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SUMMARY AND CONCLUSIONS 
Esophageal cancer is a high-incidence cancer type and among the major causes of 

cancer-related deaths [1]. The early detection and endoscopic treatment of 

(pre)malignant lesions of esophageal cancer significantly improve disease outcomes 

of patients [2, 3]. However, the high-definition white-light endoscopy followed by 

random biopsy is reported with a non-ignorable miss rate [4, 5]. The development of 

advanced endoscopic techniques, such as fluorescence molecular endoscopy (FME) 

and endocytoscopy, can aid endoscopists in diagnosing early (pre)malignant lesions 

in vivo. FME realizes wide-field molecular imaging under endoscopy, which serves as 

a red flag technique for endoscopists by fluorescently highlighting the disease-specific 

molecules [6]. Endocytoscopy is a pin-point imaging technique that provides 

endoscopists with magnified optical cellular morphology and subcellular 

characteristics, referred to as an optical biopsy [7]. 

 

Patients not diagnosed and treated at an early stage with endoscopy must undergo 

(neo)adjuvant chemoradiotherapy and/or surgery [8]. For those patients treated with 

neoadjuvant chemoradiation followed by surgery, the re-staging after chemoradiation 

aims to identify the pathological complete responders who may not need extensive 

surgery. However, this is currently not feasible due to the limitations of existing imaging 

modalities used in clinics [9, 10]. Therefore, implementing a wait-and-see policy for 

the pathological complete responders is partly hurdled by the shortage of precise re-

staging techniques. FME shows promise in evaluating pathologic response after 

neoadjuvant chemoradiotherapy (nCRT) by targeting tumor-specific biomarkers [11]. 

In Chapter 1, the incidence, risk factors, definition, histopathology, diagnosis, 

treatment, and prognosis of esophageal cancer are generally introduced. The 

endoscopy-related clinical challenges of esophageal cancer are also briefly described, 

besides the aim and outlines of this thesis. 

 

In Chapter 2, we described the advantages and limitations of both conventional and 

advanced endoscopic techniques for imaging Barrett's neoplasia. Dye-based 

conventional chromoendoscopy enhances the imaging contrast by spraying non-

targeted dyes such as methylene blue, acetic acid, or indigo carmine on the surface 

mucosa of the esophagus. In contrast, virtual chromoendoscopy modalities, including 
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narrow banding imaging (NBI), I-SCAN, and flexible spectral imaging color 

enhancement (FICE), are dye-free. The differentiation is provided by modifying the 

illumination light or digitally processing the reflected light. Besides chromoendoscopy, 

another wide-field imaging technique frequently studied in detecting Barrett's 

neoplasia is volumetric laser endomicroscopy (VLE). By circumferentially scanning the 

esophagus at high speed, VLE collected cross-sectional layering structures. However, 

the bankruptcy of the VLE manufacturer NinePoint Medical stopped the research and 

application of the VLE system. FME seems promising for wide-field highlighting of the 

cancer-specific molecules to differentiate dysplasia and early-stage tumor lesions from 

benign tissue. Besides the wide-field imaging techniques, the pin-point magnification 

technique called confocal laser endomicroscopy (CLE) was also discussed in this 

chapter. CLE-guided biopsy presented insufficient performance to replace standard 

random biopsy. Besides the hardware improvements, computer-aided detection (CAD) 

of endoscopic images booked impressive progress in recent five years. Although 

implementing the first real-time CAD to detect Barrett's esophagus (BE) neoplasia in 

vivo showed promising sensitivity and specificity, further optimization in larger training 

sets and validation in large multicenter cohorts are required. 

 

Due to the shortage of specific biomarkers suitable for fluorescence molecular imaging 

of esophageal cancer at an early stage, the identification of FME-suitable targets 

specific for esophageal squamous cell carcinoma (ESCC) or esophageal 

adenocarcinoma (EAC) was performed in Chapter 3 and Chapter 4, respectively. A 

bioinformatics algorithm named functional genomic mRNA (FGmRNA) profiling was 

applied. FGmRNA profiling can correct the non-genetic noise in the raw mRNA data 

and get the more biological relevant genetic information, named FGmRNA profiles. By 

comparing the FGmRNA profiles of ESCC vs. normal esophagus (Chapter 3), and 

EAC vs. BE (Chapter 4), upregulated genes in ESCC compared to the normal 

esophagus or in EAC compared to BE were identified. After further literature search 

and experimental validation, in Chapter 3, we found GLUT1 as the most promising 

FME-suitable biomarker to differentiate ESCC from the normal esophagus. 2-DG 

800CW targeting GLUT1 also showed promising sensitivity and specificity to detect 

ESCC early after spraying fresh biopsies ex vivo. In Chapter 4, four markers, including 

SULF1, PRKCi, SPARC, and DDR1, showed significant differentiation between 

dysplastic BE and non-dysplastic BE. The novel near-infrared (NIR) tracers SULF1-
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800CW and SPARC-800CW both show promising potential to be applied in FME for 

the early detection of BE neoplasia. 

 

FME also shows promising results in tumor re-staging after nCRT [11]. As the current 

re-staging techniques of EAC have insufficient sensitivity or specificity to detect 

complete pathological responders [9, 10], in Chapter 6, we performed a safety and 

dose-escalation study to evaluate if bevacizumab-800CW guided FME could detect 

the complete pathological responders after nCRT in patients with locally-advanced 

EAC. The intravenous administration of 4.5 mg, 10 mg, and 25 mg bevacizumab-

800CW is proved safe in these patients and showed a clear dose-response. Both 10 

mg and 25 mg showed a better signal-to-background ratio (SBR) in vivo than 4.5 mg. 

As the SBR of 25 mg is not significantly improved compared to 10 mg, 10 mg is 

considered the optimal dose. However, high fluorescence signal and high vascular 

endothelial growth factor (VEGF) expression were seen in the patients with pathologic 

complete response or complete remission in the primary tumor site. We concluded 

that bevacizumab-800CW guided FME targeting VEGF is safe but not optimal for 

evaluating pathologic complete responders in patients with locally-advanced EAC. 

 

In the last five years, significant progress has been made in implementing CAD in BE 

neoplasia. A CAD system with a BE neoplasia's detection and delineation capability 

comparable to that of BE experts was developed [12]. A real-time CAD system was 

also tested in vivo, presenting the promising potential to assist the endoscopists in 

diagnosing BE neoplasia [13]. But the abovementioned studies are based on the 

comparison between the independent CAD assessment and the independent human 

assessment [12, 13]. None of the CAD systems in BE neoplasia were studied in a 

clinician-computer cooperation mode. To explore the interaction between clinicians 

and CAD, in Chapter 5, the classification criteria were first developed based on in vivo 

images of fourth-generation endocytoscopy with BE tissue. Based on these criteria, 

an online training module for clinicians was built. Meanwhile, the CAD algorithm was 

trained and tested. Involved gastroenterologists were separated into two groups, one 

group with CAD assessment as a reference and the other without. The performance 

of these two groups of gastroenterologists was compared before training, after training 

with the online module, and at follow-up. We found similar performance of the 
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independent gastroenterologists after training to the performance of independent 

artificial intelligence (AI) algorithm. The performance of untrained gastroenterologists 

with AI support is also similar to that of independently trained gastroenterologists. But 

the diagnosis accuracy of independently trained gastroenterologists dropped by 

around 8% at follow-up. These three facts indicate that the supportive role of AI is 

comparable to repeated training. In addition, the best diagnostic performance was 

shown in trained gastroenterologists with AI as a second assessor, preceding that of 

independent AI or independently trained gastroenterologists. Therefore, we concluded 

that the cooperation of trained gastroenterologists with AI as a second assessor further 

improves BE neoplasia diagnosis based on endocytoscopic images. In addition, AI 

can reduce the training workload of gastroenterologists to interpret complex images, 

such as endocytoscopic images. 
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DISCUSSION AND FUTURE PERSPECTIVES 
Over the past decades, with the solid multidisciplinary collaborations between 

clinicians, technical physicians, pharmacists, biologists, and computer scientists, the 

field of endoscopic imaging is being revolutionized. Advanced endoscopic techniques 

such as fluorescence molecular endoscopy (Chapter 3, 4, 6) and endocytoscopy 

(Chapter 5) are gaining attention in clinics and research. Although there is clear 

progress — as shown in the preclinical and clinical studies in this thesis — further 

improvement is required to facilitate the clinical translation of these techniques. 

 

The FME system currently utilized in our group is probe-based, limiting the field-of-

view compared to an integrated endoscope (90 degrees vs. 120 degrees). The probe 

is inserted through the working channel of the endoscope. Therefore, a targeted 

biopsy to correlate the histology with fluorescence signal in vivo cannot be obtained 

due to the occupation of the working channel. An integrated FME endoscope should 

be developed to simultaneously obtain a biopsy, perform a therapeutic procedure, and 

measure fluorescence signals. 

 

Our current FME system visualizes the fluorescence signal within the NIR-I window 

(700 – 900 nm). Compared to the NIR-I, the NIR-II window (1000 – 1700 nm) has 

lower autofluorescence background and less scattering. Therefore, fluorescence 

imaging within the NIR-II window can achieve deeper tissue penetration and a higher 

signal-to-noise ratio than the NIR-I window [14]. One of the main hurdles in the clinical 

translation of NIR-II imaging is the shortage of FDA-approved fluorescence dyes. 

Although several inorganic and organic fluorophores are under investigation, 

challenges exist in biocompatibility, toxicity, quantum yields, stability, and preparation 

complexity [14]. Suo Y et al. developed a NIR-II fluorescence endoscopy system 

suitable for clinical translation. This system allows the simultaneous visualization of 

white-light images and overlaid fluorescence signals in real-time [15]. Despite the rapid 

increase in NIR-II optical imaging research, fluorescence molecular endoscopy within 

the NIR-II spectrum is still in its initial stage. FME within NIR-II wavelengths is 

apromising future direction to visualize the molecular information better. However, its 

clinical translation is currently impeded by the shortage of suitable probes and 

optimized imaging equipment. 
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The excitation source integrated into the current FME system is a conventional laser. 

With new probes, such as NIR-II and nanoparticle probes, other excitation sources are 

also under development, such as chemiluminescence, radio-luminescence, and 

afterglow imaging. Chemiluminescence excites NIR fluorophores in situ through the 

energy released from adjacent chemical reactions, thus reducing the background 

noise. Cerenkov photons, the excitation sources of radio-luminescence, have wide-

range wavelengths, simultaneously activating several NIR fluorophores for 

multispectral imaging. The NIR fluorophores can be excited ex vivo before 

administration with afterglow imaging as excitation sources, avoiding the 

autofluorescence noise [16]. Compared to the laser source, these novel excitation 

strategies could lower the background noise and increase the signal-to-noise ratio. 

However, their clinical translation is still in the primary stage, with several technical 

limitations, such as the instability and toxicity of afterglow imaging probes and the 

insufficient afterglow intensity and duration [17]. Cerenkov luminescence relies on 

radioactive probes, and its clinical translation is hampered by the relatively weak 

emission signal [18]. The complex synthesis of probes and the short duration of 

unrepeatable chemiluminescent reaction hindered chemiluminescence from wide 

application as the excitation source [19]. 

 

To realize the application of fluorescence molecular imaging in the clinic, another 

hurdle is the standardization of fluorescence imaging in different procedures and with 

other imaging systems. To benchmark and calibrate different systems, a 

comprehensive solid phantom was developed by a research group led by Vasilis 

Ntziachristos. This phantom is designed to concurrently assess manifold parameters, 

including the illumination homogeneity, image resolution, camera sensitivity, excitation 

light leakage, and fluorescence intensity alterations in response to optical properties 

[20]. This group is now in close collaboration with our group to develop and validate 

the second-generation cylindrical phantom suitable for the calibration of the FME 

system. The variations per imaging procedure and the parameters during in vivo 

endoscopic imaging, such as imaging distance to the surface mucosa, resolution, 

optimal gain, and exposure time, are evaluated with the second-generation phantom. 

Therefore, the utilization of phantoms allows the optimization of camera performance, 
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the evaluation of camera performance over time, and the comparison between 

different cameras of different FME systems. 

 

Besides upgrading the FME systems from a hardware perspective, the biochemical 

characteristics of fluorescence probes and the underlying biological mechanism 

should also be enhanced to optimize endoscopic fluorescence molecular imaging. In 

Chapter 3 and Chapter 4, by FGmRNA profiling, we searched for novel protein targets 

of FME to develop antibody-based NIR fluorescent probes. In Chapter 6, the 

bevacizumab-800CW probe is also antibody-based. There are various targeted 

probes for optical molecular imaging in development, generally divided into subclasses 

of antibodies, peptides, and small molecules. Antibody-based probes have high 

specificity and affinity and are easy to produce. However, antibody-based probes have 

the disadvantages of relatively high cost, immunogenicity, prolonged clearance and 

imaging intervals due to the large dimensions over 100 nm, and non-specific 

accumulation due to the enhanced permeability and retention effect [21]. Peptide-

based NIR probes, such as the c-Met binding EMI-137, show advantages of low 

immunogenicity, favorable biodistribution properties, and short imaging intervals. 

However, the conjugation is less amenable [6]. Small molecule NIR probes, such as 

folate targeted EC17 and OTL38, also show rapid uptake and faster clearance. But 

the small molecular size makes the conjugation of the molecule to the fluorophore 

more challenging [22]. Another way to improve the characteristics (stability, hydrophilia, 

and brightness) of targeted probes is through the encapsulation of fluorophores. The 

two frequently applied encapsulation strategies are PEGylation and nanoparticles [21]. 

Nanoparticle-based probes present excellent photostability, improved brightness, and 

multiplexed imaging potential. However, the manufacturing complexity, cost, poor 

biocompatibility, and toxicity impede the clinical translation of NIR nanoprobes. 

Although around 50 nanoparticle drugs are approved by the U.S. Food and Drug 

Administration (FDA), there is no FDA-approved NIR nanoprobe [16]. 

 

The performance of targeted NIR probes, which target specific molecules 

overexpressed in cancer cells, such as bevacizumab-800CW targeting VEGF, is 

influenced by the inter- and intratumor heterogeneity of molecular profiles [23]. A 

multiplexed fluorescence endoscopic system was recently developed by Chen J et al. 
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By simultaneously targeting EGFR and ErbB2 with this system, they showed 

promising results in detecting BE neoplasia in a Phase I pilot study [24]. A multispectral 

FME system that can concurrently detect multiple molecules is now under 

development by our group in collaboration with the Technical University of Munich, 

Germany. Recent research in molecular imaging has focused on the visualization of 

the tumor microenvironment, such as the enzyme-activatable NIR probe in response 

to tumor hypoxia [25]. An enzyme-responsive probe, namely 6QC-ICG, highlighted 

cancerous colon lesions from severe inflammation in a mouse model. 6QC-ICG is 

activated by cathepsins released by tumor-associated macrophages [26]. ONM-100, 

a PH-dependent probe whose activation relies on the acidic tumor microenvironment, 

showed promising delineation potential in esophageal cancer, breast cancer, head 

and neck cancer, and colorectal cancer in a Phase I pilot study [27]. One drawback of 

activatable probes is the diffusion of the probes in the tumor microenvironment 

compared to the specific tumor cell surface or intracellular localization of targeted 

probes. The diffusion pattern also challenges the ex vivo correlation of the 

fluorescence signal with the histology in formalin-fixed tissue. The activated 

fluorophores might be easily washed out during the standard specimen process in the 

pathology department. In addition, the tumor microenvironment shares some common 

characteristics with inflammation, such as low PH. Therefore, another challenge 

related to activatable fluorophores is differentiating the tumor microenvironment from 

inflammation [27]. 

 

The quantification of in vivo fluorescence intensity is currently realized by multi-

diameter single fiber reflectance / single fiber fluorescence (MDSFR/SFF) 

spectroscopy. MDSFR/SFF spectroscopy measures the absorption and scattering 

coefficients to correct the fluorescence signals. However, to make the in vivo 

measurement, the fiber of MDSFR/SFF spectroscopy must be closely and stably 

attached to, for instance, the esophagus mucosa at preferentially the perpendicular 

angle, with the white light shut off. A limited area with the same size as the probe is 

measured per timepoint. The analysis of intrinsic fluorescence intensity is performed 

post-procedure [11]. These technical limitations should be resolved to realize 

simultaneous visualization and quantification of the fluorescence signals in vivo. For 

instance, customized software for the real-time data analysis and interpretation of the 

intrinsic fluorescence intensities could be developed in the future to assist 
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endoscopists [28]. In cooperation with the Erasmus Medical Center, the Netherlands, 

the real-time analysis of the intrinsic fluorescence intensity is being developed by our 

group. 

 

Fluorescence molecular imaging can also be combined with other modalities, among 

which multispectral optoacoustic tomography (MSOT) is receiving increasing attention. 

MSOT illuminates the tissue by a laser and collects acoustic waves after an energy 

transition. Acoustic waves' low absorption and scattering characteristics lead to a high 

penetration depth of several centimeters and a relatively high resolution. Also, tissue 

could be irradiated with multiple wavelengths by MSOT, allowing the detection of 

numerous endogenous and exogenous molecules [29]. A pilot study on the MSOT 

imaging of bevacizumab-IRDye800CW signal in vulnerable atherosclerotic carotid 

plaques was performed in our group. The NIR fluorescent signal of 4.5 mg 

bevacizumab-800CW was not detected by MSOT, which might attribute to the 

insufficient optoacoustic signals of the dye [30]. Recently an activatable dual-mode 

nanoprobe enabling both NIR and MSOT imaging was developed and tested in animal 

models. The nanoprobe showed promising potential in detecting breast cancer 

metastasis through the activatable response to hypoxia in the tumor microenvironment 

[25]. Novel optoacoustic tracers are also under development in our group. At the same 

time, we are in close collaboration with the Technical University of Munich, Germany, 

to develop an image reconstruction algorithm based on MSOT signals. 

 

The mechanism of Raman spectroscopy could also achieve the realization of 

endoscopic wide-field molecular imaging. Raman spectroscopy is based on the 

inelastic scattering of photons and has been studied in several fields, such as liquid 

biopsy, endoscopic biopsy, and wide-field endoscopy [31]. Recently an in vivo 

colonoscopic Raman spectroscopy was developed, and it showed promising potential 

in detecting premalignant gastrointestinal lesions in a rat model. The optic fiber can be 

inserted through the accessory channel of the human colonoscopy and scan the colon 

circumferentially at a speed of 6 cm/min. The Raman signals were presented in real-

time through a re-constructed three-dimensional topography overlay. As the intrinsic 

Raman signal is very weak, nanoparticles were applied as contrast agents, and 

sensitivity at the femtomolar level was achieved [32]. Multiplexed imaging, targeted 
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imaging at the molecular level, and topical administration were also proved technically 

achievable [33]. 

 

Besides the technical limitations and future perspectives discussed above, further 

validation on the novel NIR tracers developed in this thesis, such as SULF1-800CW 

and SPARC-800CW, is warranted. The characteristics of the tracers, such as organ 

biodistribution and toxicity, should be tested in animal models before the initiation of 

clinical studies. The AI algorithm trained and tested on endocytoscopic images in 

Chapter 5 is based on limited image sets, leading to overfitting and overestimating 

diagnostic capability. The size and diversity of image sets need to be further improved 

to train the algorithm further. With the explosion of information delivered by advanced 

endoscopic techniques, such as FME, the human diagnosis supported by CAD might 

reduce the training load of gastroenterologists and facilitate the clinical translation. 

 

In conclusion, the future of fluorescence molecular imaging is bright if challenges 

mentioned above can be further improved.  
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