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1
GENERAL INTRODUCTION

To date, in clinical oncology, a non-radioactive molecular imaging technique that 
facilitates real-time clinical decision making and individualized treatment of various 
solid cancers is lacking. Especially in two disciplines the aspect of ‘real-time imaging’ is 
key for clinical decision making; during surgery to discriminate tumor tissue from benign 
tissue, and during endoscopy for diagnosing, monitoring treatment response and 
selection of patients for the most optimal treatment strategy. Molecular fluorescence 
imaging allows real-time imaging of tumor tissue by enabling visualization of tumor-
specific, upregulated proteins and biological processes involved in oncogenesis using 
targeted fluorescent tracers, and therefore seems to be the ideal imaging modality to 
be used during surgery and endoscopy.1-3

Surgery remains the cornerstone in the curative treatment of solid cancers. In 
oncological surgery, it is crucial to completely resect all tumor tissue without leaving any 
residual disease for reaching the optimal treatment outcome. Despite a strong increase 
in the availability of preoperative imaging modalities like computed tomography (CT), 
magnetic resonance imaging (MRI), positron emission tomography (PET) and single 
photo emission computed tomography (SPECT), intraoperatively, surgeons are still 
mainly dependent on visual inspection and palpation alone for discriminating tumor 
tissue from benign tissue. Consequently, to date tumor positive surgical margin rates 
still range from 10% till 60% in different solid cancer types, resulting in a high risk for 
locoregional or distant recurrence and poor treatment outcome.4 Current existing 
intraoperative techniques for margin assessment have not gained universal international 
adoption. Frozen section analysis and imaging techniques like specimen radiography 
are time consuming and lack diagnostic accuracy.5 Anatomical imaging modalities like 
CT and MRI are adapted to be used in the operating theatre, however, these cannot be 
used in real-time, require a substantial investment in infrastructure with the presence 
of radiation (CT) or MRI-safe surgical and anesthesia instruments, all together with a 
limited tumor specificity. Consequently, there is an unmet need for real-time tumor 
specific imaging which fits the current clinical workflow within the operating theatre that 
can be used for different solid tumor types, such as breast cancer, head and neck cancer 
and colorectal cancer. 

Besides using molecular fluorescence imaging during surgery, this technique can 
also be applied during endoscopy procedures using a fluorescence fiber that can be 
inserted through the working channel of a clinical endoscope.  Molecular fluorescence 
endoscopy is a novel technique that might be used for improved diagnosis of small (pre)-
cancerous lesions, like adenomatous polyps in the colon or dysplastic lesions in patients 
with a Barrett’s oesophagus.2,3 Furthermore, molecular fluorescence endoscopy might 



CHAPTER 1

10

play a role in implementing theranostics in oncology, by visualization and quantification 
of the presence of targeted fluorescent tracers and drug concentrations in tissue. With 
the recent advancement in molecular targeted therapies to treat cancer, more dedicated 
techniques are needed to select patients benefiting from these targeted therapies, 
enabling an enrichment of the target population for treatment. Patients who are likely 
to benefit from a particular targeted therapy have to be selected carefully, and target 
expression needs to be demonstrated. To date, target expression is predominantly 
determined by ex vivo immunohistochemistry on tissue biopsies, which are prone to be 
biased by sampling error due to heterogeneity of tumors and metastases. Theranostics, 
which integrate diagnostics and therapeutics by fluorescent labeling of drugs can provide 
insight in pharmacokinetics, tumor uptake, and biodistribution of drugs that might be 
used for drug development purposes (earlier go/no-go decision-making for on- and 
off-target characteristics), clinical decision making and individualized management of 
disease. 

To optimally implement the theranostic approach in oncology, relevant targets 
need to be identified and prioritized.  An attractive method to find relevant targets is 
functional genomic messenger RNA (FGmRNA) profiling. This method is capable to 
predict overexpression of target antigens on the protein level, which are considered 
not to be relevant for the observed tumor phenotype and characteristics, by correcting 
a gene expression profile of an individual tumor for physiologic and experimental 
factors.6 Especially in pancreatic cancer in which the 5-year survival is only 20%, the need 
to identify potential target antigens is apparent in order to assist clinicians and drug 
developers in deciding which theranostic targets should be taken for further evaluation 
in the near future.

The aim of this thesis is to address the clinical potential of molecular fluorescence 
imaging using the NIR fluorescent tracer bevacizumab-800CW to facilitate clinical 
decision making and individualized management of disease in several cancer types; 
during surgery in breast cancer and colorectal cancer patients, during endoscopy in 
rectal cancer patients, and furthermore, to identify relevant molecular targets for future 
molecular approaches in pancreatic cancer.

OUTLINE OF THE THESIS

During the last decade, the emerging field of molecular fluorescence imaging has led 
to an exponential development of tumor-specific fluorescent tracers and an increase 
in early-phase clinical trials without having consensus on a standard methodology for 
evaluating an optical tracer, as often observed in innovative developments in medicine. 
In Chapter 2, we describe a novel analytical framework for the clinical translation and 
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1
evaluation of tumor-targeted fluorescent tracers for molecular fluorescence imaging 
that can be used for a range of tumor types and with different optical tracers by 
combining multiple complementary state-of-the-art clinical optical imaging techniques. 
Furthermore, we investigate the clinical implementation of this analytical framework and 
the tumor-specific targeting of escalating doses of the near-infrared fluorescent tracer 
bevacizumab-800CW on a macroscopic and microscopic level in breast cancer patients. 

In patients with peritoneal carcinomatosis, optimum cytoreductive surgery combined 
with hyperthermic intraperitoneal chemotherapy (HIPEC) is essential for the curative 
treatment of the disease. Intraoperatively, the differentiation between benign and 
tumor lesions is often difficult, most likely leading to unnecessary resection of clinically 
suspicious but benign lesions, and leaving behind of small tumor lesions. In Chapter 3 
we describe the feasibility of molecular fluorescence-guided surgery for the improved 
detection of lesions intraoperatively, to prevent overtreatment and undertreatment of 
patients in the future. In a small series of patients with peritoneal carcinomatosis of 
colorectal origin treated with cytoreductive surgery and hyperthermic intraperitoneal 
chemotherapy (HIPEC), we evaluate whether the NIR fluorescent tracer bevacizumab-
800CW can be detected intraoperatively. Furthermore, we correlate fluorescence with 
histopathology by so-called back-table imaging of the fresh surgical specimen and 
perform semi-quantitative analyses of formalin-fixed paraffin embedded tissue of all 
peritoneal lesions detected. 

Tumor-positive surgical margins are detected in 18% of patients with locally 
advanced rectal cancer that are curatively treated with neoadjuvant chemoradiotherapy 
followed by surgery. In Chapter 4 we investigated in a feasibility study whether molecular 
fluorescence imaging can aid in the evaluation of circumferential resection margins 
(CRM) perioperatively. Locally advanced rectal cancer patients treated with neoadjuvant 
chemoradiotherapy were administered intravenously with 4.5 mg bevacizumab-800CW 
two to three days prior to surgery. During surgery peri-operative fluorescence imaging 
was performed, and additional fluorescence imaging took place during pathological 
analyses. First, we describe a method that measures the local tracer accumulation to 
determine the sensitivity and specificity of the tracer for discrimination of tumor tissue 
from benign tissue. Next, we evaluate the CRM status using optical molecular imaging of 
fresh surgical specimens and correlate the measured fluorescence intensity to standard 
histopathology. 

In clinical oncology the individual management of disease is getting more important, 
due to the presence of variable expression of therapeutic targets between patients and 
tumor heterogeneity within patients. With the growing number of targeted therapies 
patients that are likely to benefit from a particular therapy need to be selected carefully. 
As a step-up to this future theranostic approach, we describe in Chapter 5 the feasibility 
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if molecular fluorescence endoscopy (MFE) can be used for treatment response 
evaluation to aid in clinical decision making and individualized management of disease 
by identifying the presence or absence of residual tumor. Locally advanced rectal 
cancer patients with a clinical complete response to nCRT prior to surgery might benefit 
from a watchful waiting strategy instead of aggressive surgery. In patients with locally 
advanced rectal cancer that are treated with neoadjuvant chemoradiotherapy (nCRT) 
we evaluate if MFE can be used determine the response to nCRT. In 25 patients with 
locally advanced rectal cancer we performed MFE using bevacizumab-IRDye800CW 
for fluorescent guidance and multi-diameter single fiber reflectance and single fiber 
fluorescence (MDFSR/SFF) spectroscopy for quantification of fluorescence signals from 
the NIR tracer. Fluorescence intensities are correlated with the current clinical gold-
standards: radiological restaging, white-light endoscopy and the pathological staging 
of the surgical specimen.

For the further development of theranostic approaches in medicine, relevant 
targets need to be identified. To facilitate clinicians and drug developers in deciding 
which theranostic targets should be taken into further evaluation in pancreatic cancer 
to improve the poor outcome of pancreatic cancer patients, we identify in Chapter 6 
relevant molecular targets directed at aberrant signaling-pathways in pancreatic cancer. 
We collect publicly available expression profiles of patient derived normal pancreatic 
tissue and pancreatic cancer samples. Functional Genomic mRNA (FGmRNA) profiling 
is applied to predict overexpression of target antigens on the protein level. In addition, 
a review of the literature is performed to prioritize these potential target antigens for 
their utilization in a theranostic approach in the near-future, based on current status of 
(pre)-clinical therapeutic and imaging evaluation in pancreatic cancer.

Finally, Chapter 7 summarizes the findings of this thesis which is followed by a 
discussion on the implications of our findings and an overview of the future perspectives 
of molecular fluorescence imaging in medicine.

Chapter 8 provides a summary of the thesis in Dutch.
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ABSTRACT 

During the last decade, the emerging field of molecular fluorescence imaging has led 
to the development of tumor-specific fluorescent tracers and an increase in early-phase 
clinical trials without having consensus on a standard methodology for evaluating an 
optical tracer. By combining multiple complementary state-of-the-art clinical optical 
imaging techniques, we propose a novel analytical framework for the clinical translation 
and evaluation of tumor-targeted fluorescent tracers for molecular fluorescence 
imaging that can be used for a range of tumor types and with different optical tracers. 
Here we report the implementation of this analytical framework and demonstrate the 
tumor-specific targeting of escalating doses of the near-infrared fluorescent tracer 
bevacizumab-800CW on a macroscopic and microscopic level. We subsequently 
demonstrate an 88% increase in the intraoperative detection rate of tumor-involved 
margins in primary breast cancer patients, indicating the clinical feasibility and support 
of future studies to evaluate the definitive clinical impact of fluorescence-guided surgery.
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INTRODUCTION

Molecular fluorescence imaging enables visualization of tumor-specific, upregulated 
proteins and biological processes involved in oncogenesis and allows real-time imaging 
of tumor tissue with a high resolution for various clinical applications such as image-
guided surgery, endoscopy and pathology. During the past decade, several tumor-
specific fluorescent tracers have been developed and validated in animal models, 
leading more recently to a substantial increase in early-phase clinical trials evaluating 
molecular fluorescence imaging1,2.  Despite the increasing activity in the field, several 
critical factors to ensure translation of optical tracers to clinical applications remain 
insufficiently established. No widely accepted analytical framework or standard 
evaluation methodology serves as a gold standard for determining the efficacy of a 
fluorescent tracer in clinical applications.

The majority of these early-phase clinical studies have been executed in image-
guided surgery applications. In oncological surgery, it is important to remove the 
tumor completely without any residual disease, since incomplete resections are 
inevitably associated with higher rates of re-operations, increased rates of recurrent 
disease and lower overall survival3. Intraoperatively, surgeons are mainly dependent 
on visual inspection and palpation alone to distinguish cancer tissue from benign 
tissue, a method with unknown accuracy. The available intraoperative techniques for 
margin assessment have not yet been adopted universally. Frozen section analysis and 
imaging techniques like specimen radiography are time consuming and lack diagnostic 
accuracy4. Anatomical imaging modalities like CT and MRI have been adapted for 
use in the operating theatre, but cannot be used in real-time and have limited tumor 
specificity. Consequently, there is an unmet need for real-time tumor-specific imaging 
that is compatible with the workflow in the operating theatre. This might be provided 
by using sensitive optical imaging techniques combined with tumor-specific fluores cent 
tracers; this approach is currently under investigation in early phase clinical trials1.

As there is no consensus on a standard evaluation methodology for fluorescence 
imaging, we implemented a novel analytical framework for data collection, and 
fluorescence image analyses based on our experience in molecular fluorescence 
imaging in surgery and endoscopy5-8. In the present study we implement this novel 
analytical framework and confirm the tumor-specific targeting of the near-infrared (NIR) 
fluorescent tracer bevacizumab-800CW in escalating doses on a macroscopic and 
a microscopic level. We subsequently observe an 88% increase in the intraoperative 
detection of tumor-involved margins, thus indicating clinical feasibility in support of 
future studies to evaluate the definitive clinical impact of fluorescence-guided surgery 
in primary breast cancer patients.
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RESULTS

Summary of study design and patient demographics
The study was designed as a clinical dose escalation trial investigating four doses of 
bevacizumab-800CW (4.5 mg, 10 mg, 25 mg and 50 mg) in patients with invasive T1-T2 
primary breast cancer scheduled for breast cancer surgery. Bevacizumab-800CW was 
injected intravenously three days prior to surgery (Fig. 1a). A step-up approach was 
used in which three patients per dose group were included, followed by expansion of 
the two best-performing dose groups to a total of ten patients each (Supplementary 
Fig. 1). Twenty-six patients with invasive primary breast cancer were enrolled between 
12 October, 2015 and 2 February, 2017. Three patients received 4.5 mg, ten patients 10 
mg, ten patients 25 mg, and three patients 50 mg of bevacizumab-800CW.  No serious 
adverse events, allergic or anaphylactic reactions were reported in this trial. Two adverse 
events were reported, one patient from the 4.5 mg group experienced nausea till 30 min 
after tracer injection, another patient from the 25 mg group had hot flushes after tracer 
administration that recovered spontaneously. None of the patients felt any burden of 
the infusion three days prior to surgery. 

In 19 patients, histopathological analyses showed an invasive carcinoma of no special 
type (NST); in five patients a lobular carcinoma, in one patient a mucinous carcinoma 
and in one patient a papillary carcinoma. In four patients, there was a tumor-involved 
surgical margin of the invasive primary tumor; in four other patients the surgical margin 
of unexpected additional carcinoma in situ was positive adjacent to a completely 
removed primary tumor. This resulted in a total positive-margin rate of 30% according 
to the most recent SSO-ASTRO guidelines9 (Table 1). 

The analytical framework
Breast-conserving surgery consists of intraoperative assessment of the margins by the 
surgeon using visual inspection and palpation and evaluation of the excised specimen by 
standard histopathology. Therefore, the data collection procedure within the analytical 
framework to determine the tumor-specific targeting of bevacizumab-800CW should 
fit the standard workflow and needs to provide qualitative and quantitative data on 
fluorescence related to the standard of care. As such, the data collection procedure within 
the analytical framework consisted of: (i) qualitative in vivo intraoperative macroscopic 
imaging to determine the potential clinical value of fluorescence guided surgery (Fig. 
1b,c), (ii) qualitative ex vivo imaging of the fresh whole surgical specimens (Fig. 1d,e), (iii) 
quantitative ex vivo imaging of the fresh tissue slices of the fresh specimens to determine 
the tracer distribution on a macroscopic level (Fig. 1f,g), (iv) quantitative multi-diameter 
single-fiber reflectance/single-fiber fluorescence (MDSFR/SFF) spectroscopy of the 
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   4.5 mg 10 mg 25 mg 50 mg
   n=3 n = 10 n = 10 n = 3
Patient characteristics     

 Age (years / range) 72 (68 - 77) 61 (50 - 69) 57 (49 - 69) 63 (53 - 70)
Clinicopathological parameters (number)

 Tumor type invasive primary tumor
  Invasive carcinoma of no specific type 2 9 6 2
  Lobular caricnoma 0 1 4 0
  Mucinous carcinoma 0 0 0 1
  Papillary carcinoma 1 0 0 0
 Tumor size (cm / range) 1.5

(1.4 - 1.7)
1.3 

(0.5 - 2.4)
1.8 

(0.7 - 3.2)
0.9 

(0.8 - 1.1)
 Tumor grade (modified Bloom-Richardson)
  Grade I 0 4 0 0
  Grade II 3 4 7 0
  Grade III 0 2 3 2
  n/a - - - 1
 Estrogen receptor positive (>10%) 3 9 8 3
 Progesterone receptor positive (>10%) 2 8 7 2
 HER2 receptor positive 

     (IHC 2+ or 3+ with positive FISH)
1 1 1 1

 Carcinoma in situ present 1 6 9 3
Safety data (number)

 Adverse events 1 0 1 0
 Serious adverse events 0 0 0 0
Surgical resection margin status (number)

 Primary tumor
  Free 3 7 9 3
  Not free 0 3 1 0
 Additional Carcinoma in situ component
  Free 1 5 7 2
  Not free 0 1 2 1

Abbreviations: HER2 = Human Epidermal growth factor Receptor 2, IHC = immuno histochemistry, FISH = 
Fluorescence In Situ Hybridization, asterisk denotes according to ASTRO guidelines.

Table 1. Demographics of study patients. 

fresh tissue slices to determine the intrinsic fluorescence intensities, (v) quantitative 
fluorescence flatbed scanning of formalin-fixed paraffin-embedded (FFPE) blocks and 
10-µm-thick sections to determine the tracer distribution on a microscopic level (Fig. 
1h-k), and (vi) fluorescence microscopy (Fig. 1l,m). 

Quantitative macro-segmentation of the fresh tissue slices
In all patients, qualitative assessment of fluorescence signals showed higher 
fluorescence signal intensities in tumor tissue compared to normal surrounding tissue at 
all ex vivo imaging modalities, including the fresh tissue slices, FFPE blocks and 10-µm-
thick sections. Representative images per dose group and per imaging modality are 
shown in Fig. 2a-x. A complete overview per patient is shown in Supplementary Fig. 2.   
Sodium dodecyl sulfate polyacrylamidegel electrophoresis (SDS-PAGE) of tumor lysates 
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demonstrated that the complete compound bevacizumab-800CW was intact and 
present in the human primary breast tumor, as confirmed by comparing the height of 
the band of the tumor lysates with the lane containing diluted bevacizumab-800CW 
(Supplementary Fig. 3).

We used fluorescence images of all fresh tissue slices obtained by a light-tight 
macroscopic imaging device for quantitative macro-segmentation analyses to 
determine the tumor-specific targeting of bevacizumab-800CW on a macroscopic level 
by calculating the tumor-to-background ratio (TBR). Freshly excised tissue represents 
the in vivo situation the best for the calculation of the TBR, as it has not yet been 
processed with formalin or embedded in paraffin and the conditions of imaging are 
the most optimally standardized; i.e., the tumors within the slices are all on the surface 
without overlaying tissue, the distance from stage to camera is equal in all patients, and 
no ambient light is influencing the fluorescent signals. In the fluorescence images of all 
fresh tissue slices that contained tumor tissue after confirmation with histology, regions-
of-interests of tumor tissue as well as background tissue were manually segmented. 
The mean fluorescence intensity (MFI) was measured per region-of-interest (ROI) and 
averaged per tissue type, resulting in an MFI of tumor tissue and an MFI of background 
tissue per patient. TBR was calculated as the ratio of MFI of tumor compared to the MFI 
of normal tissue. Macro-segmentation analyses were performed on a total of 69 fresh 
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Figure 1. The clinical analytical framework enabling correlation of intraoperative fluorescence signals with 
histopathology, from macroscopic to microscopic levels. a Intravenous administration of bevacizumab-
800CW three days prior to surgery. b, c Color image and corresponding fluorescence image obtained 
in vivo during surgery to determine potential clinical value. d, e Imaging of the fresh surgical specimen, 
followed by serially slicing. f, g Imaging of the fresh tissue slices to determine tumor-to-background ratio 
based on macro-segmentation, followed by paraffin embedding. h, i Imaging of formalin fixed paraffin 
embedded (FFPE) blocks to determine heterogeneity of tracer uptake within a tumor. j, k Imaging of 
10-µm-thick tissue sections for micro-segmentation to reveal microscopic biodistribution and correlation 
with fluorescence signals from the macroscopic to microscopic level. l,m Fluorescence microscopy to 
determine tracer distribution on a cellular level. Scale bars represent 1 cm, in (l, m) the scalebar represents 25 µm.
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Figure 2. Representative images per dose group and per optical imaging method for ex vivo analyses, 
including MDSFR/SFF spectroscopy. Columns represent the four dose groups: 4.5 mg (a-f), 10 mg (g-l), 
25 mg (m-r), 50 mg (s-x). Rows represent the imaging modality, in the upper part a white light image and 
in the lower part the representative fluorescence image. Tumor tissue is delineated with a dashed line. 
Scale bars represent 1cm. (I) Mean fluorescence intensity (MFI) of normal tissue (gray) and tumor tissue 
(black) are depicted per dose group on the left y-axis, the right y-axis shows the tumor-to-background 
ratio per patient per dose group for macro-segmentation analyses, in (II) for MDSFR/SFF spectroscopy 
measurements and in (III) for micro-segmentation analyses. Fluorescence images are scaled using the 
most optimal minimum and maximum displayed value. Boxplot centerline is at median, the bounds of the 
box at 25th to 75th percentiles, the whiskers are depicting the min-max, tumor-to-background ratio data 
are depicted per patient; line indicates median value per dose group. Asterisk denotes significant (P < 
0.05, Kruskal-Wallis test) values. Obelisk denotes significant (P < 0.05, Mann-Whitney U-test) values. FFPE 
= formalin fixed, paraffin embedded, MDSFR/SFF = multi-diameter single fiber reflectance/single-fiber 
fluorescence. Q.μf

a,x = the product of the quantum efficiency across the emission spectrum, Q[-], where Q 
is the fluorescence quantum yield of IRDye-800CW and μaf [mm−1] is the tracer absorption coefficient at 
the excitation wavelength.
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Figure 3. Microscopic biodistribution in breast cancer tissue of bevacizumab-800CW based on micro-
segmentation analyses. The upper row shows a representative example of the region of interest per 
tissue type based on H/E staining. The lower row shows the corresponding pseudo color fluorescence 
intensity image of each tissue type. In (a, b) the whole section is depicted, and in (c, d) the tumor area, 
(en ,f) parenchymal breast tissue including collagen, (g, h) fat tissue, (I, j) carcinoma in situ tissue, and a 
combination of all tissue types (k, l). Mean fluorescence intensities of all patients per dose group, per 
tissue type are shown in panel m. Asterisk denotes significant (P < 0.05, Kruskal-Wallis test) values. Obelisk 
denotes significant (P < 0.05, Mann-Whitney-U test) values. Bars are representing the median, error bars 
are representing 95% confidence interval. Scale bars represent 5 mm.
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tissue slices from 23 patients. In three patients, the light-tight macroscopic fluorescence 
imaging device malfunctioned; these patients were excluded. Quantitative macro-
segmentation analyses confirmed significantly higher fluorescence signals in tumor 
tissue relative to normal background tissue in the 10 mg and 25 mg dose groups (Fig. 
2-I). The MFI of tumor tissue increased from a median of 5368 in the 4.5 mg group to 
a median of 18,472 in the 50 mg group (Fig. 2-I). The 25 mg dose group showed a 
significantly higher MFI in tumor tissue compared to tumor tissue in the 10 mg dose 
group (median MFI 25 mg = 14,390, median MFI 10 mg = 6014; P = 0.0297, Kruskal-
Wallis test). No increase in MFI of normal background tissue was observed between the 
10 mg and 25 mg dose groups (P = 0.0880, Kruskal-Wallis test), resulting in a significantly 
higher TBR of 3.07 in 25 mg group patients versus 1.79 in 10 mg group patients (P = 
0.0097, Kruskal-Wallis test)(Fig. 2-I).  

MDSFR/SFF spectroscopy
MDSFR/SFF spectroscopy was performed on the fresh tissue slices in order to quantify 
the intrinsic fluorescence by correcting the fluorescence signal for the tissue optical 
properties scattering and absorption. Per patient three spots in the same fresh tissue slice 
were measured of both tumor tissue and normal tissue, per spot three measurements 
were done. In the 13 patients with available MDSFR/SFF data, intrinsic fluorescence in 
tumor tissue was significantly higher compared to normal tissue in the 10 mg dose group 
(P = 0.0022, Mann-Whitney-U test) and the 25 mg dose group (P = 0.0159 Mann-Whitney 
U-test) (Fig. 2-II). Furthermore, a larger variation of fluorescence intensity between 
patients was observed in the 25 mg and 50 mg groups. When comparing results of 
MDSFR/SFF spectroscopy with macro-segmentation of the fresh tissue slices, a similar 
trend of increasing fluorescence levels in tumor tissue with escalating tracer doses was 
observed, whereas no difference in fluorescence levels was measured in background 
normal breast tissue between the dose groups. 

Quantitative micro-segmentation of 10-µm-thick FFPE sections
To assess the detailed microscopic biodistribution of bevacizumab-800CW in human 
breast tissue, we performed micro-segmentation on a total of 200 10-µm-thick FFPE 
sections (Fig. 3a-l). In all 26 patients, tumor tissue showed a higher MFI compared to the 
entire normal breast tissue. Normal tissue was defined as fat and parenchymal breast 
tissue including collagen (Fig. 2-III, Fig. 3m). When analyzing the MFI per tissue type 
per dose group, we observed an increase in MFI for all tissue types. However, a higher 
tracer uptake in tumor tissue remains in escalating doses, which indicates tumor-specific 
targeting of the tracer irrespective of dosing (Fig. 4e-i). To visualize the differences in 
tumor tissue and normal parenchyma, we plotted the tumor-to-parenchyma ratio, per 
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Figure 4. Micro-segmentation per dose group, and per tissue type. Per dose group we plotted mean 
fluorescence intensity per tissue type (a–d); tumor and carcinoma in situ components shown in red. 
The mean fluorescence intensity per tissue type was plotted in (e-i). In j the tumor-to-parenchyma ratio 
per dose group is plotted. Bars represent the mean and the error bars the standard deviation. Boxplot 
centerline is at median, the bounds of the box at 25th to 75th percentiles, the whiskers are depicting the 
min–max.

patient and per dose group (median per dose group is indicated with a horizontal line). 
In five patients the tumor-to-parenchyma ratio was below 1, what means that the tumor 
MFI was lower than the MFI of the parenchyma tissue (Fig. 4j). 

Potential clinical value of fluorescence-guided surgery
Since macro-segmentation analyses and micro-segmentation analyses confirmed tumor-
specific targeting of bevacizumab-800CW irrespective of the dosing, we evaluated 
the potential clinical value of molecular-fluorescence-guided surgery in breast cancer 
patients. We qualitatively analyzed the intraoperative fluorescence image and video 
data in combination with the fluorescence images of the freshly excised specimen. 
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Intraoperative imaging took place at two time points during surgery; the tumor was 
imaged just before excision and the surgical cavity was imaged directly after removal 
of the tumor. Since this clinical trial was not designed to alter the standard of care, 
surgeons were not allowed to excise additional tissue based on intraoperatively detected 
fluorescence signals. Therefore, intraoperative findings could only be retrospectively 
correlated with histopathology. Representative examples of fluorescence images from 
a patient with a tumor-involved surgical margin, and from a patient with a tumor free 
surgical margin are presented in Fig. 5. We observed in the fluorescence scan of the 10 
µm slide also non-fatty is lit up by the fluorescent tracer (Fig. 5, t). We further investigated 
the possible cause of this high uptake by sectioning the tissue FFPE block several slides 
deeper, and strikingly, in these deeper sections we found tumor tissue present at the 
site where the high uptake is visible in the original slide. It is known that VEGF is present 
is in the microenvironment of the tumor10. Probably, the VEGF expressed in the non-fatty 
tissue is a field-effect from secretion from deeper seated underlying tumor cells which 
might explain the high bevacizumab-800CW uptake. 

In eight of the 26 patients (31%) a tumor-involved surgical margin was reported 
after histopathological analyses; using current clinical surgical practice, none of these 
margins were detected intraoperatively (Table 2). When using fluorescence, in seven of 
these eight patients (88%) a clear fluorescence signal was detected in the surgical cavity 
by intraoperative fluorescence imaging, suggesting a tumor-positive resection margin. 
In three of those seven patients, the primary tumor was not completely resected, 
whereas in four other patients the surgical margin contained additional carcinoma in 
situ components next to a completely resected primary tumor. In one patient, in which 
histopathological analysis showed ink on the invasive primary tumor, no fluorescence 
signal was detected in the surgical cavity. In contrast to the intraoperative imaging of 
this patient, ex vivo analyses of the fresh tissue slices showed clear uptake of the tracer 
in the tumor tissue, and also a close surgical margin was suspected on the fluorescence 
images of the fresh tissue slices (Supplementary Fig. 2b). 

In 18/26 patients (69%) a tumor-free surgical margin was reported after 
histopathological analyses (Table 2). In 16 of these 18 patients (89%) no intraoperative 
signals were detected in the surgical cavity, whereas in the two remaining patients 

Surgical margin  
tumor positive

Surgical margin  
tumor negative

Total

Fluorescence signals in cavity positive 7 2 9
Fluorescence signals in cavity negative 1 16 17
Total 8 18 26

Table 2. Contingency table of molecular fluorescence guided surgery in breast cancer patients.
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Figure 5. Representative examples of intraoperatively detected tumor involved surgical margin and 
a tumor negative surgical margin. Columns represent from left to right intraoperative imaging, fresh 
specimen imaging, fresh tissue slice imaging, FFPE block imaging and imaging of 10-µm-thick sections. 
The two upper rows represent a patient with a tumor positive surgical margin, a clear fluorescence signal 
was detected in the surgical cavity. Subsequently, the corresponding resection plane of the excised 
specimen was marked with an extra suture (a-b). Fluorescence imaging of the fresh surgical specimen 
showed high fluorescence signals at the area of the suture mark (c-d, asterisk). Corresponding fluorescence 
images of fresh tissue slices, FFPE blocks and 10-µm-thick sections showed high fluorescence signals at 
the margin (e-j, arrows). Histopathology confirmed the presence of tumor deposits in this area (i). The 
lower rows represent a patient with a tumor-free surgical margin Figure 5k-t. Deeper sectioning of the 
FFPE block (q,r) was performed to investigate the probable cause of the high fluorescent area within the 
green dashed line (t) (u,v)  Arrow depicts the surgical positive margin. Dashed white/black circle indicates 
the area with the highest fluorescence signal intensities. The asterisk represents the position of the extra 
suture mark. The gray box represents the origin of the FFPE block in the fresh tissue slice. The dashed 
white/black line delineates tumor tissue. The dashed green line delineates collagen tissue with normal 
parenchyma. Scale bars represent 1 cm.
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with a tumor-free surgical margin (2/26, 7.6%), a positive fluorescence cavity signal was 
detected. In these two patients, high fluorescence signals were observed in surrounding 
healthy tissue containing abundant collagen, normal parenchyma, accompanied by 
adenosis and a periductular plasma cell infiltrate as detected in micro-segmentation 
analyses, which could explain these findings (Supplementary Fig. 2d). 

DISCUSSION

In the emerging field of molecular fluorescence imaging a robust and broadly applicable 
analytical framework for clinical translation of fluorescent tracers is lacking. Based on our 
experience in the first clinical trials investigating fluorescence-guided surgery in human, 
we propose a standard evaluation methodology for clinical translation of fluorescent 
tracers by combining complementary qualitative and quantitative clinical optical 
imaging techniques5-8. 

Earlier, we demonstrated that a microdose of bevacizumab-800CW specifically targets 
vascular endothelial growth factor A (VEGF-A) in patients with primary breast cancer7. 
VEGF-A is present in all breast cancer types 11-14, as it is a generic target upregulated 
in many solid tumors and regarded one of the hallmarks of cancer15. Besides, we have 
demonstrated earlier that the antibody bevacizumab still has intact affinity for the target 
after conjugation with IRDye-800CW and the labeling procedure does not influence 
the structural integrity and post translational modifications of bevacizumab not leading 
to an affected mode of action by the IRDye-800CW conjugation16. Data derived from 
preclinical studies confirm that Bevacizumab-800CW has a comparable biodistribution as  
89Zr-Bevacizumab17.

By implementing our novel analytical framework for the first time in the current 
study, we confirmed the tumor-specific targeting of bevacizumab-800CW in escalating 
doses by tracing down bevacizumab-800CW on both a macroscopic and microscopic 
level within the individual components of the proposed analytical framework. Because 
we demonstrated the tumor-specific targeting of bevacizumab-800CW irrespective of 
dosing, we subsequently showed the potential clinical value of fluorescence guided 
surgery in breast cancer patients, indicating the clinical feasibility and support of future 
studies to evaluate the definitive clinical impact of fluorescence-guided surgery in primary 
breast cancer patients.  Using fluorescence-guided surgery in primary breast cancer 
patients, we showed that the intraoperative detection of tumor-involved margins is much 
better than standard surgical practice, this was confirmed by ex vivo analyses within 
the analytical workflow. In seven out of eight patients, tumor-positive resection margins 
were detected during fluorescence-guided surgery that were missed by intraoperative 
assessment of surgical margins using standard visual inspection and palpation. Because 
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the tumor-involved surgical margins could be detected intraoperatively in real time, 
these patients might have avoided additional surgery or therapy. This indicates the 
clinical value of intraoperative molecular fluorescence imaging in breast cancer patients 
and supports a paradigm shift in the future treatment of breast-conserving surgery, 
however the long-term impact of molecular fluorescence imaging on relevant clinical 
endpoints needs to be confirmed in next phase clinical trials, for instance the reduction 
in positive-margin rates (Table 2). 

Besides guiding intraoperative decision making, fluorescence imaging could also 
have a significant impact on the workflow of pathological analysis. In current clinical 
practice, histological analysis of the complete surgical specimen is not possible due 
to practical and logistical constraints. Moreover, sampling tissue for histological 
analyses is based only on gross examination by visual inspection and palpation of the 
fresh serially sliced specimen by the attending pathologist; therefore, tumor-involved 
margins may not be included in total in the FFPE tissue blocks, thus causing a sampling 
error. Macroscopic fluorescence imaging of the fresh surgical specimen and the fresh 
tissue slices can provide the pathologist with a red-flag technique that precisely outlines 
tumor tissue (i.e., image-guided pathology). This could optimize current tissue sampling 
procedures and prevent sampling errors. Importantly, in our study we confirmed the 
cross-correlation of fluorescence-guided surgery with final histopathology, considered 
the gold standard. This is crucial for the further implementation of fluorescence image-
guided histopathology.

Additionally, the current intraoperative clinical workflow is constrained by a 
considerable time lag between the clinical decision making of the surgeon (intraoperative 
evaluation, minutes-hour) and the determination of presence or absence of a tumor 
positive margin by the pathologist (post-operative evaluation, days-week). We propose 
that image-guided pathology might bridge the gap between the surgical theatre and 
the pathology laboratory for reliable margin assessment, as fluorescence images of the 
specimen can be provided in real-time and simultaneously to both disciplines, which 
will lead to a dynamic interaction between in vivo intraoperative imaging and ex vivo 
macroscopic imaging of the surgical specimen. This could improve surgical outcome 
when it counts the most – during surgery – with a direct impact on clinical decision 
making.

Although this study was designed as a dose escalation study, we cannot draw 
definitive conclusions on the optimal tracer dose for clinical decision making. This is 
due to the relatively small number of patients included in the lowest and highest dosing 
groups, leading to an unequal distribution of patients with tumor-involved surgical 
margins in the four dose groups. While the current study already showed the value 
on detecting tumor involved surgical margins by an increased detection rate of 88%, 
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sufficient data points are needed to determine the definitive diagnostic accuracy and 
to derive the optimal threshold of fluorescence intensities for intraoperative decision 
making. Assuming that 15 patients with a tumor-involved surgical margin is sufficient 
per dose group, a total of 45-75 patients per dose group might be needed, given the 
20-30% tumor involved surgical margin rate in breast cancer surgery known from this 
study and from literature. 

We observed a larger variation of fluorescence intensities in tumor tissue between 
patients in the 25 mg and 50 mg dose groups compared to 4.5 mg and 10 mg dose 
groups. Factors that might indicate protein saturation in tumors in doses from 25 mg on 
might be tumor size, tumor grade, and tumor type. Data derived from clinical studies 
evaluating cetuximab-800CW targeting Endothelial Growth Factor Receptor (EGFR) in 
head- and neck cancer, we learned protein saturation occurs in higher dose groups as 
it has shown decreasing TBRs with higher doses18. Based on literature data, it is known 
that higher VEGF mRNA expression values are associated with higher grade tumors, but 
also with negative ER/PR status, and positive HER2 status19. Most likely, the small sample 
size within our study limits definitive conclusions about correlation of tracer uptake with 
clinicopathological parameters. Therefore, the correlation of fluorescence intensity and 
clinicopathological parameters needs to be investigated in a next phase clinical trial. 

In five patients, the tumor-to-parenchyma ratio in the micro-segmentation results 
was below 1, what means that the tumor MFI was lower than the MFI of the parenchyma 
tissue. Especially in the micro-segmentation results it becomes more apparent that the 
tumor-to-parenchyma ratio is lower than the TBR, compared to for example the results 
of the macro-segmentation analyses of the fresh tissue slices. Although parenchymal 
tissue including collagen showed high tracer uptake, it is to be expected that this tissue 
will only attribute relatively to background fluorescence intensity intraoperatively, which 
is supported by the fact that in only one out of these five patients this resulted in a false 
positive cavity signal according to the intraoperative image analyses (supplementary Fig. 
2d first row). Only large areas of parenchymal tissue including collagen may influence 
the TBR in vivo, which might be challenging in patients with a tumor directly behind the 
nipple and in premenopausal patients with dense breasts. 

We described the analytical platform which is optimized for 800 nm optical agents in 
particular in terms of instrumentation adapted to NIR fluorescence imaging (i.e., around 
the 800 nm range). Moreover, the analytical workflow is generally applicable for analyses 
of optical agents with other wavelengths, considering when a paired detection camera 
is used that is adapted to the particular wavelength of interest of the fluorophore.

In conclusion, by implementing a novel analytical workflow for molecular fluorescence 
imaging we have demonstrated the clinical feasibility of molecular fluorescence-guided 
surgery using the fluorescent tracer bevacizumab-800CW in breast conserving surgery. 
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A larger study including clinical endpoints is needed to confirm the optimal dose of 
bevacizumab-800CW to be used in a next phase randomized clinical trial. Furthermore, 
our analytical platform could be used in future clinical studies on the clinical translation 
and evaluation of other tumor-targeted fluorescent tracers for molecular fluorescence 
guided surgery, and also in different tumor types. Therefore, this analytical platform 
might serve as a standard for data collection and fluorescence image analyses in trials 
investigating molecular fluorescence imaging (Supplementary Fig. 5). 
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ONLINE METHODS

Bevacizumab-800CW synthesis
Clinical grade bevacizumab-800CW was produced in the good manufacturing practice 
(GMP) facility of the UMCG by conjugating bevacizumab (Roche AG) and IRDye-800CW-
NHS (LI-COR Biosciences Inc) under regulated conditions16. The average conjugation 
molecule ratio of bevacizumab (molecular weight: 149 KDa) to IRDye-800CW-NHS 
(molecular weight: 1.166 KDa) was 1:2, generating the conjugate bevacizumab-800CW 
with a total molecular weight of 151.3 KDa. Vials containing 6.0 mg bevacizumab-800CW 
dissolved in 0.9% sodium chloride (NaCl) solution were used to prepare the infusions in 
a concentration of 1 mg ml-1. After release of the final product by the certified qualified 
person at the UMCG GMP facility, the tracer was intravenously administered to the 
subjects.

Gel electrophoresis
Tumor lysates of a patient from the 10mg group, and one patient from the 25mg group 
were analyzed by sodium dodecyl sulfate polyacrylamidegel electrophoresis (SDS-
PAGE), to ensure the complete compound bevacizumab-IRDye800CW was present in 
the primary breast tumor. Additional, a lysate of normal tissue was analyzed. Results 
were compared with labeled and unlabeled clinically used bevacizumab. The gel was 
scanned with the Odyssey flatbed scanner at the 800nm channel.

Clinical trial design
The dose finding study was performed in two centers in 26 patients with proven primary 
breast cancer scheduled for surgery. This study was approved by the Institutional 
Review Board of the University Medical Center Groningen (UMCG, Groningen, the 
Netherlands) for conduction of the study in both the UMCG and in the Martini Hospital 
(MZH; Groningen, the Netherlands), a peripheral training hospital being representative 
for the general population of breast cancer patient operated on in The Netherlands. 
The study was conducted according to the principles of the Declaration of Helsinki and 
according to the Dutch Act on Medical Research involving Human Subjects (WMO). 
Patients with proven primary breast cancer scheduled for surgery were recruited during 
multidisciplinary breast cancer meetings in either the UMCG or Martini Hospital. Eligible 
patients were given orally and written information about the study and the option to 
participate. All human participants gave written informed consent before the start of 
the study procedures. An independent data safety monitoring board was appointed 
prior to the inclusion of the first patient to evaluate safety measures. Serious adverse 
events, if present, were immediately reported to the investigational review board of the 
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UMCG, the data safety monitoring board, and the Dutch central committee on research 
involving human subjects (CCMO). The trial was registered at www.ClinicalTrials.gov 
(identifier: NCT02583568). 

We designed an adapted 4x3 dose-finding study design, adhering to the FDA 
guidelines (Guidance for Industry, Developing Medical Imaging Drug and Biological 
Products, Part 2 Clinical Indications). This study consisted of two parts. In part I, four 
ascending flat doses of 4.5 mg (=4.5mL), 10 mg (=10mL), 25 mg (=25mL) and 50 mg 
(=50 mL) bevacizumab-800CW were intravenously administered to three patients each. 
The dosing scheme that was used in the trial is based on the definition of microdosing. 
We wanted to be sure to stay more than 3 times below the therapeutic dose in the 
highest dose group. For patients who are on combination therapy with bevacizumab 
to treat their cancer, it is commonly accepted that the patient can safely undergo 
surgery 6 weeks after termination of the bevacizumab therapy: i.e. at this time the anti-
angiogenetic effects have diminished sufficiently to assure there is no increased risk of 
bleeding or post-operative complications related to bevacizumab. The plasma levels of 
bevacizumab after a wash out period of 6 weeks equals the peak plasma levels after a 
160 mg IV dose (as calculated by the Hospital Pharmacy and the department of Medical 
Oncology at the UMCG). Since the Bevacizumab-800CW will be used in surgery, the 
dose should stay below 160 mg total injected dose, for which the maximum flat dose 
of 50 mg in this clinical trial stays significantly below. We administered a flat dose per 
cohort, the dose was not adjusted for body weight or body surface area.

In part II, the most optimal performing dose group and one de-escalating dose 
were chosen on the basis of tumor-to-background ratio to be expanded to a total of 10 
subjects in each group in order to obtain a sufficient number of data points to decide 
on the optimal dose for a future phase III clinical study (Supplementary Fig. 1). Patients 
received a single dose of one of the 4 dosages bevacizumab-800CW three days prior 
to surgery. The lower doses of 4.5 mg and 10 mg were injected by slow bolus injection, 
and for 25 mg and 50 mg an infusion pump was used (infusion speed: 150mL per hour). 
After injection, the infusion line was flushed with 5mL 0.9% NaCl.

Safety measurements
Vital signs were measured prior to tracer injection, immediately after tracer injection 
and one-hour post-injection. Before tracer administration blood levels of potassium, 
magnesium, calcium was measured. A pregnancy test was performed if patients were 
pre-menopausal. A standard 12-lead electrocardiogram (ECG) was made before 
tracer injection and one-hour post-injection. The following parameters were reported: 
heart rate, QT- and QTc time. QT correction for heart rate was done using the Bazett 
formula. In the first 12 patients of the current study, and in 17 patients in the clinical trial 
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NCT02113202 no QTc prolonging was observed when patients received 4,5 mg, 10 mg, 
25 mg and 50 mg bevacizumab-800CW, therefore the local investigational review board 
and the data safety monitoring board agreed to terminate ECG measurements in Part II 
of this trial. Patients were asked for signs and symptoms before tracer injection, during 
one-hour observation period after tracer injection, and prior to surgery. After surgery, a 
post-surgery follow-up assessment was performed within two weeks. At this visit wound 
healing and adverse events were monitored.

Standard surgical procedure
Patients underwent either a lumpectomy (n = 24) or a mastectomy (n = 2) with or without 
a sentinel lymph node biopsy or axillary lymph node dissection, according to institutional 
standard of care procedures and guidelines. Tumor localization was done with either 
manual palpation, wire guidance or using an iodine seed according to standard clinical 
care. Sentinel lymph node mapping was done using 99mTechnetium using a gamma-
probe, 99mTechnetium was injected intratumorally one day before surgery conform 
standard clinical care. 

Based on our previous experience in fluorescence imaging we adapted the standard 
of care minimally. We used blue non-fluorescent sterile covers in this study and avoided 
blue dye injection for sentinel lymph node mapping, as green color sterile covers and 
patent blue interfere with fluorescence signals. 

Intraoperative fluorescence imaging device
We used a fluorescence camera system dedicated to detect IRDye-800CW-NHS 
(SurgVision BV ‘t Harde, The Netherlands). The system was configured with two LED 
lights for 800nm illumination and one LED light for white light illumination. Real-time 
color and NIR fluorescence images and videos were acquired simultaneously with 
custom software at video rate. Fluorescence was detected using a highly sensitive 
electron-multiplying charge-coupled device (EMCCD) imaging sensor. In the color-NIR 
overlay images, 800nm images were pseudo colored green. The working distance of 
the imaging system was 20cm above the surgical field with a field of view of 15 cm x 
15 cm, and a spatial resolution of approximately 2-line pairs per millimeter. For each 
experiment, settings were held constant on 50ms exposure time and 300 gain; if 
fluorescence oversaturation occurred in higher dose groups we lowered the gain to 30 
or 3 accordingly. Images and videos were recorded and stored in raw Flexible Image 
Transport System (FITS) format.

Before and after each surgical procedure the intraoperative camera system was 
calibrated using a calibration device (CalibrationDisk, SurgVision BV, The Netherlands). 
The device consists of a disk with round windows that can hold 8 clear polypropylene tubes 
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of 0,65 ml (Catalog #15160, Sorenson, BioScience, Inc, Murray, U.S.A.)(Supplementary 
Fig. 4). The tubes were filled with 2% intralipid and two-fold increasing concentrations 
of bevacizumab-800CW from 1:6400 till 1:100 including one tube without tracer. The 
CalibrationDisk was used to test the system prior to and after surgery, whether low 
and high fluorescent signals could be detected from dilutional series and whether the 
system was functioning appropriately.

Intraoperative imaging procedures 
This clinical trial was not designed to alter the standard of care, and surgeons were 
not allowed to excise additional tissue based on fluorescence signals intraoperatively 
detected. Therefore, intraoperative fluorescence imaging took place at two predefined 
time points during the surgical procedure: 1) after skin incision the tumor area was 
imaged just before excision of the complete surgical specimen, and 2) after removal 
of the specimen the surgical cavity was inspected for remaining fluorescence signals. 
During imaging, the surgeon was looking at a stand-alone computer monitor connected 
to the intraoperative imaging system. During the imaging procedures the ambient light 
of the surgical theatre is switched off in order to prevent interaction of the ambient light 
with the fluorescence signals and also to have the highest sensitivity for detection of 
fluorescent signals during surgery, because the surgical field is also illuminated by the 
white light of the camera system, the surgeon can still see in real life what occurs in the 
surgical field. This set up did not influence the standard of care.

Specimen handling   
After excision of the surgical specimen orientation marks were placed according to 
standard clinical care. A short-short suture marked the posterior side of the specimen 
and a long-long suture marked the nipple side of the specimen. 

Fluorescence imaging systems for ex vivo imaging
The light-tight macroscopic fluorescence imaging device (SurgVision BV, The 
Netherlands) is designed for ex vivo fluorescence imaging and consists of an object 
table and a Complementary Metal Oxide Semiconductor (CMOS) camera which are 
fully shielded by a light-shielded box in order to create a dark imaging environment. The 
distance between the object table and the CMOS camera is fixed with a field of view of 
10 cm by 10 cm. For each experiment, settings were held constant with a fluorescence 
exposure time of eight seconds. In two cases the light-tight macroscopic fluorescence 
imaging device did malfunction and the intraoperative imaging system was used for 
imaging of the fresh surgical specimen and fresh tissue slices in a dark environment. 
Before each experiment started, the ex vivo imaging device was calibrated with the 
same calibration device as previously described. 
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The multi diameter single fiber reflectance/single fiber fluorescence (MDSFR/
SFF) spectroscopy system calibrates scattering signals in the reflectance spectra and 
provides a quantitative measurement of the NIR signal emitting from the bevacizumab-
800CW tracer20. The MDSFR/SFF spectroscopy device was calibrated internally using a 
6.6% intralipid phantom.

We used the Odyssey® CLX fluorescence flatbed scanning system (LI-COR 
Biosciences Inc. Lincoln, Nebraska) for detecting fluorescence in FFPE blocks and 
10-µm-thick sections.

An inverted microscope (DMI6000B, Leica Biosystems GmbH, Wetzlar, Germany) 
was used for fluorescence microscopy with a pixel size 6.45µm, a field of view: 120 x 
120 mm. To optimize NIR visualization, the microscope was equipped with additional 
accessories, including a NIR LED light source ranging up to 900 nm (X-Cite 200DC, 
Excelitas Technologies, Waltham, MA, USA), an NIR filter set (microscope two band- pass 
filters 850–890 m–2p and a long-pass emission filter HQ800795LP; Chroma Technology 
Corp, Bellows Falls, VT, USA]), a monochrome DFC365 FX fluorescence camera (1·4 M 
Pixel CCD, Leica Biosystems GmbH), and LAS-X software (Leica Biosystems GmbH). We 
used an acquisition time of 10 seconds for images of the 800nm channel.

Imaging procedures of the fresh surgical specimen
All the procedures took place in a dark environment as much as possible, to prevent 
photobleaching of the tracer. The fresh surgical specimen is handled conforming current 
clinical practice (see also page 18). Upon arrival at the pathology department, the fresh 
surgical specimen was imaged in the light-tight macroscopic fluorescence imaging device 
on every six sides corresponding to the in vivo situation, which are anterior, posterior, 
medial, lateral, cranial and caudal sides. The specimen was imaged on average of 60 
minutes after removal of the tissue, image duration was 6 minutes per specimen. After 
freezing the whole fresh specimen in a -20 degrees Celsius freezer for 15 minutes, the 
whole specimen was marked with black and blue ink, because these are non-fluorescent 
in the NIR range and do not interfere with the bevacizumab-800CW tracer signal. The 
limitation on the use of ink color did not affect the standard of care pathology practices 
in both institutions participating in the study. Subsequently, the fresh surgical specimen 
was serially sliced into 0,5cm thick fresh tissue slices. A photograph of all fresh tissue 
slices was made. Before formalin fixation, all fresh tissue slices were imaged on both 
sides in the light-tight macroscopic fluorescence imaging system. The fresh tissue slices 
were imaged on average of 180 minutes after removal of the tissue, image duration was 
15 minutes for both sides of all fresh tissue slices of a patient. Furthermore, one fresh 
tissue slice per patient which clearly contained tumor based on gross examination, was 
used for MDSFR/SFF spectroscopy analysis. We placed the MDSFR/SFF spectroscopy 
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probe on top of tumor tissue and normal tissue for quantitative measurements of NIR 
fluorescence. Per patient three spots were measured of both tissue types, per spot 
three measurements were done. Thereafter, the fresh tissue slices were fixed in formalin 
overnight. The next day, the pathologist macroscopically examined the specimen and 
selected tissue samples that were embedded in paraffin blocks and processed further 
for histological analyses. Tissue was embedded conforming standard clinical practice; 
in our institution the pathologist decides, based on visual inspection and palpation and 
gross examination, which tissue areas need to be embedded in FFPE blocks. This study 
was performed without altering the standard of care and therefore we did not influence 
the pathologist on selection of which tissue to be embedded in FFPE blocks. After 
the pathologist was finished with macroscopic selection, additional tissue samples were 
embedded if high fluorescence signals were detected in images of the fresh tissue slices 
in regions that would not have been embedded for standard clinical care. The tissue 
cassette numbers were marked on a printed photograph of all fresh tissue slices, to 
enable direct correlation between fluorescence signals in fresh tissue slice images and 
histology.

Imaging procedures of formalin fixed tissue
All FFPE blocks of all patients were requested from the pathological department and 
were scanned with the Odyssey® CLX fluorescence flatbed scanning system. All FFPE 
blocks were scanned with the same imaging settings (wavelength: 800nm, resolution 
21µm, quality: highest, intensity: 5).

We made 10-µm-thick tissue sections of all FFPE blocks of all patients. The 10-µm-
thick sections were deparaffinized in xylene for two times five minutes each. It has 
been shown in an earlier clinical study executed by our group that dehydration or 
deparaffination in xylene steps has no effect on the presence of the compound, and no 
effect on the measurements of the fluorescent signals (unpublished data from clinical 
trial: Lamberts et al. Clinical Cancer Research 2016)7. Thereafter, we left the slides to dry 
in the air in a dark environment. When dry, we imaged the slides using the Odyssey® 
CLX fluorescence flatbed scanning system (LI-COR Biosciences Inc.) with the same 
imaging settings to all slides (wavelength: 800nm; resolution: 21µm, quality: highest, 
intensity: 8). After scanning the tissue slides, we directly performed hematoxylin/eosin 
(H/E) staining to enable direct correlation between fluorescence signal and histology 
on the same slide. H/E slides were digitalized using a digital slide scanner (Hamamatsu, 
Japan).
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Fluorescence microscopy
We made additional 4-µm-thick sections for microscopic assessment of the NIR signal 
derived from bevacizumab-800CW in order to evaluate the tracer distribution at a cellular 
level. The cell nuclei were counterstained with Hoechst (33258, Invitrogen, Waltham, 
MA, USA) The sections were mounted under a cover glass in modified Kaiser’s glycerin. 

Macro-segmentation of the fresh tissue slices 
We used images of the fresh tissue slices of all 26 patients to determine the tumor-
to-background ratio (TBR) per patient. TBR was defined as the mean fluorescence 
intensity measured in breast cancer tissue divided by the mean fluorescence intensity 
in surrounding healthy tissue at macroscopic level. We used images of the fresh tissue 
slices as a representative model for the in vivo situation for the macro-segmentation 
analyses for calculating the TBR. Fresh tissue represents the in human situation best 
because this tissue is not yet fixed with formalin or embedded in paraffin and the 
conditions of imaging are the most optimally standardized. The tumors within the slices 
are all on the surface without overlaying tissue, the distance from stage to camera is 
equal in all patients, and no ambient light is influencing the fluorescent signals. All raw 
(FITS-format) fluorescence images of fresh tissue slices that contained tumor tissue 
were imported in ImageJ (Fiji, version 1.0). Region-of-interests (ROIs) were defined 
using the analytical workflow, because we could exactly correlate the origin of all FFPE 
blocks from the fresh tissue slice. As we know this origin we used the corresponding 
histological slice to confirm tumor areas and background areas of normal tissue in the 
fresh tissue slices. Region-of-interests (ROIs) of the total tumor tissue area as well as the 
total background tissue per fresh tissue slice are defined by MK and drawn manually. 
Mean fluorescence intensities (MFI, arbitrary units) of all fresh tissue slices containing 
tumor tissue were measured per ROI and averaged per tissue type per patient, resulting 
in a mean fluorescence intensity of tumor tissue and mean fluorescence intensity of 
background tissue per patient. The TBR was calculated for each patient by dividing the 
MFI of tumor tissue by the MFI of surrounding healthy tissue. After each dose group was 
finished, MFI of tumor tissue, MFI of healthy surrounding tissue and TBR for each patient 
were plotted in graphs (GraphPad Prism, version 7.0b). Derived from previous studies 
executed with 800CW labelled cetuximab18, it was anticipated that a plateauing of TBRs 
level might occur with increasing doses and therefore further increasing the dose is of 
no further clinical need in terms of imaging TBRs. Once the TBR reached a plateau, it 
was considered as an indicator that the optimal dose was reached. 
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MDSFR/SFF spectroscopy
The MDSFR/SFF spectroscopy gains two reflectance spectra via two different optical 
fibers and one raw fluorescence spectrum. The scattering and absorption coefficients 
were determined from the reflectance spectra, which were used to determine the 
intrinsic fluorescence (Q.μf

a,x) of bevacizumab-800CW by correcting the fluorescence 
spectrum for the calculated tissue optical properties20. The intrinsic fluorescence Q.μf

a,x 
is defined as the product of the quantum efficiency across the emission spectrum, Q[-
], where Q is the fluorescence quantum yield of IRDye-800CW and maf [mm−1] is the 
tracer absorption coefficient at the excitation wavelength.  MDSFR/SFF spectroscopy 
was performed in UMCG patients only; since the system was not available in the MZH 
center. In one patient, the measurements failed because the device malfunctioned.

Micro-segmentation for assessment of the biodistribution 
We performed micro-segmentation of 10-µm-thick FFPE sections to determine 
biodistribution of bevacizumab-800CW in human breast tissue. In summary, after 
fluorescence scanning and HE staining of 10-µm-thick tissue sections, an experienced 
breast cancer pathologist (BvdV) reviewed the histology of all slides. Different tissue 
components (e.g. invasive carcinoma, carcinoma in situ, benign proliferative lesions, 
reactive lesions and healthy parenchymal tissue including collagen and fat) were 
identified and delineated manually on the digitalized HE slides. Delineated tissue 
components were exported as ROIs using Photoshop (Adobe Creative Cloud 2017). 
Fluorescence images of the 10-µm-thick sections as well as the ROIs containing different 
tissue components were imported in ImageJ (Fiji, version 1.0). Per ROI a fluorescence 
measurement was performed resulting in an MFI per tissue component per slide. 
Per patient a mean MFI was calculated per tissue component and plotted in a graph 
(Graphpad Prism, version 7.0b).

The potential clinical value of fluorescence guided surgery 
Clinicopathological analyses of specimens were reported conforming standard clinical 
care, which contained at least macroscopical description, microscopical description 
including tumor type, modified Bloom-Richardson grade, surgical margins and receptor 
status. If present, microscopic description of carcinoma in situ was reported accordingly. 

All intraoperative fluorescence images and videos of the surgical cavity of all 26 
patients were reviewed by MK, a trained and experienced technical team member and 
blinded for histopathology. The analyses of all the images took place after the study 
was finished and all data was collected. Patients were divided on having presence or 
absence of fluorescence signals in the surgical cavity. Presence of fluorescence signals 
was defined as clear fluorescence signals that have higher fluorescence intensities 
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compared to lower fluorescence intensities from background tissue, what means that 
high fluorescence signals could be easily delineated from lower background signals. 
To correlate fluorescence signals with having a tumor involved surgical margin, a 
contingency table was analyzed. The surgical margin was considered to be positive if 
ink was present on invasive cancer or carcinoma in situ, according to the most recent 
ASCO guidelines on breast cancer9,21.

Statistical analysis
MFI was defined as total counts per ROI pixel area in tumor and background normal 
tissues. Data was tested for Gaussian distribution; none of the data was normally 
distributed. Fluorescence signal intensities between four different dose groups were 
compared using Kruskal-Wallis test with a Dunn’s multiple comparison test as post hoc 
analyses. Fluorescence signal intensities between different tissue types within one dose 
group was analyzed with the Mann-Whitney-U test. Data are presented as boxplots with 
bars depicting minimum and maximum values, or median values were indicated with 
lines. Correlation between fluorescence intensity and clinicopathological parameters 
was tested with Spearman’s correlation test. A two-sided P value of less than .05 was 
considered significant. We used GraphPad Prism, version 7.0b Software for statistical 
analysis.
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1 - Flow chart of the study 
design. In part I, four dose groups of three patients each 
were included and evaluated. In part II, the two best 
performing dose groups were expanded to a total of 10 
patients each.
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Supplemantary Figure 2 - page 1/4
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Supplemantary Figure 2 - page 2/4
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Supplemantary Figure 2 - page 3/4
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Supplemantary Figure 2 - page 4/4

Supplementary Figure 2 – Overview of imaging data of all patients with all imaging modalities. 
Columns from left to right represent: the location of the tumor in the breast, intraoperative images, 
images of the fresh specimens, images of the fresh tissue slices, images of FFPE blocks of the primary 
tumor, and images of the 10-µm-thick sections of the primary tumor. When the surgical margin of 
carcinoma in situ components were positive these were added in the additional columns. Patients with 
positive fluorescence signals in the cavity and a histologically proven tumor positive surgical margin are 
presented in (a). Patients with negative fluorescence signals in the cavity and a histologically proven 
tumor positive surgical margin are presented in (b).  Patients with negative fluorescence signals in the 
cavity and a histologically proven tumor negative surgical margin are presented in (c). Patients with 
positive fluorescence signals in the cavity and a histologically proven tumor negative surgical margin are 
presented in (d). Tumors are delineated with a dashed line. Location of a tumor positive surgical margin 
is indicated with an arrow. The inked margin is indicated with a green line in the fluorescence images of 
the FFPE blocks and 10-µm-thick sections.
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Supplementary Figure 3 – SDS-PAGE from tumor lysates and normal tissue lysates compared with 
diluted bevacizumab-800CW to determine the intactness of the tracer in human tissue. Bands from left 
to right: diluted bevacizumab-800CW, unlabeled bevacizumab, tumor lysate of a patient from the 10mg 
dose group, tumor lysate of a patient from the 25mg dose group, tumor lysate of the same patient from 
the 25mg dose group but with a comparable lysate weight with the 10mg patient, lysate of normal tissue.  
The bands of the human tissue lysates is present at the same hight as the diluted bevacizumab-800CW, 
which indicates the intactness of the tracer in human tissue.
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Supplementary Figure 4 – System calibration using the 
CalibrationDisk. Before and after each surgical procedure 
the intraoperative camera system and the light-tight 
macroscopic imaging device were calibrated using a 
calibration device (CalibrationDisk, SurgVision BV, The 
Netherlands). The device consists of a disk with round 
windows that can hold 8 clear polypropylene tubes of 
0,65 ml, that were filled with 2% intralipid and two-fold 
increasing concentrations of bevacizumab-800CW: in 
tube 1 no tracer was added, in tube 2 a concentration of 
1:100, in tube 3 of 1:200, in tube 4 of 1:400, in tube 5 of 
1:800, in tube 6 1:1600, in tube 7 1:3200 in tube 8 of 1:6400. 
a color image of the CalibrationDisk is depicted in image 
a, and the corresponding fluorescence image is depicted 
in b. Scale bar represent 1 cm.

Supplementary Figure 5 – Platform for fluorescent tracer evaluation in clinical trials. The horizontal 
rows depict the proposal for clinical trial design from phase I until phase IV clinical trials. In the vertical 
columns, the analytical methods that need to be performed to reach the study goals are depicted. Arrows 
represent conclusions that can be made from each analysis. Dashed arrows represent exploratory data 
analyses to determine the potential clinical application.
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ABSTRACT

Optimum cytoreductive surgery combined with hyperthermic intraperitoneal 
chemotherapy (HIPEC) is essential for the curative treatment of peritoneal carcinomatosis 
of colorectal origin. At present, surgeons depend on visual inspection and palpation for 
tumour detection. Improved detection of tumour tissue using molecular fluorescence-
guided surgery could not only help attain a complete cytoreduction of metastatic 
lesions, but might also prevent overtreatment by avoiding resection of benign lesions.

For this non-randomised, single-centre feasibility study, we enrolled patients with 
colorectal peritoneal metastases scheduled for cytoreductive surgery and HIPEC. Twod 
days before surgery, 4·5 mg of the near-infrared fluorescent tracer bevacizumab-800CW 
was administered intravenously. The primary objectives were to determine the safety 
and feasibility of molecular fluorescence-guided surgery using bevacizumab-800CW. 
Molecular fluorescence-guided surgery was deemed safe if no allergic or anaphylactic 
reactions were recorded and no serious adverse events were attributed to bevacizumab-
800CW. The technique was deemed feasible if bevacizumab-800CW enabled detection 
of fluorescence signals intraoperatively. Secondary objectives were correlation of 
fluorescence with histopathology by back-table imaging of the fresh surgical specimen 
and semi-quantitative ex-vivo analyses of formalin-fixed paraffin embedded (FFPE) tissue 
on all peritoneal lesions. Additionally, VEGF-α staining and fluorescence microscopy 
was done. This study is registered with the Netherlands Trial Registry, number NTR4632.

Between July 3, 2014, and March 2, 2015, seven patients were enrolled in the study. 
One patient developed an abdominal sepsis 5 days postoperatively and another 
died from an asystole 4 days postoperatively, most probably due to a cardiovascular 
thromboembolic event. However, both serious adverse events were attributed to the 
surgical cytoreductive surgery and HIPEC procedure. No serious adverse events related 
to bevacizumab-800CW occurred in any of the patients. Intraoperatively, fluorescence 
was seen in all patients. In two patients, additional tumour tissue was detected by 
molecular fluorescence-guided surgery that was initially missed by the surgeons. 
During back-table imaging of fresh surgical specimens, a total of 80 areas were imaged, 
marked, and analysed. All of the 29 non-fluorescent areas were found to contain only 
benign tissue, whereas tumour tissue was detected in 27 of 51 fluorescent areas (53%). 
Ex-vivo semi-quantification of 79 FFPE peritoneal lesions showed a tumour-to-normal 
ratio of 6·92 (SD 2·47).
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Molecular fluorescence-guided surgery using the near-infrared fluorescent tracer 
bevacizumab-800CW is safe and feasible. This technique might be of added value 
for the treatment of patients with colorectal peritoneal metastases through improved 
patient selection and optimisation of cytoreductive surgery. A subsequent multicentre 
phase 2 trial is needed to make a definitive assessment of the diagnostic accuracy and 
the effect on clinical decision making of molecular fluorescence-guided surgery.
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INTRODUCTION

Colorectal cancer is one of the most common and lethal cancers worldwide, causing 
almost 700 000 deaths annually.1 Peritoneal carcinomatosis occurs in about 3–21% of 
patients with colorectal cancer and is associated with end-stage disease.2 In patients 
with metastatic disease limited to the peritoneal surface, cytoreductive surgery in 
combination with hyperthermic intraperitoneal chemotherapy (HIPEC) is deemed to be 
the only potentially curative treatment. This extensive procedure has a 5-year survival of 
up to 40% when a complete cytoreduction is achieved.3 Patients who might benefit from 
cytoreductive surgery and HIPEC have to be selected carefully because the procedure 
has a complication rate of up to 62% with a 30-day mortality of up to 7·7%.4 The most 
important prognostic factors that affect the outcome of cytoreductive surgery and 
HIPEC are the extent of the disease and the completeness of cytoreduction.5 

At present, the determination of the extent of the disease is dependent on 
preoperative and intraoperative detection of peritoneal metastases. Current preoperative 
imaging modalities like CT and MRI are unable to detect small tumour deposits, mainly 
because of their limited resolution of 0·8 mm to 1 cm, leading to inaccurate staging.6 
Intraoperatively, the surgeon is still dependent on visual inspection and palpation to 
differentiate between benign and tumour lesions, with an unknown diagnostic accu- 
racy. Consequently, clinically suspicious but benign lesions are unnecessarily resected 
and small tumour lesions, which are easily missed, might be left behind. 

During the past decade, molecular fluorescence-guided surgery has emerged as 
a promising technique for intraoperative tumour detection and margin assessment in 
oncological surgery.7,8 This technique provides real-time and tumour-specific feedback 
to the surgeon, thereby potentially enhancing surgical vision for the detection of small 
tumour deposits and enabling differentiation between benign and malignant tissue 
during surgery.8,9 

A promising target for molecular fluorescence-guided surgery in colorectal cancer 
is VEGF-A,10 an angiogenic growth factor, which is often involved in tumour-induced 
angiogenesis. VEGF-A is upregulated in 93% of the peritoneal metastasis of colorectal 
origin11 and can be targeted by the therapeutic monoclonal antibody bevacizumab. For 
optical molecular imaging applications, bevacizumab has been successfully conjugated 
to the near-infrared fluorescent dye IRDye800CW in our current Good Manufacturing 
Practice facility. Bevacizumab-800CW is currently under investigation in several clinical 
trials for molecular fluorescence-guided surgery and for molecular fluorescence 
endoscopy (ClinicalTrials.gov, numbers NCT01508572, NCT01972373, NCT02129933, 
NCT02113202, and NCT02583568). 
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In this study, we determined the safety of bevacizumab-800CW and the feasibility of 
its use in molecular fluorescence-guided surgery for patients scheduled for cytoreductive 
surgery and HIPEC for the treatment of peritoneal carcinomatosis of colorectal origin. 

METHODS

Study design and patients 
For this non-randomised, open-label, single-arm, single-centre feasibility study, we 
enrolled patients who were aged 18 years or older, had histologically proven peritoneal 
metastases of colorectal origin, were scheduled for cytoreductive surgery and HIPEC, 
and had a WHO performance score of 0–2. We carefully assessed the eligibility of 
patients with peritoneal carcinomatosis referred for cytoreductive surgery and HIPEC in 
a multidisciplinary colorectal cancer meeting at the University Medical Centre Groningen 
(UMCG), where the study was done and eligible patients were given oral and written 
information about the study and the option to participate. Exclusion criteria were the 
presence of concomitant malignancies, distant metastasis, concurrent uncontrolled 
medical disorders, pregnancy or breastfeeding, clinically significant cardiac disease 
within the past 12 months (eg, congestive heart failure, symptomatic coronary artery 
disease, and cardiac dysrhythmia or myocardial infarction), and the inability to give 
written informed consent. 

This feasibility study was approved by the local investigational review board of the 
UMCG. The study was done according to the principles of the Declaration of Helsinki and 
the International Conference on Harmonisation of Good Medical Practices. All patients 
provided written informed consent before participation in the study. We appointed 
an independent data safety monitoring board before the start of the clinical trial. We 
immediately reported serious adverse events occurring during and after surgery to 
the investigational review board of the UMCG, the data safety monitoring board, and 
the Dutch Central Committee on Research Involving Human Subjects. The protocol is 
available online. 

Procedures
Patients received 4·5 mg (1 mg/mL) of bevacizumab-800CW as an intravenous bolus 
injection 2 days before surgery (appendix p 2). Bevacizumab-800CW was produced in 
the Good Manufacturing Practice facility of the UMCG, as previously described.12 

The clinical fluorescence camera system for intraoperative use was developed by 
the Technical University of Munich (Helmholtz Centre, Munich) and subsequently by 
SurgVision BV (Explorer Air camera system, Heerenveen, Netherlands) and has been 



CHAPTER 3

56

described previously by Themelis and colleagues.13 A sterile transparent drape (Carl 
Zeiss Vision BV, Oberkochen Germany) covered the camera during surgery. The imaging 
device was approved for intraoperative application in man by the technical department 
of the UMCG. 

Two experienced surgical oncologists did the cytoreductive surgery and HIPEC 
procedures according to current clinical care, as previously described by Sugarbaker.14 
After exposing the abdomen, two surgeons independently determined the clinical 
peritoneal cancer index (PCI) and the fluorescence PCI (fPCI) and were blinded to each 
other’s result. To achieve blinding, one surgeon left the operating room while the other 
surgeon assessed first the clinical PCI by visual inspection and palpation and second 
the fPCI by using the intraoperative fluorescence camera system. Then the first surgeon 
left the operating room and the other returned and followed the same procedure. fPCI 
was determined by fluorescence imaging in combination with visual inspection and 
palpation. After determining the PCI and fPCI, the two surgeons achieved consensus 
and did the cytoreductive surgery together. 

After completion of the cytoreduction, the surgeons inspected the resection surface 
and abdominal cavity for remaining fluorescence signals using the fluorescence camera 
system. In case of additional fluorescence, the surgeons only took biopsy samples if they 
both judged the procedure to be safe for the patient. After the second intraoperative 
imaging, the surgeons administered HIPEC and reconstructive surgery was done 
according to current clinical practice. 

Ex-vivo specimen analyses 
To prevent possible photo bleaching, we did the handling and storage of ex-vivo 
material in a dark environment as long as this processing did not interfere with standard 
working procedures related to clinical care. 

We did back-table fluorescence imaging of the fresh surgical specimen immediately 
after cytoreductive surgery in a separate room. We inspected the complete fresh surgical 
specimen for the presence of fluorescence signals. We aimed to collect a minimum 
of ten fluorescent and non-fluorescent areas per surgical specimen, which we marked 
with coloured pins. These areas could be either clinically suspicious for peritoneal 
metastases, or fluorescent lesions that were marked to learn more about the distribution 
and localisation of the tracer. The tissue marked by the coloured pins was histologically 
assessed by a pathologist who was blinded for the fluorescence signals to enable direct 
correlation of fluorescence signals to histopathology. 

We also retrospectively assessed all peritoneal lesions to enable semi-quantification 
of the fluorescence signals in a reproducible way. On the basis of the pathology report, 
we requested, for analysis, all formalin-fixed paraffin embedded (FFPE) blocks containing 
malignant and benign but clinically suspicious peritoneal lesions of the included 
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patients. If available, we also requested FFPE blocks from peritoneal metastases and 
clinically suspicious but benign lesions that were obtained during a previous staging 
laparoscopy, to serve as control tissue that contained no tracer. We scanned all FFPE 
blocks on the Odyssey near-infrared flatbed scanner (LI-COR Biosciences Inc, Lincoln, 
NE, USA), which we subsequently sliced into 10 μm thin slices. These tissue slices were 
mounted on silane-coated slides and dried overnight at 37°C. After the 10 μm slides 
had deparaffinised, we scanned all the slides with the Odyssey near-infrared flatbed 
scanner. Subsequently, we stained all tissue slides with haematoxylin and eosin to 
enable direct correlation of fluorescence signals with histopathology on the same tissue 
slide. A blinded and experienced pathologist segmented tumour and non- tumour 
areas on these haematoxylin and eosin slides, which served as a region of interest. We 
imported these regions of interest and the completely matching Odyssey images into 
the imaging analysis software ImageJ (version 1.48) to measure the mean fluorescence 
intensity (MFI) in benign and malignant peritoneal lesions. 

We did VEGF staining on 4 μm tissue slides of all FFPE tissue blocks containing 
peritoneal metastases. We calculated the H score to determine VEGF expression 
(appendix p 4). 

We used fluorescence microscopy on 4 μm tissue slides to assess the tracer 
distribution on a microscopic level. We applied a Hoechst nucleic acid stain (33258, 
Invitrogen, Waltham, MA, USA) to the slides and mounted them under a cover glass in 
modified Kaiser’s glycerine (appendix p 5). We used an inverted microscope (DMI6000B, 
Leica Biosystems GmbH, Wetzlar, Germany) for fluorescence microscopy. For optimised 
near-infrared visualisation, this microscope was equipped with a highly sensitive near-
infrared LED light source ranging up to 900 nm (X-Cite 200DC, Excelitas Technologies, 
Waltham, MA, USA), an optimum near-infrared filter set (microscope two band- pass 
filters 850–90 m–2p and a long-pass emission filter HQ800795LP [Chroma Technology 
Corp, Bellows Falls, VT, USA]), a highly sensitive monochrome DFC365 FX fluorescence 
camera (1·4 MP CCD, Leica Biosystems GmbH), and LAS-X software (Leica Biosystems 
GmbH).

Outcomes
The primary objective of this study was to assess the safety and feasibility of molecular 
fluorescence-guided surgery using bevacizumab-800CW during cytoreductive surgery 
and HIPEC for the treatment of colorectal peritoneal carcinomatosis. Molecular 
fluorescence-guided surgery was deemed safe if no allergic or anaphylactic reactions 
were recorded and no serious adverse events were attributed to bevacizumab- 800CW. 
The technique was deemed feasible if bevacizumab-800CW enabled detection of 
fluorescence signals intraoperatively. 
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The secondary objectives were correlation of fluorescence with histopathology 
by back-table imaging of the fresh surgical specimen and semi-quantification of 
all peritoneal lesions by ex-vivo analyses of FFPE tissue. Additionally, we aimed to 
determine the tracer distribution at a microscopic level. 

Statistical analysis
We initially intended to include ten patients. We made no formal calculation of sample 
size. We did an interim analysis after five patients were recruited. The study was to be 
continued if at least three of five patients showed fluorescence signals in tumour tissue. 
Descriptive statistics were presented as a mean (SD) in case of a normal distribution, 
whereas median (range) was used in case of a skewed distribution. We did descriptive 
statistics using SPSS (version 23.0). We designed the graphs with Graphpad Prism 
(version 6.0). The trial was registered within the Netherlands Trial Register, number 
NTR4632.

Role of the funding source
The funder of the study had no role in study design, data collection, data analysis, 
data interpretation, or writing of the report. The corresponding author had full access 
to all the data in the study and had final responsibility for the decision to submit for 
publication. 

RESULTS

Between July 3, 2014, and March 2, 2015, seven patients were enrolled in the study. The 
age of the patients ranged from 26 years to 70 years (table). Four patients presented with 
metachronous peritoneal metastases and three patients presented with synchronous 

Table 1. Demographic and clinical data
Sex Age ASA TNM 

primary  
tumour

Site Differentiation  
of primary 

tumour

Presentation 
of PC

Mean
clinical 

PCI

Mean  
fPCI

Patient 1 F 67 2 T4 N0 M0 Ascending Colon Poor Metachronous 3 1.5
Patient 2 M 68 2 T4 N1 M0 Coecum and sigmoid* Well Metachronous 7.5 2.5
Patient 3 M 26 1 T4 N2 M1 Sigmoid Poor ** Synchronous 18 14
Patient 4 M 70 2 T3 N1 M0 Sigmoid Poor Metachronous 14.5 12.5
Patient 5 M 61 2 T3 N0 M1*** Rectum Well Metachronous 5 3.5
Patient 6 F 65 3 T4 N1 M1 Ascending Colon Moderate Synchronous 8.5 6
Patient 7 F 49 2 T3 N0 M1 Sigmoid Moderate Synchronous 4.5 1

M=Male; F=Female; ASA=American Society of Anaesthesiologists; TNM=Tumour Nodes Metastases
* Double tumour, 
** Signet cell tumour 
*** Curative treatment of a solitaire liver metastasis at primary presentation
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peritoneal metastases (table). All patients were given the tracer 2 days before receiving 
cytoreductive surgery and HIPEC. The planned interim analyses after recruitment of the 
first five patients showed fluorescence intra- operatively in all patients. However, in one 
patient no cancerous tissue was detected during pathological evaluation of all clinically 
suspicious lesions that were removed. Therefore, in four of five patients fluorescence 
could be detected in tumour tissue. 

No allergic or anaphylactic reactions were reported related to bevacizumab-800CW. 
Two serious adverse events were reported, both of which were attributed to cytoreductive 
surgery and HIPEC. Patient number 5 developed an abdominal sepsis at the fifth 
postoperative day, requiring a relaparotomy and antibiotic treatment. Patient number 
7 died from an asystole 4 days after cytoreductive surgery and HIPEC, most probably 
due to a cardiovascular thromboembolic event. After reporting the cardiovascular 
thromboembolic serious adverse event, the study was put on hold. The independent 
investigational review board and data safety monitoring board of the UMCG did an in-
depth investigation and decided that both serious adverse events were not attributable 
to the tracer or the imaging procedure. Because of these serious adverse events, we 
analysed the results of the seven patients included in the study, and did not enroll three 
more patients, as initially planned (appendix p 1). 

Clinical PCI and fPCI was obtained in all seven patients (table). Median clinical PCI 
was 7·5 (range 3–18) and the median fPCI was 3·5 (1–14). The mean PCI was lower in all 
patients when using molecular fluorescence imaging, compared with by normal clinical 
means by 4 points (appendix p 4). 

Figure 1 shows representative images of fluorescence signals detected 
intraoperatively. In two patients, additional tumour tissue was detected by molecular 
fluorescence-guided surgery that was initially missed by the surgeons. In one patient, a 
resection surface was visualised by molecular fluorescence but missed by conventional 
visual inspection and palpation alone; in another patient, a para-aortal lymph node 
was similarly missed by conventional visual inspection and palpation, but visualised by 
molecular fluorescence; both regions were postoperatively confirmed to be tumour 
positive by histopathology. 

During back-table fluorescence imaging, we marked and analysed a total of 80 
areas. 29 of these 80 areas were non-fluorescent while 51 were fluorescent. All of these 
29 non-fluorescent areas were histologically proven tumour-negative, while 27 (53%) of 
the 51 fluorescent areas were found to be adenocarcinoma. 

We requested a total of 79 FFPE blocks containing benign but clinically suspicious 
(n=53) and malignant peritoneal lesions (n=26) from the pathology department. Semi-
quantitative analyses showed a median MFI in peritoneal metastases of 6338 (range 
1298–13718), whereas benign lesions showed a median MFI of 748 (range 425–4728; 
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Figure 1. Intraoperative imaging by white light imaging, molecular fluorescence-guided surgery, and 
overlay images. Intraoperative detection of a peritoneal metastasis detected by visual inspection and 
palpation (A; arrow) and fluorescence-guided surgery (B and C; arrow). In the same patient, fluorescence 
detection of a tumour-positive resection surface of a recurrent sigmoid carcinoma (E, F; arrow) that was 
initially missed by visual inspection and palpation alone (D); the fluorescent dye excreted by the kidney 
within the ureter (triangle) is also depicted. (G–I) After resection of a para-aortal lymph node, three small 
fluorescent spots were detected in adjacent metastatic lymph nodes. (J–L) A clinically suspicious but non-
fluorescent benign lesion (arrow), which was confirmed by histopathology. 
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figure 2). Comparison of the MFI of peritoneal metastases to tumour-negative lesions 
revealed a tumour-to-normal ratio of 6·92 (SD 2·47). On the basis of the MFI lower limit 
of the peritoneal metastases (ie, MFI of 1298), eight false-positive lesions were identified 
ex vivo, of which four could be attributed to the presence of foreign inclusion bodies 
such as suturing material from previous surgery. The other remaining false-positive 
lesions were fibrotic or highly vascular reactive lesions. 

Tumour areas co-localised completely with fluorescence signals and VEGF expression 
in all peritoneal metastases. Furthermore, no fluorescence could be seen in the peritoneal 
metastases obtained from previous laparoscopy (n=4) without tracer injection and in 
most of the clinically suspicious but benign lesions (figure 2). VEGF expression was seen 
in all peritoneal metastases, with a median H score of 257·5 (IQR 200–285). Eight (31%) of 
the 26 peritoneal lesions showed intermediate VEGF expression, whereas the remaining 
18 (69%) showed high VEGF expression (appendix p 4). Representative examples of the 
ex-vivo histopathological analyses are depicted in the appendix (pp 2–3). 
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Figure 2. Mean fluorescent intensity of tissue slides. The cutoff mean fluorescent intensity value for 
the tumour versus non-tumour was set at 1298 (dotted line). Lesions indicated as false positives (n=8) 
were due to foreign body material such as previous suturing material or highly fibrotic and vascularised 
lesions. Patient samples of peritoneal metastases taken before tracer injection were included as control 
specimen for tumour (n=4) and non-tumour lesions (n=3).
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DISCUSSION

In patients with peritoneal carcinomatosis of colorectal origin who are eligible for 
cytoreductive surgery and HIPEC with curative intent, intraoperative assessment of the 
tumour load is important for two reasons: to carefully select patients before a potentially 
debilitating surgical procedure; and to achieve a complete cytoreduction, which is 
associated with increased overall survival.5 In the present study, we showed for the first 
time that molecular fluorescence-guided surgery using bevacizumab-800CW is safe and 
feasible, and we showed, on a macroscopic and microscopic level, that bevacizumab-
800CW accumulates in peritoneal metastases. Moreover, we found that all non-
fluorescent lesions proved to be benign. Consequently, the added value of our imaging 
technique might be that if a surgeon identifies a suspicious peritoneal lesion by visual 
inspection and palpation that is non-fluorescent, it could safely be left in situ. Therefore, 
molecular fluorescence- guided surgery could potentially prevent overtreatment in 
cytoreductive surgery and HIPEC for the treatment of peritoneal carcinomatosis of 
colorectal origin. 

At present, tumour load is estimated by the PCI on the basis of visual inspection 
and palpation alone. To our knowledge, no data exist on the diagnostic accuracy of the 
clinical PCI. Nevertheless, a PCI of 20 is deemed to be the cutoff value for the selection 
of patients that potentially could be cured by cytoreductive surgery and HIPEC. We 
expected to see a higher fPCI than we found because we reasoned more lesions would 
be detected with molecular fluorescence-guided surgery than by conventional means. 
Counterintuitively, despite finding new fluorescent lesions, the fPCI was lower than the 
clinical PCI in all seven patients because more clinically suspicious lesions were non-
fluorescent, and so could be interpreted as benign. Patients with a PCI higher than 
20 might therefore be falsely rejected for cytoreductive surgery and HIPEC in present 
clinical practice. Moreover, application of molecular fluorescence-guided surgery 
in a fluorescence laparoscopic setting might enable improved patient selection and 
thus avoid unnecessary laparotomy and potential complications. However, present 
fluorescence laparoscopy systems have to show sufficient sensitivity to detect our 
targeted tracer after microdosing. 

In cancer surgery, it is crucial to leave no residual disease. However, resection of 
multiple different organs is associated with substantial morbidity.15 In this study, back-
table imaging of the fresh surgical specimen confirmed that all non-fluorescent areas 
were indeed benign. As such, no false-negative lesions were detected. Consequently, 
if a suspicious peritoneal lesion detected by visual inspection and palpation is non-
fluorescent, the surgeon can be reasonably confident that this lesion is benign and can 
be safely left in situ. For example, in one patient, we detected intraoperatively clinically 
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suspicious but non-fluorescent lesions on the small bowel. Conforming to present clinical 
practice, we did a partial small bowel resection. However, these non- fluorescent lesions 
proved to be benign after pathological examination (for an example of a benign lesion 
see appendix p 2). This finding is an example of an unnecessary resection of benign 
tissue that potentially will be prevented by molecular fluorescence-guided surgery in 
the future. Moreover, the detection of a tumour-positive resection surface and para-
aortal lymph node by fluorescence imaging suggests that this imaging technique is able 
to find malignant tissue that was initially missed by two experienced HIPEC surgeons. In 
the future, this intraoperative feedback could potentially lead to the direct application 
of intraoperative therapeutic measures, such as intraoperative brachytherapy in case of 
a positive resection surface. 

We recorded a false-positive rate of 47% during back-table fluorescence imaging. The 
high false-positive rate might be explained by technical limitations of the intraoperative 
camera system in distinguishing true positive signals from signals caused by, for example, 
foreign body material or scarring. The fluorescence camera system of our setup is still 
in development and improvements with regard to interpretation of fluorescence signals 
and intraoperative quantification have not been finalised yet. Improvements such as 
multispectral subtraction techniques might be useful in separating the fluorescence 
spectrum of our near-infrared dye from other fluorescence signals, such as foreign body 
inclusions. Furthermore, by improving intraoperative quantification of fluorescence 
signals, a threshold could be set to distinguish fluorescence intensities derived from 
benign and tumour lesions. An increased tracer dose has potential to help differentiate 
true-positive from false-positive fluorescence signals. At present, three clinical dose-
finding studies are ongoing, with tracer doses up to 50 mg in patients with familial 
adenomatous polyps (NCT02113202), breast cancer (NCT02583568), and pancreatic 
cancer (NCT02743975). These results will be taken into consideration when designing a 
subsequent phase 2 study. 

The present phase 1 feasibility study was underpowered to reliably determine the 
diagnostic accuracy of our imaging technique, even if all ten patients according to the 
study protocol had been included (appendix p 1). Although the small number of patients 
restricts definitive conclusions, the high number of analysed specimens provided 
sufficient data to confirm the potential of molecular fluorescence-guided surgery during 
cytoreduction and HIPEC. A sufficiently powered multicentre, phase 2 study is being 
designed under the auspices of the Dutch Peritoneal Oncology Group to determine 
the diagnostic accuracy in terms of sensitivity and specificity of molecular fluorescence-
guided surgery using bevacizumab-800CW during laparotomy and thus separately in a 
near-infrared fluorescence laparoscopic setting. 

In conclusion, our study showed that molecular fluorescence-guided surgery in 
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peritoneal carcinomatosis of colorectal origin using bevacizumab-800CW is technically 
feasible, safe, and has the potential to improve patient selection and cytoreduction 
during cytoreductive surgery and HIPEC. Although molecular fluorescence-guided 
surgery was associated with more false-positive results than initially expected, it is 
promising to see that in the absence of fluorescence no residual disease was found. 
These results have led to the design of a subsequent national, phase 2, diagnostic 
accuracy study to provide supportive data for changing the standard of care in patients 
with peritoneal carcinomatosis of colorectal cancer origin undergoing cytoreduction 
and HIPEC using molecular fluorescence-guided surgery.
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SUPPLEMENTAL INFORMATION

Motivation for deviation of study protocol 
According to the study protocol the primary objectives of this phase I feasibility 
study were to determine the safety and feasibility in terms of diagnostic accuracy (i.e. 
sensitivity and specificity) for the intraoperative detection of peritoneal carcinomatosis 
of colorectal origin by fluorescence imaging. As the protocol states, we intended to 
include ten patients in this study and to collect a minimum of ten samples per patient 
during back table imaging of the fresh surgical specimen. However, the enrolment of 
patients was stopped after seven patients for multiple reasons as described below. 

Unfortunately, one of our study patients died unexpectedly of an asystole, most 
probably based on a cardiovascular thromboembolic event. Therefore, the study was 
put on hold to perform in-depth safety analyses by the DSMB and IRB of the UMCG. 
During the four months the study was put on hol, we finalized all of the ex vivo analyses 
regarding the aims of this study. We concluded that this phase I feasibility study was 
underpowered to reliably determine the diagnostic accuracy of our imaging technique. 
Retrospectively, we underestimated the fact that we would also include patients with a 
lower tumour load. Therefore, it would not have been possible to collect sufficient data 
per patient to determine a statistically significant diagnostic accuracy, even if we would 
have included 10 patients. Furthermore, during the four months the study was put on 
hold, a critical change was made in the tracer production process at the pharmacy 
department, resulting in a second generation tracer with different optical properties. 
The modification of the tracer might have influenced imaging results, causing difficulties 
in data comparison. Moreover, the same tracer that was used in the first seven patients 
was not available anymore, which was another argument to stop the inclusion after 
seven patients. 

A sufficiently powered national multicenter phase II diagnostic accuracy study is 
being initiated under the auspices of the Dutch Peritoneal Oncology Group (DPOG), to 
determine the diagnostic accuracy in terms of sensitivity and specificity of MFGS using 
bevacizumab-IRDye800CW. 
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SUPPLEMENTARY FIGURES

Bevacizumab-IRDye800CW

2 days

A B C

Supplementary figure 1. The concept of molecular fluorescence guided surgery (MFGS). A near-infrared 
fluorophore (IRDye800CW) is conjugated to an antibody (bevacizumab) targeting VEGF-A (panel A). Two 
days prior to surgery, 4·5 mg of the GMP produced fluorescent targeted tracer was injected intravenously 
(panel B). During cytoreductive surgery, a molecular fluorescence camera system is used to provide the 
surgeon with real-time feedback on possible fluorescence signals via a monitor (panel C).
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Supplementary figure 2. Co-localization of white-light imaging (color FFPE-block), fluore-scence flatbed 
scanning of FFPE-block (NIRF FFPE-block) and 10 μm slide (NIRF 10 μm), Hematoxylin and Eosin staining 
(H/E 10 μm) and VEGF immunohistochemistry (VEGF 4 μm). Tumour areas co-localized completely 
with fluorescence signals and VEGF expression in peritoneal metastases (panels a-e). No fluorescence 
signals nor VEGF expression could be observed in a clinically suspicious but benign lesion (panels f-j). No 
fluorescence could be observed in the peritoneal metastasis obtained from previous laparoscopy without 
tracer injection (panels k-o). Tumour tissue is delineated by yellow and black lines. FFPE = Formalin-fixed, 
paraffin-embedded, NIRF = Near Infrared Fluorescence.
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Supplementary figure 3. Mesoscopic imaging and co-localization of the bevacizumab-IRDye800CW 
tracer in peritoneal carcinomatosis of colorectal origin and H/E staining for tumour segmentation. 
Conventional white light colour imaging of a FFPE tissue block (panel a). H&E staining of a 10 µm slide 
of the same PPFE block (panel b), and a 4x magnification of the same slide (panel c).  Near-infrared 
fluorescence (NIRF) imaging of the FFPE tissue block (panel a,d), subsequent 10 µm slide (panel e) and 4x 
magnification (panel f). The tumour lesion is located in the sub serosa and is segmented by a yellow line 
as based on standard H/E histopathology. NIRF signals co-localize with the tumour and its margin, but 
not with the benign microvilli of the bowel wall. FFPE = formalin-fixed, paraffin embedded. NIRF = near 
infrared fluorescence, H/E = hematoxylin and eosin staining, * = tumour tissue, white triangle = normal 
villi.
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Supplementary figure 4. Fluorescence microscopy of bevacizumab-IRDye800CW in a peritoneal 
metastasis of colorectal origin. Near-infrared fluorescence microscopy image of a 4 μm tissue slide (panel 
a: blue = Hoechst nucleic acid stain, red = NIR fluorescence channel, bevacizumab-IRDye800CW; white 
arrow indicates tumour cells) and corresponding hematoxylin/eosin stained image (panel b, black arrow 
indicates tumour cells). 
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Supplementary figure 5. Anti-VEGF immunohistochemistry of peritoneal metastases. The median 
H-value of the VEGF IHC scoring of peritoneal metastases is 257·5 (interquartile range 200 – 285; panel 
a). 31% of the peritoneal metastases showed intermediate VEGF expression, whereas 69% showed high 
VEGF expression (panel b). Panel c demonstrates a representative example of a peritoneal metastasis 
with high VEGF expression.
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 Surgeon 1 Surgeon 2   
PCI fPCI PCI fPCI Mean PCI Mean fPCI

Patient 1 2 1 4 2 3 1·5

Patient 2 8 3 7 2 7·5 2·5

Patient 3 20 14 16 14 18 14

Patient 4  13 13 12 14·5 12·5

Patient 5 6 5 4 2 5 3·5

Patient 6 8 6 9 6 8·5 6

Patient 7 4 1 5 1 4·5 1

SUPPLEMENTARY TABLE

Supplementary table 1: Inter-observer variation of the (fluorescence) Peritoneal Cancer Index

PCI=Peritoneal Cancer Index; fPCI=fluorescence Peritoneal Cancer Index.
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SUPPLEMENTARY PROTOCOLS

A - Immunohistochemical staining protocol for VEGF (paraffin slides)
The following steps were used for VEGF-A staining. First the slides were deparaffinised 
using xylene (2x5 minutes) and air dried. After NIRF flatbed scanning, endogen peroxidase 
blocking was performed using (4·5 ml 30% H202 in 45·5 ml PBS) for 30 minutes followed 
by incubation with polyclonal rabbit anti-human VEGF-A (RB9031, ThermoScientific) 
(1:300). This was followed by poly-HRP-anti Ms/Rb/Rt IgG (BrightVision) staining (2x30 
minutes) at room temperature and the peroxidase reaction using diaminobenzidine for 
10 minutes. Between all the steps PBS was used for washing the slides except after the 
peroxidase reaction, when distilled water was used (3x5 minutes). A counterstaining was 
performed using Mayer’s hematoxylin followed by dehydration with alcohol (70%-96%-
100%). After air-drying (30 minutes), the slides were embedded using mounting media.

B - VEGF scoring
Peritoneal metastases were independently scored by two observers (MK and SJJ). 
Tissue slides of all peritoneal metastases were scored separately for staining intensity 
on a scale ranging from 0 – 3 (absent – strong VEGF staining) and the percentage of 
cells stained. Next, H-scores were calculated on a continuous scale ranging from 0 – 300 
using the following formula: 1x (percentage of cells weakly stained [1+] + 2x (percentage 
of cells moderately scored [2+]) + 3x (percentage of cells strongly stained [3+]). H-score 
categories were defined as follows: 0-100 = negative/low; 101-200 = intermediate; 201-
300 = high.

C – Hoechst staining protocol (nucleic acid stain)
The following steps were used for Hoechst staining. First the slides were deparaffinised 
using xylene (2x5 minutes) and subsequently air dried. A Hoechst solution (100 µl of 0.5 
µg/ml, stored ad 4 ºC; 33258, Invitrogen) was pipetted on the deparaffinised slide for 
15 minutes followed by three washing steps, first using (4·5 ml 30% H202 in 45·5 ml PBS) 
followed by distilled water. The stained slides were air dried in the dark and mounted 
under a cover-glass using modified Kaiser’s glycerine (preheated in a 60 ºC incubator) 
and dried overnight.
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ABSTRACT

Rationale: Negative circumferential resection margins (CRM) are the cornerstone for 
curative treatment of patients with locally advanced rectal cancer (LARC). However, 
tumor-positive margins determined by final histopathology are detected in up to 18% of 
patients. In this proof-of-concept study, we evaluated the feasibility of optical molecular 
imaging as a tool to evaluate the CRM postoperatively, i.e. defined as back-table 
fluorescence-guided imaging (FGI), to eventually improve tumor-negative CRM rates.

Methods: Patients with LARC, that were treated with neoadjuvant chemoradiotherapy, 
were intravenously administered 2-3 days prior to surgery with 4.5mg of bevacizumab-
800CW, a fluorescent tracer targeting vascular endothelial growth factor A (VEGFA; 
NCT01972373). To evaluate the CRM status, fluorescence intensities of fresh surgical 
specimens (N=8) were retrospectively correlated to standard histopathology. Secondly, 
to determine the sensitivity and specificity of bevacizumab-800CW for tumor detection, 
a mean fluorescence intensity (MFI) cut-off value was determined on the formalin-
fixed tissue slices (N=42, 17 patients). Local tracer accumulation was evaluated by 
fluorescence microscopy. 

Results: Back-table FGI correctly identified a tumor-positive CRM by high fluorescence 
intensities in 1 of 2 patients (50%) with a tumor-positive CRM. In the other patient, low 
fluorescence intensities were observed, although (sub-)millimeter tumor deposits were 
present within 1 mm of the CRM. FGI correctly identified a negative CRM in 5/6 patients 
(83%) with a tumor-negative CRM. The one patient with false-positive findings had a 
marginal negative CRM of only 1.4 mm. ROC analysis of fluorescence intensities of 
formalin-fixed tissue slices gave an optimal MFI cut-off value for tumor detection of 
5085 (sensitivity and specificity of 98.2% and 76.8% respectively). Bevacizumab-800CW 
enabled a clear differentiation between tumor and normal tissue up to a microscopic 
level, with a tumor-to-background ratio of 4.7 ± 2.5 (mean ± SD).

Conclusion: In this proof-of-concept study, we showed the potential of back-table 
FGI to evaluate the CRM status in LARC patients. Optimization of this technique with 
adaptation of standard operating procedures could change perioperative decision-
making with regard to extending resections or applying intraoperative radiation therapy 
in case of positive CRMs. 
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INTRODUCTION

In today’s clinical practice, patients with locally advanced rectal cancer (LARC) receive 
long-course neoadjuvant chemoradiotherapy (nCRT) followed by surgical resection 
using the total mesorectal excision (TME) principles. nCRT induces tumor downsizing 
and downstaging, which facilitates complete resection by TME, resulting in significantly 
reduced local recurrence rates and increased opportunity for sphincter-sparing resections 
(1-5). 

Obtaining negative circumferential resection margins (CRM) is key in rectal cancer 
therapy. The CRM has proven to be one of the most important predictors for local 
recurrence and to a lesser extent the development of distant metastases and survival 
(6). When locally advanced tumors seem to have mesorectal fascia involvement or 
suspicious lymph nodes on preoperative imaging, and subsequently become resectable 
due to neoadjuvant treatment, the prognosis improves. Restaging after nCRT occurs 
through a high-resolution MRI-scan for tumor staging combined with a CT-scan of 
thorax and abdomen for distant metastasis and lymph node staging (7-9). Accurate 
restaging, despite being discussed in a multidisciplinary team meeting, can be highly 
challenging as differentiating between desmoplastic reaction and viable tumor tissue is 
often difficult after nCRT on preoperative imaging modalities. 

Intraoperatively, surgeons mainly rely on visual and tactile inspection for margin 
assessment and differentiation between tumor and healthy tissue. This is often inaccurate, 
especially after nCRT, as microscopic tumor cells are frequently present within fibrotic 
parts (10). When in doubt, resection margins can be evaluated intraoperatively by frozen 
section pathologic evaluation, but this is time-consuming, costly and poses a high risk 
of sampling error (11). 

Despite nCRT, TME-surgery and frozen section analysis, a tumor-positive CRM is 
detected upon final histopathology in up to 18.6% of primary LARC surgeries (7-9). When 
resection margins can be evaluated during surgery, this could improve the number of 
negative CRM rates by extending resections, applying intraoperative radiation therapy 
(IORT) or more innovative treatment modalities like photo-immunotherapy of the wound 
bed (12). On the opposite, when a margin is evaluated to be tumor-negative, extended 
resections could be avoided.

Optical molecular imaging performed during or directly following surgery (i.e. back-
table imaging) might help the surgeon and pathologist in clinical decision-making. 
In this study, we analyzed the back-table fluorescence imaging data of fresh surgical 
specimens of LARC patients that were treated with long-course nCRT and who received 
an intravenous (IV) bolus of the near-infrared fluorescent tracer bevacizumab-800CW 2-3 
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days prior to surgery. Bevacizumab-800CW targets Vascular Endothelial Growth Factor 
A (VEGFA), which is overexpressed in LARC as well as many other solid tumors (13-15). 
VEGFA is a protein that is involved in the upregulation of angiogenesis, a key step in 
sustained tumor growth. 

The goal of our proof-of-concept study was to evaluate if back-table anti-VEGFA 
fluorescence imaging could aid in evaluating the CRM status at the surgical theater. This 
technique may eventually allow real-time determination of CRM during surgery, which 
could help intraoperative clinical decision-making with regard to extending resections 
or applying IORT in case of a positive CRM, to improve the outcome of LARC patients.

MATERIAL AND METHODS

Study design and study population
Postoperative fluorescence imaging data were collected from 25 LARC patients enrolled 
in a clinical trial (Clinicaltrials.gov identifier: NCT01972373) evaluating VEGFA-targeted 
fluorescence molecular endoscopy. Eligibility criteria included histologically proven 
LARC, with the inferior margin within 16 cm from the anal verge. To determine if back-
table fluorescence-guided imaging could aid in evaluating the CRM status, patients 
were included if fluorescence imaging data was available from at least the anterior and 
posterior sides of the fresh surgical specimen. Furthermore, to evaluate local tracer 
accumulation and determine the sensitivity and specificity of bevacizumab-800CW 
for tumor detection using a fluorescence cut-off value, patients with high-resolution 
fluorescence images available of formalin-fixed tissue slices were included. The study 
was performed in the University Medical Center Groningen (UMCG) and was approved 
by the local Medical Ethical Review Committee. Written informed consent was obtained 
from all study subjects.

Clinical procedures
The routine clinical practice was performed by the following steps: TNM staging, 
multidisciplinary meeting and treatment plan, nCRT, TNM restaging, multidisciplinary 
meeting and possible re-adjusting treatment plan, surgery and histopathological 
analysis.

Surgery
All patients received an intended curative resection by either low anterior resection 
(LAR) for proximal rectum tumors or abdominal perineal resection (APR) for distal 
rectum tumors after completion of nCRT. In some cases, resections were performed 
outside the TME planes based on tumor extension into adjacent organs. Patients only 
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received IORT after resection, if judged necessary based on preoperative suspicion of 
mesorectal fascia involvement or intraoperative evaluation by the surgeons.

Histopathological processing of fresh surgical specimen
Histopathological processing of the surgical specimen was performed by a board-
certified gastrointestinal pathologist. The fresh surgical specimen was inspected visually, 
after which the mesorectum was inked black in order to assess the CRM. Proximal and 
distal staple lines were removed. All specimens were completely opened from proximal 
to distal at the anterior side, except for specimens with an anterior lesion, which were 
only opened until the rectal fold. Afterwards, the whole fresh surgical specimen was 
fixated in formalin for at least 48 hours.

Histopathological processing of formalin-fixed surgical specimen
After formalin fixation, the specimen was serially sliced perpendicular to the rectum 
from distal to the anterior peritoneal reflection into tissue slices of approximately 0.5 
cm. The distal and proximal resection surface plus additional areas of interest according 
to standard of care (i.e. regions with CRM involvement, perineural growth, vascular 
invasion, lymph nodes, etc.) were included for paraffin embedding.

Histopathological staging
Formalin-fixed paraffin embedded (FFPE) tissue blocks were cut in 4 µm tissue sections 
and a hematoxylin and eosin (HE) staining was performed for routine histopathological 
examination based on standard clinical care. Imunohistochemistry was performed if 
required. A tumor-positive CRM was defined as the presence of tumor within 1 mm 
or less from the inked circumferential margin, in accordance with the Dutch national 
guidelines. Subsequently, for study purposes, tissue sections were digitalized by the 
NanoZoomer 2.0-HT slide scanner (Hamamatsu Photonics, Hamamatsu City, Japan).

Study procedures
Tracer administration
All patients received an IV bolus injection of 4.5mg (1 mg/ml) of the fluorescent tracer 
bevacizumab-800CW two to three days prior to surgery (Figure 1A). Bevacizumab-
800CW was produced under cGMP conditions at the UMCG, as described previously 
(16). 

Evaluation of CRM by optical molecular imaging
To evaluate the CRM status, back-table fluorescence imaging of the fresh surgical 
specimen was performed in a light-tight room directly after surgery using the Explorer 
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Air fluorescence camera (SurgVision BV, Groningen, The Netherlands, Figure 1C). The 
CRM of the fresh surgical specimen was inspected for fluorescence and areas with 
high fluorescence signals were marked with a pin. At the pathology department, these 
marked areas of interest were inked with a non-fluorescent color other than black, to 
ensure an accurate correlation of fluorescence signals with histopathology. 

Fluorescence imaging of tissue slices and tissue processing
To determine the local tracer accumulation, fluorescence imaging of the front and 
back side of all formalin-fixed tissue slices was performed using the Explorer Vault 
(Figure 1D), a standardized and light-tight fluorescence imaging system (SurgVision BV, 
Groningen, The Netherlands). Thereafter, two to three tissue slices containing tumor 
and/or normal rectal tissue per patient were imaged using the Odyssey CLx imaging 
system (LI-COR Biosciences Inc., Lincoln, NE, USA), a high-resolution fluorescence 
flatbed scanner (Figure 1D). Additional areas of interest based on fluorescence imaging 
were also paraffin embedded, sliced in 4 µm tissue sections and HE stained. All FFPE 
tissue blocks were fluorescently scanned using the Odyssey CLx (Figure 1E). 

Fluorescence grid analysis 
To determine the sensitivity and specificity of bevacizumab-800CW for tumor detection, 
a fluorescence cut-off value was determined based on histopathology as a gold 
standard. Tumor locations were delineated on 4 µm HE stained tissue sections by a 
board-certified gastrointestinal pathologist, who was blinded for fluorescence imaging 
results. The histological delineation was merged with the high-resolution fluorescence 
images of the formalin-fixed tissue slices (Odyssey CLx), to enable a direct correlation of 
fluorescence with histology. Subsequently, a fluorescence grid analysis was performed, 
which was adapted from Gao et al (17). A 3 x 3 mm grid was drawn on the merged 

Bevacizumab-800CW

Tracer administration

2-3 
days

Total Mesorectal
Excision

FLUORESCENCE-GUIDED IMAGINGSURGERYPRE-OPERATIVE

4.5 mg

Fluorescence imaging
Tissue slices

Microscopic imaging
Tissue sections

Back-table imaging
Fresh surgical specimen

Surgical theatre Pathology Pathology

A B C D E

Figure 1. Schematic overview of study design. Bevacizumab-800CW was administered intravenously 2-3 
days prior to surgery (A). Surgery was performed (B), followed by back-table fluorescence-guided imaging 
of the fresh surgical (C) and fluorescence imaging of tissue slices after formalin fixation (D). Subsequently, 
all formalin-fixed paraffin embedded (FFPE) tissue blocks were imaged for fluorescence and light-sheet 
fluorescence microscopy was performed (E). 
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image using ImageStudio software (version 5.0, LI-COR Biosciences Inc., Lincoln, NE, 
USA), dividing it into identical 9 mm2 squares. Each square was classified as tumor-
negative or tumor-positive if more than 20% of the square consisted of tumor-tissue, 
based on the histological delineation. ImageStudio software automatically calculated 
mean fluorescence intensities (MFI) for each square. A receiver operating characteristics 
(ROC) curve was determined per patient and for all patients combined, to determine an 
optimal cut-off value for tumor detection based on optimal sensitivity and specificity as 
determined by Youden’s J statistics. 

Three-dimensional tissue analysis by light-sheet fluorescence microscopy.
To broaden our understanding of the overall penetration, distribution, and accumulation 
of bevacizumab-800W in rectal cancer tissue, a combination of optical tissue clearing 
and light-sheet fluorescence microscopy (LSFM) was performed as previously described 
for preclinical tissue samples (18). The applied imaging method enables a multicolor 
3D analysis of optical transparent whole-mount tissue specimen at cellular resolution. 
For this purpose, the tissue slices were formalin fixated, dehydrated, and incubated 
in an organic clearing solution (one-part benzylalcohol & two-parts benzylbenzoate, 
incubation condition: 24-48 hours, 4°C, dark) to obtain high optical tissue transparency. 
Subsequently, the fluorescence signal intensity of bevacizumab-800CW as well as the 
tissue autofluorescence (providing detailed morphological tissue information) were 
measured within the cleared rectal cancer tissue using a commercially available light-
sheet microscope (UltraMicroscope II, LaVision Biotec GmbH, Bielefeld, Germany). The 
obtained fluorescence imaging results were visualized as single and co-registered data 
sets, combining information of drug penetration/accumulation with morphological 
tissue context. In addition, the performed virtual 3D tissue analysis was also correlated 
to conventional histology. 

Statistical analysis
For normally distributed data, mean and standard deviation (SD) were calculated as 
descriptive statistics, for skewed data median and interquartile range (IQR) were 
calculated. A receiver operating characteristics (ROC) curve was plotted to determine 
the MFI cut-off value for tumor detection. P-values less than or equal to a two-sided 
alpha-level of 0.05 were considered statistically significant. Statistical analyses were 
performed using Prism version 7.0 (GraphPad Software).
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RESULTS

Patient characteristics
In this retrospective proof-of-concept study, eight of 25 patients met the criteria to 
determine the feasibility of optical molecular imaging for the back-table evaluation of 
the CRM status (see flow-diagram in supplemental Figure 1). Patients were excluded 
from CRM evaluation because either fluorescence images of the CRM were not 
available (n=12), the CRM was inked before fluorescence imaging had been performed 
(n = 4) or the tumor was located above the rectal fold (n=1). For the second aim of this 
study, to evaluate local tracer distribution and determine the sensitivity and specificity 
of bevacizumab-800CW for tumor detection on formalin-fixed tissue slices, 17 of 25 
patients met the inclusion criteria. The remaining patients were not included in this 
analysis as high-resolution fluorescence images of tissue slices were not available 
(Suppl. Figure 1). 

All patients received 4.5 mg of bevacizumab-800CW intravenously 2-3 days prior to 
surgery. There were no tracer-related serious adverse events in any of the patients. The 
median age was 56 years (range 31-76 years) and 12 patients (70,6%) were male. The 
median interval between completion of neoadjuvant treatment and surgery was 87 days 
(IQR 77-108). Ten patients underwent a LAR and seven patients underwent an APR, with 
when indicated the additional removal of surrounding tissue that was invaded by cancer 
cells. Patient characteristics are depicted in table 1.

Evaluation of circumferential resection margins
Of eight evaluated cases, two patients (25%) presented with a tumor-positive CRM 
on final histopathology. Back-table FGI correctly predicted a positive CRM status by 
elevated fluorescence intensities in the CRM in one of these two patients (50%, Figure 
2). This patient was treated with an APR with en-bloc resection of the sacrum and wide 
perineal excision because of a fistula. During surgery, the surgeons were unconvinced as 
to whether the CRM was tumor-free on the lateral side and therefore an intraoperative 
frozen section analysis was performed. As no tumor cells were detected, the surgeons 
decided not to perform an additional resection or apply IORT. Interestingly, during back-
table imaging of the fresh surgical specimen, we observed high fluorescence signals at 
the lateral side of the specimen (Figure 2A, B). At this location a pin was placed, which 
was subsequently inked blue during pathological processing (i.e. differently from the 
rest of the CRM), to enable an accurate correlation between fluorescence intensities 
and histology. The corresponding formalin-fixed tissue slice as well as the FFPE blocks 
showed high fluorescence reaching into the CRM (Figure 2F, J, orange arrows). On final 
histopathology, the blue inked CRM proved to be a tumor-positive resection margin 
(Figure 2K, L, orange arrows). 
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The second patient with a tumor-positive CRM received a LAR. Apart from elevated 
fluorescence in two enlarged suspicious mesorectal lymph nodes that proved to be 
tumor-positive, low fluorescence intensities were observed in the CRM during back-
table FGI. Fluorescence imaging of subsequent formalin-fixed tissue slices showed 
elevated fluorescence at the location of the intraluminal tumor and also at the 
mesorectal lymph nodes, but no fluorescence reaching to the CRM (Suppl. Figure 2B, 
D). However, the pathologist reported a tumor-positive CRM that was based solely on 
the presence of isolated microscopic vital-looking tumor deposits of (sub-)millimeter 

Characteristics CRM evaluation (N = 8)
No.                      %

Fluorescence cut-off value (N = 17)
          No.                         %

Sex
    Male
    Female 

5
3

62.5%
37.5%

12
5

70.6%
29.4%

Age (years)
    Median (range) 56 (54 - 61) 56 (31 - 76)
Duration between nCRT - Surgery (days)
    Median (IQR) 87 (76-111) 87 (77-117)
Surgery
    - Low-anterior resection
Including adjacent organs
    - Abdominoperineal resection
Including adjacent organs

5
1
3
3

62.5%
-

37.5%
-

10
2
7
5

58.8%
-

41.2%
-

Intraoperative radiation therapy
    Not standby
    Standby
    Applied

3
4
1

37.5%
50%

12.5%

- -

Histopathological staging (pTNM)
    pT0 N0 M0 (pCR)   
    pT2 N0 M0
    pT3 N0 M0
    pT3 N1 M0 
    pT3 N2 M0
    pT4 N0 M0

1
2
1
0
2
2

12.5%
25.0%
12.5%

-
25.0%
25.0%

1
2
4
3
5
2

5.9%
11.8%
23.5%
17.6%
29.4%
11.8%

Circumferential resection margin (CRM)
    ≤ 1 mm (tumor-positive)
    1-2 mm
    > 2 mm
    pCR

2
1
4
1

25.0%
12.5%
50.0%
12.5%

3
2
11
1

17.6%
11.8%
64.7%
5.9%

Distal resection margin
    ≤ 1 mm (tumor-positive)
    1-2 mm
    > 2 mm
    pCR

0
0
7
1

-
-

87.5%
12.5%

0
1
15
1

-
5.9%
88.2%
5.9%

Table 1. Patient and tumor characteristics

CRM = circumferential resection margin; IQR = interquartile range; nCRT = neoadjuvant 
chemoradiotherapy; pCR = pathological complete response; TNM = Tumor, Node, Metastasis.
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size, within a distance of 0.2-1 mm of the CRM (Suppl. Figure 2D, E, F; orange arrow). 
The tumor volume was limited due to the (sub-)millimeter size of the tumor deposits, 
which explains the negative imaging results. 
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Figure 2. Back-table fluorescence-guided imaging of a patient with a tumor-positive CRM. Back-table 
imaging of the fresh surgical specimen (A, B). The orange arrow indicates the black pin that was placed 
at the location of increased fluorescence in the circumferential resection margin (CRM). Fluorescence 
imaging examples of two representative formalin-fixed tissue slices (C – F), of which the origin is depicted 
with white lines in the images of the fresh surgical specimen. The orange arrow (E, F) indicates the 
fluorescence-positive CRM, with the corresponding formalin-fixed paraffin-embedded (FFPE) block 
in panel J. Low fluorescence was observed in the normal tissue slice (D) and its corresponding FFPE-
block (G). A hematoxylin and eosin (HE) staining confirmed the fluorescence imaging results (H, K) and a 
cytokeratin staining was performed for visual tumor assessment (I, L). N = normal; T = tumor.
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Out of 8 patients, six (75%) had a tumor-negative CRM. In five of these patients (83%), 
back-table FGI correctly predicted a negative CRM by low fluorescence intensities. 
IORT was applied to one of these five patients for the macroscopic suspicion of a 
tumor-positive CRM, which appeared to be caused by fibrosis as final histopathology 
showed a tumor-negative CRM of over 1 cm. One patient presented with a pathologic 
complete response on final histopathology and correspondingly low fluorescence was 
detected in the CRM and the tissue slices. Fluorescence imaging of tissue slices and 
further microscopic fluorescence analysis of the remaining patients also showed low 
fluorescence signals in relation to the CRM, although fluorescent tracer uptake was 
detected in the tissue slices containing tumor tissue. A representative example of a 
tumor-negative CRM predicted by FGI is depicted in Supplemental Figure 3.

One patient with a close CRM also showed elevated fluorescence during back-
table imaging. This patient received a low-anterior resection with en-bloc resection of 
the uterus, cervix, both adnexa and the distal right ureter due to tumor ingrowth. The 
high fluorescence signals were observed at the location of the cervix during back-table 
imaging of the fresh surgical specimen and subsequent fluorescence imaging of the 
tissue slices, indicating a tumor-positive CRM based on FGI. This indeed appeared to 
be a tumor deposit at histopathology, but since it was located at 1.4 mm from the CRM 
(> 1 mm), the CRM was defined as tumor-negative. 

In summary, back-table imaging of the fresh surgical specimen correctly evaluated 
the circumferential resection margin status in six out of eight (75%) patients (Suppl. 
Table 1), indicating the potential for intraoperative clinical decision-making. 

Fluorescence cut-off value and local bevacizumab-800CW accumulation
Seventeen of 25 patients were evaluated for the second objective of this study: to 
evaluate local tracer accumulation and determine the sensitivity and specificity of 
bevacizumab-800CW for tumor detection on formalin-fixed tissue slices. For this 
purpose, a semi-quantitative fluorescence cut-off value was determined, to allow a 
more objective discrimination between tumor and normal surrounding tissue. For this 
purpose, we evaluated high-resolution fluorescence Odyssey scans of formalin-fixed 
tissue slices (n=42) available from 17 patients using fluorescence grid analysis (17). A 
total of 5,101 grid-squares were analyzed, of which 446 were classified as tumor-positive 
and 4,655 as tumor-negative (Figure 3A, C). VEGF-A targeted near-infrared fluorescence 
imaging enabled a clear visualization of the rectal tumors in the formalin-fixed tissue 
slices of all patients. We observed significantly higher fluorescence intensities in tumor 
areas (median MFI of 12,000) compared to surrounding rectal tissue (median MFI of 
2,140; P < 0.0001, Figure 3D). This resulted in a ratio between tumor-to-surrounding 
tissue of 4.7 ± 2.5 (mean ± SD). Receiver operating characteristics (ROC) curves were 
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Figure 3. Fluorescence grid analysis. The tumor location was identified based on a Hematoxylin and Eosin 
(HE)-staining and subsequently overlaid on the high-resolution images of tissue slices (B). Each square 
on the 3 by 3 mm grid was selected as tumor-positive (C, orange) or tumor-negative (C, green). Median 
fluorescence intensities (MFI) were calculated per square. Fluorescence in tumor area was significantly 
higher compared to surrounding normal rectal tissue (12,000 versus 2,140, P < 0.001, D). Individual areas 
under the curve were determined per patient (E) and a receiver operating characteristic (ROC)-curve was 
plotted for all patients combined, showing an area under the curve (AUC) of 0.94 (F). 

plotted per patient (Figure 3E) and for all patients combined, with an area under the 
curve of 0.94 (std. error 0.0039, Figure 3F). In our limited sample size, an optimal MFI cut-
off value of 5,775 was calculated using Youden’s J statistics (J = 0.77), with a sensitivity 
and specificity of 96% and 80% respectively.

Finally, optical tissue clearing and light-sheet fluorescence microscopy was performed 
to determine the three-dimensional distribution and accumulation of bevacizumab-
800CW on a microscopic level. The combination of autofluorescence based tissue 
morphology and fluorescence tracer detection, showed higher level of bevacizumab-
800CW within the micro-environment of the tumor cells (Figure 4). More near-infrared 
fluorescence around tumor ducts compared to surrounding normal rectal tissue is in line 
with the expected location of VEGFA (Supplemental Video 1). 
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Figure 4. Light-sheet fluorescence microscopy. Representative example of light-sheet fluorescence 
microscopy to evaluate the local tracer accumulation in a rectal cancer tissue slice. From left to right: the 
tissue morphology based on autofluorescence (A, B), the near-infrared fluorescence (C, D), an overlay of 
the morphology and NIR fluorescence (E, F) and the HE-stained tissue section (G, H). Magnified images 
are depicted in the bottom row. Increased bevacizumab-800CW binding can be seen in the micro-
environment of the tumor cells compared to surrounding normal mucosa and fibrosis.

DISCUSSION

Accurate perioperative evaluation of resection margins is highly important for the 
prognosis of LARC patients. In this explorative study, we demonstrate for the first time 
the feasibility of back-table fluorescence guided imaging (FGI) for identification of 
tumor-positive resection margins in LARC patients. Our data suggests that FGI may 
have the potential to guide current clinical decision-making with regard to additional 
targeted resections or application of IORT. Future studies with larger patients samples 
should confirm these results.

Over the past decade, optical molecular imaging has predominantly been applied 
for intraoperative guidance and surgical navigation in oncological surgery. Although 
fluorescence-guided surgery holds great potential, it is also subject to several limitations 
related to the use of current hardware, insufficient or inhomogeneous exposure in 
small surgical cavities, interference of ambient light and variable image-acquisition 
parameters. Back-table FGI on the other hand makes use of a controlled, standardized 
and closed-field imaging environment that results in a consistent field-of-view, imaging 
distance and image-acquisition parameters (19). This enables a highly sensitive and 
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semi-quantitative evaluation of resection margins within one hour after specimen 
excision at the OR. Especially tumor types with limited exposure such as LARC may 
benefit more from back-table FGI compared to intraoperative fluorescence imaging for 
the evaluation of resection margin status. 

The potential added value of back-table FGI was clearly demonstrated by the patient 
in which a tumor-positive CRM was detected during back-table imaging at the OR, 
while two fresh-frozen tumor biopsies and surgical assessment of the CRM were false-
negative. Although intraoperative frozen section analysis is recommended for low and 
mid rectal tumors with a distal resection margin of 1-2 cm, it is prone to sampling error, 
labor-intensive and significantly prolongs the anesthesia time (20,21). The gold standard 
for evaluation of resection margin status is standard histopathological evaluation, 
which usually requires up to 5-7 working days. By ‘bringing pathology to the operating 
theatre’, back-table FGI may be used to improve personalized treatment by guiding 
both surgeons and pathologists in correctly assessing CRM status and evaluating the 
need for extended surgery or application of IORT. 

In rectal cancer surgery, caution is to be taken with unnecessarily extending TME 
surgery to a partial or total resection of adjacent pelvic organs or applying IORT, as this 
can result in substantial postoperative complications and is associated with the need 
for reinterventions (22). Five out of six tumor-negative CRMs were correctly predicted 
to be tumor-negative by back-table FGP, which could have prevented IORT application 
to the patient with a tumor-negative CRM. In one case a close margin of 1.4 mm of the 
CRM was identified. Although currently only the presence of tumor cells within 1 mm 
of the margin is considered to be a tumor-positive margin, highlighting the location of 
a close but potentially tumor-positive CRM allows the surgeon to perform ‘targeted’ 
intraoperative frozen section analysis. In addition, there is an ongoing debate about the 
definition of tumor-positive resection margins in LARC surgery, as both patients with a 
CRM of 0.0 - 1.0 mm and 1.1 – 2.0 mm are shown to have an equally increased 2-year risk 
of local recurrence and distant metastases (8,23). 

Although back-table FGI provides several important advantages over fluorescence-
guided surgery, we do believe that with developments in hardware, this technique could 
also be implemented intraoperatively for real-time surgical guidance and evaluation of 
resection margins. Already two clinical studies have shown the feasibility and potential 
benefit of the detection of colorectal peritoneal carcinomatosis by fluorescence-guided 
surgery (24,25). Implementation of fluorescence-guided surgery in LARC patients 
however is slightly more challenging compared to the abdominal cavity, as the pelvic 
region is a confined surgical field often situated deep inside the patient that impedes 
excitation of the fluorescent tracer and therefore its visualization. The development of 
fluorescence laparoscopes and fluorescence robotic surgical systems which are sensitive 
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enough to detect micro-dosed fluorescent tracers may enable intraoperative evaluation 
of LARC resection margins in the near future. 

In addition, bevacizumab-800CW derived fluorescence may also be used by 
the pathologist to differentiate between tumor and healthy surrounding tissue, i.e. 
fluorescence-guided pathology. Currently, tissue sampling is performed by visual and 
tactile inspection of formalin-fixed tissue slices, which is challenging in LARC patients 
because of the changed tissue architecture due to neoadjuvant treatment. Our analysis 
on formalin-fixed tissue slices showed an excellent tumor-to-background ratio of 4.7 
± 2.5, with a high sensitivity (96.19%) and specificity (80.39%) for tumor detection. 
Fluorescence specimen and tissue slice mapping may assist in histopathological tissue 
processing, saving labor, time and money by more targeted sampling of the areas that 
contain for example the closest margin or lymph nodes.

This study has several limitations. Firstly, a microdose of 4.5mg of bevacizumab-
800CW was used for rectal cancer lesion detection. Increasing the bevacizumab-800CW 
dose above microdosing levels may result in higher tracer accumulation in rectal cancer 
lesions, as was also demonstrated previously in two dose-escalation studies with 
bevacizumab-800CW (26,27). This may improve the detection of tumor-positive CRMs 
that are based on (sub)millimeter tumor deposits, which proved to be challenging in 
one of our patients. Secondly, the number of patients included for CRM evaluation was 
relatively low, as this is a retrospective sub-analysis of a clinical trial evaluating molecular 
fluorescence endoscopy (NCT01972373) and imaging techniques as well as standardized 
operating procedures for ex vivo imaging have evaluated throughout the study. 

Therefore, we have developed a standardized imaging protocol that is optimized to 
validate the diagnostic accuracy of this technique in rectal cancer patients, which is based 
on the results of the current study and our recently reported analytical workflow for FGI 
in breast cancer (27). This involves application of fluorescence imaging at several time-
points during surgery and histopathological processing. When feasible, intraoperative 
fluorescence-guided surgery can be performed to assess the resection margin status 
and detect potential metastatic lymph nodes (Figure 5A). After resection, back-table FGI 
of the fresh surgical specimen should be performed in a controlled and standardized 
environment, to evaluate the resection margin status directly after surgery (Figure 5B). 
In case high fluorescence is observed during intraoperative or back-table FGI, several 
treatment options can be considered, such as an additional resection, IORT or even 
more innovative treatment modalities like photo immunotherapy (12). Subsequently, to 
correlate fluorescence with histology, fluorescence imaging should be performed ex 
vivo at every intervention step during histopathological processing, i.e. fluorescence 
imaging of tissue slices, FFPE-blocks and tissue sections (Figure 5C-E). Additionally, 
fluorescence microscopy can be performed to evaluate local tracer accumulation or 
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to gain more insight in tissue biodistribution for the purpose of drug development or 
evaluation of potential off- and on-target effects of fluorescence tracers. We believe 
such a standardized imaging protocol is widely applicable for the validation of FGI in 
different tumor types or using different fluorescent tracers. 

In conclusion, our study shows the high potential of back-table FGI using the near-
infrared fluorescent tracer bevacizumab-800CW targeting VEGFA for margin evaluation 
at the surgical theatre in patients with LARC. The technique itself proved to be safe, 
feasible and shows potential to guide intraoperative clinical decision-making with a 
high sensitivity in patients with a threatened tumor-positive resection margin. Phase II 
studies are in development to confirm these results.  
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Figure  5. Proposed data collection and data analysis design for evaluation of resection margins. 
Intraoperative evaluation of resection margins, potential lymph nodes and/or peritoneal metastasis (A), 
followed by back-table imaging of the fresh surgical specimen directly after surgery within one hour (B). 
To validate fluorescence signals, additional fluorescence analysis should be evaluated in the formalin-
fixed tissue slices (C) and formalin-fixed paraffin-embedded (FFPE) tissue blocks (D) for cross-reference 
and serving as the gold-standard. To correlate fluorescence with histology, the fluorescence in the 4 µm 
tissue sections should be analyzed and correlated to histology (E). LARC = low anterior rectal cancer; 
MFGS = molecular fluorescence-guided surgery. 
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KEY POINTS

Question: Can back-table fluorescence-guided imaging (FGI) be used as a tool to 
evaluate the circumferential resection margin status at the operating theatre, to improve 
tumor-positive resection margin rates in locally advanced rectal cancer patients? 
Pertinent findings: In this explorative study, we demonstrate for the first time the 
potential of  back-table FGI for identification of tumor-positive resection margins in 
LARC patients. In addition, we provide a data collection and data analysis design for 
future studies evaluating the added value of optical molecular imaging for evaluation 
of resection margins. 
Implications for patient care:  Accurate intraoperative detection of tumor-positive 
resection margins by back-table FGI has the potential to improve clinical decision 
making in locally advanced rectal cancer with regard to extending resection margins or 
applying intraoperative radiation therapy.
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SUPPLEMENTAL TABLE 

SUPPLEMENTAL VIDEO

*Attachment*
Supplemental video 1. Three-dimensional light-sheet microscopy of bevacizumab-800CW fluorescence 
localized in tumor environment of a LARC tissue slice. Tissue slice histology is depicted in Figure 4. The 
left tissue slice depicts the tissue morphology based on autofluorescence; the right tissue slice the near-
infrared fluorescence image.

Tumor-positive 
CRM

Tumor-negative 
CRM

Total

High fluorescence                1                1* 2
Low fluorescence                1**                5 6
Total                2                6 8

Supplemental table 1. Contingency table. 

*   Distance to the CRM of 1.4 mm.
**  Tumor-positive CRM based on isolated microscopic tumor deposits ≤ 1 mm of the CRM.

A qualitative evaluation of fluorescence intensities was performed on the fresh surgical specimens. Low 
fluorescence was assessed as a homogenous background fluorescence; localized increased fluorescence 
was assessed as high fluorescence.
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Negative CRM
predicted based on

fluorescence 

Positive margin  
≤ 1 mm 
N = 2 

Excluded due to: 
 -  Tumor located above rectal fold (N = 1)
 -  Surgical specimen/CRM inked before 
    fluorescence imaging (N = 4) 
 -  No fluorescence images available of the
    CRM (N = 12)

Tumor in CRM (0mm)
N = 1

Tumor ≤ 1mm of CRM 
N = 1

Positive CRM
predicted based on

fluorescence 

Negative CRM
predicted based on

fluorescence* 

CRM > 1 up to 2 mm
N = 1

CRM > 2 mm
N = 4

Complete Response
N = 1

Negative CRM
predicted based on

fluorescence 

Positive CRM
predicted based on

fluorescence** 

* Positive CRM based on microscopic tumor deposits <1 mm of the CRM     ** Distance of tumor to CRM is only 1.4 mm

Negative margin  
> 1 mm 
N = 6 

Aim 1: 
Evaluation of

circumferential
resection margin 

N = 8 N = 17 

Ex vivo analyses 
All patients 

N = 25 

Excluded due to: 
 -  No high resolution fluorescence  
    scans acquired with the Odyssey
    scanner available (N = 8) 

Aim 2: 
Fluorescence    
cut-off value; 

Local accumulation 

SUPPLEMENTAL FIGURES

Supplemental figure 1. Flow diagram of the study. From the 25 patients included in the clinical study, 
eight patients were included in this explorative analysis for the use of back-table fluorescence-guided 
imaging to evaluate the circumferential resection margins (CRM) status on the fresh surgical specimens. 
Out of two tumor-positive margins, one was identified correctly using back-table, whereas the other 
was considered tumor-negative, despite the presence of (sub)millimeter tumor deposits <1 mm of the 
CRM. Five out of six negative CRMs were identified correctly by back-table FGI. The remaining CRM 
was identified to be tumor positive based on fluorescence intensities. However, this turned out to be 
a marginal negative CRM of 1.4 mm on final histopathology. A total of 17 patients were included to 
determine the sensitivity and specificity of bevacizumab-800CW and evaluate local tracer accumulation. 
All eight patients included in the back-table image analysis were also part of the 17 patients in the tissue 
slice image analyses. 
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Supplemental figure 2. Tumor-positive CRM 
with low fluorescence intensities during back-
table FGI. Low fluorescence was observed in 
the CRM during back-table imaging of the 
fresh surgical specimen (A, B), as well as in the 
formalin-fixed tissue slice containing the tumor-
positive CRM (C, D; orange arrow). The asterix 
(*) indicates a tumor-positive lymph node. A 
hematoxylin and Eosin (HE)-staining (F) showed 
the (sub-)millimeter tumor deposits at 0.2-1 mm 
of the CRM with the corresponding FFPE-block 
(E).
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Supplemental figure 3. Tumor-negative CRM 
with low fluorescence during back-table FGI. 
Low fluorescence was observed during back-
table imaging of the fresh surgical specimen 
(A, B). The formalin-fixed tissue slices showed 
low fluorescence near the CRM, while the tumor 
showed clearly increased fluorescence (panel C, 
D). A Hematoxylin and Eosin (HE)-staining (F) 
confirms the presence of tumor at the luminal 
side, while no tumor cells were detected near 
the CRM. 
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ABSTRACT 

Objective Patients with locally advanced rectal cancer (LARC) who obtain a pathological 
complete response (pCR) after neoadjuvant chemoradiotherapy may benefit from 
a watchful waiting strategy. Conventional restaging modalities lack sensitivity and 
specificity to optimally identify patients with a pCR. We aimed to study whether novel 
quantitative fluorescence endoscopy (QFE) could aid in clinical response assessment by 
identifying residual tumor in patients with LARC after neoadjuvant chemoradiotherapy.

Design In 25 patients with LARC, we investigated QFE with the fluorescent tracer 
bevacizumab-800CW, targeting vascular endothelial growth factor A (VEGFA), for tumor 
response evaluation. QFE measurements were correlated to gold standard: pathological 
staging of the surgical specimen.

Results Tumor tissue showed higher fluorescence compared to normal rectal tissue and 
fibrosis, with an area under curve of 0.925. When correlating QFE and conventional 
clinical restaging modalities with pathological staging of the surgical specimen, we 
observed an initial positive predictive value of 95% for QFE vs 87.5% for MRI and 90% 
for white-light endoscopy; and accuracy of 92% for QFE vs 84% for MRI and 80% for 
white-light endoscopy.

Conclusion QFE would have changed the restaging diagnosis correctly in four patients 
(16%), indicating QFE as promising tool to aid response assessment in combination 
with MRI and white-light endoscopy after neoadjuvant chemoradiotherapy in patients 
with LARC.  To realize this strategy, QFE needs further evaluation in a larger prospective 
cohort. ClinicalTrials.gov (NCT01972373). 
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INTRODUCTION

The management of locally advanced rectal cancer (LARC) has evolved in recent 
decades. Currently, patients receive neoadjuvant chemoradiotherapy (nCRT) followed 
by total mesorectal excision (TME) to achieve local disease control. In 15-27% of the 
patients the neoadjuvant treatment alone results in a pathological complete response 
(pCR), which is defined as no residual cancer present on histological examination of the 
TME specimen (i.e. ypT0N0).[1-3] Since pCR is associated with superior disease-free and 
overall survival, regimens that could further increase the pCR rate in patients with LARC 
are gaining interest.[2-4] Moreover, the observed high pCR rate (approximately 15-27%) 
has led to a growing interest in organ-preserving strategies as an alternative to TME 
surgery.[5] Non-operative management for clinical complete responders (cCR) following 
nCRT is associated with high survival rates, reduced long-term morbidity and improved 
functional outcomes.[6-10] However, correct identification of cCR is difficult: white-light 
endoscopy provides only morphological information of the superficial rectal mucosa, 
while magnetic resonance imaging (MRI) cannot always distinguish viable tumor from 
fibrosis. For example, studies of patients with suspected residual tumor following MRI 
and white-light endoscopy have shown that 9%-16% did not have tumor in the resection 
specimen.[11-13] And studies of patients categorized as cCR (i.e. no signs of residual 
tumor on MRI and white-light endoscopy) have shown that 31% still develop an early or 
late local or pelvic recurrence.[14] Therefore, imaging techniques that improve clinical 
response assessment in LARC patients will help support accurate selection of patients 
who would benefit from organ-preserving strategies.[15] 

Quantitative Fluorescence Endoscopy (QFE) is a novel endoscopy technique that 
visualizes and quantitatively measures the presence of targeted fluorescent tracers 
in tissue. In this study, we used the fluorescent tracer bevacizumab-800CW, targeting 
vascular endothelial growth factor A (VEGFA), to visualize locally advanced rectal 
tumors. VEGFA is involved in the upregulation of tumor-associated angiogenesis and is 
highly upregulated in the microenvironment of many solid tumors, including colorectal 
cancer.[16] In the present study, we investigate whether VEGFA-targeted QFE could 
identify the presence of residual tumor and aid in clinical response assessment in 
patients with LARC after nCRT.
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METHODS

Summary of the study design
Patients with LARC were given a single dose of bevacizumab-800CW intravenously and 
QFE was performed after the completion of nCRT, at day of surgery. Optionally, patients 
underwent QFE also at baseline. Tracer uptake in LARC was compared to normal tissue 
at both timepoints. Tracer uptake was evaluated to detect residual tumor and aid clinical 
response assessment after completion of nCRT. Patients also underwent conventional 
clinical restaging (MRI and white-light endoscopy). All results were compared to the 
gold standard: pathological staging of the TME specimen. 

Study population 
A total of 25 patients with proven LARC were enrolled between October 2013 and 
December 2016, in this non-blinded, prospective, single center feasibility study. Patients 
were required to have histopathologically confirmed adenocarcinoma, with the lower 
margin within 16 cm from the anal verge. The pelvic MRI indicated at least one of the 
following criteria: cT4a, cT4b, N2, presence of tumor cells in the vasculature beyond 
the muscularis propria –extramural venous invasion (EMVI)–, presence of tumor or 
lymph node <1 mm from the mesorectal fascia (MRF) or positive lateral lymph nodes. 
Patients were eligible only if the multidisciplinary team decided on long-course nCRT. 
The sample included patients who were also included in the RAPIDO trial (ClinicalTrials.
gov Identifier NCT01558921). Key exclusion criteria were concurrent uncontrolled 
medical conditions and pregnancy or breast-feeding. Eligible patients were identified 
during the multidisciplinary colorectal cancer meeting at the University Medical Center 
Groningen (UMCG, Groningen, the Netherlands). All patients gave written informed 
consent for participation in the study before inclusion. The study protocol was approved 
by the Medical Ethics Committee of the UMCG and registered with ClinicalTrials.gov 
(NCT01972373).

Patient and Public Involvement  
The study was supported by the Dutch Cancer Society. There was no patient involvement 
in study design, interpretation of results or writing of the manuscript.

Clinical procedures
Neoadjuvant treatment 
Patients underwent nCRT before surgery, consisting of 28 doses of 1.8 Gy and oral 
capecitabine (825 mg/m2 twice daily during radiotherapy course or 1000 mg/m2 twice 
daily during 2 cycles of 14 days during radiotherapy course) or according to the study 
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arm of the RAPIDO trial (n=2): 5 doses of 5 Gy, followed by 6 courses every 3 weeks of 
oxaliplatin intravenously (130 mg/m2) at day 1 and oral capecitabine (1000 mg/m2) twice 
daily for 14 days starting at day 1 of the course. Dose adjustments were made in the 
event of side effects. No post-operative chemotherapy was administered, in line with 
our national guideline.[17] 

Clinical restaging
All patients underwent radiological restaging after nCRT, which consisted of a computer 
tomography (CT) scan of chest and abdomen and a diffusion-weighted MRI scan of the 
pelvis. Tumor (T), lymph node (N) and metastasis (M) stage were assessed, together with 
EMVI and MRF, according to the TNM classification off the American Joint Committee 
on Cancer (5th edition).

Surgical resection
After the restaging CT and MRI, the TME plan was formulated. Surgery consisted of 
abdominoperineal resection, low anterior resection or a more extended procedure 
like partial or full pelvic exenteration in order to reach a tumor-free circumferential 
resection margin. Although watchful waiting is not part of standard clinical care in our 
institution, two patients requested this even though MRI and white-light endoscopy 
were inconclusive. Both showed tumor regrowth. One patient who chose watchful 
waiting underwent surgical resection of the regrown tumor 9 months after the final 
radiotherapy dose, and QFE was performed on the day of surgery. The second patient 
received QFE at the first restaging and underwent surgical resection 5 months after the 
final radiotherapy dose. 

Pathological examination
Standard pathologic tumor staging of the resected specimen was performed by 
dedicated gastrointestinal cancer pathologist blinded for QFE results. The pathologic 
stage (ypTN) was recorded according to the fifth edition of the TNM classification, the 
clinical standard for the Netherlands. Circumferential resection margin involvement 
and lymphovascular invasion status were documented. pCR was defined as absence of 
viable adenocarcinoma cells in the surgical specimen (ypT0N0). 

Study procedures
QFE procedures were scheduled at two time points: the first at baseline (prior to the 
start of nCRT) and the second after nCRT. The baseline QFE was optionally, as many 
patients were referred to our tertiary center after receiving nCRT at a regional hospital. 
The second QFE procedure was planned after nCRT, preferably at the day of the surgery, 
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enabling direct correlation with the current clinical standards: radiological restaging 
(cTNM), white-light video endoscopy and the pathological outcome of the surgical 
specimen (ypTNM). 

Tracer production and administration
The monoclonal antibody bevacizumab (Roche, Hertfordshire, United Kingdom) 
was labeled under cGMP conditions with the near-infrared fluorophore IRDye800CW 
(IRDye800CW-NHS ester; LI-COR Biosciences, Lincoln, NE) at the Department of Clinical 
Pharmacy and Pharmacology of the UMCG.[18] This was originally performed in a 4:1 
dye-to-protein molar ratio. After the first 6 patients, the dye-to-protein molar ratio was 
changed to 2:1 to improve long term stability. No changes were seen in immunoreactivity 
tests. Patients received 4.5 mg of bevacizumab-800CW in accordance with microdosing 
limits as defined by the FDA.[19] Tracer was administered via intravenous bolus injection, 
2 to 3 days prior to the QFE procedure, the optimal time-to-imaging interval based 
on experience with 89Zr-bevacizumab PET-scans.[20] No tracer-related serious adverse 
events were reported, in accordance with previous clinical studies.[21-24]

White-light endoscopy procedure
All study subjects first received white-light endoscopy with a routine clinical high-
definition video endoscope, immediately followed by QFE. Tumor response was 
endoscopically assessed by a dedicated gastroenterologist (W.B.N.) according to 
watchful waiting criteria: CR was diagnosed if residual tumor was absent, and only a 
flat, white scar with or without telangiectasia was present. Potential CR was diagnosed 
when a small, flat ulcer with smooth edges without signs of residual polypoid tissue was 
present. Every other type of ulcer or mass was considered as definite residual tumor.[25] 

QFE procedure 
After high-definition white-light inspection of the rectum with a routine clinical high-
definition video endoscope, the wide-field optical fiber was inserted through the 
working channel of the endoscope for wide-field QFE. The gastroenterologist observed 
the presence, distribution and intensity of fluorescence signals in normal rectal tissue 
and in all rectal lesions present at endoscopy. Fluorescence was visually categorized 
as low (no difference with surrounding normal rectal tissue), intermediate (elevated, 
but difficult to clearly differentiate from surrounding normal rectal tissue) or high (clear 
differentiation from surrounding normal rectal tissue based on fluorescent signals). 
Images of normal tissue and LARC cancer tissue were digitally recorded with an exposure 
time of 1 frame per second and at video rate (10 frames per second). Subsequently, the 
spectroscopy fiber was inserted through the working channel of the endoscope and 
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held onto tissue of interest, to perform in vivo point measurements for quantification 
of the NIR fluorescence. Quantification of minimal 3 different tumor areas and normal 
rectal mucosa was performed, preferably 10 cm proximal of the rectal tumor. At the end 
of the QFE procedure, four small forceps biopsies were taken of normal rectal tissue 
and of every tumor location where quantification was performed. Ex vivo spectroscopy 
measurements were performed on these fresh biopsies to enable direct correlation of 
NIR fluorescence with histopathology. Afterwards, the tissue biopsies were formalin-
fixed and paraffin-embedded (FFPE) or snap-frozen in liquid nitrogen and stored at -80° 
Celsius. 

QFE system 
Wide-field fluorescence imaging was provided by an imaging platform (Surgvision BV, 
‘t Harde, the Netherlands) consisting of an optical fiber-bundle coupled to a charge-
coupled digital (EM-CCD) camera, sensitive for NIR light, and a separate camera for 
color detection, as described previously.[23, 24] Fluorescence excitation was provided 
by two class IIIb lasers (750 nm); white-light was provided by a LED light source. The 
wide-field fiber images (color, fluorescence and composite) were displayed live on a 
separate monitor for the gastroenterologist.

Fluorescence quantification was performed with a Multi Diameter Single Fiber 
Reflectance and Single Fiber Fluorescence (MDSFR/SFF) spectroscopy device. The in 
vivo measurements were performed with a fiber-bundle consisting of two concentric 
rings, the ex vivo measurements were performed with a different fiber-bundle consisting 
of 2 adjacent fibers (0.4 and 0.8 mm). During a measurement, two consecutive reflection 
spectra were acquired from which the tissue light absorbance and light reflection 
were calculated.[26-28] This was immediately followed by a fluorescence spectrum 
measurement. The intrinsic fluorescence (Q.μf

a,x) of bevacizumab-800CW was acquired 
by correcting the fluorescence spectrum for the calculated tissue optical properties.[26, 
29, 30] We calculated the local tracer concentration based on the in vivo quantified 
fluorescence, the molar extinction of the tracer and the fluorescence quantum yield.[24]

Correlation of QFE findings with radiological and pathological staging
To assess the value of QFE after nCRT, QFE findings were compared to the clinical 
restaging findings (MRI and high-definition white-light endoscopy) and correlated to 
the gold standard: pathological staging (ypTNM). 
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Ex vivo analyses
Microscopy
For fluorescence microscopy, 4 µm FFPE tissue sections of the tissue biopsies were 
deparaffinized and stained with Hoechst solution (33258; Invitrogen, Thermo Fisher 
Scientific) to counterstain the cell nuclei.[24] The hematoxylin and eosin (HE) staining was 
performed on 4 µm FFPE tissue sections as standard clinical staining by our Pathology 
Department. 

Statistical methods
Descriptive statistics were generated to describe patient characteristics and the 
association between QFE and pathological outcome. The intrinsic fluorescence 
(Q·μf

a,x) measurements of different tissue types after nCRT was analyzed with a one-
way ANOVA test with Tukey post-hoc analysis. A ROC curve was generated from the 
fluorescence measurements obtained from normal rectal tissue versus tumor tissue. 
Normal rectal tissue included normal rectal tissue measurements of all patients and 
fibrosis measurements of pathological complete responders. Tumor tissue included all 
lesion measurements of all patients with residual tumor at pathological examination. 
The median and maximum values of the intrinsic fluorescence measurements (Q·μf

a,x) 
were correlated, showing a good correlation (R2 = 0.84, P<0.0001, data not shown). P 
values lower than 0.05 were regarded as statistically significant. IBM SPSS Statistics, 
version 23.0 (SPSS inc.) was used for all statistical analyses. All authors had access to the 
study data and reviewed and approved the final manuscript. 

RESULTS

Patient characteristics 
25 patients diagnosed with LARC were enrolled in the study. Ten of these patients 
received a baseline QFE prior to nCRT, and all 25 patients received QFE after nCRT 
(table 1). 

Baseline QFE prior to neoadjuvant chemoradiotherapy
We used the baseline QFE data to verify that the tracer indeed accumulates specifically 
in rectal cancer tissue. In all 10 baseline QFE procedures, tumor tissue showed clearly 
enhanced fluorescence compared to normal rectal tissue (figure 1A, supplementary 
figure S1). Quantification of the fluorescence of bevacizumab-800CW (Q·μfa,x; e.g., 
the intrinsic fluorescence measured) showed a median fluorescence of 3.75·10-4 
(±0.90·10-4) in tumor tissue compared to 1.20·10-4 (±0.20·10-4) in normal rectal tissue 
(P<0.001), corresponding to a tumor-to-normal ratio of 3.1 (figure 1B). This showed 
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that bevacizumab-800CW can visualize tumor tissue in rectal cancer. In addition, it also 
showed that sufficient bowel preparation is required to prevent interference with the 
fluorescent signals from the tracer, as feces also emitted near-infrared (NIR) fluorescence 
signals. 

Bevacizumab-800CW distribution per tissue type after neoadjuvant chemoradiotherapy
To differentiate between tumor tissue and normal rectal tissue and fibrosis, we determined 
the cut-off fluorescence value. To this end we grouped the fluorescence measurements 
per tissue type. The fluorescence of tumor tissue was significantly higher than normal 
rectal tissue and fibrosis (P<0.001)(figure 2A). The receiver operating characteristic (ROC) 

Table 1. Patient and tumor characteristics

Characteristic No. %

Median age, in years (range) 61 (31-76)

Sex
 Male
 Female

15
10

60%
40%

Endoscopic findings at time of diagnosis
 Non-passable stenosis 7 28%

Radiologic staging (MRI pelvis and CT chest+abdomen)
 cT3 N0
 cT3 N1
 cT3 N2
 cT4 N1
 cT4 N2

2
5 
10 
4
4 

8%
20%
40%
16%
16%

Neoadjuvant chemoradiotherapy regimen
 Capecitabine 825 mg/m2 bid day 1-28 + 28x1.8Gy radiotherapy
 Capecitabine 1000 mg/m2 bid day 1-14 and 25-38 + 25x2Gy radiotherapy
 6 cyles of capecitabine/oxaliplatin + 5x5Gy radiotherapy

18
5
2

72%
20%
8%

Main endoscopic findings at restaging
 Residual tumour / polypoid tissue
 Ulcer >3 cm
 Ulcer <3 cm
 White-scar tissue

19
2
3
1

76%
8%

12%
4%

Type of Surgery
 Low anterior resection 
 Abdominoperineal resection 

14
11

56%
44%

Pathological staging
 ypT0 N0 (pCR)
 ypT2 N0
 ypT3 N0
 ypT3 N1
 ypT3 N2
 ypT3 N0 M1
 ypT4 N0

3
4
6
3
6
1
2

12%
16%
24%
12%
24%
4%
8%

* in 2 patients fluorescence quantification was not yet available, in 4 patients the device malfunctioned
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Figure 1. Baseline QFE prior to nCRT 
A. A representative example of baseline quantitative fluorescence endoscopy (QFE) prior to neoadjuvant 
chemoradiotherapy (nCRT). From left to right: a high-definition white-light video endoscope image of the 
rectal tumor before nCRT; a white-light image from the QFE fiberoptic, followed by the corresponding 
near infrared (NIR) fluorescence image captured with an exposure time of 100ms and the composite image 
of both modalities. QFE clearly discriminates tumor from normal rectal tissue with wide-field fluorescence 
endoscopy. The maximum quantified fluorescence values, measured with multi diameter single fiber 
reflectance and single fiber fluorescence (MDSFR/SFF) spectroscopy is written on the NIR fluorescence 
image. The rightmost image shows the hematoxylin and eosin (HE) staining of a forceps biopsy of the 
fluorescent area, confirming adenocarcinoma. B. Fluorescence quantification of tumor tissue and normal 
rectal tissue shows higher fluorescence in tumor compared to normal rectal tissue.  Boxplot centerline is 
at median, the bounds of the box at 25th to 75th percentiles, the whiskers depict the min-max.

curve generated from all fluorescence measurements of tumor areas (n=155) compared 
to normal rectal tissue and fibrosis areas (n=100), showed an area under the curve of 
0.925 with a cut-off value of 2.00·10-4 (figure 2B). Ex vivo fluorescence microscopy showed 
NIR fluorescence in tumor tissue, localized in the stroma (supplementary figure S2). 

QFE after neoadjuvant chemoradiotherapy
In all 25 patients (100%), normal rectal mucosa (median fluorescence 1.26·10-4±0.20·10-
4) showed low fluorescence levels <2.00·10-4. An overview of representative images of 
all included patients for each procedure is presented in supplementary figure S3.

QFE showed a clear fluorescence signal of 2.00·10-4 in 22 of 25 patients. In 17 of 
these 22 (77%) patients, white light endoscopy revealed endoluminal tumor remnants 
confirmed by histology (median of max fluorescence 3.52·10-4±0.65·10-4) (representative 
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Figure 2. Bevacizumab-800CW distribution after nCRT 
A. Quantitative fluorescence endoscopy (QFE) measurements per tissue type demonstrates that tumor 
tissue shows significantly higher fluorescence compared to fibrosis and normal tissue. Negative control 
tissue of measurements of tumor tissue and normal rectal tissue from a patient without the tracer showed 
no detectable fluorescence, signifying the measured fluorescence originated from the tracer. All in vivo 
and ex vivo spectroscopy measurements were grouped. Boxplot centerline is at median, the bounds of 
the box at 25th to 75th percentiles, the whiskers depict the min-max. **, P ≤ 0.01; ***, P ≤ 0.001, One-way 
ANOVA test with Tukey post-hoc analysis. B. A receiver operating characteristic (ROC) curve of quantified 
fluorescence of normal rectal tissue (n=100) versus tumor tissue (n=115) shows an area under the curve 
of 0.925. Normal rectal tissue included normal rectal tissue measurements of all patients and fibrosis 
measurements of pathological complete responders. Tumor tissue included all lesion measurements of 
all patients with residual tumor at pathological examination. 

example in figure 3A). One of the other five patients (max fluorescence 4.57·10-4) showed 
polypoid tissue on white light endoscopy, and at histology, residual tumor was confirmed 
in the submucosa (figure 3B). In three of 22 (13%) fluorescence-positive cases, an ulcer 
was seen with white light endoscopy. In two of these ulcer cases, (max fluorescence 
at QFE: 2.32·10-4 and 2.57·10-4, respectively) histology showed mucosal tumor in one 
case and submucosal tumor in the other. The third patient (max fluorescence 2.02·10-4) 
chose watchful waiting instead of surgery, so correlation with pathological staging was 
impossible at the time of QFE. However, residual tumor was likely in this case since 
tumor regrowth was detected at follow up white-light endoscopy 2 months later. Finally, 
one of the 22 (5%) fluorescence-positive patients (max fluorescence 3.09·10-4) showed 
polypoid tissue with white light endoscopy containing high grade dysplasia without 
invasive tumor at histology (ypT0N0) (figure 3C).
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In three of 25 patients (12%) low fluorescence was observed compared to normal 
surrounding rectal tissue (i.e. fluorescence-negative, fluorescence < 2.00·104).  One 
of these patients (max fluorescence 1.82·10-4) showed white scar tissue at white light 
endoscopy. Histology showed a complete response (ypT0N0). The other two showed 
an ulcer at white light endoscopy. In one patient (max fluorescence 1.43·10-4) the ulcer 
was large (> 3 cm); histology revealed a pCR (ypT0N0) (figure 3D). In the other patient 
(max fluorescence 1.61·10-4) a small ulcer (< 3 cm) was seen at white light endoscopy; 
histology showed a microscopic residual locus situated only in the submucosa. 
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Figure 3. QFE after nCRT
One representative example per procedure. From left to right: a high-definition white-light video 
endoscope image of the rectal lumen after neoadjuvant chemoradiotherapy (nCRT); a white-light image; 
the corresponding near infrared (NIR) fluorescence image; the composite of both modalities. The 
maximum quantified fluorescence values, measured with multi diameter single fiber reflectance and single 
fiber fluorescence (MDSFR/SFF) spectroscopy, are depicted in the NIR fluorescence images. The NIR 
fluorescence images were acquired at 100ms exposure time. The rightest column depicts an hematoxylin 
and eosin (HE) staining of the surgical specimen, in which the pathological TNM stage is indicated.  
A. Representative images of a patient with residual tumor. B. Representative images of a patient 
with submucosal tumor. C. Representative image of a patient with mucosal high-grade dysplasia. D. 
Representative images of a patient with a pathological complete response (pCR). 
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Overall, QFE correctly identified 21 of the 22 patients with residual disease and two 
of the three patients with a pCR (table 2).

QFE compared to conventional staging methods and pathological staging
Compared to the current clinical restaging methods, MRI and white-light endoscopy, 
QFE would have changed the diagnosis in four of 25 patients (16%) (figure 4). QFE 
detected a clear fluorescence signal, indicating residual tumor, in three patients clinically 
categorized as potential complete responders. One of these patients chose watchful 
waiting, but tumor regrowth was detected at follow-up white-light endoscopy 2 months 
later (figure 4A-C). In one patient, QFE showed low fluorescence, thus identifying a 
pCR in a patient categorized by conventional staging methods as having residual tumor 
(figure 4D). In contrast, QFE yielded only one false positive, but the same patient was 
also shown as false positive on conventional imaging. All modalities indicated residual 
tumor in this case, but histological examination showed only high-grade dysplasia 
(figure 4E). Although this case was classified as false positive, surgery was required for 
the treatment of HGD since endoscopic resection was not feasible. One falsely negative 
patient (i.e. ulcer < 3 cm) was found to have only small microscopic submucosal tumor 
foci (figure 4F). 

In our sample of 25 patients, the initial positive predictive value was 95% for QFE 
compared to 87.5% for MRI and 90% for white-light endoscopy. The accuracy of QFE 
was 92% compared to 84% for MRI and 80% for white-light endoscopy.

Table 2. Contingency table

Pathological  
residual tumor

Pathological  
complete response

Total

QFE positive
 >2.00·10-4 Q·μfa,x 

21 1* 22

QFE negative
< 2.00·10-4 Q·μfa,x 

1 2 3

Total 22 3 25

* High grade dysplasia in surgical specimen



CHAPTER 5

110

MRI + white-light endoscopy MRI + white-light endoscopy 
+ QFE

Partial response High-grade dysplasia Complete response

x18 x18

F

FDA B C

ED E A B C

Surgery

Watchful waiting

Figure 4. Schematic visualization of the potential added value of QFE to MRI and white-light endoscopy 
as restaging modality after nCRT 
Clinical restaging with white-light endoscopy and magnetic resonance imaging (MRI) diagnosed four 
patients as having a clinical complete response, of which only one patient had a pathological complete 
response. Twenty-one patients were suspected of having residual tumor, of which two patients had a 
pathological complete response. However, by combining quantitative fluorescence endoscopy (QFE) 
findings with these clinical results, restaging would diagnose three patients with complete response, 
22 patients suspected of having residual tumors. By adding QFE results, restaging diagnosis might 
be corrected in four of 25 patients (16%). In patients A-C, QFE detected clear fluorescence, indicating 
residual tumor in three patients clinically categorized as potential complete responders. In patient D, QFE 
showed low fluorescence, thus recognizing a complete response in a patient categorized by conventional 
staging methods as having residual tumor. In patient E, QFE showed the only false-positive result, which 
was also false positive on conventional imaging with suspected residual tumor, but high-grade dysplasia 
was shown at histological examination. In patient F, QFE was false-negative (i.e. ulcer < 3 cm) but the 
surgical specimen contained only small microscopic submucosal tumor foci.
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DISCUSSION

This is the first study demonstrating that VEGFA-targeted QFE using bevacizumab-
800CW in patients with LARC is of additional value, adding functional imaging data, 
to MRI and white-light endoscopy in the selection of patients suitable for non-surgical 
management. QFE could improve the identification of patients with residual disease 
and complete response, leading to more accurate clinical restaging in a significant 
proportion of patients as compared with MRI and white-light endoscopy alone. These 
promising results warrant larger prospective studies with QFE aiming to improve 
personalized treatment decisions in LARC patients.

Clinical assessment of a pCR remains the biggest challenge in LARC patients treated 
with neoadjuvant chemoradiotherapy. FDG-PET has been extensively investigated to 
assess pCR, although lack of accuracy (ranging from 0.57-0.73) has hampered its use 
in clinical practice.[31] Currently, white light endoscopy and MRI is used most often to 
assess pCR. By using quantitative molecular fluorescence endoscopy, we observed an 
improved sensitivity and accuracy of respectively 95% and 92% for QFE compared to 
the reported 71% and 89% of MRI combined with white light endoscopy, but a lower 
specificity of 67%.[12] The latter can probably be explained by the relatively small number 
of patients with a pCR in our study. QFE is easy to perform, the QFE measurements are 
operator independent and together with the standard white light endoscopy procedure 
it takes only slightly more time (5-10 minutes extra). Importantly, no tracer or procedure 
related adverse events were observed in this study. 

To enable quantification of the fluorescence signals, we used Multi Diameter 
Single Fiber Reflectance and Single Fiber Fluorescence (MDSFR/SFF) spectroscopy, a 
technique that corrects the measured fluorescence signals for tissue optical properties 
like scattering and absorption.[24, 29] If fluorescence signals are not corrected for tissue 
optical properties, large differences in fluorescence result that do not reflect the true 
accumulation of the tracer and thus the actual biology. This can potentially lead to 
incorrect recommendations in clinical practice and thus to inferior outcomes for the 
patients. 

In three of the 25 patients, examination of the surgical specimen revealed tumor 
situated only in the submucosa, not reaching the mucosa of the rectum lumen; QFE 
measured increased fluorescence of bevacizumab-800CW in two of these cases. 
Especially in patients without endoluminal tumor, but with tumor nests in deeper layers, 
we hypothesize that the microenvironment has not yet been normalized due to increased 
levels of VEGFA produced by the tumor cells. Therefore, a tracer that accumulates in the 
microenvironment of a tumor, like bevacizumab-800CW, and not only targets proteins 
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on the tumor cell membranes, could offer an important advantage for restaging. Recent 
follow-up data has shown that 19% of watchful waiting patients experience early tumor 
regrowth within 12 months.[14] The majority of these patients had ypT3 or ypT4 disease 
at salvage, indeed suggesting the presence of residual disease, not only intraluminal, 
but also in deeper layers of the rectum. QFE might help to identify these patients with 
submucosal disease and correctly stratify them to the optimal regimen, i.e., watchful 
waiting or surgical treatment.

Despite the promising results reported here, the detection of submucosal disease 
remains very challenging, though deeper bite-on-bite biopsies might improve sensitivity.
[32] Although NIR wavelengths have a deeper penetration depth compared to light in 
the visible spectrum, optical imaging will always suffer from limited imaging penetration 
depth due to the intrinsic limitations of light propagation in tissue. Therefore, future 
complementary detection systems such as optoacoustic imaging, which combines the 
rich contrast of optical imaging with the higher penetration of radiofrequency waves, 
may further improve submucosal evaluation. Potentially, this approach could even 
visualize tumor-positive lymph nodes in the rectal fat, as most metastatic lymph nodes 
are located at the level of the initial tumor bed or just proximal to it.[33, 34] Additionally, 
a higher tracer dose than the 4.5 mg bevacizumab used in the present study could 
provide stronger fluorescence signals. A clinical dose-finding study using bevacizumab-
800CW for detection of adenomatous polyps in the colon reported that a higher tracer 
dose of 25 mg increases the target-to-background ratio almost twofold, thus improving 
the contrast between adenomatous and normal tissue.[24] 

A  limitation of our feasibility study is the relatively small sample size and the fact that 
only 12% of patients that received QFE after nCRT showed a pCR, which is lower than 
the 15-27% pCR after nCRT described in literature.[1, 2] This is probably due to the fact 
that this study was carried out in a tertiary center with complex LARC patients (T4 in 40% 
and N2 in 64% of subjects).

 In conclusion, these results, even in this small group of patients, are encouraging 
and are potentially a first step towards quantitative optical molecular imaging for tumor 
response evaluation following neoadjuvant treatment. Ultimately, the combination 
of MRI, white-light endoscopy and QFE may be a promising strategy for evaluating 
individual patient response and guiding clinical decision-making. To realize this strategy, 
the capability of clinical response evaluation in LARC patients with QFE, including 
determination of a definitive cut-off value that discriminates tumor from normal tissue, 
needs further evaluation in a larger prospective cohort. 
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SUPPLEMENTAL FIGURES
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Supplementary Figure S1. 
One representative white-light, near infrared (NIR) 
fluorescence and composite fiberoptic image of all 15 
quantitative fluorescence endoscopy (QFE) procedures 
performed at baseline. In the left column, the QFE 
white-light images are shown. In the middle column, 
the QFE NIR fluorescence images are shown. The 
maximum quantified fluorescence of the depicted 
lesion is shown in all cases that were quantified. In right 
column, the QFE composite images of the former two 
are shown. All three images were also visible in real-
time at video rate for the gastroenterologist during 
the endoscopy procedure. The fluorescence images 
in this figure were acquired with different exposure 
times and are not scaled to one another. Therefore, 
visual comparison of fluorescence intensities between 
different procedures is not possible. Many factors 
influence the wide-field fluorescence visualization, i.e. 
fiber age, varying distance between lesion and fiber tip 
and different tissue optical properties of the lesions. 
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10 µm

HEFluorescence microscopy
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800nm Fluorescence

Supplementary Figure S2. 
Fluorescence microscopy of bevacizumab-800CW (depicted in red) after a Hoechst staining (staining cell 
nuclei, depicted in blue). HE staining, showing that bevacizumab-800CW is localized in the stroma, not at 
the mucosal side of the rectum villi. 
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Supplementary Figure S3. 
One representative white-light, near infrared (NIR) fluorescence and composite fiberoptic image of all 25 
quantitative fluorescence endoscopy (QFE) procedures performed after neoadjuvant chemoradiotherapy 
(nCRT). In the left column, the QFE white-light images are presented together with some additional 
observational notes. In the middle column, the QFE NIR fluorescence images are presented, the maximum 
quantified fluorescence of the lesion is depicted in all cases that were quantified. In right column, the QFE 
composite images of the former two columns are depicted. All three images were also visible in real-time 
at video rate for the gastroenterologist during the endoscopy procedure. The fluorescence images in 
this figure were acquired with different exposure times and are not scaled to one another. Therefore, 
visual comparison of fluorescence intensities between different procedures is not possible. Many factors 
influence the wide-field fluorescence visualization, i.e. fiber age, varying distance between lesion and 
fiber tip and different tissue optical properties of the lesions. 
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ABSTRACT

Molecularly targeted therapeutic and imaging strategies directed at aberrant signaling 
pathways in pancreatic tumor cells may improve the poor outcome of pancreatic ductal 
adenocarcinoma (PDA). Therefore, relevant molecular targets need to be identified. We 
collected publicly available expression profiles of patient-derived normal pancreatic 
tissue (n 5 77) and PDA samples (n 5 103). Functional genomic messenger RNA profiling 
was applied to predict target upregulation on the protein level. We prioritized these 
targets based on current status of preclinical therapeutic and imaging evaluation in 
PDA. We identified 213 significantly upregulated proteins in PDA compared with normal 
pancreatic tissue. We prioritized mucin-1, mesothelin, g-glutamyltransferase 5, and 
cathepsin-E as the most interesting targets, because studies already demonstrated their 
potential for both therapeutic and imaging strategies in literature. This study can assist 
clinicians and drug developers in deciding which theranostic targets should be taken for 
further clinical evaluation in PDA. 
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA) is the fourth leading cause of cancer-related 
mortality worldwide.(1) Despite extensive surgery and improved chemotherapeutic 
regimens, the prognosis of PDA remains poor. Because symptoms often occur late in 
the disease process, most patients present with locally advanced or even metastatic 
disease, resulting in a 5-y overall survival rate of only approximately 8%.(1) Solely 
patients with local disease are candidates for curative surgical treatment. Despite the 
curative intent, the 5-y survival in the surgically treated patients is still as low as 20%.(2) 
This poor survival is partially caused by the rapid development of metastases shortly 
after surgery. Most likely, this is due to microscopic dissemination that was already 
present at the time of surgery. Once distant metastases are present, the best available 
palliative chemotherapy regimen with the best overall survival rate is a combination of 
fluorouracil, leucovorin, irinotecan, and oxaliplatin. However, the overall survival benefit 
is modest, and the toxicity is significant.(3) 

In contrast to the traditional working mechanism of chemotherapy, which has 
a cytotoxic effect on all rapidly dividing cells, molecularly targeted therapies more 
selectively target aberrant cell signaling pathways that drive tumor growth. Therefore, 
in general molecularly targeted therapies are expected to be more tumor specific, 
which could enhance therapy efficacy and decrease side effects. However, patients who 
are likely to benefit from a particular targeted therapy have to be selected carefully, 
and target overexpression needs to be demonstrated. To date, target expression is 
determined by immunohistochemistry on tissue biopsies, which are prone to be biased 
by sampling error due to heterogeneity of tumors and metastases. Theranostics, which 
integrate diagnostics and therapeutics by fluorescent or radioactive labeling of drugs, 
can provide insight in pharmacokinetics, tumor uptake, and biodistribution of drugs that 
might be used for clinical decision making and individualized management of disease. 

To enable a theranostic approach in PDA patients, there is an unmet need for 
identification and prioritization of relevant targets. To this end, we used the recently 
developed method of functional genomic messenger RNA (FGmRNA) profiling to 
predict overexpression of target antigens on the protein level.(4) FGmRNA profiling is 
capable of correcting a gene expression profile of an individual tumor for physiologic 
and experimental factors, which are considered not to be relevant for the observed 
tumor phenotype and characteristics. 

The aim of this study was to identify potential target antigens in PDA using FGmRNA 
profiling that will assist clinicians and drug developers in deciding which theranostic 
targets should be taken for further evaluation in PDA. Subsequently, an extensive 
literature search was performed to prioritize these potential target antigens for their use 
in a theranostic approach in the near future.
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METHODS

FGmRNA Profiling: Identification of Upregulated Genes in PDA
Data Acquisition. We collected publicly available raw micro- array expression data 

from the Gene Expression Omnibus for the affymetrix HG-U133 plus 2.0 and the HG-
U133A platforms.(5) We used automatic filtering on relevant key words with subsequent 
manual curation to include patient-derived PDA samples and nor- mal pancreatic tissue. 
Cell line samples were deemed irrelevant and excluded for further analysis. 

Sample Processing. Non-corrupted raw data files were downloaded from the 
Gene Expression Omnibus for the selected samples. After removal of duplicate files, 
preprocessing and aggregation of raw data files were performed with Affymetrix 
Power Tools (version 1.15.2), using apt-probe set-summarize and applying the robust 
multi-array average algorithm. Sample quality control was performed using principal 
component analysis as previously described.(6) 

FGmRNA Profiling. For a detailed description of FGmRNA- profiling, we refer 
to Fehrmann et al..(4) In short, we analyzed 77,840 expression profiles of publicly 
available samples with principal component analysis and found that a limited number 
of transcriptional components capture the major regulators of the messenger RNA 
transcriptome. Subsequently, we identified a subset of transcriptional components that 
described non-genetic regulatory factors. We used these non-genetic transcriptional 
components as covariates to correct microarray expression data and observed that the 
residual expression signal (i.e., FGmRNA profile) captures the downstream consequences 
of genomic alterations on gene expression levels. 

Class Comparison. We performed a genome-wide class comparison analysis 
(Welch’s t test) between FGmRNA profiles of normal pancreatic tissue and PDA to 
identify genes with upregulated FGmRNA expression, which we considered a proxy for 
protein expression. To correct for multiple testing, we performed this analysis within a 
multivariate permutation test (1,000 permutations) with a false-discovery rate of 1% and 
a confidence level of 99%. This will result in a list of significant upregulated genes, which 
contains (with a confidence level of 99%) no more than 1% false-positives. 

Literature Search on Protein Expression. To compare targets identified with the 
class comparison with known protein expression in PDA, we performed a literature 
search. PubMed was searched for articles published in English from conception until 
February 2017. The following search terms were used: HUGO gene symbol of the 
target under investigation in combination with ‘pancreatic cancer’, ‘expression’, and 
‘immunohistochemistry’. The cellular location and function of the protein product of the 
gene was explored at http://www.genecards.org. 
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Target Prioritization for Theranostic Approaches in PDA Based on FGmRNA Profiling 
The prioritization process consisted of consulting the drug–gene interaction database 
(DGIdb) to select targets with a drug–gene interaction, current status of preclinical 
evaluation of therapeutic drugs directed at the protein, and current status of preclinical 
evaluation of imaging tracers directed at the protein. 

Consulting DGIdb to Identify Drug–Gene Interactions. The DGIdb, accessible 
at dgibd.genome.wustl.edu, integrates data from 13 resources that include disease-
relevant human genes, drugs, drug–gene interactions, and potential druggability.(7) 
Identified targets in the class comparison were explored in the DGIdb to get insight into 
drug–gene interactions to enable selection of targets for which a drug is available, or 
targets that are potential according to their membership in gene categories associated 
with druggability. 

Current Status of Therapeutic Efficacy at PubMed and Clinicaltrials.gov. Targets for 
which a drug–gene interaction was reported by the DGIdb were reviewed in the literature 
to determine the current status of drugs targeting these genes in clinical translation. We 
explored the efficacy of drugs targeting the protein in pancreatic cancer; the efficacy of 
drugs targeting the protein in patients with other cancer types, because these therapies 
might be relatively easily translated to pancreatic cancer patients; and the knowledge 
in preclinical studies. PubMed was searched for articles published in English from 
conception until February 2017, and clinicaltrials.gov was explored for current (ongoing) 
clinical trials. PubMed was searched using the (1) combination of HUGO gene symbol of 
the target under investigation; ‘pancreatic AND OR cancer’; and ‘therapy’, or (2) HUGO 
gene symbol, ‘pancreatic AND OR cancer’. 

Current Status of Evaluation of Imaging Targets at PubMed and Clinicaltrials.gov. 
All targets with a drug–gene interaction were reviewed in literature to prioritize targets 
that are the furthest in clinical translation and have proved to be a suitable imaging 
target. An additional PubMed search was executed for articles published in English 
from conception until February 2017 to determine whether the downstream proteins of 
these genes are suitable as molecular imaging targets. We used the following search 
combinations: ‘HUGO gene symbol’; ‘pancreatic AND OR cancer’; and ‘imaging’. 

RESULTS

FGmRNA Profiling: Identification of Upregulated Genes in PDA 
Supplementary Table 1 (supplementary materials are avail- able at http://jnm.
snmjournals.org) shows the datasets that were obtained from the Gene Expression 
Omnibus. In total, 180 pancreatic samples were identified, which are derived from 16 
individual experiments; these samples consisted of 103 PDA and 77 normal pancreatic 
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samples. Class comparison analysis, with multivariate permutation testing (false-
discovery rate, 1%; confidence level 99%, 1,000 permutations), resulted in a set of 213 
unique genes with significant FGmRNA over- expression in PDA. Supplementary Table 
2 contains the class comparison for all genes. 

Literature-Based Protein Expression Data for Identified Top 50 Targets Identified with 
FGmRNA Profiling 
On the basis of published immunohistochemistry results of the top 50 upregulated PDA 
genes as described in Supple- mental Table 3, 17 of 50 genes have a known downstream 
protein overexpression in human PDA samples. The downstream protein overexpression 
of 5 of 50 genes is described in other solid cancer types and therefore these genes could 
be of interest for PDA. For 27 of 50 upregulated genes in PDA, no data are available on 
protein expression in human cancers and therefore might be interesting for preclinical 
validation in the near future. 

Prioritization of Potential Theranostic Targets in PDA 
Figure 1 shows the complete prioritization process. Ninety- four of 213 upregulated 
genes in PDA have a known drug–gene interaction according to DGIdb. Downstream 
proteins of 41 of 94 genes are currently investigated as a drug target for cancer treatment 
in clinical trials or in preclinical studies (Fig. 2). Eleven of 41 genes are investigated 
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Figure 1. Study flowchart shows workflow 
for identification of current most potential 
targets for theranostic approaches in future 
PDA management. (A) We performed FGmRNA 
profiling to predict protein overexpression 
in PDA compared with normal pancreatic 
tissue. Known interaction with antineoplastic 
drugs was explored at the DGIdB (B), and we 
explored current status of preclinical evaluation 
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at the antigen (C). (D) We determined most 
potential theranostic targets on the basis of 
progress in clinical translation in both imaging 
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as antineoplastic drug targets in clinical pancreatic cancer trials, 3 of 41 genes are 
investigated as antineoplastic drug targets in clinical trials involving other solid cancer 
types, and 12 of 41 genes are evaluated as antineoplastic drug targets in preclinical in 
vitro and in vivo cancer models; for 15 of 41 genes, no antineoplastic drugs are currently 
available that target the downstream proteins, but the literature indicated involvement 
in cancer development. In addition, downstream proteins of 7 of 41 genes are currently 
described in the context of molecular imaging. We highlighted the studies evaluating 
the prioritized targets for molecular imaging purposes in pancreatic cancer or in 
advanced clinical translation in Supplementary Table 4; a summary of the therapeutic 
studies can be found in Supplementary Table 5. 

Thymocyte Differentiation Antigen 1—Rank 1. Molecular ultrasound imaging using 
microbubbles targeting the membrane protein thymocyte differentiation antigen 1 
detected tumors in a transgenic PDA mouse model with a diameter of only several 
millimeters in size, which were visualized with a 3-fold-higher signal than in normal 
pancreatic tissue.(8) 

Cathepsin-E (CTSE)—Rank 8. Ritonavir tetramethyl-BODIPY (RIT-TMB) is an optical 
imaging agent based on a Food and Drug Administration–approved protease inhibitor. 
RIT-TMB showed CTSE-specific imaging in a PDA cell line (9). Another CTSE-activatable 
fluorescence imaging probe demonstrated specific detection of CTSE activity in a PDA 
mouse model, in which the fluorescence signal in the tumor was 3-fold higher than in 
background tissue (10). 
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CHAPTER 6

128

g-Glutamyltransferase 5 (GGT5)—Rank 10. The cell membrane–bound enzyme 
GGT5 can be targeted by the optical imaging probe gGlu-HMRG, which is only fluores- 
cent after cleavage by GGT5 (11). gGlu-HMRG was topi- cally applied on surgical breast 
cancer specimens to assess the surgical margin. Tumors even smaller than 1 mm could 
be discriminated from normal mammary gland tissue.(12) In mouse models for colon 
cancer and disseminated perito- neal ovarian cancer, tumors could be clearly visualized 
1 min after topical administration.(11,13) 

Mucin-1 (MUC1)—Rank 41. The downstream cell mem- brane protein of MUC1 is 
reported to be overexpressed in 96% of the PDA cases. The 111In-labeled monoclonal 
anti- body PAM4 targeting MUC1 is suitable for single-photon emission tomography. In 
a clinical phase I trial, 111In-PAM4 showed specific uptake of pancreatic cancer lesions 
(14). More recently, the MUC1-specific optical imaging tracer Ab-FL- Cy5.5, which is a 
dual-labeled MUC1-targeting antibody conjugated to both a far-red dye and a green 
dye, demonstrated specific uptake and in vivo visualization of ovarian cancer xenografts 
(15). The MUC1 aptamer–based tracer APT-PEG- MPA showed that tracer uptake 
in the tumor correlated well with MUC1 expression levels in MUC1-overexpressing 
hepatocellular carcinoma and lung carcinoma cells in a xenograft mouse model (16). 
Furthermore, the anti-MUC1 optical imaging tracer CT2 demonstrated selective 
targeting of pancreatic cancer in vitro, and in a pancreatic cancer orthotopic xenograft 
model tumors smaller than 5 mm could be detected (17). 

Mesothelin (MSLN)—Rank 110. The overexpression of the cell membrane protein 
MSLN has been described in up to 86%–100% of PDA cases (18–20). In a clinical phase 
I imaging trial, the 89Zr-labeled MSLN antibody 89Zr-MMOT0530A was administered 
in 11 metastatic cancer patients, 7 with PDA and 4 with ovarian cancer. In all patients, 
at least 1 tumor lesion could be visualized (21). In addition to this PET tracer, a MSLN-
specific tracer has been developed for single-photon emission tomography. 111In-
labeled amatuximab was investigated in 6 patients, 2 of whom had PDA. In all patients, 
at least 1 tumor lesion could be discriminated from its reference background.(22) 

DISCUSSION

In this study, we were able to use FGmRNA profiling on a substantial set of normal 
pancreatic tissue and PDA tissue to predict protein overexpression for a large set of 
targets and identified 213 upregulated targets in PDA, containing 41 currently druggable 
targets with the potential for a theranostic approach in PDA patients. 

The selection of suitable targets for imaging or therapy is complex. The ideal target 
is highly overexpressed at the cell membrane of tumor cells and has a limited expression 
at the cell membrane of normal cells. Immunohistochemistry is a widely used method for 
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the determination of protein expression at a cellular level. However, it is time consuming 
and it demands many resources including access to formalin-fixed and paraffin-
embedded tissue samples of interest. Moreover, differences in execution of the staining 
protocol and scoring methods make it difficult to compare immunohistochemistry results 
from different studies. In contrast, FGmRNA profiling enabled us to efficiently analyze 
and directly compare many genes as the predicted overexpression is determined for 
each gene with the same methodology including a large set of normal pancreatic 
tissue samples as a reference to determine the threshold for overexpression. Therefore, 
FGmRNA profiling has the advantage over immunohistochemistry for the first selection 
of new therapeutic and imaging targets. FGmRNA profiling previously demonstrated 
it can guide clinicians and re- searches in selecting targets that need further preclinical 
validation, enabling a more efficient use of limited resources (20,23). 

Theranostic drugs might be used for clinical decision making by enabling visualization 
of molecular characteristics of the tumor to stratify patients for the most optimal targeted 
therapy. Besides, theranostics can aid in monitoring treatment effects, helping clinicians 
to adjust therapy dose or to switch to another targeted drug. On the basis of the current 
status of preclinical evaluation of therapeutic drugs and imaging tracers directed at 
downstream proteins of genes identified with FGmRNA profiling, we prioritized MUC1, 
MLSN, GGT5, and CTSE as the current most potential theranostic targets. These targets 
have already shown great potential to serve as a target for both therapy and imaging 
in the literature, indicating that these drugs have already made progress in the clinical 
translation process and are potentials for clinical translation in pancreatic cancer patients 
on the short term. Other targets (e.g., thymocyte differentiation antigen 1) first need to 
be validated as suitable targets; either therapeutic drugs or imaging tracers need to be 
designed and subsequently investigated in preclinical studies before theranostic agents 
targeting these proteins can be investigated in clinical trials. 

Beside theranostic targets, FGmRNA profiling can guide researchers and clinicians 
in selecting targets for molecular imaging probes. After prioritization, only 7 of the 
41 currently druggable targets are described in the context of molecular imaging, 
indicating the great potential of our results for development of favorable molecular 
imaging probes. In PDA, molecular imaging might enhance disease staging by enabling 
visualization of small PDA lesions, possibly leading to optimized selection of patients 
who will benefit from curative surgery. Clinical trials already demonstrated the feasibility 
of molecular fluorescence imaging in identifying micrometastases in peritoneal 
metastasized ovarian and colon cancer patients by targeting the folate a-receptor and 
vascular endothelial growth factor A (24–26). Besides, molecular imaging can be used to 
better assess the extent of the primary tumor during PDA surgery and evaluate essential 
resection planes. In PDA patients, 2 clinical trials are currently registered that evaluate 
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intraoperative molecular fluorescence imaging: targeting vascular endothelial growth 
factor A (NCT02743975) and the epidermal growth factor receptor (NCT02736578). 
FGmRNA profiling predicted no overexpression of these proteins, which might 
negatively influence the likelihood of success compared with targets highly rated 
by FGmRNA profiling. However, in addition to alteration in gene expression levels, 
mutation occurring in genes can result in different activation or functionality of the 
gene. This phenomenon is not captured by FGmRNA profiling, but could be relevant 
for certain tumor phenotypes observed in PDA. For newly identified targets that are not 
highly rated in the FGmRNA pro- filing, we advise solid validation in ex vivo models and 
preclinical models to confirm the validity of the target. 

Furthermore, by fluorescent or radioactive labeling of therapeutic drugs, molecular 
imaging can provide insight in pharmacokinetics, tumor uptake, and biodistribution, 
which harbors the potential for drug development to select probes with great 
therapeutic potential and to support optimal dosing and determine uptake in critical 
organs to anticipate toxicity. This is especially relevant in PDA because a desmoplastic 
reaction surrounding the tumor increases interstitial fluid pressure impairing drug 
delivery. Therefore, molecular imaging might help to determine which probes might be 
successfully translated into theranostic agents. 

CONCLUSION 

This study provides a data-driven prioritization and overview of imaging and therapeutic 
targets. The presented data can assist clinicians, researchers, and drug developers 
in deciding which therapeutic or imaging targets should be taken for further clinical 
evaluation in PDA. This might help to improve disease outcome of PDA patients in the 
short term. 
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profiling performed, 
year

GSE Accession number normal pancreatic tissue pancreatic cancer tissue

Walker et al (2004) GSE1133 2 0

Buturovic et al (2008) GSE12630 0 9

Badea et al (2009) GSE15471 39 39

Sadanandam et al (2009) GSE17891 0 1

Miya et al (2009) GSE18674 1 0

Chelala et al (2009) GSE19279 3 9

Hiraoka et al (2009) GSE19650 7 0

Curley et al (2004) GSE2109 0 16

Chen et al (2010) GSE22780 8 0

Ge et al (2005) GSE2361 1 0

Tran et al (2011) GSE32676 7 25

Miya et al (2011) GSE33846 1 0

Chelala et al (2013) GSE43288 3 4

Kaneda et al (2013) GSE43346 1 0

Blais et al (2013) GSE46385 3 0

Roth et al (2007) GSE7307 1 0

Table 1. GEO omnibus datasets included in the study

Abbreviation: GSE, gene expression omnibus series; PDA, pancreatic ductal adenocarcinoma
Note: GSE accession numbers can be used to query the data set in GEO http://www.ncbi.nlm.nih.gov/geo/. 

SUPPLEMENTARY INFORMATION
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Table 3. Literature overview protein overexpression human samples 1/2

Rank Gene symbol Protein location Protein function Protein overexpression  
in human samples

Reference
 

PDA other 
cancers

unkown

1 THY1 cell membrane Glycolipid      Foygel et al, 2013)      

2 SEL1L intracellular unkown      Cattaneo et al, 2003

3 NPR3 Cell membrane GPCR       

4 JUP /// KRT17 intracellular cytokeratin      Escobar-Hoyos et al, 
2014

5 NOX4 cell membrane NADPH oxidase
    

Edderkaoui et al, 
2005; Ogrunc et al, 
2014

6 TM4SF1 cell membrane Antigen      Lin et al, 2014

7 CLDN18 cell membrane Tight junction protein
    

Tanaka et al, 2011; 
Wöll et al, 2014;  
Soini et al, 2012

8 CTSE intracellular Protease      Keliher et al, 2013

9 TMPRSS4 cell membrane Protease      Wallrapp et al, 2000

10 GGT5 extracellular Protease      Ramsay et al, 2014

11 DKK3 extracellular unknown      Fong et al, 2009;       
Uchida et al, 2014

12 TINAGL1 extracellular Glycoprotein       

13 LAMA3 extracellular Laminin       

14 HSD17B7 cell membrane SDR       

15 AHNAK2 intracellular Unkown       

16 FXYD3 cell membrane Ion channel regulator      Kayed et al, 2006

17 C7orf10 intracellular Transferase       

18 GJB3 cell membrane Gap junction protein       

19 GPRC5D cell membrane GPCR       

20 LAMC2 extracellular Laminin      Garg et al, 2014; 
Katayama et al, 2005

21 MTMR11 intracellular Phosphatase       

22 LRRC32 cell membrane unknown       

23 HIST2H2AA3 /// 
HIST2H2AA4

intracellular Nucleosome       

24 LIF cell membrane Growth factor      Peng et al, 2014

25 CST2 extracellular Protease inhibitor       

26 CPB1 intracellular Protease       
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Rank Gene symbol Protein location Protein function Protein overexpression in 
human samples

Reference
 

PDA other 
cancers

unkown

27 DCLRE1A Intracellular DNA repair gene       

28 ADAP1 intracellular unkown       

29 PLA2G16 intracellular Phospholipase
    

Nazarenko et al, 
2006; Liang et al, 
2015

30 MAP4K4 Intracellular Kinase      Liang et al, 2008

31 HOPX * nucleus unknown       Waraya et al, 2012

32 ARL14 intracellular Ribosylation Factor       

33 TP73-AS1 intracellular Transcription factor       

34 CYP3A5 intacellular Cytochrome p450       

35 TRIM29 intracellular Transcription factor      Sun et al, 2014

36 DNAJB9 intracellular J protein       

37 CAPRIN2 intracellular unknown       

38 TRAK1 intracellular Transporter      An et al, 2011

39 MRC1 cell membrane Receptor       

40 LOC100653217 
/// NTM

cell membrane Cell adhesion 
molecule

      

41 MUC1 cell membrane Glycoprotein      Wang et al, 2014

42 CBS intracellular Lysase       

43 UGT1A1 /// 
UGT1A10 /// 
UGT1A4 /// 
UGT1A6 /// 
UGT1A8 /// 
UGT1A9

intracellular Transferase

    

 

44 GRB7 cell membrane Adaptor protein      Tanaka et al, 2006

45 TREM2 cell membrane Receptor      Yang et al, 2014

46 IGFBP5 extracellular growth factor binding 
protein     

Johnson et al, 2006; 
Sarah K Johnson, 
2009

47 H2BFS intracellular unknown       

48 GSTM3 intracellular Transferase      Meding et al, 2012

49 RTP4 intracellular Transporter       

50 RUNX1T1 intracellular Transcription factor       

Abbreviation: GPRC, G-protein coupled receptor. SDR, Short Chain Dehydrogenase/Reductase
* Reduced protein expression level in cancer
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Table 4. Targets for pancreatic cancer imaging

Tracer name Study type Cancer type Conclusion Reference
THY1, rank 1
Thy1-Targeted 
Microbubbles 
(MBThy1) 

in vivo - mouse     
ultrasound 
molecular imaging

pancreatic cancer 
xenofgrafts

Thy1 targeted ultrasound molecular 
imaging is feasible

Foygel et al, 
2013

CTSE, rank 8
CTSE-activatable 
optical molecular 
probe

in vivo - mouse               
optical imaging

pancreatic cancer 
xenofgrafts

CTSE-activatable probe can 
be detected by confocal laser 
endomicroscopy (CLE) 

Li et al, 2014

ritonavir tetramethyl-
BODIPY (RIT-TMB )

in vivo - mouse               
optical imaging

pancreatic cancer 
orthotopic 
tumors

RIT-TMB imaging is feasible in 
vitro and demonstrated good co- 
localization with CTSE in both humand 
and mouse PDA samples

Keliher et al, 
2013

CTSE-activatable 
optical molecular 
probe

in vivo - mouse             
optical imaging

pancreatic cancer 
xenofgrafts

The Cath E-activatable probe was 
able to highlight the Cath E-positive 
tumors; control imaging probe 
confirmed the superior selectivity and 
sensitivity 

Abd-Elgaliel 
et al, 2011

GGT5, rank 10
gGlu-HMRG ex vivo                             

optical imaging 
EUS-FNA

Human 
pancreatic 
samples

gGlu-HMRG did not clearly 
differentiate pancreatic tumor tissues 
from normal pancreatic ones because 
GGT activity was not different between 
tumor cells and normal cells. 

 

gGlu-HMRG ex vivo breast 
cancer samples

Breast cancer fluorescence derived from cleavage 
of gGlu-HMRG allowed easy 
discrimination of breast tumors from 
normal mammary gland tissues, with 
92% sensitivity and 94% specificity.

Ueo et al, 
2015

BODIPY-GSH In vitro Ovarian cancer 
cells

FIST probes enable monitoring the 
GGT activity in living cells,which 
showed  differentiation between 
ovarian cancer cells and normal cells.

Wang et al, 
2015

GGT5, rank 10
gGlu-HMRG Ex vivo                             colon carcinoma 

samples
Topically spraying gGlu-HMRG 
enabled rapid and selective 
fluorescent imaging of colorectal 
tumors owing to the upregulated GGT 
activity in cancer cells. 

Sato et al, 
2015

gGlu-HMRG In vivo - mouse Colon cancer 
mouse model

Fluorescence endoscopic detection 
of colon cancer was feasible. All 
fluorescent lesions contained cancer 
or high-grade dysplasia, all non-
fluorescent lesions contained low-
grade dysplasia or benign tissue.

Mitsunaga et 
al, 2013

gGlu-HMRG In vivo - mouse disseminated 
peritoneal 
ovarian cancer 
model

Activation of gGlu-HMRG occurred 
within 1 min of topically spraying 
the tumor, creating high signal 
contrast between the tumor and the 
background. 

Urano et al, 
2011

MUC1, rank 41
aptamer-PEG-near- 
infrared fluorescence 
probe (APT-PEG-MPA) 

in vivo - mouse              
optical imaging

breast cancer, 
non-small cell 
lung carcinoma, 
hepatocellular 
carcinoma 
xenografts

MUC1 aptamer-based NIR 
fluorescence probe has a high 
tumor-targetinga ability and low 
accumulation in normal tissue

Chen et al, 
2015
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Tracer name Study type Cancer type Conclusion Reference
MUC1, rank 41
MN-EPPT (iron oxide 
nanoparticles (MN), 
labeled with Cy5.5 
dye conjugated to 
peptides (EPPT)

in vivo - mouse                
optical imaging/MRI

breast cancer 
transgenic mouse 
model

changes in uMUC-1 expression during 
tumor development and therapeutic 
intervention could be monitored 
non-invasively using molecular 
imaging approach with the uMUC-
1-specific contrast agent (MN-EPPT) 
detectable by magnetic resonance and 
fluorescence optical imaging 

Ghosh et al, 
2013

(111)In-labeled PAM4 phase I clinical trial             
PET-scan

pancreatic cancer radiolabeled PAM4 selectively 
targets pancreatic cancer in both the 
experimental animal model and clinical 
studies. 

Gold et al, 
2001

[64Cu]-DOTA-PR81 in vivo - mouse                
PET-scan

breast cancer 
xenografts

The biodistribution and scintigraphy 
studies showed the accumulation 
of 64Cu-DOTA-PR81  at the site 
of tumors with high sensitivity and 
specificity for MUC1 compared to 
control probes. 

Alirezapour 
et al, 2016

Ab-FL-Cy5.5 in vivo - mouse                
dual labelled  
optical imaging

ovarian cancer 
xenografts

Ab-FL-Cy5.5 probe can be used for 
in vivo imaging of MUC1 expressing 
tumors

Zhang et al, 
2015

NPY1R, rank 92
[Lys(M/DOTA)4]
BVD15 

in vitro Breast cancer 
cells

[Lys(DOTA)4]BVD15 is a potent and 
specific ligand for NPY1R 

Zhang et al, 
2016

MSLN, rank 110
89Zr-MMOT0530A 
+E36:I4089Zr- 
MMOT0530A

phase I clinical trial             
PET-scan

pancreatic cancer 
and ovarian 
cancer

89Zr-MMOT0530A-PET pancreatic 
and ovarian cancer lesions as well 
as antibody biodistribution could be 
visualized.

Lamberts et 
al, 2015b

64Cu-NOTA-
amatuximab 

in vivo - mouse                
PET-scan

epithelial 
carcinoma cells

64Cu-NOTA-amatuximab enables 
quantification of tumor and major 
organ uptake values using PET 
scanning

Lee et al, 
2015

Indium-CHX-A 
amatuximab 

phase I clinical trial             
SPECT-scan

mesothelin 
overexpressing 
tumors

111In-amatuximab localizes to 
mesothelin expressing cancers with a 
higher uptake in mesothelioma than 
pancreatic cancer. 

NCT01521325

Me-F127COOH-QD 
nanomicelles 

in vivo - mouse pancreatic cancer 
xenofgrafts

anti-mesothein antibody conjugated 
carboxylated F127 nanomicelles 
accumulated specifically at the 
pancreatic tumor site 15 min after 
intravenous injection with low  toxicity 

Ding et al, 
2011

anti-mesothelin 
antibody-conjugated 
PEGlyated 
liposomal  ultrasmall 
superparamagnetic 
iron oxides 

in vivo - mouse                 
MRI

pancreatic cancer 
xenofgrafts

M-PLDUs specically targets MSLN and 
could well improve the therapeutic 
efficacy of DOX chemotherapy in vivo 
and could be visualized by MRI  in 
vivo. 

Deng et al, 
2012

GPER, rank 118
99mTc(I)-labeled 
nonsteroidal GPER-
specific ligands 

in vivo - mouse                
SPECT-scan

human 
endometrial and 
breast cancer cell 
xenografts 

99mTc-labeled-GPER-specific 
radioligands are tumor specific and 
could be cleary visualized using 
SPECT-scan  

Nayak et al, 
2014
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Antineoplastic drug Therapy type Study population Phase Conclusion / status 
study

Reference / 
clinicaltrial.gov 
identifier

Subcategory 1. Targets in pancreatic cancer clinical trials

MUC1, rank 41
MUC1 100mer peptide 
with SB-AS2 adjuvant 

cancer vaccine unresectable PDA I feasible Ramanathan 
et al, 2005; 
NCT00008099

MUC1 100mer peptide cancer vaccine unresectable PDA I 1/6 SD Yamamoto et al, 
2005

MUC1-DC and MUC1-
CTL

adoptive 
immunotherapy

unresectable PDA I 1/20 CR                                                                     
5/20 SD

Kondo et al, 2008

MUC1-DC adoptive 
immunotherapy

Advanced PDA I 7/7 PD Rong et al, 2012

90Y-hPAM4 radio-immunotherapy Advanced PDA I/II 6/38 PR                                                                   
16/38 SD

Ocean et al, 2012; 
NCT00603863

Falimarev (fowlpox-CEA-
MUC-1-TRICOM vaccine) 
Inalimarev (vaccinia-CEA-
MUC1-TRICOM vaccine)

cancer vaccine unresectable PDA I recruiting NCT00669734

anti-MUC1 CAR T Cells immunotherapy advanced, 
refractory solid 
tumors

I/II recruiting NCT02587689

anti-MUC1 CAR-
pNK cells

immunotherapy Relapsed or 
Refractory Solid 
Tumor

I/II rectruiting NCT02839954

NQO1, rank 53
Apaziquone bioreductive prodrug 

activated by NQO1
Pancreatic cancer 
first line

II Antitumour activity 
was not observed. 

Dirix et al, 1996

PSEN2, rank 54
MK-0752 NOTCH inhibitor unresectable PDA I completed no results 

yet
NCT01098344

TNFSF11, rank 57
Lenalidomide immunotherapy metastatic PDA II PR: 8/72                                                                      

SD: 26/72                                                                   
PD: 22/72                                                                  
MOS 4.7 months

Infante et al, 2013

ITGB5, rank 65
Cilengitide anti-angiogenic 

therapy
unresectable PDA II C+G MOS: 

6.7 months                            
gemcitabine MOS: 
7.7 months 

Friess et al, 2006

MSLN, rank 110
BAY94-9343 antibody drug 

conjugate
advanced, 
refractory solid 
tumors

I recruiting NCT02485119

Table 5. Therapeutical targets for pancreatic cancer treatment
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Antineoplastic drug Therapy type Study population Phase Conclusion / status 
study

Reference / 
clinicaltrial.gov 
identifier

Subcategory 1. Targets in pancreatic cancer clinical trials
MSLN, rank 110
BMS-986148 antibody drug 

conjugate
mesothelin 
positive 
pancreatic cancer

I recruiting NCT02341625

CART-meso immunotoxin metastatic 
mesothelin 
expressing 
cancers

I/II recruiting NCT01583686

CART-meso immunotoxin Mesothelin 
expressing 
cancers

I recruiting NCT02159716

CART-meso immunotoxin metastatic PDA I recruiting NCT02465983
CART-meso immunotoxin metastatic PDA I safe and feasible Beatty et al, 2014
CART-meso immunotoxin Metastatic I/II recruiting NCT02959151
CART-meso immunotoxin PDA
CART-meso immunotoxin PDA I recruiting NCT02706782
SS1P(dsFv)-PE38 immunotoxin unresectable or 

metastatic PDA
I/II recruiting NCT01362790

SS1P(dsFv)-PE39 immunotoxin Mesothelin 
expressing 
cancers

I SS1p is well 
tolerated

Hassan et al, 2007

SS1P(dsFv)-PE40 immunotoxin mesothelin 
experessing 
cancers

I SS1p is well 
tolerated

Kreitman et al, 
2009

Morab-009 (amatuximab) antibody mesothelin 
expressing 
cancers

I safe and feasible Hassan et al, 2010

Morab-009 (amatuximab) antibody unresectable PDA II completed, no 
article published yet

NCT00570713

GVAX (GM-CSF) immunotherapy Advanced PDA I safe and feasible Laheru et al, 2008
GVAX (GM-CSF) immunotherapy PDA, adjuvant; II PD: 17/60                                                                  

MOS: 24.8 months
Lutz et al, 2011

ANZ-100 and CRS-207 cancer vaccine metastatic PDA I Safe and feasible                                                             
OS: 3/7  > 15months

Le et al, 2012

GVAX and CRS-207 cancer vaccine metastatic PDA II cy/GVAX and CRS-
207: OS 9.7 months                                   
cy/GVAX: OS 4.6 
months 

Le et al, 2015

LMB-100  + Nab-
Paclitaxel

Immunotoxin 
combined with 
chemotherapy

Pancreatic 
Neoplasms

I/II recruiting NCT02810418

Anetumab ravtansine Antibody drug 
conjugate

Pretreated 
Advanced 
Pancreatic Cancer

II not yet recruiting NCT03023722
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Antineoplastic drug Therapy type Study population Phase Conclusion / status 
study

Reference / 
clinicaltrial.gov 
identifier

Subcategory 1. Targets in pancreatic cancer clinical trials
SLC2A1, rank 154
Glufosfamide vs F-5U chemotherapy metastatic PDA III recruiting NCT01954992

Glufosfamide chemotherapy Advanced PDA II PR: 2/34                                                                     
SD: 11/35                                                                    
MOS: 5.3 months

Briasoulis et al, 
2003

Glufosfamide + 
gemcitabine

chemotherapy metastatic PDA II PR: 5/28                                                                 
SD: 11/28                                                                   
MOS: 6 months

Chiorean et al, 
2010

Glufosfamide vs best 
supportive care

chemotherapy metastatic PDA III MOS glufosfamide: 
105 days                                 
MOS best 
supportive care: 84 
days

Ciuleanu et al, 
2009

PLK3, rank 148
BI 2536 Polo-like kinase  

inhibitor
unresectable 
advanced PDA

II PR: 2/79                                                         
SD: 19/79                                                                        
MOS: 149 days

Mross et al, 2012

TPSAB1, rank 184
nafamostat + 
gemcitabine

protease inhibitor + 
chemotherapy

advanced or 
metastatic PDA

I PR: 3/12                                                                         
SD: 7/12                                                                        
PD: 2/7

Uwagawa et al, 
2009

nafamostat + 
gemcitabine

protease inhibitor + 
chemotherapy

unresectable 
advanced or 
metastatic PDA

II PR: 6/35                                                                      
SD: 25/34                                                                        
PD: 4/35                                                                    
MOS: 10 months

Uwagawa et al, 
2013

MMP11, rank 166
marimastat vs 
gemcitabine

MMP inhibitor + 
chemotherapy

unresectable 
advanced or 
metastatic PDA

III MOS gemcitabine: 
167 days                                     
MOS 25mg: 
125 days                                           
MOS 10mg: 
105 days                                                 
MOS 5 mg: 110 days

Bramhall et al, 
2001

MMP28, rank 199

marimastat MMP inhibitor Advanced PDA II SD: 41/83 in 28 
day study period                                
PD: 42/83 in 28 
day study period                                                                   
MOS: 113 days

Bramhall et al, 
2002

Subcategory 2. Targets in clinical trials in other cancer types
MST1R, rank 95
Foretinib small-molecule 

multikinase inhibitor 
advanced or 
metastatic gastric 
adenocarcinoma 

II PR: 0/69                                               
SD: 15/65                                         
lack of efficacy

Shah et al, 2013

Foretinib small-molecule 
multikinase inhibitor 

papillary renal cell 
carcinoma

II ORR: 13.5%                                     
MPFS: 9.3 month 

Choueiri et al, 2013
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Antineoplastic drug Therapy type Study population Phase Conclusion / status 
study

Reference / 
clinicaltrial.gov 
identifier

Subcategory 2. Targets in clinical trials in other cancer types
MST1R, rank 95
MGCD265 Tyrosine kinase 

inhibitor
Advanced 
metastatic or 
unresectable 
malignancy

I recruiting NCT00697632

MGCD266 Tyrosine kinase 
inhibitor

advanced or 
metastatic non-
small cell lung 
cancer

II recruiting NCT02544633

PTMA, rank 106
Thymalfasin / 
Thymosin 1 / ( T-alfa-1) 

Immunomodulatory 
polypeptide 

metastatic 
esophageal 
cancer

II not yet recruiting NCT02545751

Thymalfasin /  
Thymosin 1 / ( T-alfa-1) 

Immunomodulatory 
polypeptide 

metastatic small 
cell lung cancer

II not yet recruiting NCT02542137

Thymalfasin /  
Thymosin 1 / ( T-alfa-1) 

Immunomodulatory 
polypeptide 

metastatic non 
small cell lung 
cancer

II not yet recruiting NCT02542930

Thymalfasin /  
Thymosin 1 / ( T-alfa-1) 

Immunomodulatory 
polypeptide 

metastatic colon 
cancer

II not yet recruiting NCT02535988

Thymalfasin /  
Thymosin 1 / ( T-alfa-1) 

Immunomodulatory 
polypeptide 

hepatocellular 
carcinoma

IV not yet recruiting NCT02281266

Thymalfasin /  
Thymosin 1 / ( T-alfa-1) 

Immunomodulatory 
polypeptide 

metastatic 
melanoma 
patients

I MOS: 9.4  months 
vs. 6.6 months

Maio et al, 2010

PRLR, rank 213

prolanta prolactine receptor 
antagonist

Epithelial ovarian 
cancer

I recruiting NCT02534922

LFA102 monoclonal antibody breast and 
prostate cancer

I completed, no 
results published

NCT01338831

Subcategory 3. Targets in preclinical in vitro and in vivo studies
CTSE, rank 8
Cathepsin E-activatable 
5-ALA prodrug 

photo dynamic 
therapy

in vivo - mouse 
PDA cells

 Effectively targeting 
and killing cancer 
cells that express 
CTSE

Abd-Elgaliel et al, 
2013

GGT5, rank 10
GSAO (glutathione-S-
conjugate activated by 
γGT cleavage)

prodrug in vivo - PDA 
mouse model

 Tumor γGT activity 
positively correlated 
with GSAO-
mediated inhibition 
of pancreatic tumor 
angiogenesis and 
tumor growth in 
mice. 

Ramsay et al, 2014
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Antineoplastic drug Therapy type Study population Phase Conclusion / status 
study

Reference / 
clinicaltrial.gov 
identifier

Subcategory 3. Targets in preclinical in vitro and in vivo studies
GJB3, rank 18
Carbenoxolone gap junction blocker in vitro - 

Pancreatic stellate 
cells

 Carbenoxolone 
inhibited platelet-
derived growth 
factor-BB-induced 
proliferation and 
migration

Masamune et al, 
2013

TNK2, rank 73
AIM-100 
pyrazolopyrimidine 
derivative 2b                            
ALK inhibitor 5

TNK2 inhibitors in vitro - prostate 
cancer cells

 AIM-100 treatment 
is leading to cell 
cycle arrest in the 
G1 phase causing 
significant decrease 
in the proliferation 
of pancreatic cancer 
cells and induction 
of apoptosis. 

Mahajan et al, 2012

 (R)-9bMS small-molecule 
inhibitor

triple negative 
breast cancer 
(TNBC)

 In vitro inhibition 
significantly 
compromised TNBC 
proliferation

Wu et al, 2017

NPY1R, rank 92
BIBP3226 peptide-drug 

conjugate 
in vitro - 
neuroblastoma 
cells 

 The active compund 
BIBP3226 is able 
to release the drug 
intracellular

Langer et al, 2001

TRIO, rank 107
TRIP-E32G peptide aptamer In vivo - NIH 3T3 

cells
 TRIPE32G reduces 

the formation of 
TRIO-induced 
tumors. 

Bouquier et al, 
2009

GPER, rank 118
Gefitinib Tyrosine Kinase 

inhibitor
In vitro – Triple-
negative breast 
cancers cells

 Reduction of 
GPER expression 
is a promising 
therapeutic 
approach for TNBC

Girgert et al, 2017

agonist G-1 GPER-receptor-agonist In vitro – nonsmall 
cell lung cancer 
cells

 G-1 treatment 
rapidly decreased 
the phosphorylation, 
nuclear translocation, 
and promoter 
activities of NF-κB, 
which will help to 
better understand 
the roles and 
mechanisms of 
GPER as a potential 
therapy target

Zhu et al, 2016
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Antineoplastic drug Therapy type Study population Phase Conclusion / status 
study

Reference / 
clinicaltrial.gov 
identifier

Subcategory 3. Targets in preclinical in vitro and in vivo studies
ADAM18, rank 141
BK-1361 ADAM8 inhibitor in vitro - PDA cells  BK-1361 decreased 

tumour burden 
and metastasis of 
implanted pancreatic 
tumour cells in mice

Schlomann et al, 
2015

CDC42BPA, rank 142
DJ4 small molecule 

inhibitor
in vitro - (PDA) 
cells

 DJ4 treatment 
significantly blocked 
stress fiber formation 
and inhibited 
migration and 
invasion of multiple 
cancer cell lines

Kale et al, 2014

PRKCi, rank 161
 aPKC-PSP pseudosubstrate 

peptide
In vivo 
-glioblastoma 
Stem-like cells 
(GSC)

 Targeting PKCι in 
the context of Notch 
signaling could be 
an effective way of 
attacking the GSC 
population in GBM

Phillips et al, 2016

SULF1, rank 180      
IQ2-S  radioactive prodrug in vitro - PDA cells  Quinazolinone-

based 
radiopharmaceuticals 
can lead to the 
development of a 
novel noninvasive 
approach for 
imaging and treating 
pancreatic cancer.

Pospisil et al, 2012

S100P, rank 188
cromolyn cromolyn analog, 

C5OH
in vivo - PDA 
mouse

 C5OH blocked 
the S100P-
mediated growth 
and antiapoptotic 
effect in PDA and 
improved the animal 
survival. 

Arumugam et al, 
2013

2H8 S100P antibody in vivo - mouse - 
PxPC3 cells

 2H8 antibody 
decreased tumor 
growth and liver 
metastasis formation 
in a subcutaneous 
and orthotopic 
BxPC3 tumor model. 

Dakhel et al, 2014
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Subcategory 4. Suggested as potential targets
Cancer type Study type  Conclusion study Reference

TMPRSS4, rank 9
breast cancer tissue IHC  Prognostic marker Liang et al, 2013

Non-small cell lung 
cancer (NSCLC)

In vitro 
treatment with 
demethylating 
agent significantly 
increased 
TMPRSS4 levels

 Potential therapeutic 
target

Villalba et al, 2016

Gastric cancer Upregulation 
of TMPRSS4 
enhances the 
invasiveness of 
gastric cancer 
cells

 Potential therapeutic 
target

Jin et al, 2016

FXYD3, rank 16
Breast cancer Suppression 

of FXYD3 by 
transfection with 
siRNA

 Overexpression 
of FXYD3 may 
be a marker of 
resistance to cancer 
treatments and a 
potentially important 
therapeutic target.

Liu et al, 2016a

CPB1, rank 26
Metastasis in Low 
Grade Breast Cancer 
samples

IHC  Biomarker Bouchal et al, 2015

PLA2G16, rank 29
Osteosarcoma In vitro and in 

vivo functional 
analyses

 Potential therapeutic 
target

Li et al, 2016

MAP4K4, rank 30
Gastric cancer In vitro siilencing 

of MAP4K4 by 
shRNA

 Potential therapeutic 
strategy

Liu et al, 2016b

CBS, rank 42
in vitro - mouse                     CBS silencing  CBS silencing 

resulted in reduced 
tumor cells 
proliferation, blood 
vessels formation 
and lipid content. 

Chakraborty et al, 
2015

Colon cancer In vivo - xenograft  Benserazide 
inhibits CBS activity 
and suppresses 
colon cancer cell 
proliferation and 
bioenergetics in 
vitro, and tumor 
growth in vivo

Druzhyna et al, 
2016
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Subcategory 4. Suggested as potential targets
Cancer type Study type  Conclusion study Reference

GPRC5A, rank 70
colon cancer samples IHC  Prognostic 

biomarker
Zougman et al, 
2013

oral squamus cell 
carcinoma

IHC  Prognostic 
biomarker

Liu et al, 2013

gastric cancer samples mRNA expression 
levels

 Prognostic 
biomarker

Liu et al, 2015

PDAC cells siRNA  Suppression of 
GPRC5a results 
in decreased cell 
growth, proliferation 
and migration

Jahny et al, 2017

breast cancer cell line siRNA  Transfection of siRNA 
suppressed RAI3 
mRNA and growth 
of the cancer cells

Nagahata et al, 
2005

KLK10, rank 79
Breast cancer RNA-Sequencing 

analysis
 Predictive biomarker 

for trastuzumab 
resistance and 
potential therapeutic 
target for reversing 
trastuzumab 
resistance

Wang et al, 2016

COPS5, rank 93
Breast cancer Integrated 

genomic and 
functional studies

 COPS5 
overexpression 
causes tamoxifen-
resistance in 
preclinical breast 
cancer models in 
vitro and in vivo > 
potential therapeutic 
approach for 
endocrine-resistant 
breast cancer 

Lu et al, 2016

GTSE1, rank 97
Gastric cancer cells shRNA GTSE1 

knockout
 Biomarker. Potential 

therapeutical target
Deeb et al, 2014

hepatocellular 
carcinoma cells

shRNA GTSE1 
silencing

 GTSE1 is aberrantly 
overexpressed in 
HCC cell lines and 
cancerous tissues > 
Potential therapeutic 
target

Guo et al, 2016
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Subcategory 4. Suggested as potential targets
Cancer type Study type  Conclusion study Reference

KMT2B, rank 104
Breast cancer cells siRNA knockdown  Inhibition of IL-20 

and KMT2B may 
have therapeutic 
benefits in ERα-
positive breast 
cancer

Su et al, 2016

SPN, rank 160
HPB-ALL 
lymphoblastoid T cells 
in mice 

UN1 monoclonal 
antibody

 UN1 mAb is 
leading to natural 
killer–mediated 
cytotoxicity  causing 
growth inhibition

Tuccillo et al, 2014

mouse model - breast 
cancer

siRNA SPN 
knockdown

 Reduction in primary 
tumour growth in 
vivo 

Fu et al, 2014

RAMP1, rank 166
prostate cancer   Potential molecular 

target
Logan et al, 2013

HNF1A, rank 167
PDA tissue and cells  siRNA HNF1A 

knockdown
 siRNA HNF1A  

knockdown reduced 
apoptosis in 
pancreatic cancer 
cell lines. HNF1A 
is a possible tumor 
suppressor

Luo et al, 2015

MYBL2, rank 181
In vivo - mouse Breast 
cancer xenografts

Si-RNA  B-myb plays a 
role in cell cycle 
progression and 
tumorigenesis.                                                   
Potential diagnostic 
/ therapeutical target

Tao et al, 2014
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SUMMARY

Over the last decades, significant progress is made in the treatment of patients with 
solid cancers. Especially advancements in chemotherapy, hormonal therapy, targeted 
therapy and immunotherapy has led to the improvement of treatment outcome and an 
increase in the disease-free and overall survival of cancer patients. To further improve 
the treatment outcome for patients with solid cancers, a dedicated technique is 
necessary to improve diagnoses, monitor treatment response and select patients for 
the most optimal treatment strategy in real-time. Furthermore, the development of 
intraoperative techniques that improves the surgical treatment of locoregional disease 
is stagnating. Surgeons are still mainly dependent on visual inspection and palpation to 
discriminate malignant tissue from benign tissue, most likely leading to undertreatment 
and overtreatment of patients. Molecular fluorescence imaging allows real-time imaging 
of tumor tissue by enabling visualization of tumor-specific, upregulated proteins and 
biological processes involved in oncogenesis using targeted fluorescent tracers, 
and therefore might be the ideal imaging modality to be used during surgery and 
endoscopy.1-3 This thesis describes the potential of molecular fluorescence imaging to 
facilitate clinicians in real-time clinical decision making and individualized treatment of 
patients with solid cancers and can serve as an innovative tool for drug development 
purposes.

Chapter 1 provides a general introduction and outline of the thesis.  In Chapter 2, a 
novel analytical framework for the clinical translation and evaluation of tumor-targeted 
tracers for molecular fluorescence imaging is described. By combining multiple 
complementary state-of-the-art clinical optical imaging techniques, the tumor-specific 
targeting of breast cancer with bevacizumab-800CW in escalating doses is confirmed 
by tracing down bevacizumab-800CW on both a macroscopic and microscopic level. 
Within the individual components of the novel analytical framework, we showed that 
the intraoperative detection of tumor-involved margins is much better than standard 
surgical practice. An 88% increase in intraoperative detection of tumor-positive resection 
margins is observed, that was otherwise missed by intraoperative assessment of surgical 
margins using standard visual inspection and palpation. Therefore, intraoperative real-
time detection of the tumor-involved surgical margins might lead to prevention of 
undertreatment in the future, because in these patients, additional surgery or therapy 
might have avoided. In this chapter, the clinical value of intraoperative molecular 
fluorescence imaging in breast cancer patients is shown, which supports a paradigm 
shift in the future surgical treatment of breast cancer patients. 

Besides a tool for intraoperative decision making in breast cancer, molecular 
fluorescence imaging might be beneficial in patients with peritoneal carcinomatosis 
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of colorectal origin for the improved detection of lesions intraoperatively. The 
intraoperative assessment of the tumor load during the cytoreductive surgery (CRS) 
and hyperthermic intraperitoneal chemotherapy (HIPEC) procedure is important to 
carefully select patients that might benefit from the extensive treatment; and secondly 
to achieve a complete cytoreduction, which is associated with increased overall survival. 
In the feasibility study in Chapter 3, we show on a macroscopic and microscopic level, 
that bevacizumab-800CW accumulates in peritoneal metastases of colorectal origin. In 
cancer surgery, it is crucial to leave no residual disease. However, resection of multiple 
different organs is associated with substantial morbidity.4 Interestingly, all intraoperative 
non-fluorescent lesions detected by the surgeons proved to be benign. Consequently, 
the added value of molecular fluorescence imaging during CRS-HIPEC procedure in 
treatment of patients with peritoneal metastases of colorectal origin is the potential 
prevention of overtreatment, meaning if a surgeon identifies a suspicious peritoneal 
lesion by visual inspection and palpation that is non-fluorescent, it could safely be left in 
situ. The results in this chapter are the basis to provide supportive data for changing the 
standard of care in patients with peritoneal carcinomatosis of colorectal cancer origin 
undergoing cytoreduction and HIPEC using molecular fluorescence-guided surgery.

Besides guiding intraoperative decision making, the impact of fluorescence imaging 
on the workflow of pathological analysis can be significant. Due to practical and 
logistical constraints, the surgical specimen cannot be completely (i.e. every millimeter) 
evaluated by histology. Therefore, the fresh surgical specimen is grossly examined by 
visual inspection and palpation by the attending pathologist for the sampling of tissue, 
potentially causing sampling error. To optimize current tissue sampling procedures and 
prevent sampling errors, as result of macroscopic fluorescence imaging of the fresh 
surgical specimen and the fresh tissue slices the pathologist is provided with a red-
flag technique that precisely outlines tumor tissue (i.e., fluorescence-guided pathology 
(FGP)). Additionally, fluorescence guided pathology might be applied in the surgical 
theater during surgery, leading to a direct impact on intraoperative clinical decision 
making of the surgeon. Currently, the surgeon is depended on the final histological 
analyses which is known in five working days after the surgery. By applying fluorescence 
guided pathology, the surgeon can act directly in case of a tumor positive margin by an 
additional resection. This could improve surgical and clinical outcome. Tumor-positive 
surgical margins are detected in 18% of patients with locally advanced rectal cancer 
that are curatively treated with neoadjuvant chemoradiotherapy followed by surgery. 
In Chapter 4, by using FGP we correctly predicted a tumor negative circumferential 
resection margin (CRM) status in 5/6 patients (83%) with colorectal cancer with a tumor-
negative CRM. In 1 of 2 patients (50%) with a tumor-positive CRM,  FGP correctly 
predicted a positive CRM status by high fluorescence intensities. The patient with a low 
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fluorescent tumor had microscopic tumor cells within 1 mm of the CRM. Furthermore, 
bevacizumab-800CW discriminates colorectal cancer form normal colorectal tissue with 
a sensitivity and specificity of 98.2% and 76.8% respectively.

Integration of diagnostics and therapeutics by fluorescent labeling of drugs, i.e. 
theranostics, can provide insight in pharmacokinetics, tumor uptake, and biodistribution 
of drugs and might be used for treatment monitoring. Two clinical advantages can be 
distinguished: first, by enabling visualization of molecular characteristics of the tumor 
to stratify patients for the most optimal targeted therapy and second, by aiding in 
monitoring treatment response, assisting clinicians to adjust therapy dose or to switch 
to another targeted drug. To implement theranostics in clinical oncology, a dedicated 
technique is necessary to diagnose, monitor treatment response and select patients for 
the most optimal treatment strategy. By molecular fluorescence endoscopy, the presence 
of targeted fluorescent tracers in tissue can be visualized and quantified real-time, which 
can be correlated to the biological target expression to monitor treatment response. 
Chapter 5 describes the first clinical trial that investigates the impact of quantitative 
fluorescence endoscopy (QFE) for tumor response evaluation after neoadjuvant 
chemoradiotherapy using bevacizumab-800CW in patients with locally advanced rectal 
cancer. Multi Diameter Single Fiber Reflectance and Single Fiber Fluorescence (MDSFR/
SFF) spectroscopy is used to enable real-time quantification of the fluorescence signals. 
MDSFR/SFF spectroscopy is a technique that corrects the measured fluorescence 
signals for tissue optical properties like scattering and absorption.5 The correction of 
fluorescence signals for tissue optical properties is of additional value because the 
optical properties influence the measured fluorescence intensity, potentially leading to 
over or underestimation of the accumulation of the tracer and thus the actual biology, 
and potentially leading to incorrect recommendations in clinical practice that might 
lead to inferior outcomes for the patients. Tumor tissue showed significant higher 
fluorescence compared to normal rectal tissue and fibrosis, with an area under curve 
of 0.925. Especially in patients without endoluminal tumor, but with tumor nests in the 
submucosal layers, QFE might have a great impact in restaging diagnosis and correctly 
stratify these patients to the optimal treatment regimen, i.e. watchful waiting or surgical 
treatment. In patients with submucosal tumor nests normal white light endoscopy can 
be false negative, whereas QFE using a tracer that accumulates in the microenvironment 
of a tumor, like bevacizumab-800CW, targets the microenvironment that has not been 
normalized in these patients. In the study described in Chapter 5, QFE would have 
changed the restaging diagnosis correctly in 4 / 25 patients (16%), signifying QFE as 
promising tool to aid response assessment after neoadjuvant chemoradiotherapy 
in LARC patients. QFE could markedly enhance the accuracy of treatment response 
evaluation even in the presence of tissue fibrosis and ulcers after neoadjuvant therapy, 
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and thus improve the selection of patients for organ-preserving strategies. 
To optimally implement the theranostic approach in oncology, relevant targets need 

to be identified and prioritized. In Chapter 6, we used functional genomic messenger 
RNA (FGmRNA) profiling to predict target upregulation on the protein level in pancreatic 
cancer, to facilitate clinicians and drug developers in deciding which theranostic targets 
should be taken into further evaluation in pancreatic cancer to improve the poor outcome 
of pancreatic cancer patients. The ideal theranostic target has a limited expression at 
the cell membrane of normal cells and is highly overexpressed at the cell membrane of 
tumor cells. We identified 213 significantly upregulated proteins in PDA compared with 
normal pancreatic tissue. Mucin-1, mesothelin, g-glutamyltransferase 5, and cathepsin-E 
as are prioritized as the most interesting targets, because great potential was already 
shown in literature in the clinical translation process and are therefore high potential 
targets for clinical translation in pancreatic cancer patients on the short term. 

Beside guiding clinicians in selecting theranostic targets, FGmRNA profiling can help 
researchers and clinicians in selecting targets for molecular imaging probes. Molecular 
imaging might enable visualization of small PDA lesions, enhancing disease staging and 
causing optimized selection of patients who will benefit from curative surgery. Only 7 
of the 41 currently druggable targets are currently described in literature in the context 
of molecular imaging, indicating the great potential for the development of favorable 
molecular imaging probes. 

FUTURE PERSPECTIVES

Although the early clinical studies described in this thesis are demonstrating the great 
potential of the clinical application of molecular fluorescence imaging, certain steps 
need to be taken before this technique will lead to a paradigm shift in clinical cancer 
treatment.

First, the fluorescence camera system of our setup is still in development and 
improvements with regard to interpretation of fluorescence signals and intraoperative 
quantification have not been finalized yet. Improvements such as multispectral 
subtraction techniques might be useful in separating the fluorescence spectrum of our 
near-infrared dye from other (auto-)fluorescence signals, such as foreign body inclusions. 
Furthermore, by improving intraoperative quantification of fluorescence signals, e.g. 
by MDFSR/SFF spectroscopy, a threshold could be set to distinguish fluorescence 
intensities derived from benign and tumor lesions, facilitating real-time clinical decision 
making. Moreover, some body cavities are very difficult for homogenous illumination 
and excitation of the fluorescent tracers, e.g. the pelvic region. This may be overcome 
by using a more flexible fluorescence laparoscope or robotic fluorescence imaging 
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system. However, currently available fluorescence laparoscopy and robotic systems 
lack significant sensitivity to detect the current tracer concentrations, so this technique 
needs further refinement. Furthermore, the intrinsic limitations of light propagation in 
tissue limits depth penetration decreasing the visualization of tumor in deeper layers of 
the tissue. Future complementary detection systems such as optoacoustic imaging may 
further improve the detection of tumor specific fluorescent tracers for clinical decision 
making. Optoacoustic imaging combines the rich contrast of optical imaging with the 
higher penetration of radiofrequency waves, enhancing visualization of tumor in deeper 
layers of the tissue. Furthermore, by using multiple wavelengths optoacoustic imaging 
can provide more detailed information about tumor heterogeneity when a cocktail of 
tracers with different excitation and emission wavelengths is used, that might lead to 
even more improved clinical decisions. 

Besides optimization of the fluorescence detection system, the sensitivity and 
specificity of the fluorescent tracers that we used can be improved, by using not only 
antibody-based tracers, but using small peptides or even small activatable probes that 
are only fluorescent in certain circumstances, e.g. certain pH levels or certain protein 
concentrations. Additionally, we need to learn more about the optimal tracer dose for 
each cancer type and for each application. In the clinical trials of the current thesis, most 
often a micro dose is used. In the clinical study in breast cancer patients (Chapter 2) 
escalating doses were given. In this trial, we observed a large variation in fluorescence 
intensities between patients of higher dose groups. Clinicopathological parameters 
like tumor size, tumor grade, tumor type and hormonal status are influencing protein 
expression and therefore the correlation of tracer uptake with clinicopathological 
parameters. To draw definitive conclusions about the optimal tracer dose, more research 
in larger patient groups is needed.

The clinical trials described in this thesis are set up as feasibility trials, and we followed 
the current clinical workflow to not interfere the clinical standards. To further increase 
the real-time intraoperative clinical decision making by the surgeon, fluorescence 
guided pathology might be already applied in the surgical theater. Fluorescence guided 
pathology might bridge the time-gap between the current intraoperative decision 
making of the surgeon and the determination of presence or absence of a tumor 
positive margin by the pathologist. This requires a more dynamic interaction between in 
vivo intraoperative imaging and ex vivo macroscopic imaging of the surgical specimen. 
When fluorescence images of the intraoperative field and the surgical specimen can be 
provided to both disciplines simultaneously, there is a direct impact on clinical decision 
making with the optimal benefit for the individual patient. Moreover, in case of residual 
tumor, theranostic applications such as targeted photodynamic therapy can be applied 
simultaneously or subsequently after resection during surgery. 
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In this thesis molecular imaging was studied in only a few solid cancer types. The 
main advantage of the technique is the broad application in surgery and gastro-
enterology, besides, molecular fluorescence imaging can be beneficial for all tumor 
types that can be reached by an endoscope, e.g. lung cancers and bronchial cancers, 
and oro-laryngeal cancers. Also, all diseases that are treated with antibody therapies, 
such as inflammatory bowel disease and rheumatoid arthritis, might be diagnosed and 
monitored using fluorescence molecular imaging, and as is the case within the treatment 
of infectious diseases, for example in orthopedics to diagnose peri-prothesis infections. 
Furthermore, an interesting application for molecular imaging is the additional value 
in the field of drugdevelopment. Molecular imaging demonstrates the on- and off 
target characteristics of a fluorescently labelled drug on a macroscopic and microscopic 
levels, and can aid in precision drug development by enhancing the decision-making 
progress for a go/no-go to support and the selection of the most potent drugs for the 
target population in an early stage. Therefore, molecular fluorescence imaging in drug 
development is potentially reducing significant costs by obtaining an earlier ‘quick win 
– fast fail’ scenario.6 

MAIN CONCLUSION

This thesis describes the potential of molecular fluorescence imaging for clinical decision 
making during surgery as well as during endoscopy. This technique has the potential to 
improve diagnosing, monitoring treatment response and selection of patients for the 
most optimal treatment strategy, potentially leading to improve the outcome of patients 
with solid cancers. The results in this thesis provides the data that support further clinical 
translation of molecular fluorescence imaging that will lead to a paradigm shift in the 
treatment of solid cancers.
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In de klinische oncologie mist op dit moment een niet-radioactieve beeldvormende 
techniek die de klinische besluitvorming en geïndividualiseerde behandeling van solide 
tumoren ondersteunt tijdens diagnosticeren en behandelen (‘in real-time’). Het is vooral 
van belang om tijdens een operatie tumorweefsel van benigne weefsel te kunnen 
onderscheiden voor de meest optimale behandeling van de patiënt, en gedurende 
endoscopie voor het diagnosticeren, monitoren van behandelelingseffecten en de 
selectie van patiënten voor de meest optimale behandelingsstrategie. Moleculaire 
fluorescente beeldvorming is een techniek die in real-time tumorweefsel kan afbeelden 
door het visualiseren van tumor specifieke eiwitten en biologische processen die 
betrokken zijn in de oncogenese door gebruik te maken van fluorescente stoffen die 
aan deze eiwitten binden. Hierdoor lijkt het een ideale beeldvormende techniek die 
tijdens de operatie en tijdens endoscopie kan worden gebruikt.1-3

Chirurgie blijft de hoeksteen van de curatieve behandeling van solide tumoren. In 
de oncologische chirurgie is het cruciaal voor de meest optimale behandelingsuitkomst 
om al het tumorweefsel volledig te verwijderen zonder dat er enige ziekte achter 
blijft (tumor vrije snijranden). Ondanks een sterke toename in de beschikbaarheid 
van preoperatieve beeldvormende technieken zoals computertomografie (CT), 
magnetische resonantie beeldvorming (MRI), positronen emissie tomografie (PET) en 
computertomografie met behulp van uitstraling van enkelvoudige fotonen (SPECT), 
blijven chirurgen intra-operatief vooral afhankelijk van visuele inspectie en palpatie om 
tumorweefsel van gezond weefsel te onderscheiden. Hierdoor varieert het aantal tumor 
positieve chirurgische snijranden op dit moment nog steeds tussen de 10% en 60% 
in verschillende types solide tumoren, wat leidt tot een hoog risico op locoregionale 
recidieven of metastasering en een slechte behandelingsuitkomst. Huidige technieken 
die tijdens de operatie kunnen worden gebruikt om de snijranden te beoordelen worden 
niet universeel en structureel toegepast. Vriescoupeonderzoek en het radiologisch 
afbeelden van het resectiepreparaat kosten erg veel tijd en missen diagnostische 
accuraatheid (een hoge sensitiviteit in combinatie met een hoge specificiteit)4.  
Anatomische beeldvormende technieken zoals CT en MRI zijn aangepast voor het 
gebruik in de operatiekamer, maar deze kunnen niet in real-time worden gebruikt, er 
is een substantiële investering in infrastructuur nodig vanwege de radioactiviteit in het 
geval van CT of MRI-veilig instrumentarium voor chirurgie en anesthesie. Daarom is er 
een onvervulde behoefte voor een tumor specifieke beeldvormende techniek die past 
binnen de huidige klinische werkstroom in de operatiekamer wat kan worden gebruikt 
voor verschillende solide tumoren, zoals mammacarcinoom, hoofd-hals carcinoom en 
colorectale carcinomen.

Gedurende het laatste decennium, heeft het groeiende veld van moleculaire 
fluorescente beeldvorming geleid tot een exponentiele ontwikkeling in tumor-
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specifieke fluorescente tracers en een groei in vroege fase klinische onderzoeken 
zonder dat er een consensus bestaat over de standaard methodologie voor het 
evalueren van een optische tracer, zoals vaak voorkomt bij innovatieve ontwikkelingen 
binnen de geneeskunde. In Hoofdstuk 2 beschrijven we een nieuw analytisch raamwerk 
voor de klinische translatie en evaluatie van tumor specifieke fluorescente tracers 
voor moleculaire fluorescente beeldvorming die kan worden gebruikt voor een groot 
aantal tumor types en met verschillende optische tracers door het combineren van 
verschillende complementaire state-of-the-art klinische optische beeldvormende 
technieken. Verder hebben we de klinische implementatie van dit analytische raamwerk 
onderzocht en hebben we bevestigd dat oplopende doseringen van de nabij-infrarode 
fluorescente tracer bevacizumab-800CW tumor specifiek is door het volgen van de 
tracer van macroscopisch niveau naar microscopisch niveau. Binnen de individuele 
componenten van het nieuwe analytische raamwerk, hebben we laten zien dat de intra-
operatieve detectie van tumor-positieve snijvlakken beter is dan de huidige chirurgische 
praktijk. Er werden 88% meer tumor positieve snijvlakken gedetecteerd tijdens de 
operatie die anders waren gemist bij de huidige standaard met visuele inspectie en 
palpatie. Daardoor kan het implementeren van deze techniek in de toekomst bijdragen 
in de preventie van onderbehandeling, want bij deze patiënten zal additionele operatie 
of behandeling voorkomen kunnen worden. In dit hoofdstuk hebben we laten zien 
wat de klinische waarde van intra-operatieve moleculaire fluorescente beeldvorming 
in borstkanker patiënten is, wat kan leiden tot een substantiële verandering in de 
toekomstige chirurgische behandeling van borstkanker patiënten.

Behalve als hulpmiddel voor intra-operatieve besluitvorming bij mammacarcinoom, 
kan moleculaire fluorescente beeldvorming een voordeel zijn voor patiënten met 
peritonitis carcinomatosa (buikvliesuitzaaiingen) van colorectale oorsprong door de 
verbeterde detectie van peritoneale metastasen tijdens de operatie. De intra-operatieve 
bepaling van de tumorload gedurende cytoreductieve chirurgie en hypertherme intra-
pertitoneale chemotherapie (HIPEC) procedure is belangrijk om patiënten te selecteren 
die mogelijk baat hebben van deze intensieve behandeling, en daarnaast een complete 
cytoreductie te bewerkstelligen wat is geassocieerd met een hogere overleving. In de 
haalbaarheidsstudie in Hoofdstuk 3, hebben we op een macroscopisch en microscopisch 
niveau laten zien dat bevacizumab-800CW ophoopt in peritoneale metastasen van 
colorectale oorsprong. In oncologische chirurgie is het cruciaal om geen ziekte achter 
te laten. Echter, de resectie van verschillende organen is geassocieerd met substantiële 
morbiditeit. Een interessante bevinding in dit hoofdstuk is dat alle niet-fluorescente 
afwijkingen die gevonden zijn tijdens de operatie benigne waren. Daardoor is de 
toegevoegde waarde van moleculaire fluorescente beeldvorming gedurende de CRS-
HIPEC procedure bij de behandeling van patiënten met peritoneale metastasen van 
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colorectale origine de potentiele preventie van overbehandeling. Dit betekent dat als 
een chirurg een verdachte peritoneale afwijking vindt bij visuele inspectie en palpatie 
die niet-fluorescent is, het veilig in situ kan blijven en niet hoeft te worden gereseceerd. 

Behalve als hulpmiddel voor de intra-operatieve klinische besluitvorming, kan 
fluorescente beeldvorming ook significante impact hebben op de werkwijze binnen 
de pathologie. Door praktische en logistieke beperkingen kan niet het gehele 
resectiepreparaat (elke millimeter) histologisch worden geanalyseerd. Daardoor wordt 
het verse chirurgische preparaat door de patholoog onderzocht met visuele inspectie 
en palpatie om te bepalen welk weefsel moet worden geïncludeerd voor analyse. 
Deze methode veroorzaakt potentieel steekproeffouten. Om de huidige procedures 
voor het includeren van weefsel voor diagnostiek te optimaliseren kan fluorescente 
beeldvorming van het verse preparaat en de verse weefsel plakken uitkomst bieden. 
Fluorescente beeldvorming kan de patholoog voorzien van een een red-flag methode 
die tumorweefsel precies omlijnt (fluorescentie geleide pathologie). Daarnaast, wanneer 
fluorescentie geleide pathologie in de toekomst wordt toegepast in de operatiekamer 
gedurende de chirurgie, kan dit een directe impact hebben op de intra-operatieve 
klinische besluitvorming van de chirurg. Op dit moment is de chirurg afhankelijk van 
de definitieve histologische analyses welke pas na vijf werkdagen bekend zijn. Door 
fluorescentie geleide pathologie toe te passen zou de chirurg in het geval van een 
tumor positief snijvlak direct kunnen handelen in het uitbreiden van de resectie. Dit kan 
de chirurgische en klinische uitkomsten verbeteren. Tumor-positieve snijvlakken worden 
gedetecteerd in 18% van de patiënten met een lokaal uitgebreid rectaal carcinoom die 
worden behandeld met neoadjuvante chemoradiotherapie gevold door chirurgie. In 
Hoofdstuk 4, hebben we met behulp van fluorescentie geleide pathologie een tumor 
vrij circumferentieel snijvlak (CRM) voorspeld in 5/6 patiënten (83%) met colorectaal 
carcinoom met een tumor-negatieve CRM. In 1 van de 2 patiënten (50%) met een tumor 
positieve CRM, fluorescentie geleide pathologie voorspelde correct een positieve 
CRM status door hoge fluorescente intensiteit. De patiënt met een laag-fluorescente 
tumor had microscopische tumorcellen binnen 1mm van de CRM. Verder hebben 
we vastgesteld dat bevacizumab-800CW colorectaal carcinoom weefsel van normaal 
colorectaal weefsel kan onderscheiden met een sensitiviteit en specificiteit van 98.2% 
en 76.8% respectievelijk.

Naast het gebruik van moleculaire fluorescentie gedurende de operatie, kan deze 
techniek ook worden toegepast tijdens endoscopische procedures door gebruik te 
maken van een speciale fluorescentie fiberbundel die kan worden opgevoerd door 
het werkkanaal van een klinische endoscoop. Moleculaire fluorescentie endoscopie 
is een nieuwe techniek die kan worden gebruikt om kleine afwijkingen beter te 
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kunnen diagnosticeren, zoals adenomateuze poliepen in het colon of dysplastische 
laesies in patiënten met een Barretts oesophagus.1,3 Daarnaast kan moleculaire 
endoscopie een rol spelen bij het implementeren van theranostics (de integratie van 
diagnostiek en behandeling) in de oncologie door het visualiseren en kwantificeren 
van de aanwezigheid van fluorescente stoffen die al dan niet gekoppeld zijn aan 
medicamenten in het weefsel. Met de recente ontwikkelingen in moleculair gerichte 
therapieën, zoals immunotherapie, om kanker te behandelen zijn er ook meer 
technieken nodig om patiënten te selecteren die baat hebben bij deze moleculair 
gerichte therapieën. Patiënten die baat hebben van een bepaalde moleculair gerichte 
therapie moeten voorzichtig geselecteerd worden en de target expressie moet worden 
bepaald voorafgaande aan de start van de behandeling. Op dit moment wordt de 
target expressie vooral bepaald door ex vivo immunohistochemie op weefselbiopten, 
welke een groot risico hebben op sampling error door heterogeniteit van tumor en 
metastasen. Kwantificerende fluorescente beeldvorming kan mogelijk bijdragen in 
het real-time bepalen van de target expressie. Daarnaast kan het fluorescent labelen 
van medicamenten direct inzicht worden verschaft in de farmacokinetiek, de opname 
van het medicament in de tumor en het omliggende weefsel, en de biodistributie van 
het medicament. Hierdoor kan fluorescente beeldvorming bijdragen aan de klinische 
besluitvorming in de gepersonaliseerde behandeling van kanker.

Hoofdstuk 5 beschrijft de eerste klinische studie die de impact van kwantitatieve 
fluorescentie endoscopie (QFE) onderzoekt om de behandel effecten van neoadjuvante 
chemoradiotherapie te evalueren bij patiënten met lokaal uitgebreid rectaal carcinoom. 
Om de fluorescente signalen in real-time te kwantificeren werd Multi Diameter Single 
Fiber Reflectance and Single Fiber Fluorescence (MDSFR/SFF) spectroscopie gebruikt. 
MDSFR/SFF-spectroscopie is een techniek die de gemeten fluorescentie signalen kan 
corrigeren voor optische eigenschappen van weefsel, zoals verstrooiing en absorptie 
van licht. De correctie van fluorescente signalen voor deze optische eigenschappen van 
weefsel heeft toegevoegde waarde omdat de optische eigenschappen de gemeten 
fluorescentie intensiteit kunnen beïnvloeden, waardoor potentieel een onder- of 
overschatting ontstaat van de accumulatie van de tracer in het weefsel en dus geen 
accurate afspiegeling meer is van de actuele biologie, waardoor het op zijn beurt weer 
kan leiden tot incorrecte aanbevelingen voor de klinische praktijk wat kan leiden tot 
inferieure uitkomsten van de patiënt. In de studie in hoofdstuk 5 liet tumorweefsel 
significant hogere fluorescente waarden zien dan normaal rectaal weefsel en fibrose, 
met een area under the curve van 0.925. Vooral bij patiënten die na neoadjuvante 
behandeling geen endoluminale tumore meer hebben, maar nog wel tumorhaarden in 
de submucosale lagen, kan QFE een grote impact hebben in de restagerings diagnose 
(dit is de evaluatie van de effecten van de neoadjuvante chemoradiotherapie), omdat 
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bij deze patiënten de normale wit licht endoscopie fout negatief kan zijn. Wanneer 
tijdens QFE gebruik wordt gemaakt van een tracer die accumuleert in de micro-
omgeving zoals bevacizumab-800CW kunnen submucosale tumor haarden beter 
worden gedetecteerd omdat de micro omgeving nog niet volledig genormaliseerd is 
na neoadjuvante behandeling. In de studie beschreven in Hoofdstuk 5 zou QFE de 
restageringsdiagnose correct veranderd hebben in 4/25 patiënten (16%). QFE kan 
ondersteunen in het accuraat evalueren van de behandelingseffecten van neoadjuvante 
chemoradiotherapie bij patiënten met lokaal uitgebreid rectaal carcinoom, zelfs in de 
aanwezigheid van fibrose en ulcera en daardoor kan QFE bijdragen in het verbeteren 
van de selectie van patiënten voor de meest optimale vervolgbehandeling: chirurgie of 
orgaan sparende therapie in de vorm van watchful waiting. 

Om de theranostische toepassing optimaal te kunnen implementeren in de klinische 
oncologie, moeten relevante targets worden geïdentificeerd en geprioriteerd. Een 
aantrekkelijke methode om relevante targeteiwitten te vinden is de zogenaamde 
functionele genomische messenger-RNA (FGmRNA) profilering. Deze methode kan 
overexpressie van een target antigeen op het eiwit level voorspellen door het genetische 
expressie profiel van een tumor te corrigeren voor fysiologische en experimentele 
factoren, welke als niet relevant worden beschouwd voor het tumor fenotype en de 
tumor karakteristieken.5 Vooral in pancreascarcinoom waarin de 5-jaars overleving 
slechts 20% is, is het nodig om potentiele target antigenen te identificeren om clinici en 
medicijn ontwikkelaars te assisteren in het besluiten welke theranostische targets verder 
moeten worden geëvalueerd in de nabije toekomst. In Hoofdstuk 6 hebben we funtional 
genomic messenger RNA profiling (FGmRNA) gebruikt om target expressie op het 
eiwit level te voorspellen in pancreas carcinoom, zodat artsen en medicijnontwikkelaars 
kunnen worden gefaciliteerd in de besluitvorming welk theranostische target verder 
moet worden geëvalueerd om de slechte prognose voor deze patiënten te verbeteren. 
Het ideale theranostische target heeft een beperkte expressie op de celmembraan van 
gezonde cellen, maar komt hoog tot expressie op de celmembraan van tumorcellen. 
We hebben 213 significant geupreguleerde eiwitten in pancreascarcinoom gevonden 
vergeleken met normaal pancreas weefsel. We hebben mucine-1, mesotheline, 
g-glutamyltransferase 5, and cathepsine-E geprioriteerd als de meest interessante 
targets voor de toekomstige theranostische benadering, omdat deze al een grote 
potentie hebben laten zien in de literatuur in de klinische translatie in andere tumoren 
en zijn daarom ook hoog potentiele targets voor de klinische translatie voor patiënten 
met pancreascarcinoom.

Naast ondersteunen in het selecteren van theranostische targets, kan FGmRNA 
profiling onderzoekers en artsen helpen in het selecteren van targets voor moleculaire 
beeldvorming. Moleculaire beeldvorming kan helpen in het zichtbaar maken van 
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kleine afwijkingen in het pancreas, waardoor ziekte stagering verbeterd kan worden en 
daardoor de selectie van patiënten die baat hebben van curatieve chirurgie. Slechts 7 
van 41 targets die op dit moment medicatie voor bestaat zijn beschreven in de context 
van moleculaire beeldvorming, dit laat de grote potentie zien voor de ontwikkeling van 
tracers voor moleculaire beeldvorming.

CONCLUSIE

Dit proefschrift beschrijft de potentie van moleculaire fluorescente beeldvorming voor 
het ondersteunen in de klinische besluitvorming en gepersonaliseerde behandeling van 
verschillende type tumoren gedurende chirurgie en endoscopie. Deze techniek heeft de 
potentie om het diagnosticeren, het monitoren van behandelingseffecten en daardoor 
de selectie van patiënten voor de meest optimale therapie te verbeteren. De resultaten 
van de hoofdstukken in dit proefschrift ondersteunt de verdere klinische translatie van 
moleculaire fluorescente beeldvorming, wat kan leiden tot een substantiële verandering 
in de behandeling van solide tumoren in de toekomst.
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gehalte ‘zelfrijzend bakmeel’ (om maar in de terminologie van Go te spreken), ben ik 
gekomen waar ik nu sta. Wouter, zonder jouw geduld en jouw stimulans op de juiste 
momenten, bijvoorbeeld om toch door te zetten met de wirwar aan genen waar ik in 
verstrikt was geraakt, en het opzetten van weer een nieuwe klinische studie, was mijn 
boekje nooit af geweest. Ook jouw kritische vragen tijdens de OMIG-meetings hebben 
de studies naar een hoger niveau gebracht. Go, van jouw enorme drijfveer om door 
te gaan tot het doel is bereikt (en ver daarna), en hoe jij zelfs aan een tegenslag een 
positieve draai kan geven, heb ik ontzettend veel geleerd. Ook de vrijheid en de steun 
die je mij hebt gegeven, juist op momenten dat het even niet zo ging als gewenst, heeft 
gemaakt dat ik het beste in mezelf naar boven kon halen. De kansen en het vertrouwen 
die je mij hebt gegeven om congressen te bezoeken en presentaties te geven in grote 
en kleine zalen heeft mij doen groeien als persoon, en hier zal ik nog zeer lang profijt 
van hebben. Dat de fluorescentie geleide beeldvorming zonder jullie niet zou staan 
waar het op dit moment is, mag wel duidelijk zijn. Ik heb het volste vertrouwen dat het 
hier niet bij blijft en dat de toekomst nog veel moois in petto heeft.
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Voordat het dankwoord verder gaat, wil ik prof. dr. C. Rosman, prof. dr. P.J. van Diest 
en prof. dr. J.M. Klaasse, de leden van de leescommissie, bedanken voor het lezen 
en beoordelen van mijn proefschrift. Daarnaast wil ik ook alle patiënten die hebben 
deelgenomen aan onze onderzoeken bedanken. En uiteraard ook het BetaCure FP7 
EU project en de afdeling nucleaire geneeskunde en moleculaire beeldvorming van het 
UMCG voor de financiering van mijn aanstelling. 

Jolien, Elmire en Matthijs: al ver voordat OMIG officieel in het leven geroepen was, 
stonden wij aan de basis van wat nu een steeds groter wordende hechte groep 
met onderzoekers is. Toen ik begon met mijn promotietraject was er van een echte 
onderzoeksgroep nog niet echt sprake, we hadden meetings met verschillende andere 
onderzoeksgroepen, maar langzaam breidde de groep uit en werd OMIG zoals OMIG 
nu is. Elkaar helpen, samen lunchen, samen koffietjes drinken, bootje varen (tnx Steven!) 
jaarlijkse BBQ’s en vooral ook samen op congres gaan heeft mijn tijd gedurende het 
promotieonderzoek echt verrijkt. De keer dat ik met Elmire op congres was in Washington 
en we per ongeluk een AirBnB hadden geboekt in een ghetto en bijvoorbeeld de 
keer dat we met de hele OMIG groep in een rooftopbar met zwembad in New York 
waren beland, zijn onvergetelijk. Maar ook de momenten op OK (Niels en SiQi), de 
tracerinjecties in het weekend (SiQi) of het stressen om zo weinig mogelijk impact te 
hebben op de endoscopieprogramma’s en toch alle data te verzamelen die we nodig 
hadden (Jolien, Elmire), of de uren die zijn besteed aan de spectroscopiemetingen en 
beoordelen van de fluorescentiebeelden in het camerahok (Jolien, Steven). En natuurlijk 
ook alle andere onderzoekers uit OMIG waar ik mee heb samenwerkt: Bobby, Floris, Iris, 
Matthijs, Pascal, Judith en Pieter, bedankt!

Doordat de basis van OMIG in veel verschillende afdelingen ligt (MDL, medische 
oncologie, chirurgie, farmacie, pathologie), kan ik ook niet anders dan iedereen 
die hierbij betrokken is geweest enorm te bedanken. Hetty, Coby, Wytske en de 
onderzoekers uit de ‘imaging meeting’: erg bedankt voor alle verdiepende meetings 
over tracerbereidingen, celprocessen, in vitro onderzoek en dierstudies. Door jullie ben 
ik de wereld van het preklinische onderzoek stukken beter gaan begrijpen, echt een 
waardevolle toevoeging. Naast het serieuze werk heb ik ook geweldige herinneringen 
aan de jaarlijkse labdagen, waarbij standaard veel lol gemaakt werd. Ook de arts-
onderzoekers van de Medische Oncologie wil ik bedanken voor een supertijd: Pieter, 
Frederique, Harm, Iris, Kees, Kirsten, Clarieke, Lars, Lotte, Maaike, Niek, Sjoukje, 
Thijs, Gabriela, Titia, Hilde, Michel en Suzanne bedankt voor de lunches, wekelijkse 
en legendarische vrijdagmiddagborrels, de sinterklaasvieringen maar vooral niet te 
vergeten de jaarlijkse weekendjes weg en de fietstochten in de Ardennen waarbij na 
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enkele biertjes nog een enorm steile klim bedwongen moest worden. Uiteraard wil ik 
ook de ‘Marriekkie’s’ bedanken voor de gezellige avondjes samen eten en de luchtige 
gesprekken die we daarbij hebben gevoerd.

De uitvoering van alle klinische studies was nooit mogelijk geweest zonder de betrokken 
afdelingen van het UMCG en het Martiniziekenhuis. De afdelingen chirurgie, met in het 
bijzonder Liesbeth Jansen, Jaap de Vries, Wendy Kelder (MARGIN studie), Barbara van 
Leeuwen, Schelto Kruijff, Patrick Hemmer (Hilight studie), Klaas Havenga, Boudewijn 
van Etten (TRACT studie), de maag-darm-levergeneeskunde met in het bijzonder Frans 
Peters (TRACT studie), de afdelingen pathologie met speciale aandacht voor Bert van 
der Vegt en Inge Kruithof (MARGIN studie), Arend Karrenbeld (TRACT studie), Gursah 
Kats-Ugurlu (Hilight studie), de afdeling Medische Oncologie met in het bijzonder Rudolf 
Fehrmann (pancreas-stuk) en Geke Hospers (TRACT studie). Iets langer wil ik stilstaan 
bij de farmacie, bij Annelies Jorritsma-Smit en Matthijs Linssen. Matthijs, zonder jouw 
monnikenwerk was er überhaupt geen tracer geweest voor alle klinische studies in dit 
proefschrift en hierbuiten. Door jouw doorzettingsvermogen en nauwgezetheid was er 
voor elke patiënt weer op tijd een tracer klaar. Een snelle rekensom vertelt mij dat alleen 
al voor dit proefschrift ruim 750 mL tracer is gebruikt!

Naast afdelingen in de Groningse ziekenhuizen heb ik ook een prettige samenwerking 
gehad met enkele andere ziekenhuizen en bedrijven. Dominic Robinson (Erasmus MC), 
thank you so much for your patience and the careful explanation of the physics of the 
traveling of light through tissue, and of course the analyses of all the spectroscopy 
measurements. SurgVision kan in dit dankwoord ook niet ontbreken, want naast de 
tracer is de techniek om de fluorescentie te detecteren een belangrijke schakel: Eerst 
Ben en later Adrian, door met jullie samen te werken heb ik volledig inzicht gekregen 
in de technische werking van de camerasystemen, vaak hebben we samen zitten 
schroeven en sleutelen. Bedankt voor je geduld als ik of mijn collega’s weer eens iets 
vroegen waarvan we dachten dat het simpel kon worden opgelost, maar jou uiteindelijk 
hoofdpijn bezorgde. Hans de Jong, door het combineren van kunst en wetenschap kon 
het niet anders dan dat ik van jou heb geleerd om out-of-the-box te denken. Ton, erg 
bedankt voor alle gezellige gesprekken over operaties, het klinische rederneren en de 
toegevoegde waarde voor het gebruik van fluorescente beeldvorming, jouw vragen zijn 
nooit op, en dat inspireert. Ook de collega’s fluorescente beeldvorming uit het Leids 
Universitair Medisch Centrum onder leiding van Alexander Vahrmeijer, wil ik van harte 
bedanken voor de samenwerking.
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Promoveren doe je nooit alleen, dat blijkt wel uit de voorgaande alinea’s. Wie minstens 
net zo belangrijk zijn als de mensen op de werkvloer, dat zijn de mensen die buiten het 
onderzoek dichtbij staan: familie en vrienden. Zij zijn degenen die je af en toe met beide 
benen op de grond kunnen zetten, nuchter naar bepaalde zaken kunnen kijken, je af en 
toe uit een tunnelvisie halen en zo nodig een hart onder de riem te steken. Daarom wil 
ik nu mijn dankwoord vervolgen met het bedanken van mijn naasten.

Daarmee begin ik met mijn lieve paranimfen, Anne en Rolinde. Ik ken jullie allebei al 
ontzettend lang en met recht kunnen we zeggen dat er in al die tijd heel veel is gebeurd, 
van echte studenten naar allemaal gesetteld met een vent en het hebben van een 
koophuis. Rolinde, wij ontmoetten elkaar tijdens een Tjasborrel, zo’n 12 jaar geleden, 
waarbij we warm gemaakt werden voor een bestuursjaar van Tjas. Dit werd één van 
de meest fantastische tijden uit mijn studententijd en ik ben heel blij dat we elkaar nu 
nog steeds vaak zien en elkaar door dik en dun steunen. Anne, onze vriendschap is 
echt begonnen tijdens onze co-schappen in Enschede, ook al bijna 10 jaar geleden. De 
wekelijkse etentjes en stapavonden waarbij we, samen ook met Steph, alle frustraties 
met elkaar konden bespreken, maar vooral ook alle avonturen uit de ‘tussentijd’ met 
elkaar konden delen. Tijdens ons werkende leven veranderde het uitgaan langzaam 
naar het doen van gezellige lunches en koffietjes in de stad. Het contact met jullie 
allebei is mega waardevol, daarom ben ik ook zo trots en blij dat jullie mij op deze dag 
bijstaan.

Lief Tjasbestuur 2008-2009: Roos en Sjoerd, Belinda en Dennis, Rolinde en Peter, en 
Wilfred. Zoals ik net al noemde is het bestuursjaar één van de meest memorabele jaren 
uit mijn studententijd en ik ben heel erg blij dat we elkaar nog steeds zien! Naast het 
bestuur kunnen ook tjassers Janneke en Petra niet ontbreken in dit dankwoord. Vooral 
de gezellige dinertjes die we altijd met elkaar maken (en eten) zijn onmisbaar! Alja, 
bedankt voor alle stukjes hardlopen en fietsen om mijn hoofd weer leeg te maken.

Doordat ik Rein leerde kennen kreeg ik er ineens een extra stapel vrienden bij en ik ben 
heel erg blij met alle gezelligheid wat dit met zich meebrengt. Lieve Sander en Eline, 
Lizzy en Rens, AJ en Irene, en Uulco, Dennis en Christine, Christian en Daniëlle, met 
jullie hoop ik nog veel avonturen en gezelligheid te kunnen beleven.

Middelbare school- en studievriendinnen: Annemiek, Elke Lonneke, het is jammer dat 
we niet meer zo dicht bij elkaar wonen en elkaar daardoor wat minder zien, maar als we 
elkaar zien dan gaan we verder alsof we elkaar gisteren nog zagen.
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Lieve familie, jullie zijn stuk voor stuk van bijzonder belang voor mijn hele leven. 
Allerliefste papa en mama, jullie onvoorwaardelijke steun en trots hebben gemaakt wie 
ik ben en waar ik op dit moment sta. De keuzes die ik altijd (of meestal) zelf mocht maken 
hebben ervoor gezorgd dat ik een onafhankelijk persoon ben geworden en iemand die 
ook haar eigen keuzes durft te maken. Papa, jouw doorzettingsvermogen is oneindig 
en jouw nuchterheid zorgt ervoor dat je het woord stress niet kent, ik ben heel dankbaar 
met dit voorbeeld. Mama, ik ben bijzonder trots op hoe jij ons als kinderen nog steeds 
op nummer één zet en altijd voor me klaar staat. Jullie zorg, steun en liefde is oneindig. 
Lief broertje en zusje, Arjen en Jolande, we lopen niet de deur bij elkaar plat, maar ik 
weet dat ik altijd op jullie kan rekenen. Ik ben bijzonder trots op hoe jullie als ‘kleine’ 
broertje en zusje ook je leven hebben opgebouwd met relaties, koophuizen en banen.

Ook de hele schoonfamilie kan uiteraard niet ontbreken: Mark en Anne-Marie, Rutger 
en Nienke, Bram en Noortje, Anne en Mark. Wat voel ik mij thuis bij jullie! Bij jullie kan 
echt werkelijk waar alles worden besproken. Door jullie heb ik geleerd om ook trots te 
zijn op kleine overwinningen en deze dan ook met anderen te delen. Dit is niet alleen 
belangrijk maar ook nog eens heel leuk! 

Dan mijn aller-aller-allerliefste Rein, de woorden die hier staan geschreven schieten 
sowieso te kort voor wat jij voor mij betekent. Vanaf het moment dat wij elkaar voor 
het eerst ontmoetten waren we al vier handen op een buik, en ik weet zeker dat dat 
voor altijd zo zal blijven. Zonder jou was ik nooit zo ver gekomen. Je stimuleert me 
op de juiste momenten en wat misschien nog wel belangrijker is: je remt me af op de 
juiste momenten. We voelen elkaar feilloos aan. Je hebt ongelooflijk veel geduld. Je 
staat altijd voor alles en iedereen klaar. Je weet altijd te zeggen waar het op staat en 
deinst nergens voor terug. Je hebt een eindeloze hoeveelheid energie. En dan heb 
ik het meest belangrijke nog niet genoemd: je bent de beste papa voor onze lieve 
Julian! Ik kan dan ook niet anders dan alleen maar vol moed en vreugde naar onze 
gezinsuitbreiding uitkijken en alle avonturen die we samen en vooral ook als gezin gaan 
meemaken.




