspection with AFI-III can be influenced by previous inspection
with AFI-II, which may lower the threshold for calling subtle AFI-III areas positive
and thus overestimate both the detection rate and the false positive rate of AFI-III.
A possible bias would be in favour of AFI-III for detecting early neoplasia, yet no
differences in detection rates between both systems were observed. Post hoc
evaluation of still images of subtle AFI-III false positive lesions did not reveal a
lowered threshold for calling areas positive.
The added neoplastic yield of random biopsies over WLE in this study was less
(16%) than observed in previously published reports [9, 12]. The tandem
endoscopy design of the current study and previous feasibility studies may have
led to an underestimation of the true value of random biopsies, since random
sampling from suspicious areas was avoided per protocol. Certain AFI-positive
areas would otherwise have been sampled by random biopsies. In our two
previous randomized crossover trials with the AFI-II-ETMI system, targeted
biopsies with ETMI were in fact found to be inferior to targeted biopsies plus
random biopsies with standard video endoscopy. This suggests that the additional
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yield of AFI over WLE can be largely compensated by obtaining random biopsies
[13, 14].
WLE and AFI are used as red-flag techniques in order to highlight possible
dysplastic areas in overview. Re-inspection with WLE and NBI is used for the
detailed inspection of AFI positive areas, to distinguish true positive areas (i.e. AFI
positive areas containing HGIN/EC) from false positive areas (i.e. AFI positive
areas not containing HGIN/EC). Previous studies, using a rather artificial setting of
preselected still images with corresponding histology, suggested that NBI reduced
the FP-rate significantly [20]. In subsequent studies, however, inspection with NBI
was shown to be less effective: the reduction in FP-rate was found to be limited
and/or a significant number of HGIN/EC lesions were considered to be NBI
unsuspicious [13, 14]. In the current study, detailed inspection with NBI reduced
the FP rate to 22%, but 4/13 lesions containing HGIN/EC were graded as NBI
unsuspicious. This confirms the limited value for differentiation of AFI positive
areas in BE with NBI.
The following limitations of our study must be addressed. As mentioned above, the
most important limitation is the sequential tandem endoscopy design. Although
both systems were individually evaluated by a single endoscopist during
endoscopy, the assessment of the AFI-III-ETMI system may have been biased by
the prior AFI-II inspection. A randomized crossover trial is the optimal design to
study the performance of two imaging systems. However, given the anticipated
small differences, a RCT would require a large number of patients. Therefore, a
pilot study with a tandem design was considered the best option to study the
feasibility of the AFI-III-system.
Furthermore, the lengthened inspection-time due to the addition of AFI-II and AFIIII was not corrected for. We cannot exclude the possibility that a prolonged
inspection with WLE alone would have resulted in a comparable increase in the
detection of HGIN/EC. Another limitation is that all procedures were performed by a
single endoscopist with extensive experience in the detection of subtle
abnormalities in BE, who was not blinded for the clinical history of the patient. This
may have led to a high yield of dysplastic areas with WLE inspection. The
additional value of AFI may therefore be different in community hospitals where
there is a low pre-test likelihood of early neoplasia and endoscopists are generally
less trained in detection of early neoplasia in BE. A recent randomized crossover
study on the use of the AFI-II-ETMI system in community hospitals however
showed no significant benefit of AFI over WLE with random biopsies [14].
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Real-time AFI is influenced by various factors, such as distension of the esophagus
that influences the pseudocolor AFI-images. A post-hoc image analysis was
therefore performed to assess the discordant cases (table 2), which showed that
50% and 60% of the original real-time AFI gradings were changed. Although the
post-hoc analysis did not change the statistical outcome of the results reported
above, it does illustrate the subjective nature of real-time AFI interpretation. Future
studies should address this issue, since inter-observer variation may be a
significant factor in the interpretation of AFI images. In this respect, the subjective
assessment of AFI-III may be better than that of AFI-II. Some of the operating modi
of AFI-III appear to offer improved brightness, contrast and image quality. A
quantitative assessment of the image quality, color and intensity, together with
inter-observer agreement studies, may shed a new light on this issue.
In this first feasibility study of the AFI-III-ETMI system, we have again
demonstrated that AFI increases the targeted detection of neoplasia in Barrett
esophagus. The additional value of AFI-III compared to the currently commercially
available AFI-II system appears to be limited.
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ABSTRACT
INTRODUCTION: Endoscopic surveillance is recommended for patients with
Barrett’s esophagus (BE) to detect high-grade intraepithelial neoplasia (HGIN) or
early cancer (EC). Early neoplasia is difficult to detect with white light endoscopy
and random biopsies are associated with sampling error. Fluorescence
spectroscopy has been studied to distinguish non dysplastic Barrett’s epithelium
(NDBE) from early neoplasia. The optical biopsy system (OBS) uses an optical
fiber integrated in a regular biopsy forceps. This allows real-time spectroscopy and
ensures spot-on correlation between the spectral signature and corresponding
physical biopsy. The OBS may provide an easy-to-use endoscopic tool during BE
surveillance.
METHODS: In BE patients undergoing endoscopy, areas suspicious for neoplasia
and endoscopically non-suspicious areas were investigated with the OBS, followed
by a correlating physical biopsy with the optical biopsy forceps. Spectra were
correlated to histology and an algorithm was constructed to discriminate between
HGIN/EC and NDBE using smoothed linear dicriminant analysis. The constructed
classifier was internally cross-validated and correlated to the endoscopist’s
assessment of the BE segment.
RESULTS: A total of 47 patients were included (39 males, age 66 yrs): 35 BE
patients were referred with early neoplasia and 12 patients with NDBE. A total of
245 areas were investigated with following histology: 43 HGIN/EC, 66 low-grade
intraepithelial neoplasia, 108 NDBE, 28 gastric or squamous mucosa. Areas with
LGIN and gastric/squamous mucosa were excluded. The area under the ROC
curve of the constructed classifier was 0.78. Sensitivity and specificity of OBS
alone were 81% and 58% respectively. When OBS was combined with the
endoscopist’s assessment, sensitivity was 91% and specificity 50%. If this protocol
would have guided the decision to obtain biopsies, half of the biopsies would have
been avoided, yet 4/43 areas containing HGIN/EC (9%) would have been
inadvertently classified as unsuspicious.
CONCLUSIONS: In this study, the OBS was used to construct an algorithm to
discriminate neoplastic from non-neoplastic BE. Moreover, the feasibility of OBS
with the constructed algorithm as an adjunctive tool to the endoscopist’s
assessment during endoscopic BE surveillance was demonstrated. These results
should be validated in future studies. In addition, other probe based spectroscopy
techniques may be integrated in this optical biopsy forceps system.
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INTRODUCTION
In patients with Barrett’s esophagus (BE), endoscopic surveillance is
recommended to detect neoplasia at an early stage [1]. Malignant degeneration of
Barrett’s epithelium is thought to occur through a series of phenotypic cellular
changes detected and graded on microscopy; beginning with non-dysplastic
intestinal metaplasia (IM), then low- (LGIN) and high-grade intraepithelial neoplasia
(HGIN), and eventually early cancer (EC) may arise [2, 3]. When using standard
white light endoscopy, however, it may be difficult to distinguish areas with early
neoplasia (i.e. HGIN and/or EC) within the normal Barrett’s mucosa [4]. Thus, in
the absence of visible abnormalities random four-quadrant biopsies are obtained
every 1-2 cm of the BE, to allow for histological evaluation for the presence of
neoplasia (Seattle protocol) [4, 5]. However, random biopsies are associated with a
high rate of sampling error and early neoplasia can therefore be missed [6].
Moreover, the extensive biopsy protocol poses significant burden on patients,
endoscopists and health care costs, due to prolonged endoscopy time and high
costs of histopathological processing of the high number of obtained biopsies.
Lastly, in light of recently published literature, in which the progression rate of nondysplastic BE to HGIN/EC was shown to be significantly less than previously
assumed, the cost effectiveness of endoscopic surveillance in its current form is
under much debate [7, 8].
To increase the detection rate of early neoplasia during endoscopic surveillance of
BE patients, different imaging techniques have been developed. In this respect,
roughly two goals can be distinguished: first and foremost, suspicious lesions will
have to be identified in the BE, which requires a “red flag” imaging modality to draw
attention to a certain area of interest. Second, a differentiating tool will have to be
able to distinguish between truly suspicious areas (i.e. harboring HGIN/EC) or false
positive areas that are in fact non-neoplastic.
Fluorescence spectroscopy has been studied in pursuit of both goals.
Fluorescence is based on the principle that when light of an appropriate
wavelength hits a molecule (fluorophore), it may reach an excited electronic state.
When the molecule relaxes back to its ground state, the molecule emits light of
lower energy and thus of longer wavelength [9]. Influenced by fluctuations in
biochemistry and structure, each tissue has a distinct fluorescent spectrum. Normal
esophageal tissue, Barrett’s intestinal metaplasia and dysplasia have a different
spectral signal [10]. Therefore, fluorescence spectroscopy can be integrated in a
diagnostic system for differentiating dysplastic from non-dysplastic tissue [11].
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The Optical Biopsy System (OBS, SpectraScience Inc., San Diego, CA, USA) is a
probe-based spectroscopy system, utilizing excitation light of a single wavelength.
The light is delivered to the tissue through an optical fiber, after which the emitted
light is collected by the same fiber and passed to a processing system with a
spectrometer, computer and user-interface console. The optical fiber is integrated
in a modified standard biopsy forceps (Optical Biopsy Forceps, SpectraScience
Inc., San Diego, CA, USA). The OBS allows for real-time, in-vivo spectroscopic
measurements (optical biopsy) and provides spot-on correlation with the histology
of the corresponding physical biopsy.
We hypothesize that we can construct a spectroscopy-based differentiating
algorithm using the optical biopsy system, and that the OBS may improve the
endoscopist’s ability to detect and distinguish suspicious lesions in BE, while
reducing the need for extensive biopsy protocols during surveillance endoscopies.
The aim of this first feasibility study with the OBS for the detection of early
neoplasia in Barrett’s esophagus is to develop a tissue differentiating algorithm and
correlate the discriminating properties of the OBS with the constructed algorithm to
the endoscopist’s assessment of the Barrett’s esophagus.
METHODS
Patients
Consecutive patients with known Barrett’s esophagus were scheduled for an
imaging endoscopy if they met all of the following selection criteria:


Age 18 – 80 years;



BE with a minimal circumferential length of 1 cm;



Referred with non-dysplastic BE (NDBE), with neoplasia detected in
random biopsies, or with subtle lesions suspicious for neoplasia
(HGIN/EC);



Signed informed consent.

Patients were not eligible for this study if they met any of the following exclusion
criteria:
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Prior history of surgical or endoscopic treatment for esophageal neoplasia;



Presence of erosive esophagitis (Los Angeles classification ≥B);
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Inability to obtain biopsies (e.g. due to anticoagulation, coagulation
disorders, varices);

The study was conducted at the department of Gastroenterology and Hepatology
of the Academic Medical Centre (AMC) Amsterdam, in close collaboration with the
AMC department of Biomedical Engineering and Physics. The department of
Gastroenterology and Hepatology of the AMC is a tertiary-care referral centre for
patients with Barrett’s esophagus and the detection and treatment of early Barrett’s
neoplasia. The study protocol was approved by the medical ethics committee of the
AMC. All patients signed informed consent.
Optical Biopsy System
The Optical Biopsy System (OBS) consists of a low power 405 nm solid state laser,
a spectrometer and light-conducting optics, an analyzing computer with a touch
screen user-interface console and a foot pedal to activate the spectroscopic
measurement sequence.
The Optical Biopsy Probe is a disposable, modified standard biopsy forceps, with a
single integrated optical fiber suitable for transferring both the excitation light to the
tissue and the emitted light from the tissue. When obtaining a fluorescence
spectrum, a so called optical biopsy, the optical biopsy forceps is opened, which
exposes the optical probe that protrudes between the jaws of the forceps (figure 1).

Figure 1. Optical biopsy forceps: when the jaws of the biopsy forceps are opened, the optical probe
protrudes and enables spot-on correlation between the scanned area and the corresponding histology.
Image courtesy of SpectraScience Inc., San Diego, CA, USA.

The 405 nm laser induces tissue autofluorescence of specific fluorophores that are
associated with cell metabolism, such as flavins and porphyrins, and also of
structural attributes such as collagen and elastin [12]. During the 6 excitation
pulses, the system is capable of both exciting the tissue and collecting the emitted
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fluorescent signal. The spectrometer collects all 6 fluorescence spectra. The data
acquisition process for one optical biopsy – six excitation cycles – takes
approximately 1-2 seconds.
Endoscopic Procedures
All endoscopic procedures were performed by two expert endoscopists (JB, BW)
with extensive experience in the use of advanced imaging techniques and
endoscopic treatment of early Barrett neoplasia.
Patients were sedated by intravenous administration of Propofol or Midazolam
(2.5-15 mg) supplemented with Fentanyl (0.1-0.2 mg) or Pethidine (25-50 mg)
when necessary. The esophagus was first examined in overview with white light
endoscopy (WLE) using a standard therapeutic endoscope (1TQ 160, Olympus
Inc., Tokyo, Japan) and the length of the Barrett segment was recorded according
to the Prague-classification system [13]. Then, detailed WLE inspection was
performed to detect macroscopic lesions within the Barrett’s segment and the
endoscopist’s suspicion for neoplasia was recorded, based on the mucosal and
vascular appearance with WLE combined with magnification endoscopy. For all
lesions suspicious for neoplasia and for 2 additional areas not suspicious for
neoplasia, the location (distance from the incisors and endoscopic quadrant),
diameter and lesion type according to the Paris classification [14] was recorded on
a standardized case record form and still images were obtained.
Subsequently, all identified areas were investigated with the optical biopsy forceps,
passed through the working channel of the endoscope. A transparent cap
(Ø 12.4 mm, protruding length 3-4 mm, Olympus Inc., Tokyo, Japan) was attached
to the tip of the endoscope to ensure a fixed minimal distance to the mucosa and to
ease the biopsy procedure. The optical biopsy forceps was opened with the optical
probe positioned on the mucosal surface. By pressing the foot pedal, the
fluorescence spectra were measured. This was followed by the collection of a
physical biopsy specimen, obtained by closing the optical biopsy forceps.
Biopsy protocol
Per patient, 5 areas in the BE segment were selected for an optical plus physical
biopsy using the OBS, aiming to include 3 areas suspicious for neoplasia (if
present) and 2 non-suspicious areas. Subsequently, random physical biopsies
were collected of the BE according to the Seattle protocol (4 quadrants, every 2
cm), using a standard biopsy forceps (Olympus Inc., Tokyo, Japan).
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Histological evaluation
All formalin fixed biopsies were embedded in paraffin, cut, and stained with
hematoxylin and eosin (H&E). All slides were routinely evaluated by a junior
pathologist, supervised by a senior pathologist. For the purpose of this study all
biopsies were reviewed by an expert GI-pathologist, blinded for the endoscopic
findings, who recorded the presence, grade and distribution of inflammation and
intestinal metaplasia and neoplasia according to the WHO classification for
gastrointestinal tumours: no-dysplasia (NDBE), indefinite for dysplasia, LGIN,
HGIN or invasive cancer (EC) [15].
Construction of the algorithm
All data in this study was prospectively obtained. For this study, samples were
grouped by histological diagnosis: HGIN and EC samples were combined into a
single category for “neoplastic”. NDBE and indefinite comprised the “nonneoplastic” group. All LGIN, squamous and gastric samples were excluded from
the analysis, in order to construct a differentiation algorithm for the extremes of the
histological spectrum: HGIN/EC vs. NDBE.
The OBS spectrometer reports the obtained light intensity returned at 1 nm
increments from wavelengths 475 nm to 675 nm, yielding 201 individual energy
measurements for each tissue specimen. These 201 measurements were used to
build a classification rule to distinguish neoplastic from non-neoplastic tissue. This
classification rule is a “linear classifier” that turns the 201 intensity values of each
spectrum into a single numerical score. Higher values indicate higher levels of
suspicion that the spectrum is that of neoplastic tissue, rather than non-neoplastic.
For the purpose of this study, a smoothed linear discriminant analysis (LDA)
function was used to construct the classifier as follows:
Write xj for the spectral energy at wavelength j. A linear classifier uses a score
S = Σj βjxj, where the βj are coefficients to be fitted to the data. The classifier
categorizes the tissue as suspicious if S exceeds a cutoff C and as not suspicious
otherwise [16].
The full data-set served as a learning set to calculate the numerical score for each
of the spectra. Leave-one-out cross-validation was used to ensure that the
performance figures were unbiased even though the entire data set was used in
the learning. The cut off value for the current analysis was set to achieve a
sensitivity of at least 80 %, using repeater operating characteristic (ROC) curves.
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Based on previous pilot studies by our group and the leave-one-out crossvalidation method of the LDA, we speculated that a total of 250 independent data
points would provide sufficient data to construct the classifier [17]. Given the low
absolute prevalence of early neoplasia in BE, we included a majority of patients
with known neoplasia in order to obtain a balanced neoplastic sample size.
Outcome parameters
1. Sensitivity, specificity and negative predictive value (NPV) of the OBS
algorithm for the discrimination between non-neoplastic and neoplastic
tissue (HGIN/EC);
2. Sensitivity, specificity and NPV of WLE inspection by the endoscopist in
combination with the OBS algorithm for the discrimination between nonneoplastic and neoplastic tissue (HGIN/EC).
RESULTS
Patients
A total of 47 patients were included (39 males, age 66 yrs [SD 10], median BE
length C2 (IQR: 1-4), M4 (IQR: 2-8). Thirty-five BE patients were referred for workup of early neoplasia (HGIN/EC), and 12 patients were referred for surveillance of
NDBE. Three patients showed a grade A esophagitis during the study endoscopy.
Twenty-one patients were diagnosed with HGIN/EC, 13 with LGIN, and 13 with
NDBE. A total of 245 areas were investigated with the OBS, with the following
endoscopic appearance as assessed by the endoscopist: 164 non-suspicious and
81 suspicious for neoplasia. The histology of the corresponding physical biopsies
was: 43 HGIN/EC, 66 LGIN, 108 NDBE, 26 gastric mucosa, 2 squamous mucosa.
Performance of the Optical Biopsy System
A total of 151 investigated areas and corresponding histological diagnoses were
included in the analysis (figure 2), each providing spectra with intensity values at
201 distinct wavelengths per area.
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Figure 2. Flow chart of included patients (47), investigated areas (245) and corresponding histological
diagnoses. A total of 151 optical biopsy system (OBS) spectra and corresponding histology were
included in the final analysis. Of the 43 areas with HGIN/EC, 29 were endoscopically suspicious for
neoplasia. Of the 108 NDBE areas, 85 were endoscopically unsuspicious. LGIN: low grade
intraepithelial neoplasia; HGIN; high grade intraepithelial neoplasia; EC: early cancer; NDBE: nondysplastic Barrett’s epithelium.

The cross-validated ROC curve of the smoothed LDA is shown in figure 3, and has
an area under the curve (AUC) of 0.78.

Figure 3. Receiver operating characteristic (ROC) curve of the smoothed linear discriminant analysis
(LDA) performed on the values obtained by including 201 measures (intensity per wavelength) per
investigated area (n=151). AUC: area under the ROC curve.
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The threshold giving 80 % sensitivity for the OBS was used to evaluate the
performance, presented in table 1.
Table 1: Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV),
including 95 % confidence intervals (CI) of the Optical Biopsy System (OBS) for the discrimination of
neoplasia from non-neoplastic tissue.

Sensitivity for the OBS alone for the discrimination of neoplastic from nonneoplastic tissue was 81 % (95 % Confidence interval (CI): 66-97), with a
specificity of 58 % (95 %CI: 56-61) and a negative predictive value (NPV) of 89 %
(95 %CI: 75-99). If the OBS would have guided the decision to obtain biopsies,
63/108 of biopsies would have been avoided. However, 8/43 areas containing
HGIN/EC (19 %) would have been inadvertently classified as unsuspicious and not
sampled.
Because the OBS was used as an adjunctive tool to the endoscopist’s assessment,
the performance of the endoscopist alone was evaluated (table 2) and the
combination of the endoscopist’s assessment and the OBS (table 3).
Table 2: Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV),
including 95% confidence intervals (CI) of the assessment by the endoscopist for the discrimination of
neoplasia from non-neoplastic tissue.

Table 3: Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV),
including 95% confidence intervals (CI) of the adjunctive use of the optical biopsy system (OBS),
combined with the endoscopist’s assessment.
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White light endoscopic inspection by the endoscopist had a sensitivity of 67 %
(95 %CI: 44-83), a specificity of 79 % (95 %CI: 63-87) for discriminating NDBE
from early neoplasia, with a NPV of 86 % (95 %CI: 69-92). With the OBS as an
adjunctive tool, the endoscopist and OBS combined showed a sensitivity of 91 %
(95 %CI: 84-100), a specificity of 50 % (95 %CI: 27-55) and a NPV of 93 %
(95 %CI: 80-100). This resulted in a 50 % reduction of the number of biopsies
(54/108), while classifying 4/43 (9 %) of neoplastic areas as unsuspicious.
DISCUSSION
In recent years, much attention has been given to endoscopic wide-field
fluorescence imaging systems, such as autofluorescence imaging (AFI). Despite
promising first reports, two randomized cross-over trials could not confirm the
superiority of AFI over standard WLE for the detection of early neoplasia in BE
[18, 19]. Moreover, the clinical impact of AFI in terms of detecting lesions that are
relevant for therapeutic decision making seems limited [20]. Therefore, wide-field
detection of early lesions still relies on WLE and random biopsies. Recently,
attention again has shifted towards probe-based fluorescence spectroscopy
techniques that may aid the endoscopist in determining where and when to sample
and increase the yield of random biopsies.
This is the first report on a newly developed Optical Biopsy System that uses a
custom made optical biopsy forceps in patients with BE. One of the drawbacks of
spectroscopy studies has been the sampling error associated with the technically
challenging correlation of the scanned area and the corresponding physical biopsy.
The optical biopsy forceps used in the current study ensures a spot-on correlation
and thus solves this problem. Theoretically, multiple spectroscopy techniques using
several light sources may be integrated in one device that uses the optical biopsy
forceps. Such a device would offer low-complexity investigation of the esophageal
mucosa – so called optical biopsies – to evaluate the suspicion on prevalent
neoplasia. Compared to the current practice of obtaining four-quadrant biopsies
every 2 cm of the Barrett’s segment, this may increase the yield of random biopsies
beccause only areas considered suspicious by the device would require a physical
biopsy.
The results of this feasibility study in patients with early neoplasia in BE suggests
that the fluorescence based OBS can effectively discriminate early neoplasia from
NDBE, and potentially reduce the large number of physical biopsies required.
However, the OBS misclassifies a substantial number of neoplastic lesions as non-
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suspicious. In its current form, the OBS alone thus cannot guide the decision
whether or not to obtain physical biopsies.
In daily practice, any probe-based tool that will be used during BE surveillance will
serve as an adjunct to the endoscopist’s assessment. In our study, the combination
of the endoscopist’s assessment of abnormalities and the OBS was able to reach
acceptable sensitivity (91 %), while reducing the number of physical biopsies by
half. With 10 % of truly neoplastic areas missed by this protocol, the miss rate is
comparable to previously studied endoscopic modalities, such as AFI [18].
The optimal performance of the algorithm, obtained by maximizing the sum of the
sensitivity and specificity, was reached at the point on the ROC curve that gave
81 % sensitivity and 58 % specificity. Depending on the clinical application of the
OBS, a different threshold may be chosen to change the implicit trade-off between
sensitivity and specificity.
This study has some limitations that need to be addressed. First of all, because of
the character of the study, the total number of data points for analysis was too
small to provide an independent learning and validation data set. A validated
method to construct a robust classifier with a limited number of data points is a
leave-one-out cross-validation of all samples. In this, each sample in turn is
removed from the data set; all modeling steps are applied to the remaining
samples, and the fit so obtained is used to predict the held-out sample. These holdout predictions are then used to quantify the method’s performance. In this way, all
available data are used for learning, and all available data are used for checking
model fit, without incurring the bias that results from “resubstituting” the learning
data set into the classifier developed in that set [21, 22].
Second, because this was a feasibility study, we considered the extremes of the
“neoplastic spectrum” – i.e. NDBE vs. HGIN/EC – the most relevant histological
subtypes. Pathological evaluation of early neoplasia and especially of LGIN is
known to be subject to high inter-observer variability [23]. All LGIN samples were
therefore excluded which impacts on the external validity of this study.
Third, the majority of patients included in this study were referred for work-up of
early neoplasia, resulting in a high a-priori chance of detecting early neoplasia.
Moreover, all procedures were performed by expert endoscopists that have a
trained eye for detecting subtle abnormalities in BE. This may have overestimated
the sensitivity of the endoscopist, and hence also of the adjunctive use of the OBS
(91 %). In a surveillance population and in community hospitals with no specific
interest in BE, the combined sensitivity (OBS + endoscopist’s assessment) may be
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lower. During surveillance, especially in a population with a low a-priori chance of
detecting early neoplasia, the main requirement of an adjunctive tool is a high
sensitivity (> 90 %): Rare cases of early neoplasia should be detected. Moreover,
as stated in the recently published ASGE PIVI (American Society for
Gastrointestinal Endoscopy Preservation and Incorporation of Valuable
Endoscopic Innovations) on imaging in BE, in a low-prevalence population the NPV
is also an important metric [24]. The protocol of the endoscopist in combination
with the OBS demonstrated a NPV of 93 %, which likely increases in a low-risk
population.
Lastly, because of the experimental set-up of the study, a standard therapeutic
endoscope was used to allow for larger manoeuvrability in the 3.7 mm working
channel. However, with a reduced WLE quality compared to high-resolution WLE in
the current diagnostic endoscopes, this may have led to an underestimation of the
performance of the endoscopist.
Autofluorescence spectroscopy may not be adequate to distinguish the minute and
focal intracellular changes that are associated with very early neoplasia.
Inflammation may potentially disturb the fluorescent signal, as was shown by Kara
et al [25]. However, other probe-based spectroscopy techniques may detect other
specific neoplastic characteristics [26]. An OBS can potentially combine multiple
spectroscopy techniques and has many potential benefits to increase the costeffectiveness of BE surveillance. In a hypothetical biopsy protocol, the endoscopist
would obtain physical biopsies when either the endoscopist, the OBS or both would
consider an area suspicious. The endoscopist may decide not to take a physical
biopsy if both the endoscopist and the OBS rule an area not suspicious. With the
optical biopsy forceps, large numbers of random optical biopsies may be obtained
in a short time-frame with only a few physical biopsies to be sent in for
histopathological evaluation. In a surveillance population with a low a-priori chance
of early neoplasia, this protocol may increase the yield of random biopsies
substantially.
In conclusion, in this study we have constructed a fluorescence spectroscopybased algorithm using the OBS to discriminate between non-neoplastic Barrett’s
mucosa and early neoplasia. Furthermore, we demonstrated the feasibility of the
OBS to aid the endoscopist during surveillance endoscopy. Moreover, the yield of
(random) biopsies may be increased, while reducing the number of biopsies
required. In its current form, the OBS alone was not able to reach clinical
applicable performance because of the high number of neoplastic lesions
misclassified. Despite these results, the optical biopsy forceps has the potential to
incorporate multiple small-field spectroscopy modalities and find future applications
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in surveillance endoscopy for Barrett’s esophagus. Subsequent studies on the
OBS may therefore involve multi-spectroscopy set-ups in a low-risk population with
a random optical biopsy protocol, during which high numbers of optical biopsies
and corresponding histology will be obtained to assess the value of the OBS.
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ABSTRACT
OBJECTIVE: Fluorescence spectroscopy has the potential to detect early cellular
changes in Barrett’s esophagus before these become visible. As the technique is
based on varying concentrations of intrinsic fluorophores, each with its own optimal
excitation wavelength, it is important to assess the optimal excitation wavelength(s)
for identification of premalignant lesions in patients with Barrett’s esophagus.
METHODS: The endoscopic spectroscopy system used contained five (ultra)violet
light sources (λexc = 369 nm to 416 nm) to generate autofluorescence during
routine endoscopic surveillance. Autofluorescence spectroscopy was followed by a
biopsy for histological assessment and spectra correlation. Three intensity ratios
(r1, r2, r3) were calculated by dividing the area, A, under the spectral curve of
selected emission wavelength ranges for each spectrum generated by each
excitation wavelength λexc as follows r1λexc = (A560±5/A640±5), r2λexc = (A495±5/A560±5)
and r3λexc = (A495±5/A640±5). Double intensity ratios were calculated using two
excitation wavelengths.
RESULTS: Fifty-eight tissue areas from 22 patients were used for
autofluorescence spectra analysis. Excitation with 395, 405 or 410 nm showed a
significant (P  0.0006) differentiation between intestinal metaplasia and grouped
high-grade dysplasia/early carcinoma for intensity ratios r2 and r3. A sensitivity of
80.0 % and specificity of 89.5 % with an area under the ROC curve of 0.85 was
achieved using 395 nm excitation and intensity ratio r3.
CONCLUSIONS: Double excitation showed no additional value over single
excitation. The combination of 395 nm excitation and intensity ratio r3 showed
optimal conditions to discriminate non-dysplastic from early neoplasia in Barrett’s
esophagus.
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Introduction
Barrett’s esophagus (BE) is known as a condition which may lead to esophageal
adenocarcinoma. The long-term survival rate of patients with adenocarcinoma is
poor because of late diagnosis. In BE, the normal squamous lining of the
esophagus is replaced by intestinal metaplasia (IM), which can develop into
adenocarcinoma through a series of premalignant stages of dysplasia: IM develops
into low-grade dysplasia (LGD), then high-grade dysplasia (HGD) and eventually
into early carcinoma (EC). HGD and early carcinoma are accessible for endoscopic
treatment, with a significant lower morbidity and mortality than late stage surgical
therapy [1-4]. Patients with BE are recommended to undergo regular surveillance
endoscopy in order to detect these premalignant lesions at an early and curable
stage. However, these premalignant stages of dysplasia are hard to detect with
standard white light endoscopy and are often overlooked during surveillance
endoscopy. The current best practice for tissue evaluation and diagnosis is
meticulous white light inspection of the esophagus to detect visible abnormalities.
In the absence of visible lesions, random biopsies in four quadrants, every 2 cm,
are undertaken. However, random biopsies are laborious, burdensome, expensive
and may easily miss early and focal dysplasia, as they sample only 5 % of the
BE [5]. Moreover, the histopathological interpretation of dysplasia has a high
interobserver and intraobserver variability [6]. There is therefore, an urgent need
for a minimally invasive and objective technique that allows diagnosis in real time.
Endoscopic diagnostic procedures such as white light endoscopy have a sensitivity
and specificity of around 50-80 % [7-11]. Recent developments in identifying
lesions in BE during endoscopy focuses on imaging techniques such as highdefinition white light endoscopy, endomicroscopy, autofluorescence imaging, and
narrow band imaging. These imaging techniques are not yet clinically accepted
because of their additional examination time, complexity, costs or inefficiency. The
low sensitivity and specificity in identifying early lesions is mainly caused by low
contrast between BE tissue and premalignant lesions [7-11]. In the case of
autofluorescence imaging, this contrast might be improved with knowledge of the
optimal excitation and emission wavelengths which can then replace the currently
used broad-band illumination and detection.
Fluorescence spectroscopy has the potential to detect early cellular changes in BE
before these become visible. Fluorophores, naturally present in varying
concentrations in tissue, generate a fluorescence spectrum upon excitation with
blue or UV light. The shape and intensity of these so-called autofluorescence
spectra depend on the excitation wavelength, tissue type and level of differentiation
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towards cancer [12-14]. Over the last few decades, autofluorescence has shown its
potential to detect early changes in premalignant lesions of several epithelial tissue
types such as the colon [15-21], oral cavity [22-26], cervix [27-30], and bronchus
[31-34]. In the gastrointestinal (GI) tract, point spectroscopy was extensively used
on colon tissue and later expanded into the esophagus [35-43]. Panjehpour et al.
used in-vivo fluorescence spectroscopy and reported that 410 nm excitation could
differentiate non-dysplastic from HGD in BE with 100 % sensitivity and 96 %
specificity [38]. Although the high sensitivity and specificity were promising, they
could not be repeated in follow up studies. The studies vary in methods and
materials as well in examined tissue types and show a wide range in determined
sensitivity (75 %-100 %) and specificity (65 %-95 %) [44]. Previous research on the
diagnosis of HGD in 37 patients with BE using autofluorescence has shown that
400 nm excitation (sensitivity = 74 %, specificity = 85 %) is more effective than
337 nm (sensitivity = 74 %, specificity = 67 %) [37]. Wang et al. showed that the
specificity of oral cancer diagnosis can be increased using multiple excitation
wavelengths and double excitation algorithms [22]. Bogaards et al. showed that
using 405 nm and 435 nm excitation and double ratio of fluorescence images, noninvasive staging of cervical intraepithelial neoplasia is feasible [45].
Considering the low absolute risk of developing HGD/EC, detecting the rare
abnormalities is crucial to any imaging modality that may aid endoscopic
surveillance of BE, which implies a high sensitivity. Furthermore, high specificity
may influence the number of biopsies taken from healthy tissue, potentially
reducing the drawbacks associated with the current standard biopsy protocol. On
the basis of the above mentioned results, albeit on other organs, we hypothesize
that an optimized excitation around 400 nm can improve the differentiation
between non-dysplastic BE and premalignant tissue. Furthermore, we hypothesise
that the combination of spectra obtained by different excitation wavelengths can
further improve this differentiation. To test these hypotheses we aim to identify
characteristics in autofluorescence spectra of BE to determine which (combination
of) excitation wavelength(s) around 400 nm is optimal for the identification of
premalignant lesions in BE.

62

Multi-wavelength AF spectroscopy

4

Methods
Patients
Twenty-three patients scheduled for routine BE endoscopy at the Department of
Gastroenterology and Hepatology at the Academic Medical Centre (AMC)
Amsterdam were included. The patients were 74 % men with a mean age of
67 years (SD: ± 11 years) and a median Barrett’s segment of C3M4 (interquartile
range: C1-5, M2.5-8.5). All patients were on proton pump inhibitor therapy. The
criterion for patient inclusion in the study was a prior diagnosed BE with and
without known early neoplasia. Patients who had a prior history of upper GI surgery
or endoscopic treatment were excluded. The study was approved by the Medical
Ethics Committee of the AMC Amsterdam. Written informed consent was obtained
from all patients.
Spectroscopy system
Autofluorescence spectroscopy was performed using a multi-wavelength
spectroscopy system (2M Engineering Ltd, Veldhoven, The Netherlands), which
consisted of a UV-LED with a wavelength of 369 nm as well as laser diodes with
wavelengths of 395, 405, 410 and 416 nm. A customized fiber probe (CeramOptec
GmbH, Bonn, Germany) was designed to fit through the accessory channel of a
standard endoscope, to deliver the excitation light to the tissue site and to transmit
the emitted light to the attached spectrometer USB4000 (Ocean Optics Inc.,
Dunedin, Florida, USA). The fibre probe tip was 2 mm in diameter and consisted of
15 illumination and 15 collection fibres. The 15 collection fibres were aligned to the
200 μm entrance slit of the spectrometer to detect all collected light. LabView
(National Instruments Corporation, Austin, Texas, USA) was used to develop a
program to switch the light sources and to collect the autofluorescence spectra
sequentially.
Endoscopic and histological procedures
All procedures were performed by one endoscopist (J.J.G.H.M.B.) with extensive
experience in the diagnosis and treatment of early Barrett’s neoplasia. All patients
were sedated by intravenous administration of propofol or midazolam (2.5-15 mg),
supplemented with fentanyl (0.1-0.2 mg) if necessary. After cleaning with
acetylcysteine, the esophagus was first inspected with white light endoscopy and
all suspicious areas for dysplasia were recorded. Suspicious and unsuspicious
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areas for dysplasia were selected for investigation with the spectroscopy system.
Subsequently, the fiber probe was introduced through the accessory channel of the
endoscope and placed in gentle contact with the tissue site under investigation. A
transparent cap (Olympus Inc., Tokyo, Japan) attached to the distal end of the
endoscope was used to minimize the movement of the fiber probe on tissue.
Before the measurement, the endoscope light was switched off. The light sources
of the spectroscopy system were then switched on sequentially and the
corresponding autofluorescence spectra were collected. Spectra acquisition took
several seconds per spectrum and the whole procedure with several
measurements per patient took around 10 min. Measurements were repeated
when the patient moved or the probe was not stable on the tissue site. From each
measured tissue site a biopsy was taken for histological assessment. The
endoscope with the cap was stabilized at the spectroscopic measurement site by
gentle suction, ensuring precise correlation between the measured tissue site and
the corresponding biopsy location. Collected biopsies were fixed in formalin,
embedded in paraffin and cut and stained with haematoxylin and eosin (H&E).
Histological assessment was performed by expert GI pathologists and classified
according to the Vienna classification [46].
Spectra analysis
Analysis for discriminating autofluorescence spectra of histological classified IM
from grouped HGD/EC was performed per excitation wavelength (single) and in a
combination of two excitation wavelengths (double).
Spectrometer noise was subtracted from each autofluorescence spectrum. Spectra
with positive, unsaturated intensities between 480 and 650 nm emission and with a
signal-to-noise ratio at maximal intensity of at least five were included in the
analysis. Selected spectra were normalized by dividing the intensities by the area
under the spectral curve from 480 to 650 nm and then multiplied by 1000.
Normalized spectra were smoothed with a moving average of 6 nm.
Normalized and smoothed autofluorescence spectra of IM and HGD/EC classified
biopsies were averaged to create an Excitation-Emission-Matrix (EEM) using
OriginPro8 (OriginLab Corporation, Northampton, Massachusetts, USA). The
EEMs visualise the emission intensities related to the excitation wavelengths and
tissue types. Three characteristic emission wavelengths, 495, 560 and 640 nm
were selected for calculation of intensity ratios. Three intensity ratios (r1, r2 and r3)
were calculated by dividing the area, A, under the curve of two selected emission
wavelengths (±5 nm) for each spectrum generated by each excitation wavelength
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λexc,
as
follows
r1λexc = (A560±5/A640±5),
r2λexc = (A495±5/A560±5)
and
r3λexc = (A495±5/A640±5). Double intensity ratios (dr1, dr2 and dr3) were calculated by
dividing the intensity ratios of two excitation wavelengths obtained from the same
tissue site. For example, double intensity ratio of r1 λexc, called dr1λexc1/λexc2 =
r1λexc1/r1λexc2, for the combination of 369 and 405 nm was defined as
dr1369/405 = r1369/r1405.
The statistical relevance of the differences in intensity ratios of the two tissue types
was determined using unpaired two-tailed Student’s t-test. A P-value of less than
0.05 was considered statistically significant. Receiver operating characteristic
(ROC) curves were used to compare the performance of the five excitation
wavelengths and the three intensity ratios for single and double excitation. In
addition, the area under the ROC curve (AUC) was used to describe the
discrimination ability, where 1 is perfect. All statistical analysis was performed
using Prism 5 (GraphPad Software Inc., La Jolla, California, USA).

Results
In total, 23 patients were included in the study from which 83 locations within the
Barrett’s segment were investigated with the spectroscopy system followed by a
corresponding biopsy (Table 1). For example, Table 1 shows that 38 biopsies from
15 patients were classified as IM. One patient who did not show any biopsy
classified as IM, HGD, or EC was excluded from the analysis.
Table 1. Number of biopsies taken per histological diagnosis with the corresponding number of patients.
Number of biopsies

Number of patients

(n=83)

(n=23*)

Squamous/gastric

9

7

IM

38

15

Indefinite for dysplasia

2

2

LGD

14

7

HGD

14

9

EC

6

5

Histological diagnosis

IM, intestinal metaplasia; LGD, low-grade dysplasia; HGD, high-grade dysplasia; EC, early carcinoma.
*Multiple biopsies were taken per patient.
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Single excitation
Table 2 shows the number of spectra, which fulfil the requirements for the analysis,
included in the single excitation analysis.
Table 2. Numbers of spectra included in the single excitation analysis.
Number of spectra
λexc (nm)

IM

HGD and EC (HGD/EC)

369

35

19 (13/6)

395

38

20 (14/6)

405

37

20 (14/6)

410

34

18 (12/6)

416

33

12 (8/4)

λexc., excitation wavelength; IM, intestinal metaplasia; HGD, high-grade dysplasia; EC, early carcinoma.

Typical normalized autofluorescence spectra showed an intensity peak around
495 nm emission, which decreased with increasing excitation wavelength for both
tissue types (Fig. 1). The emission intensities for HGD/EC were reduced in the
green and increased in the red wavelength range compared with IM.

Figure 1. Typical normalized autofluorescence spectra obtained from one patient IM () and EC (--) at
(a) 369 nm, (b) 405 nm and (c) 416 nm excitation. IM, intestinal metaplasia; EC, early carcinoma.

The emission intensities changed most around 495 nm, comparing the EEM of IM
and HGD/EC (Fig. 2). Furthermore, around 560 nm emission the intensities were
independent of excitation wavelength and tissue type. At longer excitation
wavelengths a small increase in red emission around 640 nm for HGD/EC was
observed.
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Figure 2. EEM of averaged normalized autofluorescence spectra at 369, 395, 405, 410 and 416 nm
excitation for (a) IM and (b) HGD/EC. IM, intestinal metaplasia; HGD, high-grade dysplasia; EC, early
carcinoma; EEM, Excitation-Emission-Matrix.

The three intensity ratios r1λexc = (A560±5/A640±5), r2λexc = (A495±5/A560±5) and
r3λexc = (A495±5/A640±5) were calculated for all spectra of IM and HGD/EC (Fig. 3).
Intensity ratios of r2 had the lowest values, whereas intensity ratios of r3 had the
highest values. Compared to IM, HGD/EC showed significantly decreased intensity
ratios (P  0.0006) of r2 and r3 at 395, 405 and 410 nm excitation. The intensity
ratios of IM showed higher standard errors of the mean than those of HGD/EC
ratios (Fig. 3).

Figure .3 Averaged intensity ratios with SEM of r1 = (A560±5/A640±5), r2 = (A495±5/A560±5) and
r3 = (A495±5/A640±5) at 369, 395, 405, 410 and 416 nm excitation for IM and HGD/EC. IM, intestinal
metaplasia; HGD, high-grade dysplasia; EC, early carcinoma.
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Figure 4 illustrates the sensitivity and specificity with ROC curves for single
excitation and the three intensity ratios (r1, r2, r3) for distinguishing IM from
HGD/EC. The largest AUCs (0.89, 0.88 and 0.89) were obtained with intensity ratio
r2 after 395, 405 and 410 nm excitation, respectively. Using 410 nm and r2 with a
threshold value of less than 2.11 and zero false negatives resulted in 100 %
sensitivity and 58.8 % specificity in identifying HGD/EC versus IM. Setting the false
positive cases to zero and the threshold value to less than 1.84 resulted in 100 %
specificity and 38.9 % sensitivity using 410 nm excitation and r2.
The highest combination of sensitivity and specificity, 80.0 % and 89.5 %
respectively, was determined using 395 nm excitation applying intensity ratio r3
(A495±5/A640±5) with a threshold value of less than 6.29 for identifying HGD/EC
versus IM (Table 3). Four measurements out of 20 (20%) were false negative and
four measurements out of 38 (11%) were false positive.
Table 3. Sensitivity, specificity and AUC of r3 = (A495±5/A640±5) for distinguishing IM from HGD/EC
λexc (nm)

Sensitivity (%)

Specificity (%)

AUC

Threshold value

369

26.3

88.6

0.76

< 7.45

395

80.0

89.5

0.85

< 6.29

405

70.0

89.2

0.85

< 5.35

410

72.2

88.2

0.86

< 5.22

416

50.0

90.9

0.75

< 4.62

λexc., excitation wavelength; IM, intestinal metaplasia; HGD, high-grade dysplasia; EC, early carcinoma;
AUC, area under the curve.

Within five patients, spectra of one or more areas of both IM and HGD/EC were
recorded and averaged per tissue type. Excitation with 395 nm in combination with
the intensity ratio r3 and the selected threshold value of less than 6.29, resulted in
discrimination with 100 % sensitivity and specificity. These intrapatient analyses
showed on average that intensity ratios of IM (7.9 ±1.0) were higher in value and in
SD than ratios of HGD/EC (5.8 ±0.2).
Double excitation
Thirty-two IM spectra and 12 HGD/EC spectra were used for double excitation
analysis. Double ratios at 10 combinations of excitation wavelengths (excitation at
369 and 395 nm,
369 and 405 nm,
369 and 410 nm,
369 and 416 nm,
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395 and 405 nm,
395 and 410 nm,
395 and 416 nm,
405 and 410 nm,
405 and 416 nm, and 410 and 416 nm) were calculated. All combinations with
369 nm excitation and double intensity ratio dr2 resulted in the highest AUCs
( 0.76; Fig. 5). A combination of 369 and 395 nm for excitation and intensity ratio
dr2 resulted in an AUC of 0.80 and in a sensitivity of 83 % and specificity of 75 %.
Comparing ROC curves from single and double excitation, no increase in
specificity was observed using double excitation. Furthermore, all 10 combinations
of excitation wavelengths showed no significant difference in all three double
intensity ratios for the discrimination of IM and HGD/EC.

Discussion
In the present study we have shown that several excitation wavelengths around
400 nm can significantly distinguish premalignant lesions from IM in BE. First we
evaluated whether changing the wavelength of the excitation light around 400 nm
would improve the differentiation between non-dysplastic BE and early neoplasia,
such as HGD and early carcinoma. To this end we studied the characteristics of
autofluorescence spectra of BE and found that single excitation at 395, 405 or
410 nm demonstrated that IM could be significantly distinguished from HGD/EC,
with a prominent decrease in intensity ratio r3 (A 495±5/A640±5) in premalignant
lesions. These findings agree with previous research, which reported that the
decrease around 495 nm emission might be related to decreased collagen
fluorescence [15;27;47]. This phenomenon may be because of a break down in
collagen cross-links [15;30] or thickening of the epithelial layer. The latter reduces
the penetration depth of the excitation light and therefore reduces the detected
fluorescence from fluorophores present in deeper layers [48]. It is also known that
porphyrins, which emit fluorescence around 630 nm, are excited efficiently around
405 nm. Porphyrins are found predominantly in (pre-)malignant tissue, rather than
in non-dysplastic tissue, and might therefore be the cause of the increased red
emission [24;49-52].
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Figure 5. ROC curves for double intensity ratios (a) dr1, (b) dr2 and (c) dr3 of IM vs. HGD/EC for the excitation combinations
369 and 395 nm, 369 and 405 nm, 369 and 410 nm, 369 and 416 nm, and 395 and 405 nm. IM, intestinal metaplasia; HGD, high-grade
dysplasia; EC, early carcinoma; ROC, receiver operating characteristic.

Figure 4. ROC curves for intensity ratios (a) r1 = (A560±5/A640±5), (b) r2 = (A495±5/A560±5) and (c) r3 = (A495±5/A640±5) at 369, 395, 405, 410 and
416 nm excitation for IM vs. HGD/EC. IM, intestinal metaplasia; HGD, high-grade dysplasia; EC, early carcinoma; ROC, receiver operating
characteristic.
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In contrast to our second hypothesis, the improvement of differentiation by
combining two excitation wavelengths, the sensitivity and specificity in
discrimination IM from HGD/EC could not be increased within the wavelength
range we used (369 nm to 416 nm). Wang et al. used single and double excitation
wavelengths for distinguishing cancerous from normal oral mucosa. Combining
shorter (280, 290 and 300 nm) with longer (320, 330 and 340 nm) wavelengths, a
higher specificity was achieved compared to single excitation [22]. An explanation
for why we did not reach higher specificity with the double excitation approach
might be that in our excitation wavelength range, the emission spectra did not show
characteristically different peaks, and we measured on different types of tissue.
Although the sensitivity of 80.0 % and specificity of 89.5 % achieved is comparable
or superior to standard white light endoscopic inspection, room for improvement
still exists, for instance by taking into account interpatient differences in the
morphological and optical properties of the esophagus. The high variations of
intensity ratios for IM might be caused by variations in tissue morphology which
influence the penetration depth of the excitation light and therefore also the
intensity of the detected fluorescence. In contrast, inflammations in the Barrett’s
segment might be a cause of increased red fluorescence. It is known that various
bacteria, such as Escherichia coli, produce porphyrin that emits red fluorescence
[24;52]. One way to circumvent these interpatient differences is to compare only
spectral characteristics of healthy and suspicious tissue from data within that
patient. A preliminary intrapatient analysis in five patients indeed discriminated
HGD/EC from IM with 100 % sensitivity and specificity using 395 nm excitation and
intensity ratio r3 = (A495±5/A640±5) with a threshold value of less than 6.29, but more
data is needed to substantiate this finding.
In the current study, multi-wavelength excitation did not improve the sensitivity or
specificity compared with single wavelength excitation. However, multi-wavelength
excitation may provide information from several different depths in the tissue. A
promising direction for future research is to combine excitation at a ‘long’
wavelength such as 395 nm with a shorter wavelength (e.g. 280 nm for tryptophan
or 330 nm for collagen) and to use an internal reference measurement on healthy
tissue (in the same patient). So far, laser diodes in the UV wavelength range are
still under development and when available will make clinical applications of lasers
more compact, easy and affordable. Furthermore, data analysis with multi-variant
methods may also improve sensitivity and specificity in discriminating IM from
HGD/EC in BE. A limitation of our current endoscopy procedure is the precise
match of the spectroscopic measurement site with the location of the taken biopsy.
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This mismatch can be minimised by integrating the spectroscopy probe into the
biopsy forceps.
Finally, for further improvement in the discrimination of HGD/EC from IM, more
fundamental knowledge is needed about tissue layers, their biochemical and
morphological changes, as well as quantitative fluorophore distribution, and
scattering and absorption characteristics in normal versus (pre)malignant mucosa
in the esophagus. This information can be obtained by other imaging techniques.
Optical coherence tomography (OCT), for instance, can precisely identify the layer
thickness and morphology of the oesophageal wall [53;54]. OCT can also provide
functional information based on changes in the scattering properties of tumour
tissue [55;56], or the structure of blood vessels [57]. The combination of OCT with
fluorescence or Raman spectroscopy [58] may then be a next step towards
quantitative imaging.
Conclusion
Fluorescence spectroscopy with 395, 405 and 410 nm excitation allows
discrimination between IM and HGD/EC in patients with BE. The highest
combination of sensitivity and specificity, 80.0 % and 89.5 % respectively, was
determined using 395 nm excitation applying intensity ratio r3 (A495±5/A640±5) with a
threshold value of less than 6.29. In our study, double excitation demonstrated no
additional value over single excitation.
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ABSTRACT
To improve (pre)malignant lesion identification in Barrett’s esophagus (BE), recent
research focuses on new developments in fluorescence imaging and spectroscopy
to enhance tissue contrast. Our aim was to validate the chorioallantoic membrane
(CAM) model as a preclinical tool to study the fluorescence characteristics such as
autofluorescence and exogenously induced fluorescence of human Barrett’s tissue.
Therefore, esophageal biopsy specimens from Barrett’s patients were freshly
grafted onto the CAM of fertilized hen’s eggs to simulate the in-vivo situation. The
BE biopsy specimens stayed between 1 and 9 days on the CAM to study the
persistence of vitality. Fluorescence spectroscopy was performed using six
excitation wavelengths (369 nm, 395 nm, 400 nm, 405 nm, 410 nm, 416 nm).
Obtained autofluorescence spectra were compared with in-vivo spectra of an
earlier study. Exogenous administration of 5-aminolevulinic-acid to the biopsy
specimens was followed by fluorescence spectroscopy at several time points.
Afterwards, the biopsy specimens were harvested and histologically evaluated. In
total 128 biopsy specimens obtained from 34 patients were grafted on the CAM.
Biopsy specimens which stayed on average 1.7 days on the CAM were still vital.
Autofluorescence spectra of the specimens correlated good with in-vivo spectra.
Administered 5-aminolevulinic-acid to the biopsy specimens showed conversion
into Protoporphyrin-IX. In conclusion, we showed that grafting freshly collected
human BE biopsy specimens on the CAM is feasible. Our results suggest that the
CAM model might be used to study the fluorescence behavior of human tissue
specimens. Therefore, the CAM model might be a preclinical research tool for new
photosensitizers.
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Introduction
Patients with Barrett’s esophagus (BE) are recommended to undergo regular
surveillance endoscopy to detect malignant lesions at an early stage. Esophageal
adenocarcinoma develops from premalignant stages of dysplasia, which can be
histologically graded. These precursor lesions are amenable to curative and
minimal invasive endoscopy therapy, due to the low risk of lymph node metastasis.
With a low morbidity and mortality compared to esophagectomy and an excellent 5year survival rate, the timely detection of early dysplasia is of great clinical
importance [1-4].
Early changes in tissue during the progression into malignancy occur at a
(sub)cellular level and consist of morphological and chemical changes which
cannot be seen during standard endoscopic diagnostic procedures such as white
light endoscopy. Recent developments to improve real time diagnostics focus on
imaging such as high-resolution white light endoscopy (HR-WLE), confocal
endomicroscopy, narrow-band imaging (NBI), and autofluorescence imaging (AFI),
the latest suffers from a high false positive rate [5-11]. Although a lot of effort has
been put in these new technologies, none are currently able to clearly discriminate
in real time healthy from premalignant tissue during standard surveillance
endoscopy. But these (sub)cellular changes in premalignant tissue do affect the
optical absorption and scattering properties of the tissue which might be detected
by fluorescence spectroscopy [12-15]. In addition, photosensitizers, such as 5aminolaevulinic acid (5-ALA) may be administered to enhance the tissue contrast
[16;17]. Administration of 5-ALA leads to the formation of the fluorescent
Protoporphyrin-IX (PpIX). Metabolic differences between tissue types cause
concentration variations. At specific times, the concentration of PpIX inside the
(pre)malignant tissue [13] is higher compared to normal tissue levels, which shows
as increased fluorescence and is therefore often used to improve the discrimination
between dysplastic and non-dysplastic epithelium. This so called photodiagnosis
provides real-time information that can be used to red flag areas of interest during
medical procedures for the detection of (early) cancer.
For developing new photosensitizers and the characterization of current
sensitizers, usually cell experiments and/or animal experiments are used. The
physiology and overall drug-cell interactions are far from the in-vivo situation.
Animal experiments are expensive and cumbersome. A model which is very
suitable for studying the localization of the particles and the treatment efficacy is
the chick embryo chorioallantoic membrane (CAM) model which uses the wellvascularized chorioallantoic membrane of fertilized chicken eggs on which tumors
81
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can be implanted [18-20]. After implantation, angiogenesis allows the tumor to
grow. Because of the easy accessibility of the systemic and tumor circulation, it is
possible to illuminate the CAM, and study the fluorescence yield and, if applicable,
treatment effect. The CAM model is the bridge between the preliminary cell
experiments and the in-vivo tumor-bearing animal models. To mimic the in-vivo
situation even better, we grafted freshly excised tissue biopsies directly onto the
CAM, thereby maintaining the heterogeneity and tumor architecture, which are lost
in homogenous cultures of tumor tissue.
Our aim was to validate the CAM model as a preclinical tool to study the
fluorescence characteristics of human Barrett’s tissue and therefore the potential
use to test future photosensitizers. First, we studied the vitality of freshly human BE
tissue biopsies grafted onto the CAM by examining the H&E stained slices of the
harvested biopsies. Furthermore, the autofluorescence spectra obtained from the
grafted tissue were compared with in-vivo autofluorescence spectra and the well
known 5-ALA was topically administered to test the CAM model for the usage of
photosensitizer. As light source a multi-wavelength spectroscopy system consisting
of several discrete excitation wavelengths around the 405 nm Soret absorption
peak of PpIX was used. This setting was chosen to find the optimal excitation
wavelength of PpIX in Barrett’s tissue to optimize new imaging and spectroscopy
technologies for improved premalignant lesion identification.

Materials and Methods
Spectroscopy system
A custom made spectroscopy system was developed (2M Engineering Ltd.,
Veldhoven, The Netherlands) for endoscopic in-vivo measurements comprising a
LED with 369 nm (FWHM of 16 nm) and laser diodes at 395 nm, 400 nm, 405 nm,
410 nm, and 416 nm [15]. The system was connected to an optical fiber probe
which delivered the excitation light to the tissue and the fluorescence light back to
the connected spectrometer USB4000 (Ocean Optics Inc., Dunedin, Florida, USA)
and laptop for spectral recording. The distal fiber probe tip had an outer diameter of
2 mm and an inner functional diameter of 0.82 mm which consisted of a bundle of
30 fibers, thus 15 illumination and 15 collection fibers. Proximal, the 15 collection
fibers were aligned to the 200 μm entrance slit of the spectrometer. The biopsy
specimens were placed perpendicular under the tip of the probe, thus mimicking
the in-vivo endoscopic setting.
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CAM model
Fertilized hen’s eggs obtained from Drost Loosdrecht BV (Loosdrecht, The
Netherlands) were incubated for 3 days in a Polyhatch incubator (Brinsea Products
Inc., Titusville, Florida, USA) at 38-39 C, 60-80 % humidity, rotating every 1 hour.
At embryonic day 3, a volume of 2-3 mL albumen was removed from the egg using
a 21 G needle injected into the air pocket of the egg in order to lower the level of
2
the CAM inside the egg. A window of approximately 1.5 cm was cut into the outer
shell on top of the egg in order to gain access to the CAM, using blades and
scissors. After checking if the embryo was alive, the window was covered with
transparent plastic and the egg was placed in a hatcher (Brinsea Products Inc.,
Titusville, Florida, USA) at 37.5 C, 50-70 % humidity. When outside the hatcher,
the eggs were handled on a heating plate at 37 C in a laminar flow hood.

Patients selection and biopsy grafting onto the CAM
Patients scheduled for surveillance endoscopy of non-dysplastic BE or work-up or
treatment of early Barrett’s neoplasia at the department of Gastroenterology and
Hepatology of the Academic Medical Center (AMC) Amsterdam were included. The
Medical Ethics Committee of the AMC Amsterdam approved the study and all
included patients were informed and signed a consent form. Biopsies of lesions
suspicious for dysplasia within the BE and of endoscopically unsuspicious areas of
BE were obtained from 34 patients (2 to 4 biopsies per patient). Immediately after
the biopsies were obtained, they were transferred into preheated 37.5 C transport
medium (DMEM, FCS, PenStrep, L.Glut, Fungizone).
At embryonic day 6 of incubation, the egg was placed in the laminar flow hood on a
heating plate at 37 C. The plastic cover was lifted from the egg and the CAM was
cleaned at the location for tissue grafting with ethanol treated lens paper. The
freshly obtained biopsy specimens were subsequently spread on a gloved finger
and with the help of 2 pairs of tweezers carefully spread and placed on the CAM.
One biopsy specimen was grafted per egg. The transparent cover was closed and
the egg put back in the hatcher.
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Spectroscopy procedure
The egg was placed in the laminar flow hood and positioned under the
spectroscopy set-up. All measurements were performed in a dark room. The
optical fiber probe was placed about 1 mm above the biopsy specimen, followed by
sequential illumination by all light sources and recording of the fluorescence
spectra, including a dark measurement (all light sources off). Subsequently,
spectra were recorded adjacent to the biopsy specimen and on the CAM only
which was approximately 2 cm from the biopsy specimen. Each saved spectrum
was composed of the average of 3 measurements per site. For the fluorescence
spectroscopy measurements with 5-ALA administration, 20 µL of 10 mM 5-ALA
(Sigma Chemical Co.) dissolved in 0.9 % NaCl solution was topically administered
to each biopsy specimen. Fluorescence spectroscopy was performed at several
time points between 0 h before and 23 h after 5-ALA administration. After the last
measurement, the biopsy specimens were removed from the CAM and fixed in
formalin, embedded in paraffin and cut and stained with haematoxylin and eosin
(H&E). Histopathological assessment of the biopsy specimens was performed by
an expert GI-pathologist. Biopsies which were considered vital were classified into
2 groups, suspicious for dysplasia called ‘dysplastic’ and not suspicious for
dysplasia called ‘non-dysplastic’. Finally, the embryo was terminated by high dose
isoflurane.

Data analysis
The obtained autofluorescence spectra of the biopsy specimens on the CAM were
analyzed in the same way as the in-vivo spectra which we obtained in an earlier
2
study [15]. Pearson’s correlation coefficient r and the coefficient of determination r
were calculated to assess the relationship between the autofluorescence spectra
from the biopsy specimens and the in-vivo spectra.
From all emission spectra, obtained from the biopsy specimens used for 5-ALA
measurements, the corresponding dark spectrum was subtracted. The intensity
ratio I636/I600 of the PpIX fluorescence peak at 636 nm to a reference emission
wavelength at 600 nm was calculated for each spectrum. This corrects for
variations in applied laser power, probe positioning and system noise. The mean
intensity ratios, the standard deviation (SD), and the standard error of the mean
(SEM) were calculated. Statistical relevance of differences in intensity ratios per
excitation wavelength and time point were determined by repeated measures oneway ANOVA with subsequent Bonferroni correction using Prism 5 (GraphPad
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Software Inc., La Jolla, California, USA). The results of the Bonferroni’s multiple
comparison test were considered significant when the p-value was <0.05.

Imaging
Images were obtained from the biopsy specimens on the CAM using a Dino-Lite
digital microscope in cross-polarized white light imaging mode (AM413ZT, AnMo
Electronics Corp., Hsinchu, Taiwan) before and after 5-ALA administration.
Fluorescence imaging was performed to obtain an overview of the PpIX distribution
on the biopsy specimens and CAM. Fluorescence images were obtained at blue
light illumination ranging from 400 nm to 430 nm (Crime-lite 2, Foster + Freeman
Ltd., Eversham, UK). A digital camera (Nikon D40X) with a long pass filter (GG455,
Foster + Freeman) in front of the lens was used to allow only the detection of
emitted fluorescence at longer wavelengths than 435 nm.

Results
Biopsy assessment and autofluorescence spectra evaluation
In total 63 biopsy specimens, obtained from 25 Barrett’s patients, stayed between 1
and 9 days on the CAM. Twenty-six biopsy specimens showed necrosis and were
not classified histopathologically. Fourteen other histology slices did not contain
enough tissue for an assessment. From the remaining 23 biopsy specimens 9 were
classified as not suspicious for dysplasia (‘non-dysplastic’) thus squamous or
NDBE and 14 as suspicious for dysplasia (‘dysplastic’). The 23 biopsies which
could be classified stayed on average 1.7 days on the CAM. Figure 1 A shows an
image of a Barrett’s biopsy specimen on the CAM. Autofluorescence spectroscopy
was performed, see Figure 1 B, on 8 of the 9 non-dysplastic biopsies and on 10 of
the 14 as dysplastic classified biopsies. Figure 1 C shows the H&E stained slice of
a human biopsy specimen which stayed 1 day on the CAM. In the upper part the
CAM cells are seen and in the lower part the human tissue seemed to be vital and
attached to the CAM tissue.
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Figure 1. A) Image of
Barrett’s esophageal
biopsy specimen on the
CAM; B) fluorescence
spectroscopy performed
on a biopsy specimen; C)
white light microscope
image with 10x
magnification of H&E
stained slice of an human
biopsy specimen which
stayed 1 day on the CAM.

2

The Pearson’s correlation coefficient r and the coefficient of determination r
(Table 1) were calculated to correlate ex-vivo and in-vivo averaged
autofluorescence spectra obtained with the same system [15].
Table 1. Coefficient of determination r2 of averaged ex-vivo versus in-vivo autofluorescence spectra for
non-dysplastic and dysplastic esophageal tissue.
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non-dysplastic
ex-vivo vs. in-vivo

dysplastic
ex-vivo vs. in-vivo

369 nm

0.977

0.976

395 nm

0.961

0.987

405 nm

0.961

0.991

410 nm

0.969

0.991

416 nm

0.968

0.991

Fluorescence of BE tissue on CAM
The ex-vivo dysplastic autofluorescence spectra correlated well with the in-vivo
2
(HGIN/CA) spectra with an r value of around 0.99. The non-dysplastic spectra
2
correlated less with the in-vivo (IM) spectra having an r value of around 0.97.
Figure 2 shows the averaged autofluorescence spectra at 395 nm excitation from
2
in-vivo (HGIN/CA) and ex-vivo (dysplastic) esophageal tissue with an r value of
0.987.

Figure 2. Averaged autofluorescence spectra at 395 nm excitation from in-vivo (HGIN/CA) and ex-vivo
(dysplastic) esophageal tissue.

5-ALA induced fluorescence evaluation
A total of 65 biopsies, obtained from 20 Barrett’s patients, stayed between 2 and 4
days on the CAM and were then examined with 5-ALA induced spectroscopy.
Histopathological evaluation of the harvested biopsies was not possible for 25
biopsy specimens due to intensive necrosis and 10 more slices contained not
enough tissue for an assessment. From the remaining 30 biopsy specimens 12
were classified as not suspicious for dysplasia (‘non-dysplastic’) thus squamous or
NDBE and 18 as suspicious for dysplasia (‘dysplastic’). Three spectra of nondysplastic biopsy specimens were excluded from the analysis due to measurement
issues. Table 2 gives an overview of the spectra included for the analysis at all six
excitation wavelengths obtained from 12 patients.
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Table 2. Number of analyzed human biopsy specimens on the CAM per time point and their histological
classification.
time point

not suspicious
for dysplasia

suspicious
for dysplasia

sum

0h

9

18

27

1.5 h

9

18

27

4.5 h

8

16

24

6h

6

11

17

23 h

2

7

9

Figure 3 shows typical emission spectra with subtracted dark spectrum before
normalization at all 6 excitation wavelengths, 6 hours after 5-ALA administration, of
a biopsy specimen (dysplastic) on the CAM (a), the CAM adjacent to the biopsy
specimen (b), and the CAM only (d). Fluorescence spectra of the biopsy
specimens on the CAM showed PpIX fluorescence peaks at 636 nm. Maximum
autofluorescence was observed around 500 nm. In contrast, the emission spectra
adjacent to the biopsy specimens showed negligible autofluorescence and a clear
PpIX fluorescence profile.
The main difference between the biopsy specimens and the adjacent fluorescence
was that the CAM did not show porphyrin fluorescence at 620 nm and 680 nm
emission. Fluorescence spectra of the CAM only revealed slightly less
autofluorescence compared to the biopsy specimen and negligible PpIX
fluorescence compared to the biopsy specimens and the surrounding CAM.
The PpIX intensity ratios I636/I600 did not differ significantly between dysplastic and
non-dysplastic tissue. Therefore and due to the low amount of biopsy specimens
classified as non-dysplastic we decided to analyze all biopsy specimens (Table 2)
per time point and excitation wavelength in one group, to which we refer further as
BE tissue.
The intensity ratios I636/I600 of BE tissue showed increased PpIX fluorescence with
increasing excitation wavelength and time point (Figure 4 (a)). The Bonferroni’s
multiple comparison tests of all pairs of time points showed a significant increase in
the intensity ratios at 0 h vs. 6 h, 0 h vs. 23 h, 1.5 h vs. 23 h and 4.5 h vs. 23 h at
all excitation wavelengths.
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Figure 3. Typical emission spectra with subtracted dark spectrum at all 6 excitation wavelengths, 6 hours after 5-ALA administration, of a
biopsy specimen (dysplastic) on the CAM (a), the CAM adjacent to the biopsy specimen (b), and the CAM only (c).

Figure 4. Mean PpIX intensity ratios I636/I600 with standard error of the mean at 0 h, 1.5 h, 4.5 h, 6 h and 23 h after 5-ALA administration
obtained from the BE tissue on the CAM (a), the CAM adjacent to the BE tissue (b) and the CAM only (c).
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Intensity ratios at 369 nm excitation were significant lower compared to 405 nm,
410 nm, and 416 nm excitation at all time points. The intensity ratios at 410 nm and
416 nm excitation at 4.5 h were significant higher compared to 0 h. At 4.5 h after 5ALA administration the PpIX intensity ratios at 416 nm excitation were significant
higher compared to all other excitation wavelengths except 410 nm.
Each measurement at 4.5 h after 5-ALA administration separately showed that in
96 % (23/24) of the cases, the highest PpIX fluorescence intensity ratios were
obtained at 410 nm (63%) and 416 nm (33%) excitation. Lowest intensity ratios
were obtained at 369 nm excitation in 96 % (23/24) of the cases. The intensity
ratios at 410 nm excitation were 2.3 times higher (SD: ±0.8) compared to 369 nm
excitation.
The intensity ratios I636/I600 on the CAM adjacent to the BE tissue (Figure 4 (b))
tend to increase faster and becomes higher compared to the BE tissue. There was
a significant increase of the intensity ratios on the CAM adjacent to the BE tissue
between time point 0 h vs. 1.5 h, 0 h vs. 4.5 h, 0 h vs. 6 h and a significant
decrease at time points 4.5 h vs. 23 h and 6 h vs. 23 h at all excitation wavelength
except 369 nm. At 23 h after 5-ALA administration the PpIX fluorescence was back
at baseline level (t=0). The PpIX fluorescence on the CAM only (Figure 4 (c))
increased significant after 6 h, but those intensity ratios were negligible (5 to 7
times lower) compared to the intensity ratios obtained from the BE tissue or
adjacent to it.
Fluorescence imaging was performed to obtain an overview of the PpIX distribution
on the BE tissue and CAM. Fluorescence images (Figure 5) taken several hours
after 5-ALA administration showed first a strong red fluorescence surrounding the
BE tissue and with increasing time increasing fluorescence of the BE tissue and
decreasing fluorescence of the surrounding CAM.

Figure 5. Fluorescence images of BE tissue on the CAM at 3 h. 6 h and 23 h after 5-ALA
administration.
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Discussion
The evaluation of the CAM model showed that biopsy specimens were still vital
after 1.7 days on the CAM, on average. The lower intensities of the ex-vivo
autofluorescence spectra around 500 nm might be caused by the different
measurement procedures, in-vivo the probe was in contact with the tissue site
under investigation whereas ex-vivo the probe did not touch the biopsy specimen.
Whereas, the higher intensities in the rest of the ex-vivo autofluorescence spectra
might be caused by lower blood absorption compared to the in-vivo situation.
Despite these deviations, the overall correlation of the ex-vivo with the in-vivo
autofluorescence spectra showed good resemblance.
Previous research using the CAM model in combination with 5-ALA focused on
tumor specimens and cell lines [21-24]. The observed conversion into PpIX in our
study suggests the existence of a functional metabolism within the BE tissue. As
expected, the lowest PpIX intensities were induced with the shortest wavelength
369 nm, which is about 30 nm below the Soret band of PpIX. The highest PpIX
intensities were induced at 410 nm and 416 nm excitation without a significant
difference between them.
In our study, BE tissue showed increased PpIX fluorescence with increasing time,
which is in agreement with known in-vivo observations. The BE tissue showed no
significant reduced PpIX fluorescence after 23 hours, which indicates a slower
PpIX clearance compared to in-vivo observations [25-28]. This increased clearance
time might be caused by the topical bolus administration of ALA. The excessive
ALA is not removed and therefore the tissue exposure is expected to be longer
compared to in-vivo conditions. Furthermore, the ALA diffusion into the tissue and
redistribution within the egg might be prolonged in the CAM model. The in-vivo
kinetics were already studied [25-28], therefore we focused on studying the CAM
model as a preclinical approach for fluorescence diagnostics with special interested
in photosensitizer. This preclinical model benefits from no patient hazard and it is a
more physiological approach then studying cells in-vitro. The fluorescence of the
CAM adjacent to the BE tissue showed a faster increase and decrease of induced
PpIX, whereas the PpIX fluorescence and autofluorescence of the CAM only
showed negligible intensities. Fluorescence images showed that the high PpIX
fluorescence adjacent to the biopsy specimens was due to the topical application
of 5-ALA surrounding the biopsy specimens.
Although the CAM model was applicable for our research purpose, the
spectroscopy measurements had several limitations. The spectroscopy set-up
used a mounted probe, to ensure stable measurements. However, due to
91

5

5

Fluorescence of BE tissue on CAM
movements of the embryo and therefore repositioning of the BE tissue under the
probe, equal distances and angles of the measurements cannot be assured and
sometimes measurements needed to be repeated. The histological classification
showed that around 40 % of the grafted biopsies did not stay vital on the CAM and
therefore needed to be excluded from the analysis. This necessitates the usage of
an increased amount of biopsies or an optimized protocol, for example, by leaving
the biopsy specimens a maximum of 2 days on the CAM or daily administration of
growth factors and/or medium to the tissue on the CAM which may prolong tissue
vitality.
Differentiation between BE tissue and the CAM was possible, due to the
differences in spectral shape, 5-ALA kinetics and the wavelength dependent
intensity ratios. Main difference between BE tissue and the CAM spectra was that
the CAM did not show porphyrin fluorescence at 620 nm and 680 nm emission
(Figure 3). This fluorescence might be caused by the formation of water-soluble
porphyrins [29].
In conclusion, we showed that grafting freshly collected human BE biopsy
specimens on the CAM is feasible. Our results suggest that the CAM model might
be used to study the fluorescence diagnostics such as autofluorescence and
induced fluorescence behavior of human biopsy specimens on the CAM as a
preclinical research tool. Further preclinical research is recommended, with an
increased amount of biopsies from non-dysplastic and dysplastic BE tissue, to
assess the potential in tissue discrimination. Furthermore, with the CAM model
keeping human tissue vital for a few days, the responses to new photosensitizer
might be evaluated. Besides that, our current fluorescence spectroscopy system
can be modified by adding a white light source for additional reflectance
spectroscopy which had shown its potential in endoscopic detection of dysplasia
[30-32].
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ABSTRACT
In vivo detection of cancer at early-stage, i.e. smaller than 2 mm, is a challenge in
biomedicine. In this chapter targeted labeling of early-stage tumor spheroid
(~500 μm) is realized for the first time in chick embryo chorioallantoic membrane
model with monoclonal antibody functionalized upconversion nanoparticles.
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Introduction
In clinical oncology the detection of early-stage cancer like carcinoma in situ and
tumors smaller than 2 mm is of great importance for improving the cancer cure
probability [1-3]. Unfortunately, most of the present clinical imaging modalities like
ultrasonic imaging, computed tomography (CT), and magnetic resonance imaging
(MRI) are not sufficient enough for detecting early-stage cancers because of their
low resolution and/or poor sensitivity and/or specificity [4, 5]. Fluorescence imaging
has recently regained increased attention for cancer diagnosis, because of the new
developments in exogenous luminescent materials [6-14], such as rare earth ions
doped upconversion nanoparticles (UCNPs) that can efficiently convert near
infrared (NIR) light to visible and/or shorter wavelength NIR light. In comparison to
traditional “down conversion” fluorescent markers that need ultra-violet or visible
(UV-Vis) light for excitation, the UCNPs hold many advantages for biomedical
imaging, such as minimized background fluorescence, and no photo bleaching [1114]. Furthermore, since UCNPs have a large surface area, bio-functionalized
molecules like folic acid, peptides, photosensitizers, doxorubicin (DOX), and siRNA can be easily conjugated for multifunctional labeling or therapy.
Numerous research studies have been reported in this respect on both in vitro and
in vivo tests utilizing UCNPs [15-25]. For example, Zhou et al. achieved tri-mode
imaging of upconversion luminescence, magnetic resonance and positron emission
3+
3+
3+
tomography (PET) in mouse utilizing fluorine-18-labeled Gd /Yb /Er co-doped
NaYF4 UCNPs [23]. However, this research was performed on mice model in which
imaging is usually executed at relatively late stage when tumors reach 4-6 mm. In
vivo targeted detection of early stage cancer, i.e. smaller than 2 mm, remains a
difficult task in biomedicine.
In this chapter, targeted labeling of an early-stage tumor spheroid (~500 μm) was
realized for the first time in chick embryo chorioallantoic membrane (CAM) model
with monoclonal antibody functionalized upconversion nanoparticles (UCNPsmAb). An early-stage tumor model was designed by transplanting in vitro cultured
3-dimensional multicellular tumor spheroids (MCTSs) of human breast cancer cells
MCF-7 onto the CAM. The CAM model is a well-established model which has been
widely used for cancer and angiogenesis research, drug delivery, and immunology
[26-34]. Compared with the widely used mice model, the CAM model has unique
advantages in cancer research, including (i) the chick embryo is a naturally
immunodeﬁcient system, various heterogeneous tumor cells can be transplanted
into the CAM without any species-specific restrictions, and (ii) because the CAM is
an extremely thin membrane layer (~200 μm) that lies at the top, it is very
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convenient to observe the motility process of the injected cancer cells or drug
molecules under a microscope with little impact on the host. On top of that, the
CAM model is simple (without animal manipulation), low cost, easy to maintain and
easily accessible. Because the MCF-7 cell line has a high expression level of
estrogen receptor alpha (ER-α), the corresponding monoclonal antibodies (mAb) of
ER-α were covalently functionalized onto the poly acrylic acid (PAA) stabilized
3+
3+
NaYF4:Yb ,Er UCNPs via a simple EDC cross-linking method (see Fig. 1),
aiming to achieve a highly sensitive upconversion luminescence (UCL) imaging
nanoplatform for targeted labeling of early tumor spheroids transplanted onto the
CAM.

Figure 1. Construction of the UCNPs-mAb nanoplatform.

Moreover, the cytotoxicity of the UCNPs-mAb were assessed in a tumor cell line
(MCF-7) and normal cell line (3T3). The in vivo microcirculation behavior and
targeting properties of UCNPs-mAb conjugates were investigated following micro
vein injection.

Materials and Methods
3+

3+

Synthesis of carboxyl functionalized NaYF4:Yb , Er
3+

3+

UCNPs

Hydrophobic NaYF4:Yb (20 %),Er (2 %) upconversion nanoparticles were
synthesized by a modified hyper-thermal decomposition method according to
literature [35]. In a typical synthesis procedure, 236.54 mg YCl3·6H2O (0.78 mmol),
77.48 mg YbCl3·6H2O (0.2 mmol), and 7.64 mg ErCl3·6H2O (0.02 mmol) were
dissolved in 2 mL methanol before being transferred into a 50 mL three-neck flask
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Targeted labeling with nanoparticles
containing 3 mL oleic acid (OA) and 7 mL 1-octadecene (ODE). The mixture was
stirred at room temperature for 30 min and then slowly heated to 110 °C for 15 min
under argon atmosphere. After removing methanol and water, the solution was
heated to 156 °C and maintained at this temperature for 1 h. The received
lanthanide precursors were cooled down to room temperature, followed by adding
10 mL methanol solution containing 148.21 mg NH4F (4 mmol) and 100.02 mg
NaOH (2.5 mmol) into the flask and were stirred for 1 h. After the methanol was
evaporated at 60 °C, the solution was heated to 300 °C for 90 min followed by
cooling down to room temperature. The mixture was precipitated by the addition of
20 mL ethanol, and collected by centrifugation at 5000 r/min for 15 min. Product
was re-dispersed with 5 mL hexane and precipitated by adding 15 mL ethanol,
then collected by the same centrifugation. The product was washed three times,
and the final product was re-dispersed in 10 mL hexane.
3+

3+

As the OA capped NaYF4:Yb , Er UCNPs have poor dispersibility in aqueous
phase, further surface modification was performed to improve the water-solubility
and biocompatibility. In detail, a two-step ligand exchange method utilizing
polyacrylic acid (PAA, -COOH groups) was used to replace the OA molecules, as
shown in Fig. 1. First, 5 mL of OA capped UCNPs (50 mg) dispersed in hexane
was mixed with 10 mL aqueous solution. After that, 200 μL HCl solution (1 mol/L)
was added to the mixture and stirred for 2 h at room temperature. The oleate
ligands were easily protonated and released from UCNPs in the presence of HCl,
leaving ligand free UCNPs [36, 37]. These ligand free UCNPs were then collected
by centrifugation and washed with water/acetone for two times to remove the
excess HCl and OA, and then were redispersed in 5 mL water. At this stage, 50 mg
PAA molecules were added into the ligand free nanoparticles and stirred overnight.
Because of the high surface activity of ligand free UCNPs and the strong
coordination interaction between rare earth ions and carboxyl groups, PAA
molecules were bonded tightly onto UCNPs. The obtained carboxyl functioned
UCNPs were washed with water for at least twice to remove the free PAA
molecules.
Covalent functionalization of UCNPs-Ab conjugates
Monoclonal antibodies of estrogen receptor alpha (ER-α) were covalently
3+
3+
functionalized with PAA functionalized NaYF4:Yb ,Er UCNPs via an EDC crosslinking method in order to acquire targeted cancer delivering abilities. Briefly, 2 mg
UCNPs were dispersed in 500 μL MES buffer, 10 mg EDC (1-Ethyl-3-(3dimethylaminopropyl)carbodiimide) and 10 mg NHS (N-Hydroxysuccinimide) were
added into the solution and shaken continuously for 90 min at room temperature.
3+
3+
The NHS-activated nanoparticles NaYF 4:Yb , Er -NHS were collected by
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centrifugation and washed twice with MES buffer, and redispersed in 500 μL MES
(2-(N-morpholino)ethanesulfonic acid) buffer for further conjugation. Afterwards
100 μg ER-α antibodies were added into UCNPs solution and shaken gently for 1 h
at room temperature. The acquired UCNPs-mAb conjugates were washed with
phosphate-buffered saline (PBS) twice and redispersed in 500 μL PBS. Then 3 %
bovine serum albumin (BSA) was added in order to block the excess bonding sites.
The resulting solution was stored at 4 °C for further applications.
In vitro experiments
Two different cell lines, human breast adenocarcinoma MCF-7 (for positive control)
and fibroblast NIH 3T3 (for negative control), were cultured for evaluating the
biocompatibility and specificity of UCNPs-mAb conjugates. Both were bought from
the American Type Culture Collection (ATCC) and cultured according to standard
methods. The MCF-7 cells were cultured in DMEM⁄F-12 medium. The medium was
supplemented with 10 % fetal bovine serum (FBS), 1 % MEM Non-Essential Amino
Acids Solution (100X), 100 unit/mL penicillin, and 100 μg/mL streptomycin (all from
Invitrogen). The 3T3 cells were cultured in DMEM medium. The medium was
supplemented with 10 % FBS, 100 unit/mL penicillin, and 100 μg/mL streptomycin
(all from Invitrogen). Both cell lines were cultivated at 37 °C, 95 % humidity, and
5 % carbon dioxide (CO2) atmosphere.
The cytotoxicity of UCNPs-mAb conjugates was evaluated by the mitochondria
activity using standard MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. Both MCF-7 and 3T3 cells were seeded into 96-well plates at
5
4
concentration of 1×10 /well and 5×10 /well, respectively, and incubated at 37 °C
under 5 % CO2. After 24 h, different amount of UCNPs-mAb conjugates were
added into the wells at a final concentrations of 0, 5, 10, 20, 50 and 100 μg/mL in
culturing medium. The cells were further incubated for 24 h. Subsequently, 10 μL
of MTT solution (5 mg/mL MTT in PBS) was added to each well and incubated for
4 h. After removing the medium, the wells were washed by PBS, and the
intracellular formazan crystals were extracted into 100 μL of iso-propanol. The
absorbance of cell lysate was recorded at 550 nm by a plate reader, and the
cellular viability could be calculated from the average value of four parallel wells.
To study the speciﬁcity of the UCNPs-mAb conjugates for targeted imaging, in vitro
experiments were carried out on human breast adenocarcinoma MCF-7 cells (with
high expression level of ER-α). Human fibroblast cells 3T3 (expressing low levels
of ER-α) were used for the control experiments. Both, MCF-7 and 3T3 cells were
4
seeded on a coverslip at a concentration of 10 cells/mL and then treated with
UCNPs-mAb conjugates (20 μg/mL) for 8 h at 37 °C. Prior to imaging, the coverslip
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was washed twice with PBS in order to remove any unbound upconversion
conjugates. The cells were then fixed with 4 % paraformaldehyde and mounted
with 95 % glycerol solution. Upconversion luminescence imaging was performed
using our previous described confocal microscope system [38].
Tumor spheroid bearing CAM model
In this study, a modified shell-less CAM model was developed in order to evaluate
the in vivo targeted labeling properties of UCNPs and UCNPs-mAb conjugates.
Fertilized hen’s eggs (Drost Loosdrecht BV, The Netherlands) were incubated at
39 °C and 70 % humidity. At embryonic age (EA) day 3, the egg was opened and
the content carefully dropped into a dry and sterile dish. The dish was then covered
with parafilm and put into an incubator set to 38 °C and 60 % humidity.
Three-dimensional multicellular tumor spheroids (MCTS) of human breast
adenocarcinoma MCF-7 cells were cultured in vitro for transplantation. To create
6
MCTS, single MCF-7 cell suspensions of 0.5×10 cells/mL in medium were added
to 1.5 % agar-coated 24 well plates (200 μl/well), and incubated at 37 °C under
5 % CO2. After 3 days of incubation, tumor cells were aggregated with each other
into a spheroid. 200 μl of medium was added into each well every day. The tumor
spheroids grew into MCTS with approximately 0.4 mm in diameter in seven days.
MCTS implantation was conducted on EA day 9 or 10. Firstly in a region away from
major blood vessels, a small incision was made in the CAM, using a 30 gauge
needle attached to a 1 mL syringe. Afterwards, the same region was slightly
scratched with the needle’s tip. Any resulting sera and blood was gently aspirated
with the syringe. Thereafter, the MCTS was dropped onto the prepared region and
placed on the incision side. The dish was then covered with parafilm, and returned
to the incubator. Successful implantation was observed when the MCTS was
engulfed into the CAM.
In vivo microscopy imaging of MCTS
On EA day 14, 100 μL of UCNPs or UCNPs-mAb conjugates dispersed in PBS
(1 mg/mL) were systematically administered into superficial micro veins by injection
under a stereomicroscope. For imaging, a homemade intravital microscope system
equipped with a 100 W mercury lamp, a 500 mW 980 nm laser, 890 nm short pass
filter to reject the excitation light, a digital camera (QImaging, Retiga-SRV,
Canada), and an 4x objective was used. The chick embryo was placed under the
objective on an electrical heating plate to keep the temperature at 37 °C. One hour
and 24 hours after injection, the MCTS and the surrounding tissue were imaged
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with white light illumination to obtain bright field images. Thereafter, upconversion
luminescence images so called dark field images were obtained using only laser
light. Both images were merged to localize the upconversion origin.
Histological examination of the MCTS and CAM
On EA day 15, after imaging, areas containing the MCTS were cut out and
embedded in tissue fixation gel for cryotom sectioning. The MCTS were cut into
10 μm sections, stained with hematoxylin-eosin (H&E) and further analyzed using a
standard white light microscope. In addition, upconversion luminescence confocal
imaging was carried out using an inverted Olympus IX71 microscope equipped with
an 100× oil immersion objective and a 980 nm Ti:Sapphire laser, as previously
described [38].

Results and Discussion
Synthesis and characterization of UCNPs
The surface modification process was carried out to transfer the hydrophobic
3+
3+
NaYF4:Yb ,Er UCNPs synthesized from organic solvent into hydrophilic ones via
a simple two-step ligands exchange method. As illustrated in Fig. 1, the oleic acid
(OA) capped outside UCNPs were first removed by protonation treatment, to
receive ligand free UCNPs [36, 37], followed by the treatment with poly acrylic acid
(PAA) on the ligand free nanoparticles, anchoring the UCNPs with carboxylic
groups.
Fig. 2 A and B show the TEM images of ligand free and PAA coated
3+
3+
NaYF4:Yb ,Er UCNPs. Both ligand free and PAA coated nanoparticles have
good dispersibility and uniform size distribution with the average size of around
45 nm. Fig. 2 C shows the high resolution TEM image of an individual nanoparticle,
where the lattice fringes with interplanar spacing are about 0.52 nm, corresponding
to the (100) plane of hexagonal-phase structured NaYF4. The insert shows the fast
Fourier-transform (FFT) diffractogram, confirming the hexagonal-phase of the
UCNPs.
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Figure 3. FTIR spectra (A) and upconversion luminescence spectra (B) of ligand free and PAA coated
NaYF4:Yb,Er UCNPs under 980 nm excitation (400 mW). (C) and (D) are the hydrodynamic diameter
distribution and zeta potential of ligand free UCNPs and PAA coated UCNPs.

Cytotoxicity research of the UCNPs-Ab conjugates
Cytotoxicity was investigated on two different cell lines, human breast
adenocarcinoma MCF-7 and mouse embryo fibroblast 3T3, using different
concentrations of UCNPs-mAb conjugates (0, 5, 10, 20, 50, 100 μg/mL). After 24 h,
no signiﬁcant change was observed in the cell morphology and proliferation of both
cell lines in the presence of the UCNPs-mAb conjugates. The cellular viability was
evaluated by MTT assay of the mitochondria activities and relevant results are
shown in Fig. 4.

Figure 4. Cellular toxicity results
based on standard MTT assy. Gray
column and black column are
corresponding to 3T3 and MCF-7.
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Both cell lines demonstrate good viability, even at the maximum concentration
100 μg/mL, the viability maintains greater than 90 %. These results indicate that
UCNPs-mAb conjugates have good biocompatibility and could be used for in vivo
imaging.
In vitro target labeling of cancer cells with UCNPs-Ab conjugates
Fig. 5 shows the confocal microscope images of MCF-7 breast adenocarcinoma
cells (positive) and 3T3 fibroblast cells (negative) after treatment with UCNPs-mAb
(100 μg/mL) for 8 h. The bright ﬁeld images show that the cellular morphology is
intact, which is consistent with the cytotoxicity results of the UCNPs-mAb
conjugates. The dark field images show the upconversion luminescence within the
MCF-7 cells, whereas little luminescence was observed in the 3T3 cells. The latter
is related with the residual non-specific adsorption of the UCNPs on the 3T3 cell
membranes. These results indicate the UCNPs-mAb conjugates can specifically
label on the MCF-7 breast cancer cells.

Figure 5. Confocal upconversion luminescence images at 100x magnification of UCNPs-Ab incubated
with MCF-7 cells (top row) and 3T3 cells (bottom row) for 8 h at 37 °C.

In vivo targeted labeling of tumor spheroid with UCNPs-mAb conjugates
In our study shell-less cultured chick embryo was developed as the model to
research the in vivo labeling properties of UCNPs-mAb. A typical shell-less chick
embryo is shown in Fig. 6 A. The CAM membrane is settled on the top of embryo
and yolk, and the blood vessels of CAM can be seen very clearly with naked eyes.
In order to assess the in vivo targeting behavior of the UCNPs-mAb conjugates on
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early stage cancer spheroids, MCTSs were cultured in vitro and transplanted onto
the CAM. Compared with the cancer cells cultured in 2-D, the MCTS show a
condensed structure in 3-D, and can mimic more closely of the cellular-matrix and
cell-cell interactions in vivo [44]. After 3 days of incubation, the MCTS could be
embedded into the CAM membrane, and the new grown blood vessels can be
clearly seen surrounding the MCTS. Then UCNPs-mAb were systematically
administrated into the chick embryo CAM via venule injection under a
stereomicroscope. Owing to the depression of autofluorescence during UCL
imaging, the microcirculating behavior of the nanoconjugates in blood vessels
could be neatly investigated with a modified fluorescence intravital microscope that
was equipped with a 980 nm laser. With this adapted microscope, bright field and
corresponding upconversion luminescence images of a typical CAM blood vessel
net were taken, as depicted in Fig. 6 B, in which in the right panel UCNPs-mAb are
clearly visible 10 minutes after the injection. We can distinctly see that the
nanoparticles fluently flow with the bloodstream and efficiently extravasate from the
main blood vessels into the surrounding tissues. Thus the CAM model provides a
simple approach for real-time visualizing the in situ interaction of nanoparticles with
the vascular networks and also the biotissues, which might be of great value for
future Nano-Bio research.

Figure 6. (A) A typical ex-ovo cultured chick embryo. (B) Intravital microscope images of bright field
(left) and upconversion luminescence (right) of the chick CAM after 10 minutes intraveneous injection
with 100 μg UCNPs-mAb.

The in situ upconversion luminescence imaging of the tumor spheroid was then
investigated at different time points with the intravital microscope. The UCNPs
without any antibody functionalization (non-functionalized UCNPs) were also
injected for control, data are shown in Fig. 7. The non-functionalized UCNPs were
present in both the MCTS and the environment without specific accumulation within
the MCTS, both at 1 h and at 24 h after injection.
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Figure 7. Non-targeted labeling of MCTS transplanted on the CAM with UCNPs at 1 h (top row) and
24 h (bottom row). From left to right are bright field, dark field (980 nm irradiation) and merged intravital
microscope images at 4x magnification and 2 minutes exposure time.

In contrast, the functionalized UCNPs-mAb were accumulated specifically on the
MCTS (Fig. 8). One hour after injection, the UCNPs-mAb were observed mainly in
the surrounding tissue of MCTS. Twenty-four hours after injection, strong
upconversion luminescence was observed in the MCTS, indicating the good
targeted delivery of UCNPs-mAb conjugates.

Figure 8. Target labeling of MCTS transplanted on the chick CAM with UCNPs-mAb conjugates at 1 h
(top row) and 24 h (bottom row). From left to right are bright field, dark field (980 nm irradiation) and
merged intravital microscope images.
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In order to further demonstrate the selective labeling of UCNPs-mAb in tumor cells,
the resected MCTS region was histological examined (Fig. 9). Fig. 9 A shows the
microscope image of the H&E stained MCTS imbedded into the CAM tissue. Fig.
9 B and C are the confocal upconversion luminescence images of CAM and
MCTS, respectively, corresponding to the marked areas in Fig. 9 A.

Figure 9. H&E-stained section (A) of MCTS on the CAM, 30 min after UCNP-mAb injection. Part (B)
shows the upconversion luminescence of the surrounding CAM. Part (C) shows the upconversion
luminescence of the transition zone between CAM and MCTS. Scale bar is 100 μm.

As expected, normal CAM regions showed very low amount or no luminescence of
UCNPs-mAb (Fig. 9 B), whereas targeted luminescence of UCNPs-mAb was only
observed in the transition zone from the CAM into the MCTS (Fig. 9 C). Low
ﬂuorescence was detected from surrounding tissue, resulting in a high contrast
between targeted MCF-7 cells and surrounding tissue. On the contrary, from
histological examination of MCTS administrated with non-functionalized UCNPs,
only very little amount of upconversion luminescence was observed in MCTS.

Conclusions
In conclusion, NaYF4:Yb,Er upconversion nanoparticles have been successfully
functionalized and employed for targeted labeling of cancer at an early stage in the
CAM model. PAA coated UCNPs were synthesized by a two-step ligand exchange
method, and functionalized with ER-α monoclonal antibodies to obtain UCNPsmAb conjugates. In vitro research revealed that the UCNPs-mAb conjugates have
no signiﬁcant cytotoxicity on mammalian cells, and can specifically label in the
MCF-7 breast cancer cells rather than normal cells. The cellular viability was higher
than 90% even at relatively high concentration (100 μg/mL) of UCNPs-mAb. The 3dimensional MCTS (~500 µm) transplanted CAM model has been developed as an
early stage tumor model to study the in vivo labeling properties of UCNPs-mAb.
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Intravital microscope imaging demonstrated that intravenously injected UCNPsmAb conjugates have high specificity in labeling the breast cancer. Our work
suggests that UCNP-mAb, in combination with CAM, offers new possibilities for
early cancer research.
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General discussion
The detection of early neoplasia in Barrett’s esophagus (BE) is challenging. With
this thesis we explored several luminescence imaging and spectroscopy methods
to improve the detection of these pre-cancerous lesions.

In-vivo autofluorescence imaging
When the first studies on autofluorescence imaging (AFI) in BE appeared in
literature, the results shown were very promising [1]. However, with ongoing
research and multi-center studies, the value of AFI turned from an initial standalone diagnostic tool into a red-flag tool which may only have an additional value
when used in combination with white-light endoscopy (WLE) and narrow-bandimaging (NBI). The second generation devices, based on AFI (AFI-II), combining
high-resolution white-light endoscopy, broad-band blue light AFI and NBI, detected
significant more lesions than standard video endoscopy but did not show a
significant improvement when compared with the combination of standard video
endoscopy and random biopsies [2]. Therefore, a third generation (AFI-III) was
developed in which the illumination in AFI mode was modified to narrowed
wavelength bands to target alterations in the metabolism of fluorescent NADH
(reduced nicotinamide adenine dinucleotide) and FAD (flavin adenine
dinucleotide) [3].
In Chapter 2 we compared the clinical performance of the AFI-III system (narrow
band excitation wavelengths, λexc, of 380 and 405 nm) to both the predecessor AFIII (broadband excitation wavelength, λexc, ranging from 390 to 470 nm) and to WLE.
Both endoscopes (AFI-II and AFI-III) were used in a single procedure on 45
patients with confirmed diagnosis of early cancer (EC), high-grade intraepithelial
neoplasia (HGIN), low-grade intraepithelial neoplasia (LGIN) or non-dysplastic BE
(NDBE). The number of patients and lesions with HGIN/EC detected with AFI-II
and AFI-III almost doubled compared to WLE. However, the false positive (FP) rate
was also high with 86 % for AFI-II and AFI-III. Reinspection with WLE or NBI
reduced the FP-rate to 21 % and 22 % but misclassified 54 % and 31 % of the
HGIN/EC-lesions as unsuspicious, respectively. These results show that NBI is
more suitable for reinspecting AFI positive lesions compared to WLE. In
conclusion, AFI-III improves the targeted detection of HGIN/EC in BE compared to
WLE. However, the results do not suggest that AFI-III performs significantly better
than AFI-II.
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In-vivo autofluorescence spectroscopy
Autofluorescence spectroscopy was used to find the optimal excitation and
emission wavelengths for early neoplasia detection in BE with the ultimate aim to
increase the performance of AFI and point spectroscopy. Ideally, point
spectroscopy, when integrated in a regular biopsy forceps can then guide biopsies
in real-time. In Chapter 3 we evaluated such an optical biopsy system (OBS, with
λexc = 405 nm) which eventually may provide an easy-to-use endoscopic tool during
BE surveillance [4]. In total 245 areas (suspicious and non-suspicious for
neoplasia) in 47 BE patients were endoscopically investigated with the OBS,
followed by a correlating physical biopsy. Spectra were correlated with the
histology outcome and an algorithm, based on smoothed linear discriminate
analysis, was constructed to optimize the discriminative power between HGIN/EC
and NDBE. Sensitivity and specificity of the OBS alone were 81 % and 58 %,
respectively. When OBS was combined with the visual assessment of the
endoscopist, sensitivity was 91 % and specificity 50 %. If this protocol would have
guided the decision to obtain biopsies, half of the biopsies would have been
avoided. On the other hand, 4 out of 43 (9 %) areas containing HGIN/EC would
have been inadvertently classified as unsuspicious. In conclusion, the OBS showed
good sensitivity but suffers specificity in discriminating HGIN/EC from NDBE. So
far, the problem with the low specificity remains. In literature it was described that
by using more than one excitation wavelength (double excitation) and applying
double ratioing, the specificity can be increased thereby improving the
discriminative power.
In Chapter 4, we developed and evaluated a spectroscopy system [5] utilizing five
(ultra)violet light sources (λexc = 369, 395, 405, 410, 416 nm) to assess the optimal
excitation/emission wavelength(s) for the identification of premalignant lesions in
patients with Barrett’s esophagus and to find the optimal (double excitation) ratios.
At 58 areas in 23 patients, endoscopic autofluorescence spectroscopy was
performed followed by a biopsy for histological assessment and spectra correlation.
Three intensity ratios (r1, r2, r3) were calculated by dividing the area, A, under the
spectral curve of selected emission wavelength ranges for each spectrum
generated by each excitation wavelength λexc as follows r1λexc = (A560±5/A640±5),
r2λexc = (A495±5/A560±5) and r3λexc = (A495±5/A640±5). Furthermore, double intensity
ratios were calculated using two excitation wavelengths. Best results were obtained
using single excitation at 395 nm in combination with intensity ratio r3 to
discriminate non-dysplastic from early neoplasia in Barrett’s esophagus. The
fluorescence at 495 nm and 640 nm might be correlated to the presence of
collagen, elastin, NADH and porphyrins. The excitation wavelengths used in our
119
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study were selected based on availability thus the optimal wavelengths regarding
endogenous fluorophores might be different. A sensitivity of 80 % and specificity of
89 % was achieved. In our study, double excitation demonstrated no additional
value over single excitation. Single excitation showed improved specificity with
almost 90 % and could therefore potentially optimize the AFI-III system (Chapter 2)
by using excitation light of 395 nm and fluorescence detection at 495 nm and
640 nm instead of 380 and 405 nm excitation and detection from 450 to 570 nm,
which is the current setting.
Due to the limited value of in-vivo autofluorescence imaging and the moderate
results of autofluorescence spectroscopy we have combined those techniques with
exogenously administered tissue contrast enhancers, such as photosensitizers or
nanoparticles.

Enhanced tissue contrast
In Chapter 5 we validated the chorioallantoic membrane (CAM) model as a
preclinical tool to study intrinsic and exogenously induced fluorescence
characteristics of transplanted human Barrett’s tissue. Therefore, esophageal
biopsy specimens from Barrett’s patients were freshly grafted onto the CAM of
fertilized hen’s eggs to simulate the in-vivo situation. Compared to in-vitro cell
experiments, in our model the human tissue maintains the tissue architecture and
diversity present in patients. The BE biopsy specimens stayed between 1 and 9
days on the CAM to study the persistence of vitality. Fluorescence spectroscopy
was performed using the system described in Chapter 4 with one additional
wavelength, comprising now six excitation wavelengths (λexc = 369, 395, 400, 405,
410, 416 nm). Obtained autofluorescence spectra were compared with in-vivo
spectra of Chapter 4. Exogenous (topical) administration of 5-aminolevulinic-acid
to the biopsy specimens was followed by fluorescence spectroscopy at several
time points. Afterwards, the biopsy specimens were harvested and histologically
evaluated and classified. In total 128 biopsy specimens obtained from 34 patients
were grafted on the CAM. Biopsy specimens that stayed on average 1.7 days on
the CAM were still vital. Autofluorescence spectra of the specimens showed good
similarity with in-vivo spectra. Exogenously administered 5-aminolevulinic-acid to
the biopsy specimens was converted into Protoporphyrin-IX. As expected, the
Protoporphyrin-IX fluorescence increased with increasing excitation wavelengths.
This study showed that grafting freshly collected human BE biopsy specimens on
the CAM is feasible. Our results suggest that the CAM model can be used to study
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the fluorescence behaviour of human tissue specimens. Therefore, the CAM model
might be a preclinical research tool for new photosensitizers.
In Chapter 6 we used the CAM model to demonstrate the feasibility to detect early
stage cancer using upconversion nanoparticles (UCNPs) [6]. UCNPs, covalently
functionalized with monoclonal antibody (UCNPs-mAb) of estrogen receptor alpha
(ER-α) showed good cellular compatibility and high specificity to human breast
cancer MCF-7 cells. To study the in vivo targeting behavior of UCNPs-mAb, MCF-7
multicellular tumor spheroids (MCTSs) were transplanted onto the CAM to serve as
an early stage tumor model. After the systematically administration (via
intravenously injection) of UCNPs-mAb conjugates, intravital imaging showed that
the nanoconjugates extravasated from the blood vessels to specifically label the
MCTS. The histological study showed specific labeling of UCNPs-mAb conjugates
in the transplanted MCTS. Our research highlights the potential of the in vivo use of
UCNPs-mAb to detect cancer at an early stage. The limiting factor of UCNPs is
that their usage in humans is not yet approved. Further studies are needed to
validate our findings.

Future perspectives
Today’s gold standard for cancer diagnosis is based on subjective examination of
ex-vivo stained biopsy tissue with white light microscopy. New clinical tools for in
vivo, early diagnosis are needed. Optical imaging can be performed in real time, is
inexpensive, portable and has high spatial resolution to image molecular targets
and morphology. A limitation of optical imaging and spectroscopy is the relative low
penetration depth in tissue due to scattering and absorption. On the other hand
these optical methods may be an optimal tool for early cancer detection and
identification in the superficial tissue layers.

Extrinsic contrast
We clearly showed the limitations of endoscopic autofluorescence imaging (AFI).
Therefore, further optimization by combining AFI with selective in-vivo fluorescence
staining of molecular biomarkers might be a promising future perspective. A
biomarker or a combination of biomarkers allows objective identification of high or
low risk of progression to cancer [7-11]. Pietro et al. showed that AFI positive
biopsies correlate significant with p53 and aneuploidy abnormalities independently
of dysplasia [12]. Over-expression of p53 and aneuploidy abnormalities are risk
factors for subsequent neoplastic progression in BE [13]. Another option is
121

7

7

Discussion & Future perspectives
fluorescence guided sampling with brush or sponge cytology. In two studies of
Rygiel et al., brush cytology specimens were assessed with multicolor DNA
fluorescence in-situ hybridization (FISH) to detect genetic abnormalities such as
mutation, gene losses and ploidy changes [14,15]. FISH detected high-grade
dysplasia or esophageal adenocarcinoma with 85 % sensitivity and 84 % specificity
[14]. So far, this biomarker research is independent from endoscopic imaging.
Combining those two research fields could help identifying risk factors and patients
at an early stage allowing early diagnosis and intervention.
Peptides are novel molecular probes which can be coupled to a fluorescent label to
identify cell surface targets in BE. Li et al. investigated, ex vivo, an affinity peptide
that specifically binds to esophageal dysplasia in BE [16]. Bird-Lieberman et al.
sprayed fluorescent labelled lectin probes onto the mucosal surface and visualized
those using currently available fluorescence endoscopes (λexc = 395-475nm) in an
ex-vivo setting [17]. Those lectin probes showed a significant reduced binding, thus
fluorescence, in dysplasia and are therefore a negative contrast agent. Another
approach is the combination of fluorescent probes with near infrared imaging.
Habibollahi et al. custom made a dual-channel, white light and near infrared
(λexc = 750 nm), upper GI endoscope system [18]. In a murine model they showed
protease sensitive imaging for esophageal adenocarcinoma foci identification [18].
So far, biomarkers are promising but are not yet clinically implemented.
Validation/safety studies and then in-vivo studies in humans are needed to move
this field forward.
Upconversion nanoparticles (UCNPs) have been used in imaging, therapy, drug
delivery and bioassays [19] and showed biocompatibility in cells and small animals.
Advantages are the weak interaction with proteins, almost no effect on the immune
system, and no photo bleaching as well as an easy to modify surface. The very low
quantum yield of about 0.5 % is still acceptable because the anti-Stokes emission
allows luminescence imaging without the interference with cell autofluorescence.
On the other hand, this low luminescence efficiency causes the need of a high
power density laser as excitation source which possible damages tissue. Recently,
it was shown that coating UCNPs with silver increased brightness up to 30fold [20]. Limited studies were performed on the toxicity of UCNPs. To date, it is
known that injected UCNP accumulate in the liver and spleen and require a very
long time to be cleared. Furthermore, controlling the size of UCNPs and with that
the emission and excitation spectra is still a challenge [21]. Other nanoparticles
such as gold nanoparticle clusters, dye doped porous silicas, and possibly also
carbon dots (C-dots) are well suited for imaging and therapy [22]. For targeted
imaging of intracellular proteins metal chalcogenide quantum dots (Q-dots) have
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been used in the past [23]. Nowadays interest lies in UCNPs and C-dots. C-dots do
not need to be doped or labelled, can be single-photon and multi-photon excited
and are of upconversion or down conversion type. Another advantage is that their
emission wavelength can be tuned and the quantum yield ranges from 5 to 30 %
[22]. On the downside, the fluorescence is pH-dependent and quenches by iodide
[24]. Furthermore, fluorescence intensity fluctuations (“blinking”) were reported
[25]. Functional surface modification on C-dots is more difficult compared to Q-dots
and UCNPs. Numerous other materials have been investigated [22] and the
application of nanoparticles in the medical field is just at the beginning. Current
limitations such as the low luminescence efficiency, long-term stability, biodistribution and toxicity need to be improved and/or investigated before clinical
experiments can be initiated.

Intrinsic contrast
Spectroscopy can be performed in many ways. Autofluorescence spectroscopy has
the advantage that it uses intrinsic tissue components and does not need external
stimulation such as the administration of contrast agents. Other spectroscopic
techniques are elastic scattering spectroscopy [26-28] and Raman spectroscopy
[29-31]. Raman spectroscopy is based on inelastic light scattering and has recently
demonstrated its potential to target dysplasia in BE patients in real-time with a
diagnostic sensitivity of 87 % and specificity of 85 % [29]. Elastic scattering, which
is the dominant interaction between light and tissue, can be used for the
characterization of morphologic structures, size and distribution of cells.
Furthermore, by analysing the back-scattered light, absorption signatures induced
e.g. by blood can be obtained [32, 33]. These light scattering data has previously
been used as biomarker for the detection of dysplasia in Barrett’s esophagus [27,
28, 34]. Light scattering spectroscopy might also be able to detect the field of
carcinogenesis, which assumes a genetic/environmental milieu that affects an area
beyond the neoplastic lesion with initial changes towards carcinogenesis [35, 36].
Assuming the field of abnormalities, also called field defect of carcinogenesis, is
larger than the actual dysplasia this finding might explain the large false positive
value in AFI. Then the high number of false positive areas might be an indication
for an early progression towards dysplasia. Autofluorescence lifetime imaging
(FLIM) and spectroscopy (FLS) uses the unique fluorescence decay of each
fluorophore to create contrast [37, 38]. In cancerous colon tissue the fluorescence
lifetime at 397 nm excitation and 635 nm detection was longer compared to normal
colon tissue, which was attributed to protoporphyrin IX (PpIX) which accumulates in
neoplasia [39]. The first study in Barrett’s esophagus using FLS (337 nm and
400 nm excitation) achieved a sensitivity and specificity of  60 % and with that
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performed slightly worse than steady-state fluorescence spectroscopy [40]. FLIM
endoscope prototypes are under development and the next steps are in-vivo
studies. Autofluorescence lifetime imaging and spectroscopy needs further
improvement and clinical studies in order to compete with existing technologies.
Optical frequency domain imaging (OFDI) [41] which is an improved version of
optical coherence tomography (OCT) is already in the clinical validation phase.
This high speed, high resolution imaging technique captures back scattered light
from superficial tissue layers and structures with approximately 10 μm resolution in
depth and scans over a distance of a few centimeter and is therefore a 3-D imaging
technology. The imaging depth is around a few millimeter which is sufficient for the
detection of neoplasia [42]. OFDI has also shown its value to detect buried BE after
ablation therapy [43]. Further analysis of the OFDI back-scattered signals allows
the quantification of intrinsic optical properties of the tissue as scattering coefficient
[44]. The extracted attenuation coefficient may act as a biomarker for structural and
biochemical changes in neoplasia detection [45, 46].
New developments in light sources led to a simultaneous dual-band OCT system,
which improves imaging contrast [47]. In the future this imaging scheme will be
evaluated for the detection of dysplasia in BE. Furthermore, OFDI can be
combined with a second laser to generate fluorescence. In that case, a 3-D map
can be made of both the morphology of the tissue and the corresponding detected
fluorescence [48]. OFDI can also be combined with fluorescence and Raman
spectroscopy and endoscopic ultra sound imaging (EUS) simultaneously in one
catheter probe [49].
The biopsy forceps with incorporated optical probe, as presented in Chapter 3, can
potentially also been integrated with other probes such as for Raman
spectroscopy, multi-wavelength fluorescence spectroscopy and OFDI. The
combined use of optical guided biopsies and biomarker analysis on these biopsy
tissues is a great future perspective.
In summary, in this thesis we focused on the improvement of the detection and
identification of early cancer in BE in real-time in-vivo. We evaluated new
autofluorescence imaging and spectroscopy technologies in patients. We
discovered the challenges of in-vivo autofluorescence imaging and we evaluated
an optical biopsy system that was incorporated into a biopsy forceps. We
discovered the optimal excitation and emission wavelengths of our
autofluorescence spectroscopy system for early neoplasia identification in patients
with BE. Furthermore, we showed in a pre-clinical approach the usage of
exogenously induced photosensitizer to enhance tissue contrast in BE. At last, we
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showed in a pre-clinical setting how functionalized upconversion nanoparticles
target adenocarcinoma cells in-vivo and enhances the imaging contrast. Our
results are important findings for improving the next generation of imaging and
spectroscopy devices.
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Appendix - Summary

Luminescence imaging and spectroscopy
for the detection of early neoplasia in
Barrett’s esophagus
The regular surveillance of patients with Barrett’s esophagus gives the opportunity
to study its origin and progression towards cancer. Due to the easy accessible
nature of the esophagus and the increase in new diagnosed patients, this research
field is advancing at high speed and in a broad range. With this thesis we explored
new luminescence imaging and spectroscopy methods to improve the detection of
early neoplasia in Barrett’s esophagus (BE).
In Chapter 2 a third generation autofluorescence imaging endoscope (AFI-III) with
three autofluorescence modes was compared to both the predecessor AFI system
(AFI-II) with one mode and to standard white-light endoscopy. Because the newest
generation AFI endoscope specifically targets fluorescence in malignant cells, it
may improve the detection of early neoplasia and reduce the false-positive rate.
Thereto, a clinical study was performed in which 45 BE patients with
endoscopically inconspicuous neoplasia underwent two diagnostic endoscopies
with AFI-II and AFI-III in a single session. The number of patients and lesions with
high grade intraepithelial neoplasia (HGIN) and/or early cancer (EC) detected with
AFI-II and AFI-III almost doubled compared to white-light endoscopy. However, the
false positive (FP) rate was also high with 86 % for AFI-II and AFI-III. Reinspection
with white-light endoscopy or narrow-band imaging (NBI) reduced the FP-rate to
21 % and 22 % but misclassified 54 % and 31 % of the HGIN/EC-lesions as
unsuspicious, respectively. These results show that NBI is more suitable for
reinspecting AFI positive lesions compared to white-light endoscopy. In conclusion,
AFI-III improves the targeted detection of HGIN/EC in BE compared to white-light
endoscopy. However, the results do not suggest that AFI-III performs significantly
better than AFI-II.
To further improve the early detection of neoplasia in BE and to reduce the amount
of unnecessary taken biopsies, we used autofluorescence spectroscopy.
Autofluorescence spectroscopy, when integrated in a regular biopsy forceps, can
guide biopsies in real-time. In Chapter 3 we evaluated such an optical biopsy
system (OBS, with λexc = 405 nm), which eventually may provide an easy-to-use
endoscopic tool during BE surveillance. In total 245 areas (suspicious and nonsuspicious for neoplasia) in 47 BE patients were endoscopically investigated with
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the OBS. Sensitivity and specificity of the OBS alone were 81 % and 58 %,
respectively. When OBS was combined with the visual assessment of the
endoscopist, sensitivity was 91 % and specificity 50 %. If this protocol would have
guided the decision to obtain biopsies, half of the biopsies would have been
avoided. On the other hand, 4 out of 43 (9 %) areas containing HGIN/EC would
have been inadvertently classified as unsuspicious. In conclusion, the OBS showed
good sensitivity but suffers specificity in discriminating HGIN/EC from BE.
To determine the optimal excitation and emission wavelengths for the detection of
premalignant lesions, we built and evaluated a spectroscopy system utilizing five
excitation wavelengths (λexc = 369, 395, 405, 410, 416 nm) in Chapter 4. At 58
areas in 23 patients, endoscopic autofluorescence spectroscopy was performed
followed by a biopsy for histological assessment and spectra correlation. Three
intensity ratios were calculated for each spectrum. Best results were obtained
using single excitation at 395 nm in combination with the intensity ratio at 495 nm
and 640 nm emission, which might be correlated to the presence of collagen,
elastin, reduced nicotinamide adenine dinucleotide (NADH) and porphyrins. A
sensitivity of 80 % and specificity of 89 % was achieved. Our findings could
potentially be used to optimize the AFI-III system used in Chapter 2.
Due to the limited value of in-vivo autofluorescence imaging and the moderate
results of autofluorescence spectroscopy we have combined those techniques with
exogenously administered tissue contrast enhancers, such as photosensitizers or
nanoparticles. In Chapter 5 we validated the chorioallantoic membrane (CAM)
model as a preclinical tool to study intrinsic and exogenously induced fluorescence
characteristics of transplanted human Barrett’s tissue. In total 128 biopsy
specimens obtained from 34 patients were grafted on the CAM. Biopsy specimens
that stayed on average 1.7 days on the CAM were still vital. Autofluorescence
spectra of the specimens showed good similarity with in-vivo spectra. Exogenously
administered 5-aminolevulinic-acid to the biopsy specimens was converted into
Protoporphyrin-IX. As expected, the Protoporphyrin-IX fluorescence increased with
increasing excitation wavelengths. Our results suggest that the CAM model might
be a preclinical research tool for new photosensitizers.
In Chapter 6 we used the CAM model to demonstrate the feasibility to detect early
stage cancer using upconversion nanoparticles (UCNPs). UCNPs, covalently
functionalized with monoclonal antibody (UCNPs-mAb) of estrogen receptor alpha
showed good cellular compatibility and high specificity to human breast cancer
MCF-7 cells. To study the in vivo targeting behavior of UCNPs-mAb, MCF-7
multicellular tumor spheroids (MCTSs) were transplanted onto the CAM to serve as
an early stage tumor model. After the systematically administration of UCNPs-mAb
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conjugates, intravital imaging showed that the UCNPs-mAb extravasated from the
blood vessels to specifically label the MCTS. The histological study showed
specific labeling of UCNPs-mAb conjugates in the transplanted MCTS. Our
research highlights the potential of the in vivo use of UCNPs-mAb to detect cancer
at an early stage.
In Chapter 7 we discussed the results of the previous chapters and their impact on
the research field. Furthermore, we gave an outlook at promising future
technologies and methods based on intrinsic and extrinsic contrast.
Autofluorescence imaging, for example, could be optimized by combining it with
biomarkers. The guidance of biopsies and the identification of dysplasia in BE
might be enhanced using multi-wavelength fluorescence spectroscopy. Other
spectroscopic methods, such as in-elastic and elastic light scattering, could
potentially detect the field of carcinogenesis, which may be used to explain the
large area of suspicious lesions in BE at autofluorescence imaging. Moreover, the
fluorescence information could be combined with morphological/structural tissue
information using high resolution 3-D optical frequency domain imaging with an
integrated laser for fluorophore/biomarker excitation. We also discussed the
potential and limitations of upconversion nanoparticles, gold nanoparticles, carbon
dots (C-dots) and quantum dots (Q-dots).
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Detectie van vroege neoplasie in een Barrettslokdarm door middel van luminescentie
beeldvorming en spectroscopie
Bij Barrett-slokdarm (BS) is een deel van de wand van de slokdarm bekleed met
een slijmvlies, wat de kans op neoplasie vergroot. Neoplasie is een voorstadium
van kanker dat wordt gekenmerkt door het ontstaan van goedaardige of
kwaadaardige gezwellen. Reguliere controle van patiënten met BS biedt de
mogelijkheid om de oorsprong en de ontwikkeling van slokdarmkanker te
bestuderen. De goede toegankelijkheid van de slokdarm en de toename van
patiënten die zijn gediagnosticeerd met BS hebben tot een sterke groei van dit
onderzoeksveld geleid. In dit proefschrift hebben we nieuwe luminescentie
beeldvorming en spectroscopie methoden verkend om de detectie van vroege
neoplasie bij BS te verbeteren.
In Hoofdstuk 2 hebben we een nieuwe autofluorescentie endoscoop (AFI-III) met
drie fluorescente kanalen vergeleken met een ouder systeem (AFI-II) met één
fluorescent kanaal alsmede met een standaard wit licht endoscopie (WLE). De
nieuwe endoscoop is specifiek ontwikkeld voor de detectie van fluorescentie van
kwaadaardige cellen en kan daarom de detectie van vroege neoplasie verbeteren.
Daartoe hebben we een klinische studie uitgevoerd, waarbij we beide endoscopen
hebben toegepast op 45 BS patiënten met onopvallende neoplasie. Vergeleken
met WLE detecteerden AFI-II en AFI-III twee keer zoveel patiënten en laesies met
een hoge graad van intra-epitheliale neoplasie (HGIN) en/of kanker in een vroeg
stadium (KVS). Het aantal vals positieven (VP) was met 86 % echter hoog voor
AFI-II en AFI-III. Een vervolgmeting met WLE of narrow band imaging (NBI)
reduceerde de VP ratio naar respectievelijk 21 % en 22 %, maar classificeerde in
respectievelijk 54 % en 31 % van de gevallen HGIN/KVS-laesies ten onrechte als
onverdacht. Dit betekent dat NBI geschikter is dan WLE voor vervolgmetingen van
AFI positieve laesies. In conclusie, ten opzzichte van WLE verbetert AFI-III de
gerichte opsporing van HGIN/KVS bij BS patiënten, maar AFI-III presteert niet
significant beter dan AFI-II.
Voor verdere verbetering van de vroege opsporing van neoplasie bij BS en om het
aantal onnodige biopsieën te reduceren, hebben we autofluorescentie
spectroscopie toegepast. Als autofluorescentie spectroscopie wordt geïntegreerd in
een normale biopsietang, dan zou dit real-time ondersteuning kunnen bieden bij
het nemen van biopsieën. In Hoofdstuk 3 evalueren we een dergelijk optisch
biopsiesysteem (OBS, met λexc = 405 nm), welke in potentie eenvoudig gebruikt
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zou kunnen worden bij de reguliere controle van BS. Daartoe hebben we 245
endoscopisch verdachte en onverdachte locaties in 47 patiënten onderzocht met
OBS. Voor OBS alleen vonden we een gevoeligheid van 81 % en een specificiteit
van 58 %. Voor OBS in combinatie met de visuele beoordeling van de endoscopist
vonden we een gevoeligheid van 91 % en een specificiteit van 50 %. Als dit
protocol zou zijn toegepast voor de besluitvorming over het nemen van een
biopsie, dan zou het aantal biopten met de helft gereduceerd zijn. Echter, dan
zouden tevens 4 van de 43 (9 %) gebieden met HGIN/KVS foutief als onverdacht
geclassificeerd worden. In conclusie, OBS toont een goede gevoeligheid maar
heeft niet de specificiteit om HGIN/KVS van BS te kunnen onderscheiden.
Om de optimale excitatie en emissie golflengtes voor de detectie van premaligne
laesies te bepalen, hebben we in Hoofdstuk 4 een spectroscopie systeem met 5
excitatie golflengten (λexc = 369, 395, 405, 410, 416 nm) gebouwd en geëvalueerd.
Daartoe hebben we endoscopische autofluorescentie spectroscopie toegepast op
58 locaties in 23 patiënten. De endoscopie werd gevolg door een biopsie voor een
histologische evaluatie en voor een vergelijking van het autofluorescentie
spectrum. Voor elk spectrum werden drie intensiteitsverhoudingen berekend. De
beste resultaten werden verkregen met 395 nm excitatie in combinatie met de
intensiteitsverhouding van emissie op 495 nm en 640 nm. Deze emissie
golflengten kunnen worden gerelateerd aan de aanwezigheid van collageen,
elastine, verminderde nicotinamide adenine dinucleotide (NADH) en porfyrinen. We
vonden een gevoeligheid van 80 % en specificiteit van 89 %. Onze bevindingen
kunnen in potentie worden gebruikt om het AFI-III systeem (Hoofdstuk 2) verder te
optimalisieren.
Vanwege de beperkte meerwaarde van in-vivo autofluorescentie beeldvorming en
de matige resultaten van autofluorescentie spectroscopie, hebben we deze
technieken gecombineerd met exogeen toegediende contrastmiddelen, zoals
fotosensibilisatoren of nanodeeltjes. In Hoofdstuk 5 hebben we een chorioallantois
membraan (CAM) model voor het bestuderen van intrinsieke en exogeen
geïnduceerde fluorescentie van getransplanteerd menselijke BS weefsel
gevalideerd. Daartoe hebben we 128 biopsies van 34 patiënten op de CAM
aangebracht. Biopsies die gemiddeld 1,7 dagen op de CAM zaten bleven vitaal.
Autofluorescentie spectra van de biopsies vertoonden een goede overeenkomst
met in-vivo spectra. Verder zagen we dat 5-aminolevulinezuur, dat exogeen werd
toegediend aan de biopsies, werd omgezet in protoporfyrine IX. Zoals verwacht,
nam de fluorescentie van protoporfyrine IX toe met toenemende golflengten. Onze
resultaten suggereren dat het CAM model een veelbelovende preklinische
onderzoeksmethode voor het testen van nieuwe fotosensibilisatoren is.
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In hoofdstuk 6 hebben we het CAM model gebruikt om de haalbaarheid van de
detectie van kanker in een vroeg stadium aan te tonen. Hierbij hebben we gebruikt
gemaakt van op-converterende nanodeeltjes bedekt met monoklonale
antilichamen (OCNDs-Al). Het antilichaam van de oestrogeen receptor alfa toonde
een goede cellulaire compatibiliteit en hoge specificiteit voor menselijke
borstkanker cellen van het type MCF-7. Om het in vivo gedrag van OCNDs-Al te
bestuderen, hebben we bolvormige multicellulaire MCF-7 tumoren (BMMT)
getransplanteerd op een CAM model. Met behulp van microscopie zagen we dat
na de systematische toediening van OCNDs-Al, de OCNDs-Al de bloedvaten
verlaten om vervolgens de BMMT specifiek aan te kleuren. We hebben deze
specifieke binding vervolgens bevestigd met histologie. Ons onderzoek wijst op de
toepassingen van OCNDs-Al bij in vivo studies naar kanker in een vroeg stadium.
In hoofdstuk 7 hebben we de resultaten van de voorgaande hoofdstukken en hun
invloed op het vakgebied bediscussieerd. Verder gaven we een vooruitblik op
veelbelovende toekomstige technologieën en methoden die zijn gebaseerd op
intrinsieke en extrinsieke contrastmiddelen. Autofluorescentie beeldvorming zou
bijvoorbeeld kunnen worden geoptimaliseerd door de combinatie met biomarkers.
Ondersteuning bij het nemen van biopten en de identificatie van dysplasie in BS
kan worden verbeterd met behulp van multi-golflengte fluorescentie spectroscopie.
Andere spectroscopische methoden, zoals in-elastische en elastische
lichtverstrooiing, zouden in potentie veranderingen van het weefsel rond tumoren
kunnen meten, wat wellicht het grootte oppervlak van verdachte laesies in BS,
zoals gemeten van autofluorescentie beeldvorming, zou kunnen verklaren. Verder
kan fluorescentie worden gecombineerd met informatie over de morfologie en
structuur van het weefsel met behulp van hoge resolutie optische coherentie
tomografie met een geïntrigeerde laser voor de excitatie van fluorescentie.
Tenslotte hebben we de mogelijkheden en beperkingen van OCNDs-Al, gouden
nanodeeltjes, carbon dots (C-dots) en quantum dots (Q-dots) bediscussieert.
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2011, 2012

1.2

2012

1.5

2012, 2013

2.0

3 oral presentations
DDW Orlando, USA

1.5
2013

2 poster presentations

1.0
1.0

Mentoring
PhD consultant for foreign students
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2013, 2014

1.0
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