
 

 

 University of Groningen

Clinical application of near infrared fluorescence imaging in solid cancers
Voskuil, Floris

DOI:
10.33612/diss.151946702

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Voskuil, F. (2021). Clinical application of near infrared fluorescence imaging in solid cancers: Enhancing
surgical accuracy by lighting up tumors. [Thesis fully internal (DIV), University of Groningen]. University of
Groningen. https://doi.org/10.33612/diss.151946702

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-05-2023

https://doi.org/10.33612/diss.151946702
https://research.rug.nl/en/publications/3045ea11-c819-42cc-bc92-dc5afa9570fa
https://doi.org/10.33612/diss.151946702


551403-L-bw-Voskuil551403-L-bw-Voskuil551403-L-bw-Voskuil551403-L-bw-Voskuil
Processed on: 11-12-2020Processed on: 11-12-2020Processed on: 11-12-2020Processed on: 11-12-2020 PDF page: 153PDF page: 153PDF page: 153PDF page: 153

153  

CHAPTER 7
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SUMMARY AND GENERAL DISCUSSION
During the recent decades, encouraging progress has been made in the treatment of patients 
with solid cancers, contributing to improvements in disease-free survival rates and quality of life. 
Although different per tumor type, a portion of this progression can be attributed to advancements 
in the field of medical oncology with the use of next generation chemotherapy, targeted therapy 
and immunotherapy 1. In addition, it can be expected that the current use of novel radiotherapy 
techniques, such as protonbeam radiotherapy 2, will even further increase treatment outcomes, 
and eventually can lead to a further increase in disease-free and overall survival. For surgical 
oncology, progress has been made in surgical techniques such as robotic surgery, and surgical 
navigation such as pre-operative 3D planning tools and neuronavigation. However, over the last 
decades, there is a lack of significant improvements in intraoperative techniques that can be 
applied for margin assessment. To date, imaging techniques that can be used during surgical 
resection of cancers to accurately differentiate cancerous from non-cancerous tissue, maximizing 
the removal of cancerous tissue, while minimizing removal of non-cancerous tissue are not 
widely available 3. Despite efforts to implement conventional imaging modalities such as CT, MRI 
or ultrasound intraoperatively, this is not widely adapted nor did it have the impact on improving 
surgical resections as anticipated. As a result, surgeons still rely on their experience and visual and 
tactile information during cancer surgery. Since the vast majority of patients with solid cancers will 
receive surgical resection at a certain point during their treatment plan, a technique which can be 
used real-time for tissue identification can further improve treatment outcomes, preventing over- 
and undertreatment. Intraoperative fluorescence imaging (FI) is a novel technique which has the 
potential to improve clinical decision-making during cancer surgery, including the identification 
of small primary or synchronous tumor deposits, selection of metastatic lymph nodes, assessment 
of tumor margins and detection of residual disease.

 In general, FI consists of the application of a targeted optical fluorescent imaging agent that 
will selectively accumulate in the target tissue and subsequently can be visualized by a dedicated 
imaging system which can qualitatively and quantitatively detect the fluorescence. Although 
auto-fluorescence imaging, the concept of using naturally occurring fluorescence to enhance 
tissue identification, and the use of non-targeted fluorescence imaging agents in FI is widely 
studied (e.g. indocyanine green), a growing consensus is arising that these techniques might not 
facilitate adequate and reliable target-specificity and reproducibility at a level that is mandatory in 
oncological surgery 4 and evidence-based medicine in general. FI comes with several advantages 
over other imaging techniques, since it is able to generate high resolution and sensitivity images 
without the use of radioactive substances. Moreover, FI imaging systems are considerably less 
expensive compared to radioactive imaging techniques, and are implementable without major 
logistical challenges. Contrary, FI has a limited penetration depth of up to several millimeters 
and consequently, does not facilitate whole body imaging. These limitations are acceptable 
for intraoperative purposes since only the outer most millimeters of tissue are of interest for 
cancer detection and margin assessment during surgery as surgeons resect tissue millimeter by 
millimeter, not centimeters. In addition, it has been shown that FI can easily be incorporated in 
the current standard of care 5-10.
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 In this thesis, the clinical applicability was evaluated of three classes of targeted fluorescence 
imaging agents (i.e. small peptide-based, antibody-based and nanoparticle micelle-based) 
in a variety of solid cancer types (i.e. head and neck cancer, breast cancer, esophageal cancer 
and colorectal cancer), as well as in their pre-cancerous precursors (i.e. Barett’s esophagus and 
colorectal polyps). Last, the additional value of FI in the histopathological evaluation of freshly 
excised tissue was explored, so called fluorescence-guided pathology and we evaluated current 
and future imaging techniques that have the potential to be applicable in intraoperative pathology 
assisted surgery (IPAS). IPAS will be applicable in the so-called ‘golden-hour’, the time-frame in 
which the surgical procedure often still is ongoing and a surgeon is able to adapt the surgical 
strategy based on the obtained imaging data from the specimen during a surgical resection.

 Chapter 1 provides a brief introduction to the subject as well as an outline of the thesis. 
Chapter 2 and Chapter 3 focus on the application of fluorescence imaging techniques that 
can enhance target detection in the upper and lower digestive tract. First, a clinical study was 
performed that investigates the optical imaging agent EMI-137, targeting the c-Met receptor, for 
the detection of Barrett’s Esophagus (BE), which is described in Chapter 2. BE is a pre-cancerous 
stage of the mucosa of the esophagus, which often progresses to esophageal adenocarcinoma 
(EAC). Unfortunately, current routine surveillance by high-definition white-light endoscopy (HD-
WLE) is prone to sampling error, resulting in delayed detection 11,12, since identification of the BE 
lesion by the naked eye is challenging.

 A tool that can guide the endoscopist in selectively performing biopsies is therefore desired, 
and denominated as a ‘red-flag’ technique. In this study, it was shown that fluorescence molecular 
endoscopy (FME) using EMI-137 was feasible and safe. Moreover, FME was able to identify 16/18 
(89%) BE lesions detected using HD-WLE correctly, although it must be noted that no additional 
BE lesions were detected using FME. It was shown that it was feasible to perform FME both after 
intravenous and topical administration of EMI-137. Whereas intravenous administration resulted 
in a more homogenous tracer distribution in the target tissue of interest, the advantage of topical 
administration is the fast generation of contrast and lower risk for toxicity. Unfortunately, the c-Met 
expression in the BE lesions varied significantly between lesions, which could hamper clinical 
implementation. Moreover, it was shown that a physiological c-Met expression was observed in 
the gastric foveolar epithelium, which is clinically relevant, since the vast majority of BE lesions 
is located at the gastroesophageal junction, therefore limiting the discriminative strength at this 
location. Overall, it could be concluded that a tumor-to-background ratio (TBR) of 1.12-1.50 might 
be insufficient for adequate discrimination between the target and the surrounding tissue using 
EMI-137. All FME findings were confirmed by Multi-Diameter Single-Fiber Reflectance / Single- 
Fiber Fluorescence (MDSFR/SFF) spectroscopy measurements, a quantitative technique that 
obtains the intrinsic fluorescence values of the fluorophore by correcting for the tissue optical 
properties 13,14.
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 As the field of FME is rapidly progressing 9,10,15-18, a standardized method for FME studies is 
highly relevant for the comparison between patients, studies and centers, especially in early phase 
clinical trials which necessitate a rapid go/no-go decision with as limited resources as possible 
(e.g. minimal patient burden, costs and/or logistics). In the current study, six crucial outcome 
parameters that suited the clinical workflow were identified, both during the endoscopic 
procedure as during the pathological processing of the tissue. These outcome parameters may 
serve as a structured guidance for evaluation of a novel fluorescent tracer in early phase FME 
studies and can be implemented in future FME study designs.

 Chapter 3 describes the application of EMI-137 for the detection of pre-malignant colorectal 
polyps, which can progress to colorectal cancer (CRC). As the majority of CRCs develop from a 
colorectal polyp, a technique that can reliably identify these polyps might facilitate early detection 
and eventually might lead to improved patient outcomes 19,20. Since identification of colorectal 
polyps by HD-WLE comes with a detection miss-rate of up to 22% in the general population 21, 
the need for novel techniques which can enhance detection and the accuracy is evident. 
Previously, it has been shown that EMI-137 administrated three hours prior to colonoscopy, has 
the potential to detect additional colorectal polyps that were initially missed by conventional 
HD-WLE 17. Since administering EMI-137 three hours prior to colonoscopy might hamper further 
clinical implementation due to logistic challenges, shorter dosing-to-imaging intervals were 
investigated. In this study, it was shown that no differences in TBRs were found between the 1, 
2 or 3-hour dosing-to-imaging intervals, therefore suggesting that already a one hour interval 
might be sufficient for the detection of colorectal polyps. Again, FME findings were confirmed 
by MDSFR/SFF spectroscopy to correct for tissue optical properties, thereby showing the intrinsic 
fluorescence.

 The colorectal polyps showed a heterogenous expression of c-Met, however, in this study, this 
did not influence macroscopic FME results. As it was shown that the fluorescence in the polyps 
did not further increase after one hour, but background fluorescence did slightly decrease in later 
time-points, it might be relevant to investigate a lower dose of EMI-137 that might further decrease 
background fluorescence, thus potentially increasing TBR and detection sensitivity. In this study, 
only patients with a known advanced adenoma, detected during a previous colonoscopy, were 
included. One might argue that the investigated population is therefore not representative for a 
normal population that undergoes screening in case an average risk of CRC is present. In general, 
it was concluded that the clinical applicability of EMI-137 could be expanded by showing that 
a one hour dosing-to-imaging generates a sufficient TBR for the detection of colorectal cancer 
polyps. Subsequent phase II/III studies can now commence to investigate the use of EMI-137 for 
colorectal polyp detection in a large general screening population.
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 In Chapter 4 and Chapter 5, a surgical application of targeted fluorescence imaging was 
studied. In Chapter 4, an EGFR-targeted fluorescent imaging agent, cetuximab-800CW, was 
investigated in patients diagnosed with Head and Neck Squamous Cell Carcinoma (HNSCC). Since 
the epidermal growth factor receptor (EGFR) is overexpressed in more than 90% of all HNSCC, 
cetuximab-800CW has the potential to accurately identify HNSCC lesions.

 Currently, head and neck cancer surgery faces tumor-positive margin rates of up to 23%, 
which is the highest overall rate for tumors affecting both genders 22-25. Consequently, this has a 
significant impact on treatment outcome, since tumor-positive margins rates are independently 
associated with an increased risk of local recurrence and a decreased overall survival 25. Moreover, 
tumor-positive margins cause a relative risk of death of 11.61 (p=0.0013) compared to patients 
with tumor-negative margins 25. The group of Rosenthal et al. reported in 2015 for the first time 
on the use of cetuximab-800CW in HNSCC patients 5, and showed that cetuximab-800CW was 
safe to use up to a dose of 62.5mg/m2 combined with 10mg or 100mg unlabeled cetuximab 
as predosing. An unlabeled pre-dose might increase off-target receptor occupancy and tissue 
sequestration 26, thereby increasing the TBR. The results were promising for HNSCC visualization. 
In this study, cohorts administered with flat, single doses of cetuximab-800CW were compared 
with cohorts that received 75mg unlabeled cetuximab one hour prior to cetuximab-800CW. 
It was found that a dosing strategy of 75mg ‘cold’ cetuximab followed by 15mg labelled 
cetuximab-800CW resulted in the optimal TBR and was well tolerated in HNSCC patients. In this 
study consisting of 15 patients, four patients had a tumor-positive margin (27%), which were 
all identified correctly immediately after excision during the initial surgery, denominated as the 
back-table phase.

 In this study, we used a wide-field fluorescence camera optimized for IRDye800CW detection, 
as well as a custom-made naso-endoscopic modification. Here, a flexible naso-endoscope was 
attached to the fluorescence camera to visualize areas in the oral cavity otherwise difficult to 
access. Moreover, to overcome the influence of external factors such as ambient light, light 
exposure homogeneity, and angle of illumination, which is highly relevant in the operation room, 
we performed MDSFR/SFF spectroscopy to quantify the fluorescence in this dose-escalation 
study, as reported previously 6,10. The dosing scheme which was considered to be optimal in 
this study was considerably lower than reported in previous studies, thereby limiting the risk for 
potential side-effects. Other studies used an imaging system that was optimized for Indocyanine 
Green (ICG) fluorescence but not for IRDye800CW detection, which might have contributed to 
the conclusion of the differences in their optimal dose of 25mg/m2.

 Back-table FI, which refers to imaging the excised specimen immediately after excision, 
can identify areas suspected for tumor-positive margins. This allows the surgeon to perform 
an immediate re-resection or a FI-guided biopsy for fresh frozen sectioning analysis, while the 
patient is still anesthetized. The positive results of this specimen-driven approach, performed 
in a controlled and standardized setting, are congruent with other studies performed by our 
group and others 6,27-29. Although obtaining lower rates of tumor-positive margins is an essential 
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element for increasing treatment outcomes in HNSCC patients, a multi-disciplinary approach 
remains necessary since local recurrence is reported in up to 11% of patients with tumor-negative 
surgical margins 30,31. As reported previously, to date most imaging strategies focus on targeting 
on cell-surface receptors, first described by our group in 2011 4,8. Other strategies involve tumor 
activatable imaging agents consisting of a polycationic peptide with a fluorescent dye and a 
neutralizing peptide. When the linker is cleaved by tumor-specific proteases, the dye conjugated 
peptide enters tumor cells and is retained 32.

 Despite successes in clinical translation, one of the major drawbacks of these strategies 
is the lack of broad tumor applicability in a variety of cancer patients. For example, the folate 
receptor-α (FR-α) is largely overexpressed in ovarian cancer, but not in head and neck cancer 
cells 33. In contrast, EGFR is highly overexpressed in HNSCC 34, but not in breast cancer tissue. This 
can make reliance on a single tumor-specific marker for margin assessment in a broad variety of 
tumor types difficult. Moreover, the relatively long half-life time for monoclonal antibody (MoAb)-
fluorophore conjugates, which necessitates tracer application a couple of days prior to surgery, 
and the ‘always-on’ design, which might limit discriminative strength, could be challenging 
for further clinical implementation. A potential strategy to overcome this is by targeting more 
ubiquitous characteristics, for example the altered metabolic environment in cancerous tissue. 
Due to aerobic glycolysis, first described by Nobel laureate winner dr. Otto Warburg in 1924, 
acidification of the extracellular pH (pHe) occurs. This is later described as a ‘hallmark’ of cancers 35,36, 
as it has been shown that this phenomenon exists in the majority of solid cancer types 37.

 In Chapter 5 we describe the first-in-human application of a pH-activated near-infrared 
optical imaging agent, ONM-100. This nanoparticle-based imaging agent with exquisitely 
sensitive pH responses (ΔpH=0.15), was investigated in thirty patients diagnosed with different 
cancer types (i.e. Head and Neck Squamous Cell Cancer, Breast Cancer, Esophageal Cancer 
and Colorectal Cancer). We showed that, independent of the cancer type, ONM-100 was well-
tolerated and able to visualize cancer tissue both in- and ex vivo in a sharply delineated fashion. 
Furthermore, we showed that the discriminative strength of ONM-100 between cancerous and 
non-cancerous tissue was highly significant, with an area under the curve of 0.9875. The broad 
clinical utility of ONM-100 was, although in a relatively small patient series, shown by the fact 
that all nine tumor-positive margins were intraoperatively detected. Moreover, one additional, 
clinically unnoticed satellite tumor lesion was detected in the oral cavity during FI. In addition, 
during histopathological processing of the tissue, FI using ONM-100 detected three additional, 
otherwise unnoticed satellite lesions and second primaries in the pathology specimens, which 
in fact had severe consequences for the post-operative treatment strategies. Unfortunately, we 
were not able to visualize the fluorescence distribution on a microscopic level, since ONM-100 
is not membrane-bound and therefore is washed out during the standard of care processing of 
tissue. The limited time from dosing to imaging of 24 ± 8 hours was shown to be acceptable for 
clinical utility. However, in a currently ongoing phase II clinical trial, an even more limited interval 
is investigated, since only a few hours prior to surgery might be preferable in terms of clinical 
implementation. A broad clinical utility of ONM-100 is further investigated by the inclusion of 
several other solid tumor types, such as ovarian and prostate cancer (NCT03735680).
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 As shown throughout this thesis, implementation of novel imaging techniques can 
support the detection of cancer tissue during endoscopy and surgical procedures. Since there 
is growing evidence in the field of fluorescence-guided surgery that a specimen-driven back-
table assessment may be superior to a wound bed-driven assessment due to better visualization, 
standardization and less sampling error 38-42, focusing on the excised specimen seems justified. 
Interestingly, largely based on the above-mentioned factors, the American Joint Committee on 
Cancer (AJCC) adopted a specimen-driven intraoperative assessment as the standard of care in 
the current guidelines 43. Intraoperative pathology assisted surgery (IPAS) is an emerging concept 
that entails a different yet versatile approach between surgeons and pathologists in the treatment 
of diseases. In Chapter 6, we discuss a variety of major, innovative imaging techniques which 
have the potential to be used intraoperatively on the freshly excised tissue. By ‘implementing’ 
three typical use cases which are highly representative in daily practice in oncological surgery, 
we show the potential added value of IPAS for clinical decision-making. In this review, based on 
current literature, we expect that implementing IPAS in the current standard of care can lead to 
a paradigm shift in the field of the pathological assessment of surgical specimens, immediate 
reporting to the attending surgeon in the OR for reasons of margin positivity or negativity and 
thus eventually to an improvement in treatment outcomes. It is obvious that a harmonious 
cooperation between surgeons, pathologists, engineers and image-analysis experts is a major 
requirement for further exploring and implementing the concept.

FUTURE PERSPECTIVES
As shown in this thesis, the translation of optical imaging agents towards the clinic has 
the potential to alter clinical decision-making and it can be expected that it will be rapidly 
expanded the upcoming years, illustrated by the fact that larger phase II/III clinical trials are 
currently being performed (e.g. NCT03134846 and NCT03659448). However, a potential pitfall 
for clinical implementation is the lack of comparability between different studies and centers. 
This can be partly attributed to the fact that different methodologies, analyses and outcome 
parameters are being used, although suggestions for standardized methodologies are upcoming 
6,44,45. However, at least as important is the lack in standardization of imaging techniques. By 
interpreting fluorescence results, one should be aware that, independent of the biodistribution 
of the imaging agent, fluorescence intensities are influenced by multiple factors, such as tissue 
optical properties, camera to surface distance and dynamic range of the fluorescence camera 
46-48. As the field is rapidly progressing, a currently unmet need for standardized correction of 
these factors is highly desirable. MDSFR/SFF spectroscopy is a technique for quantification of the 
intrinsic fluorescence of the imaging agent by correcting for tissue scattering and absorption. 
Improvements need to be achieved in the speed of the (post)-processing time and the field-of-
view and penetration depth of this technology. Moreover, it remains questionable if pinpoint 
measurements are reliable for larger volumes of tissue, and thus feasible for margin assessment 
in the clinical setting.
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 Another point of concern that needs attention is the limited penetration depth of near infrared 
(NIR) fluorescence, which is currently up several millimeters (±2-5mm). Although mucosal or skin 
lesions such as gastrointestinal tumors or head and neck cancers are easily accessible for NIR FI, the 
detection of deeper-seated carcinoma’s such as breast cancer are not, and may need a different 
clinical approach. Multi spectral optoacoustic tomography (MSOT), a non-invasive hybrid imaging 
modality which detects ultrasound waves emitted by the tissue due to absorption of light of 
transient energy by tissue chromophores or photo-absorbing agents, has the potential to expand 
the clinical utility of optical imaging. MSOT comes with a high optical contrast and high depth-to-
resolution ratio for deep-tissue imaging 49. To date, several clinical studies have been performed 
on visualizing endogenous contrast agents such as hemoglobin, lipid, melanin among others 
using MSOT 50-52. Despite promising results, clinical applicability in the field of surgical oncology 
remains challenging due to limited specificity of the measured parameters. Recently, the use 
of exogenous imaging agents for MSOT has been studied. However, to date there is a lack of 
dedicated targeted exogenous optoacoustic imaging agents which produce sound, instead of 
light, as is the standard for conventional FI. Therefore, translation of these exogenous imaging 
agents in MSOT into clinical applications remains challenging 49. Agents with a low quantum-
yield but high molecular extinction coefficients, thereby increasing detection sensitivity for MSOT 
imaging systems, are currently developed towards first-in-human application, which might lead 
to a paradigm shift in more deeper penetrating optical imaging.

 Next, an item to be discussed is the focus on the excised tissue specimen for the enhanced 
detection of cancer. As stated previously, imaging in the ex vivo environment has advantages over 
the in vivo environment in terms of standardization and limited regulatory concerns regarding 
sterilization. By further incorporating intraoperative pathology assisted surgery in the clinic, this 
might alter the current standard of care, which is to date visual and manual inspection alone, 
time-consuming, labor-intensive and associated with inaccurate diagnosis and inter- and intra-
observer variability in the interpretation of images 53.

 As stated, the interpretation of histopathology data (e.g. images of tissue slides) remains 
subjective in the majority of cases. This also is the case for the interpretation of fluorescence 
imaging data, where the interpretation of data can also be judged as (partly) subjective. The 
application of Artificial Intelligence (AI), which can be described as machine-based approaches 
that are used to attempt to make a prediction, in other words, to imitate intelligent human beings, 
can be used to assist in analyzing histopathology data, whether conventional or fluorescent, and 
is increasingly studied. Machine Learning (ML), where algorithms and techniques are used by a 
computer to ‘learn’ to make predictions, and Deep Learning (DL), a ML-based method based on 
neural networks which are ‘teached’ by examples of input variables to predict outcomes variables, 
which can eventually ‘teach’ itself are investigated for application in this field. As reported, DL 
algorithms can help identify specific patterns associated with disease 54. In clinical practices, it 
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has already been shown that DL is able to yield very accurate diagnostic performance, often 
better than a panel of clinicians 55,56. Independently of the exact indication, AI is thought to be of 
great value for improved, faster and less labor-intensive assessment of histopathology data 57. By 
combining the clinical judgement of a clinician with AI techniques, a symbiosis can occur which 
will lead to improved clinical decision-making. We hypothesize that within a reasonable amount 
of time, the application of AI for the interpretation of novel imaging data (e.g. fluorescence 
imaging) might further increase the quality of pathological assessment in cancer treatment.

 As patients do not respond in a homogenous fashion to anti-cancer treatment, it is important 
to monitor the treatment response of individual patients (i.e. personalized medicine), thereby 
allowing to set, or adjust, a specific treatment plan for each patient. Since the clinical application 
of antibody treatment in a variety of diseases is rapidly progressing over the last decade, this 
opens up the possibility to perform treatment monitoring and provides information on the 
biodistribution by fluorescently labeling the antibody of interest, which currently is studied by 
our group investigating the distribution of vedolizumab in the colon. We hypothesize that, as 
already shown in a phase I trial in colorectal cancer patients, FI can serve as a selection tool for 
personalized treatment 58. Now we have shown that FI can assist in diagnosing cancer, the next 
subsequent step is to monitor treatment response.

 Although not discussed in this thesis, there is large interest in using light not only for the 
detection of cancers, but also for (targeted) treatment. Photodynamic therapy (PDT) is a good 
example to illustrate this, where photosensitizing agents are administered and are activated by 
light with a specific wavelength to kill cancer cells 59. It is hypothesized that in the not to distant 
future, as next step, diagnosis and therapeutics can be combined, denominated as theranostics, 
for the treatment of solid cancers. By first identifying the disease using low energy illumination 
for fluorescence imaging, the tumor can be excised precisely during conventional excision. After 
the excision has been performed, any residual (microscopic) cancer lesions can subsequently 
be treated with high power illumination which generates reactive oxygen species and thereby 
inducing cell death, as already shown in a phase II clinical trial 60.

 The current thesis and other studies show that micro-dosing can be used for investigating the 
biodistribution during drug development. By lowering the barrier for clinical use and providing 
fast and efficiently first in-human data, using a standardized method to correlate in vivo data to ex 
vivo microscopic data, micro-dosing studies can generate critical go/no-go decisions before large 
investments are needed 6,61. Interesting developments are ongoing where imaging agents are 
both fluorescently and nuclear labeled, to perform both PET and fluorescence imaging. The use 
of smart-activatable imaging agents can be expanded into therapeutics, as one can hypothesize 
that the loading of fluorophores in the current studied smart-activatable imaging agents, such as 
the nanoparticle-based imaging agent described in Chapter 5, can be replaced by therapeutic 
agents. This is in line with data from related fields of research, where photo switchable compounds 
can selectively deliver a drug in the tissue of interest 62,63.
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CONCLUSION
This thesis describes that the application of fluorescence imaging potentially may profoundly 
alter clinical decision-making in patients suspected of, or diagnosed with, solid cancers. The 
use of exogenous optical imaging agents specifically targeted for the disease enables real-time 
information, thereby allowing the clinician to immediately act on the obtained information. This 
can lead to improved treatment outcomes and eventually to improved disease-free survival rates. 
The development of next generation smart-activatable fluorescence imaging agents, which can 
be used for both fluorescence-guided treatment and verification of the biodistribution, has the 
potential to rapidly evolve in smart-activatable highly-tumor specific generic drug-carriers, which 
can have major effects on oncological treatment in the near future as a true theranostic agent 
serving the classical treatment modalities involved which are medical oncology, radiotherapy 
and surgery.
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