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General introduction and thesis outline

Pancreatic cancer

Patients with pancreatic cancer have a poor prognosis, only patients fit for surgery and 
whose tumor is resected completely, tend to live longer.(1) Unfortunately, 80-85% from the 
patients have either a locally advanced tumor or metastatic spread at time of diagnosis, and 
will no longer benefit from surgery.(2) In case surgery is indicated, radical resection of the 
tumor yields an 5-year overall survival rate of 26%, whereas 5-year survival rates are only 8% 
for patients with irradical resections of their tumor.(3)

The peri-operative process in patients with a suspicion of pancreatic cancer consists of 
several parts: diagnosis, staging, treatment proposal, including neoadjuvant therapy or pal-
liation, and possible resection of the cancer. During the diagnostic work-up, only patients fit 
for surgery and with resectable tumors should be selected for surgery or neoadjuvant therapy. 
Importantly, hazardous surgery in patients with a benign condition, like focal pancreatitis, 
or in patients with an locally extensive or metastasized disease should be prevented.(4, 5)

Imaging, mostly CT-scanning and if indicated endoscopic ultrasound (EUS) or MRI-
scanning, plays a key role in the diagnosis and staging of patients with pancreatic cancer.(6) 
Despite technical improvements, small metastases or subtle local expansion of the tumor can 
still be missed, which ideally should be prevented.(7)

During EUS, cytology samples via fine-needle aspirations are taken from the suspect 
mass for morphological assessment.(8) However, morphologic assessment of cytology can 
be shortcoming and false or inconclusive results occur in 12-33% of the cases, which are 
mainly caused by sampling error, suboptimal sample quality, low cellular yield and the pres-
ence of an intense desmoplastic stromal reaction.(9-12) Due to shortcomings in imaging 
and pathology assessment, still 5-10% of the resections is performed for a benign lesion.
(5) Molecular diagnostics, like Targeted Next-Generation Sequencing (NGS) could aid in 
reducing this number.(8, 13)

Staging laparoscopy can be performed immediately prior to surgery, this is not yet 
standardly performed worldwide. During this minimal-invasive procedure the abdominal 
cavity can be inspected to detect occult hepatic or peritoneal metastases, or locally advanced 
disease. In the presence of a metastasized or locally advanced disease further surgery should 
be renounced.(14)

Resection can be performed in patients with proven, non-metastasized, pancreatic cancer. 
The chance of obtaining a radical resection can be increased by optimal visualisation of the 
tumor. Several intraoperative techniques can contribute to this, for example intraoperative 
ultrasound or near-infrared fluorescence (NIRF) imaging.(15, 16) These techniques can 
aid in discriminating between peri-tumoral inflammation, fibrosis and vital cancer cells. In 
addition, they can be of special value for patients who are neoadjuvantly treated and aid in 
determining the degree of vascular involvement.(17)
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Colorectal liver metastases

Patients with colorectal cancer liver metastases (CRLM) can experience long-term survival 
after surgery.(18) First choice of treatment for resectable CRLM is either surgical resection 
or ablation. Preoperative staging and surgical planning are key players in the achievement of 
prolonged survival and prevention of re-interventions.(19) Based on preoperative imaging 
the most suitable treatment plan should be proposed, consisting of either local therapy, 
conversion therapy, palliation or expectative treatment for benign conditions. For local 
therapy, complete and radical tumor removal is of importance for prognosis and disease free 
survival.(20, 21)

Several peri-operative techniques can aid the surgical team in localizing tumors and 
performing radical resections, of which improved MRI scanning and the use of intraop-
erative NIRF imaging are two.(22, 23) In case of ablation procedures, mostly no tissue is 
present for histopathological assessment and status about radicality cannot be determined. 
Success of complete tumor removal is currently determined mostly by visual post-procedural 
comparison of radiological images of the tumor and ablation zones.(24)

Thesis outline

The objective of this thesis is to improve the peri-operative process of patients with pancreatic 
cancer and colorectal liver metastases: from preoperative molecular diagnostics and imaging 
techniques to intraoperative imaging-guided resections and post-procedural evaluation of 
therapeutic success.

This thesis is divided in four parts:

Part I focuses on molecular diagnostics in patients with a suspect pancreatic lesion: targeted 
Next-Generation Sequencing, which sequences DNA to identify pathogenic variants in hot-
spot genes. In chapter 2 and 3 the validation of integrating NGS results into the diagnostic 
process for optimisation of treatment plan proposition is described. In chapter 4 the results 
of a multicenter study are reported, in this study NGS is integrated in the diagnostic process 
of patients with an inconclusive diagnosis.

Part II focuses on preoperative imaging techniques. Chapter 5 outlines the importance 
of preoperative imaging for staging, treatment proposition, surgical planning and surgical 
strategy. Chapter 6 links pre-operative imaging to intraoperative imaging by describing the 
use of a hybrid tracer.
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Part III discusses various intraoperative imaging techniques. In chapter 7 the focus is on 
preventing surgery in patients with metastatic disease by performing staging laparoscopy 
with NIRF imaging, immediately prior to the laparotomy. Chapter 8 and 9 focus on radical 
tumor removal by the use of NIRF imaging. In chapter 8 a non-specific fluorescent dye 
is used for colorectal liver metastases detection and resection. In chapter 9 the use of a 
tumor-specific fluorescent dye for detection and resection of pancreatic cancer is described. 
Chapter 10 also focuses on pancreatic cancer visualisation and resection using intraopera-
tive ultrasound. Chapter 11 evaluates percutaneous radiofrequency ablations of CRLM and 
correlates the completeness of ablations to local recurrence.

The content of these three parts are visualized in Figure 1.

Part IV summarizes all results and discusses the future perspectives. This part focusses in 
particular on one of the most important and recurring described imaging technique in this 
thesis; near-infrared fluorescence imaging. This upcoming technique, quickly evolves and 
provides intraoperative guidance during various facets of surgery.
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Figure 1. Thesis outline: Cancer Detection & Visualization
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Abstract

To improve the diagnostic value of fine needle aspiration (FNA)-derived material, we per-
form Targeted Next-Generation Sequencing (NGS) in patients with a suspect lesion of the 
pancreas. NGS analysis can lead to a change in the treatment plan or supports inconclusive 
or uncertain cytology results. We describe the advantages of NGS using one particular 
patient with a recurrent pancreatic lesion seven years after resection of a pancreatic ductal 
adenocarcinoma (PDAC). Our NGS analysis revealed the presence of a presumed second 
primary cancer in the pancreatic remnant, which led to a change in treatment: resection with 
curative intend instead of palliation. Additionally, NGS identified an unexpected germline 
CDKN2A 19-base pair deletion, which predisposed the patient to developing PDAC. Preop-
erative NGS analysis of FNA-derived DNA can help identify patients at risk for developing 
PDAC and define future therapeutic options.
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Background

Cancer-causing genetic variations in human cells often cluster in predictable gene “hot-
spots”. In lung cancer and pancreaticobiliary tract cancer, single-gene analysis of endoscopic 
ultrasound-guided fine needle aspiration (FNA)-derived DNA samples has yielded valuable 
diagnostic information(1, 2). Moreover, performing Targeted Next-Generation Sequencing 
(NGS) on these samples can identify multiple-gene variants in a limited quantity of mate-
rial(3). NGS can indeed be reliably performed on FNAs from pulmonary and pancreatic 
tumors, as the gene variants identified correlated well with matched resected pancreatic 
tumors.(4, 5) The advantage of using a NGS panel that specifically targets hotspot mutations 
in 50 cancer genes is that robust ultra-deep sequencing results can be obtained from samples 
containing extremely low numbers of cancer cells, including DNA obtained from formalin-
fixed paraffin-embedded tissue samples of neoplasms of the pancreas.(6)

In the past decade, the mutational landscape of PDAC has been well characterized.(7) 
Activated pathogenic variants in the proto-oncogene Kirsten RAS (KRAS) are present in 
90% of patients with PDAC. Inactivated variants in the tumor-suppressor genes TP53, 
CDKN2A, and SMAD4 have been frequently identified. Recently, published whole-exome 
and whole-genome sequencing data revealed additional somatic and germline variants in 
ARID1A, ROBO2, BRCA1, BRCA2, and PALB1, some of which can direct the optimal 
choice of adjuvant therapy. Moreover, focal gene amplifications of actionable oncogenes 
have been identified, including ERBB2, MET, FGFR1, CDK6, PIK3R3, and PIK3CA.(7, 8)

As part of an ongoing study, NGS analysis is performed in preoperative FNA-derived 
DNA samples obtained from patients with a suspicion of PDAC at our center. Here, we 
describe a case of one such patient in which NGS analysis revealed the presence of a second 
primary PDAC drastically changing the treatment plan.

Case Report

A 54-year-old male patient underwent a pancreaticoduodenectomy with en bloc right hemi-
colectomy seven years ago, followed by adjuvant gemcitabine therapy. Pathological evalua-
tion revealed a 5-cm PDAC with negative surgical resection margins and 6 out of 21 positive 
peri-pancreatic lymph nodes. After five years without recurrence of the disease, the patient 
was discharged from follow-up. Recently, the patient presented with vague abdominal pain. 
A computed tomography scan revealed a poorly defined mass in the pancreatic remnant 
close to the pancreatic-jejunal anastomosis suggestive of a local recurrence (Figure 1A). An 
endoscopic ultrasound-guided FNA was performed. Cytological evaluation was not conclu-
sive for carcinoma and was interpreted as “reactive changes” with a low number of atypical 
ductal cells (Figure 1B). Given the clinical suspicion of recurrent malignancy, palliative che-
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motherapy was considered as the first therapeutic option during the multidisciplinary team 
meeting. However, in light of the long interval between the current lesion and the original 
primary tumor, and despite the limited number of morphologically atypical cells in the FNA 
sample (estimated at <10% of the cells), we opted to analyze the FNA-derived DNA using 
targeted NGS with the AmpliSeqCancer Hotspot Panel v2 (Thermo Fisher Scientific Inc., 
Cambridge, MA). The patient provided informed consent for molecular testing.

We also analyzed the primary PDAC using NGS. Our analysis revealed that the muta-
tional profiles differed between the original lesion and the new lesion. Furthermore, we found 
a germline pathogenic CDKN2A/P16 gene variant that predisposed the patient for develop-
ing PDAC. The patient had no documented personal history of atypical moles or melanoma. 
No family history of breast-ovarian carcinoma syndrome or atypical multiple mole melanoma 
syndrome was reported. Only after consulting the clinical genetics in a later phase, the patient 
turned out to have an aunt and nephew who died of melanoma and PDAC respectively at 
relatively young ages. At the molecular level, a second primary tumor was considered to be 
plausible. Based on the NGS data, the treatment plan changed drastically from providing 
palliative chemotherapy to curative-intended surgical resection of the residual pancreas.

Methods

Selection of tumor cells, DNA isolation and Targeted Next-Generation 
Sequencing
FNA slides were generated using methanol fixation and Giemsa staining. In general, there 
are two approaches for molecular analysis of cytology smears, either with or without tumor 
cell enrichment. The enrichment step is chosen if tumor cells can clearly be distinguished 
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Figure 1. CT scan and cytological findings in a patient with a suspicion of recurrent PDAC. 

(A) Axial CT scan of the abdomen showed the suspect recurrent tumor (arrow) in the duodenal 

anastomosis with the remnant pancreatic tail (arrowhead). (B) Giemsa stain of FNA-derived cells 

obtained from the pancreatic lesion. A low number of atypical ductular cells were visible in the 

complete slide; based on their morphology, these cells were not judged to be unequivocally 

dysplastic.  

 

 

Figure 2. Overview of the NGS results. 

NGS analysis of DNA obtained from the endoscopic ultrasound-guided FNA of the suspect pancreatic 

cancer recurrence (A) and the primary lesion obtained seven years ago (B). The analysis revealed the 

following variants in the suspect recurrent cancer: a class 5 KRAS: c.35G>A p.Gly12Asp pathogenic 

variation was present in 3.2% of DNA reads; a class 4 TP53 (intron, splice-site) c.376-1G>T mutation 

was present in 3.8% of DNA reads; and a 19-bp deletion (c.225_243del19, p.Ala76fs*64) in CDKN2A 

(also known as the p16-Leiden mutation) was present in 47% of DNA reads. The following variants 

were identified in the primary lesion: the KRAS c.35G>A variant was present in 24% of the DNA 

Figure 1. CT scan and cytological findings in a patient with a suspicion of recurrent PDAC.
(A) Axial CT scan of the abdomen showed the suspect recurrent tumor (arrow) in the duodenal anas-
tomosis with the remnant pancreatic tail (arrowhead). (B) Giemsa stain of FNA-derived cells obtained 
from the pancreatic lesion. A low number of atypical ductular cells were visible in the complete slide; 
based on their morphology, these cells were not judged to be unequivocally dysplastic.
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from non-tumor cells. In the case described here no enrichment step for the FNA sample 
could be performed. A single FNA slide was used, which was photographed and attached to 
the patient files. Subsequently, the cover slip was removed by incubation in xylene at room 
temperature in a separate 50-ml tube to avoid contamination. The incubation period was till 
the moment the cover slip got loose. Next, the slide was washed in alcohol three times for 
rehydration of the tissue, once in 100%, once in 70% and once in 50%. The FNA material 
was scraped from the slide and collected in a micro tube for DNA isolation. Because there 
was no enrichment step, which resulted in a low percentage of atypical cells, bioinformatics 
thresholds were adopted accordingly. The PDAC resection specimens were examined for re-
gions with the highest tumor percentages. After examination, five 10μm additional sections 
were prepared for microdissection and stained with hematoxylin (eosin staining was omitted 
to preserve the integrity of the DNA). Slides were visualized with an inverted microscope 
and manually microdissected with a sharp, pointed knife.

After scraping, DNA was isolated from FNA-derived material and formalin-fixed, 
paraffin-embedded PDAC tissue using a fully automated DNA extraction procedure.(9) 
The concentration of DNA was measured using a fluorometer (Qubit dsDNA HS, Life 
Technologies, Carlsbad, CA). The AmpliSeq Cancer Hotspot Panel v2 consists of a single 
primer pool and is designed to detect somatic cancer hotspot mutations in 200 amplicons 
covering 50 genes, including genes that are often altered in PDAC (e.g., KRAS, TP53, 
SMAD4, and CDNK2A). Libraries were prepared with 10 ng of genomic DNA, and each 
sample was uniquely barcoded using IonXpress barcodes (Life Technologies). Ion PGM 318 
or Proton P1 chips were prepared using the Ion Chef system and sequenced using the Per-
sonal Genome Machine or Proton system, respectively (all from Life Technologies). Variants 
were analyzed using the Geneticist Assistant NGS Interpretative Workbench (version 1.1.8, 
SoftGenetics, State College, PA). The identified variants were classified into five classes, and 
only class 4 (likely pathogenic) and class 5 (pathogenic) variants were reported.(10)

Evaluation of genetic variants in the context of morphology
Genetic variations in the KRAS or GNAS gene can occur in precursor lesions of PDAC, 
including low- or high-grade pancreatic intraepithelial neoplasia, intraductal papillary mu-
cinous neoplasm, and mucinous cystic neoplasms.(6) Because a stepwise increase in genetic 
variations occurs during the development of PDAC, we developed a clinical decision scheme 
in which confirmed genetic variants are placed in the context of the observed morphology 
and tumor percentage. The sole finding of a pathogenic KRAS variant is molecularly scored 
as a “proliferative lesion, at least low-grade dysplasia”, keeping in mind that KRAS variants 
are also present in a low percentage of cases with pancreatitis.(11) A combination of two 
or more pathogenic variants (e.g., a KRAS variant in combination with TP53, SMAD4, 
CDKN2A, and/or other variants) is scored as “at least high-grade dysplasia”. If genetic 
variants are absent, it is scored as “no molecular support of a proliferative lesion”. In the 
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multidisciplinary team meeting, the molecular findings are discussed in the context of the 
clinical and radiological findings.

Results

NGS of FNA-derived DNA
The obtained FNA sample of the suspected recurrent PDAC was morphologically scored 
as atypia with no clear dysplasia or malignancy present. However, NGS analysis revealed 
the presence of a class 5 KRAS:c.35G>A p.Gly12Asp pathogenic variant and a class 4 TP53 
(intron, splice-site) c.376-1G>T variant in 3.2% and 3.8% of all reads, respectively. The 
variant calling in our analysis pipeline was confirmed by manual inspection and revealed that 
the variants were present in both directions. The finding of these gene variants prompted 
us to change our initial morphological evaluation of atypia to a molecular evaluation of at 
least high-grade dysplasia. Surprisingly, we also identified a 19-bp deletion in the CDKN2A 
gene (exon 2; c.225_243del19, p.Ala76fs*64) in 47% of all DNA reads. The difference in 
frequency between this CDKN2A variant and the KRAS and TP53 variants suggested that 
the CDKN2A deletion was germline in origin. This particular CDKN2A deletion variant is a 
known germline variant present in Dutch familial atypical multiple mole melanoma families 
and is known as the p16-Leiden variant.

A similar NGS analysis of the primary PDAC revealed the same KRAS:c.35G>A patho-
genic variant, but not the TP53 variant with an on target depth of coverage of 2,000 DNA 
reads. Furthermore, a class 5 SMAD4 c.1242_1245del4bp (p.Asp415fs) pathogenic variant 
was found in 30% of all DNA reads in the original PDAC sample, but not in the recent 
FNA sample with a depth of coverage of 303 DNA reads. Lastly, the presumed CDKN2A 
germline deletion variant was also found in the original PDAC sample (Figure 2). The 
patient was referred to the department of clinical genetics for analysis of leucocyte DNA, 
which confirmed the germ line origin of the CDKN2A deletion.

Although a second primary tumor is a possibility, clonal heterogeneity of the first tumor 
is an important alternative. The KRAS c.35G>A variant, which was identified in both lesions 
would support this option, although it is the most commonly found KRAS variant in PDAC. 
However, due to the long interval between the two lesions (7 years) the patient’s genetic 
predisposition, and the different mutation patterns between the two lesions, we concluded 
that a second primary PDAC was more likely than recurrence of the original primary PDAC 
with molecular clonal divergence.

As a result of our analysis, the patient underwent surgical resection instead of pallia-
tive chemotherapy. Postoperative examination of the lesion revealed a 2 cm sized PDAC 
without lymph node metastases, extensive inflammation of the residual pancreas, and focally 
a tumor-positive resection margin at the pancreatic-jejunal anastomosis. The presence of all 
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gene variants in KRAS, TP53 and CDKN2A identified in the FNA sample was later con-
firmed in the resected material. Again, the class 5 SMAD4 c.1242_1245del4bp (p.Asp415fs) 
pathogenic variant that was identified in the primary PDAC was not present in this sample 
(on target depth of coverage of 534 DNA reads).

 

reads; a class 5 SMAD4 c.1242_1245del4bp p.Asp415fs pathogenic variant was present in 30% of 

DNA reads; and the 19-bp CDKN2A deletion was present in 53% of DNA reads. 

 

  
Figure 2. Overview of the NGS results.
NGS analysis of DNA obtained from the endoscopic ultrasound-guided FNA of the suspect pancreatic 
cancer recurrence (A) and the primary lesion obtained seven years ago (B). The analysis revealed the 
following variants in the suspect recurrent cancer: a class 5 KRAS: c.35G>A p.Gly12Asp pathogenic 
variation was present in 3.2% of DNA reads; a class 4 TP53 (intron, splice-site) c.376-1G>T muta-
tion was present in 3.8% of DNA reads; and a 19-bp deletion (c.225_243del19, p.Ala76fs*64) in 
CDKN2A (also known as the p16-Leiden mutation) was present in 47% of DNA reads. The following 
variants were identified in the primary lesion: the KRAS c.35G>A variant was present in 24% of the 
DNA reads; a class 5 SMAD4 c.1242_1245del4bp p.Asp415fs pathogenic variant was present in 30% 
of DNA reads; and the 19-bp CDKN2A deletion was present in 53% of DNA reads.
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Discussion

This report illustrates that the application of an NGS panel designed for use in somatic 
tumor variant analysis also can identify unexpected germline variants. In the described case, 
a germline CDKN2A deletion variant (the p16-Leiden mutation) was detected by our NGS 
analysis. CDKN2A encoding for p16 is completely inactivated in PDAC by a variety of 
mechanisms.(12) Carriers of a germline variant in CDKN2A (i.e., p16-Leiden) have an 
increased risk of developing multiple tumor types at a young age, and a cumulative lifetime 
risk of developing pancreatic cancer of 15–20%.(13) Therefore, carriers of the p16-Leiden 
mutation are offered the opportunity to participate in a screening program that includes 
annual magnetic resonance imaging.(14) An increased prevalence of second primary tumors 
has been described among patients with a genetic predisposition for PDAC.(15) Therefore, 
total pancreatectomy should be considered in PDAC patients with a known germline variant 
in the BRCA2, PALB2, CDKN2A, STK11, ATM, or PRSS1 gene, given the significantly 
increased risk of developing PDAC.(15)

It has to be discussed whether and how patients should be informed about potential 
results of tumor NGS, because some of these findings can be beneficial for families of these 
patients, e.g. by enrolling in effective surveillance programs. On the other hand, identifica-
tion and reporting of germline defects, such as TP53 pathogenic variants associated with the 
Li-Fraumeni syndrome, is not always considered to be beneficial for patients and families 
involved. Molecular tumor boards and independent institutional expert review panels are 
currently installed in institutions worldwide to discuss such medical ethical and legal dilem-
mas.(16)

In an ongoing study at our institution, NGS analysis is performed successfully in all 
consecutive suspect PDAC patients. Similar to the described case, this analysis can lead to a 
change in the treatment plan in some patients. In other patients clinicians choose to wait for 
the NGS results due to inconclusive cytology and/or imaging results. In a large majority of 
patients, the NGS results supports the cytology and imaging results (data not shown). We 
perform NGS analysis using a focused gene panel targeting the mutation hotspot regions 
of 50 genes. For other diagnostic or therapeutic purposes, this panel could be expanded 
to include additional informative gene targets. However, the ability of such an expanded 
panel to identify low frequency gene variants in limited amounts of material is questionable. 
Therefore, the use of tumor cell enrichment techniques, such as microfluidic cell sorting, 
may increase the ability to identify gene variants and to stratify focal gene amplifications 
and/or deletions.(17)

Multiple preanalytical factors may influence the success of NGS analysis of FNA derived 
DNA.(18) In our institute, the use of automated nucleic acid extraction decreased the failure 
rate extensively.(9)
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Despite its clear advantages, current NGS methods are time-consuming and delay the 
diagnostic process by at least five days. However, future advances in the technology will 
likely decrease this delay considerably. Moreover NGS-based diagnostics are currently not 
covered by health insurance in many countries, making the approach potentially impractical 
from a strictly financial perspective.

In conclusion, we believe that FNA NGS shows great potential to detect germline 
pathogenic variants in addition to somatic variants in solid tumors. Furthermore, this case 
shows that the genomic profile of abnormalities might help in distinguishing “de novo” 
tumors from metastases or recurrences. Future studies should include large patient series and 
additional testing of other gene panels.
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Abstract

Radiologic imaging and morphological assessment of cytology material have limitations for 
preoperative classification of pancreatic or periampullary lesions, often resulting in surgical 
resection without definitive diagnosis. Our prospective study aims to define the diagnostic 
value of Targeted Next-Generation Sequencing (NGS) of DNA from cytology material.

Patients with a suspect pancreatic or periampullary lesion underwent standard diagnostic 
evaluation including preoperative morphological cytology assessment. Treatment options 
for suspect lesions were surgical exploration with possible resection, follow-up, or palliation. 
The cytology samples were analysed with NGS, in which 50 genes were sequenced for the 
presence of pathogenic variants. The NGS results were integrated with the clinical informa-
tion during multidisciplinary team meetings and changes in the treatment plan were scored. 
Diagnostic accuracy of NGS analysis (malignancy vs benign disease) was calculated.

NGS results of the cytology samples were confirmed in the resection specimens of the 
first ten included patients. The integration of the NGS results led to a change in treat-
ment plan in seven out of 70 patients (from exploration to follow-up, n=4; from follow-up 
to exploration and resection, n=2; from palliation to resection, n=1). In four patients the 
NGS results were contradictory, but did not affect the treatment plan. In the remaining 59 
patients NGS analysis supported the initial treatment plan. The diagnostic accuracy of NGS 
analysis was 94% (sensitivity=93%; specificity=100%).

NGS can change the treatment plan in a significant portion of patients with suspect 
pancreatic or periampullary lesions. Application of NGS can optimize treatment selection 
and diminish unnecessary surgeries.
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Introduction

For patients with pancreatic ductal adenocarcinoma (PDAC) surgery is currently the only 
option to achieve long-term survival. In 5-11% of pancreatic resections for a clinically 
presumed malignancy, a benign lesion is found, resulting in unnecessary morbidity and 
mortality for these patients.(1, 2) Autoimmune pancreatitis, for example, can mimic the 
clinical signs of PDAC.(3) Therefore, an accurate distinction of (pre-)neoplastic lesions from 
non-malignant lesions would significantly improve the identification of patients that require 
surgery. Currently, the treatment plan for patients with a suspicion of PDAC or other 
periampullary tumors, is mainly based on radiologic imaging, the morphological analysis 
of preoperative cytology and clinical judgment. However, current imaging techniques are 
significantly limited in differentiating between PDAC and inflammation, benign lesions, 
or preneoplastic lesions.(4-6) Endoscopic ultrasound-guided fine needle aspiration (EUS-
FNA) and biliary brush can be performed to obtain a preoperative pathological diagnosis. 
However, discriminating between reactive atypia due to inflammation and (pre)neoplastic 
dysplasia remains challenging, and classifying the grade of dysplasia and the presence of 
invasion is often not possible.(7-9) Therefore, false or inconclusive results occur in 12-33% 
of the cases and are mainly caused by sampling error, suboptimal sample quality, low cel-
lular yield and the presence of an intense desmoplastic stromal reaction.(10-14) Additional 
immunohistochemistry testing of blocked FNA material can aid in further characterizing 
suspicious lesions.(15) However, FNA is in many cases not sufficiently diagnostic. Alto-
gether, the accuracy of diagnostic procedures for suspect PDAC should be improved.

Targeted Next-Generation Sequencing (NGS) of FNA-derived DNA samples might be 
useful in distinguishing benign from malignant lesions.(16) The advantage of NGS is that 
only a limited quantity of material is required for ultra-deep DNA sequencing with NGS 
panels targeting hotspot gene variants. Even analysis of samples containing as little as 100 
cancer cells or DNA obtained from formalin-fixed paraffin-embedded (FFPE) tissue can be 
done.(9, 17) The mutational landscape of PDAC was previously described and updated by 
Waddell et al.(18) Gene variants identified in PDAC mainly include KRAS, TP53, CDKN2A 
and SMAD4, but also variants in ARID1A, ROBO2, BRCA1, BRCA2, and PALB1 and focal 
gene amplifications in ERBB2, MET, FGFR1, CDK6, PIK3R3, and PIK3CA.

The aim of this prospective cohort study was to determine the diagnostic value of targeted 
NGS DNA analysis of preoperative cytology material of patients with a suspect malignancy 
of the pancreas or periampullary region.
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Methods

Patients
Consecutive patients with a suspicious lesion in the pancreas or periampullary region and 
with diagnostic material (EUS FNA or brushes) were included in this study between January 
and August 2016. Because of the indication for diagnostic material the a priori chance of 
pancreatic or periampullary cancer was increased in these patients. All the patients were 
discussed during the multidisciplinary pancreatic cancer team (MDT) meeting at the 
Leiden University Medical Center (LUMC). The preoperative samples were assessed for 
routine pathological work-up and analysed using targeted NGS. NGS analysis for primary 
diagnostic and companion diagnostic stratification of human cancer is fully implemented in 
the department of Pathology of the LUMC. Therefore, the prospective analysis of cytology 
and biopsy samples was performed within the framework of routine clinical care. All patient 
samples and clinical data were handled in accordance with the medical ethics guidelines 
described in the Code of Conduct for the Proper Secondary Use of Human Tissue of the 
Dutch Federation of Biomedical Scientific Societies.(19) For this manuscript patient data 
were anonymized.

First, the feasibility and reproducibility of the NGS analysis were tested. The NGS results 
of the FNA or brush were compared with the NGS results of the resected specimen. For 
this purpose, the first ten patients who underwent a resection, were included in the ‘initial 
cohort’. Subsequently, 60 patients were included in the ‘additional cohort’ to investigate the 
diagnostic value of NGS of FNA or brush material.

Conventional EUS-FNA analysis
An experienced gastroenterologist performed the FNA during EUS or brush during 
endoscopic retrograde cholangiopancreatography. In challenging cases, a pathologist was 
present during the procedure, checking the quality and representativeness of the sample. The 
cytology samples acquired with either FNA or brush were morphologically assessed by an 
experienced pathologist (HM, AFS) and reported in four categories: (1) no conclusion, (2) 
atypia / inflammation, (3) low grade dysplasia (LGD) and (4) at least high grade dysplasia 
(HGD).

Selection of tumor cells, DNA isolation and Targeted Next-Generation Sequencing
The method of selection of tumor cells, DNA isolation and the NGS analysis was previ-
ously described.(20) In short, a fully automated DNA extraction procedure was used to 
isolate DNA from FNA-derived material and FFPE (possible) malignant tissue.(21) The 
AmpliSeq™ Cancer Hotspot Panel v2 (ThermoFisher Scientific, USA) consists of a single 
primer pool and is designed to detect somatic cancer hotspot mutations in 200 amplicons 
covering 50 genes.
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The minimum coverage threshold is 100 reads target, although in real practice the 
coverage is way higher. Minimum variant allele frequencies in molecular diagnostics is 
automatically set at 10% of all reads. All variants under 10% are visually inspected in the 
programme Integrated Genomics Viewer (IGV, http://software.broadinstitute.org/software/
igv/) and assessed for validity in the context of tumor cell percentages. Variants appearing 
in both read directions have more chance to be considered as valid. Especially in the current 
study low tumor cell percentages is an issue. The identification of false positivity of low 
frequent C>T transitions in FFPE material can be a challenge. However, due to fixation of 
the cytologic material in methanol and not in formalin, false positivity of low level and aber-
rant  C>T transitions is not (often) seen. The reliability of low frequent individual variants 
increases once additional pathogenic variants are seen in other genes with similar read on 
target frequencies.

Bioinformatic analysis of amplifications of  ERBB2, MET, FGFR1 and PIK3CA is also 
standardly performed on the cytological material, but the results are not reliably due to 
low tumor cell percentages. Variants were analysed using the Geneticist Assistant NGS 
Interpretative Workbench (version 1.1.8, SoftGenetics, State College, PA). The identified 
variants were classified into five classes, and only class 4 (likely pathogenic) and class 5 
(pathogenic) variants were reported, using a three tiered molecular evaluation.(22) All iden-
tified pathogenic variants were included in the classification as follows: if no gene variant(s) 
were identified, it was reported as “no molecular support for dysplasia”; the sole finding of a 
KRAS or GNAS class 4 or 5 gene variant as “molecularly at least low grade dysplasia (LGD)”; 
more than one class 4 or 5 gene variant, for example a combination of KRAS, PTEN, ATM, 
CDKN2A or APC, or a single TP53 or SMAD4 variant as “molecularly at least high grade 
dysplasia (HGD)”.(23)

Treatment plan
The MDT proposed an individual treatment plan based on the clinical presentation (includ-
ing blood results for tumor markers), radiologic assessment and morphological assessment 
of cytology. Subsequently, the NGS results were integrated during the consecutive meeting 
and the treatment plan could be changed, confirmed or not altered.

The following treatment plans were considered in case of a malignancy: exploration, 
potentially followed by resection of the tumor, or palliation (chemotherapy, bypass surgery, 
stent placement or a combination) in case of a metastatic or irresectable disease. The treat-
ment plan was follow-up, including clinical and radiological evaluation every three months, 
in case of pancreatitis or another benign lesion. All patients were monitored for a follow-up 
period longer than six months. The decision scheme is shown in Figure 1.
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Final Diagnosis
Final diagnosis was defined as malignant or benign disease based on definitive pathological 
assessment of resected specimen or on the MDT opinion after six months follow-up (based 
on the course of disease or, if available, repeated imaging). Malignant was defined as a carci-
noma of the pancreas, ampulla of Vater, distal choledochus or duodenum, and also in case of 
a malignant IPMN. Diagnostic accuracy was calculated, as were sensitivity and specificity for 
morphological assessment of cytology and NGS, using final diagnosis as a reference.

Figure 1. Decision scheme of the study.
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Results

Patient cohorts
DNA of 70 patients with preoperative samples, either FNA (N = 50) or cytological brushes 
(N = 20), were analysed with targeted NGS of isolated DNA (Table 1).

The NGS results of the FNA or brush of the ten patients of the ‘initial cohort’ were com-
pletely identical with the NGS results of the matching resection material (Supplementary 
Table 1, patients 1-10). In all cases of the ‘initial cohort’, NGS identified a pathogenic KRAS 
variant in all the cases and in nine out of the ten cases additional pathogenic variants were 
identified, mostly TP53. NGS was additionally performed on the preoperative cytological 
material of another 60 patients with pancreatic lesions (the ‘additional cohort’). The results 
of both cohorts were combined for further evaluation.

Table 1. Characteristics at baseline and the actual treatment and final diagnosis of the included 
patients.

Initial cohort
(n=10)

Additional cohort
(n=60)

Total 
(n=70)

Gender [n; %]
Male
Female

5
5

50%
50%

37
23

62%
38%

42
28

60%
40%

Age [median; range] 62 53-84 67 24-83 66 24-84

Sort material [n; %]
Brush
FNA

2
8

20%
80%

18
42

30%
70%

20
50

29%
71%

Referral from other hospital [n; %]
Yes
No

4
6

40%
60%

28
32

47%
53%

32
38

46%
54%

Cytology [n; %]
No conclusion
Normal/atypia
LGD
HGD

0
2
2
6

0%
20%
20%
60%

1
16
12
31

2%
27%
20%
52%

1
18
14
37

1%
26%
20%
53%

Imaging performed [n; %]
CT
MRI
PET

10
2
0

100%
20%
0%

59
22
3

98%
37%
5%

69
24
3

99%
34%
4%

Location [n; %]
Head
Body
Tail
Other

7
1
2
0

70%
10%
20%

0

32
8
2
18

53%
13%
3%
31%

39
9
4
18

56%
13%
6%
25%
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Morphological and NGS assessment of cytological material
NGS analysis was successfully performed in all patients. In 56 patients (80%), 118 patho-
genic variants were identified (Figure 2). As expected, KRAS was the most prevalent gene 
variant, and was seen in the cytological DNA of 50 patients. TP53 and SMAD4 class 4 and 
5 pathogenic variants were seen in 34 and 12 patients, respectively. Other identified patho-
genic variants were CDKN2A, GNAS, ATM, APC, BRAF, PTEN, CTNNB1 and PTPN11. 
No pathogenic variants were identified in the cytological material of 14 patients.

The morphological assessment of the cytological material was compared with the mo-
lecular NGS data (Table 2), which showed that 33 cases (47%) were scored differently.

In nine cases the results were completely different: FNA of one patient could not be 
assessed morphologically (due to an insufficient amount of material) and showed at least 
HGD with NGS, in six patients morphological assessment was atypia, whilst NGS showed 
at least HGD. In two patients morphological assessment was HGD/malignancy whilst no 

Table 1. Characteristics at baseline and the actual treatment and final diagnosis of the 
included patients. (continued)

Initial cohort
(n=10)

Additional cohort
(n=60)

Total 
(n=70)

Stent [n; %]
Yes
No

4
6

40%
60%

24
36

40%
60%

28
42

40%
60%

CEA [median; range] 4.8 3.8-8.0 4.0 0.9-24.7 4.4 0.9-24.7

CA19.9 [median; range] 287.5 29.4-1025.0 238.2 0.6-6437.0 251.90 0.6-6437.0

Actual treatment [n; %]
Follow-up
Exploration
Resection
Palliation

0
2
8
0

0%
20%
80%
0%

12
3
25
20

20%
5%
42%
33%

12
5
33
20

17%
4%
50%
29%

Final diagnosis [n; %]
Pancreatitis
AIP
IgG4 mediated disease
SPEN
IPMN
PDAC
Peri-ampullair carc.
Duodenum carc.
Distal cholangio carc.

0
0
0
0
1
9
0
0
0

0%
0%
0%
0%
10%
90%
0%
0%
0%

6
3
2
1
2
33
3
3
7

10%
5%
3%
2%
3%
55%
5%
5%
12%

6
3
2
1
3
42
3
3
7

9%
4%
3%
2%
4%
60%
4%
4%
10%

FNA: fine needle aspiration; LGD: low grade dysplasia; HGD: high grade dysplasia; AIP: auto-immune 
pancreatitis; SPEN: solid pseudopapillary tumor; IPMN: intraductal papillary mucinous neoplasm; PDAC: 
pancreatic ductal adenocarcinoma.
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pathogenic variants were identifi ed with NGS. In the other discordant 24 cases, the assess-
ments were one category diff erent from each other.

Changes in treatment plan
Due to the integration of the NGS results, the initial treatment plan was changed in seven 
patients of the 70 patients (10%; Table 3; Suppl Table 1 patients 1, 11-16).

Four of these seven patients (Supplementary Table 1, patients 11-14) were evaluated 
for suspected PDAC and planned for exploration with possible resection. NGS analysis 
revealed no class 4 or 5 gene variants in the cytological DNAs. Due to the absence of un-
equivocal PDAC on basis of clinical and radiological evaluation, the initial surgical plan 
was waived and stringent follow-up was instigated. During the follow-up period, two of 
the four patients (patients 11 and 12) were fi nally diagnosed with IgG4 mediated disease, 

 

Figure 2. All gene variants detected in the 70 included patients. 

 

 

Figure 3. Number of pathogenic variants identified in the patients in relation to the final diagnosis. 

In four cases the results were false negative. One patient had a KRAS pathogenic variant (frequency 

of 3%) and was diagnosed with a pancreatitis. Two patients with an IPMN had a KRAS variant; one 

patient with an IPMN had a KRAS and a GNAS variant, these IPMNs did not progress towards 

malignancy. 

 

 

figure 2. all gene variants detected in the 70 included patients.

Table 2. Comparison of morphological assessment and NGS results of cytological material.

NGS results

no 
conclusion

no molecular support 
for dysplasia

at least 
LGD

at least 
hGD

total

m
or

ph
ol

og
ic

al
 

re
su

lt
s

no conclusion 1 1

atypia 9 3 6 18

low grade dysplasia 3 3 9 14

high grade dysplasia/
malignancy

2 9 25 37

total 14 15 41 70

LGD: low grade dysplasia; HGD: high grade dysplasia. Severe discordance in assessment is highlighted.



Chapter 3

40

one with an auto-immune pancreatitis (patient 13) and one with a non-specific pancreatitis 
(patient 14). Conversely, the initial treatment plan was follow-up for two of the seven 
patients (patients 15, 16), which was changed to exploration with possible resection due 
to multiple pathogenic variants identified with NGS. NGS results revealed two pathogenic 
KRAS variants and one pathogenic GNAS variant (patient 15) and a pathogenic KRAS 
and a pathogenic TP53 variant in the second patient (patient 16). Patient 15 underwent 
exploration followed by resection, pathological assessment of the resected specimen revealed 
PDAC. Patient 16 rapidly presented with liver metastases after the first diagnosis and could 
only receive palliative treatment. The final patient (patient 1) for whom the treatment plan 
was changed due to the NGS results is previously described (20). This patient was thought 
to have a local recurrence after a previous pylorus preserving pancreatectomy for PDAC. By 
comparing the NGS results of the FNA of the suspected recurrence with the NGS results of 
the resected specimen, this patient turned out to have a second primary tumor on basis of 
a genetic predisposition for PDAC. Instead of palliation, the remnant of the pancreas was 
resected. For the 63 remaining patients, the treatment plan was not altered due to the NGS 
results. The NGS results were supportive in 60 of the 63 patients. In three patients the NGS 
results were conflicting, but did not change the initial treatment plan. These patients are 
discussed below.

Final treatment and final diagnosis
NGS results were in line with the final diagnosis in 66 of the 70 patients (Table 1). No 
pathogenic variants were identified in four patients with discordant NGS results, although 
these patients were finally diagnosed with a malignancy. In three out of four patients with 
negative NGS results the treatment plan was not influenced (patients 17-19) because the 
clinical and radiological evaluation were too suspect to refrain from surgery. In patient 17, 
the FNA was morphologically assessed as LGD. The cause of the negative NGS result was 
probably sampling error as the resected specimen revealed a PDAC with a diameter of only 
5 mm. Additional NGS analysis on the resected specimen revealed a KRAS and a TP53 

Table 3. Comparison of the treatment plan proposed based on the standard MDT meeting and 
the treatment plan proposed after integration of the NGS results.

treatment plan with addition of NGS results

follow-up
resection/ 

exploration
palliation total

treatment plan 
based on standard 

MDT meeting

follow-up 8 2 10

resection/exploration 4 44 49

palliation 1 11 11

total 12 47 11 70

MDT: multidisciplinary team. Changes in treatment plan are highlighted.
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pathogenic variant. For patient 18, the MDT decision was challenging due to conflicting 
results (imaging suggestive for pancreatitis, a CA19.9 level of 855 and FNA morphological 
assessed as LGD, NGS identified no pathogenic variants). After three months of follow-up, 
it was decided to operate the patient because of a significant rise of CA19.9 level. During 
surgery, biopsies were taken from the omentum, suspect lymph nodes and the mesenterium 
of the colon, all were positive for malignancy and subsequently NGS analysis revealed KRAS 
and TP53 pathogenic variants. For patient 19, the ductus choledochus was morphologically 
assessed as normal and no pathogenic variants were detected with NGS. However, the initial 
treatment plan of exploration was maintained because of high suspicion of malignancy 
and a likely sample error. Eventually, the patient was unfit for surgery and a subsequent 
scan suggested development of an irresectable distal cholangiocarcinoma. Patient 20 was 
initially diagnosed with auto-immune pancreatitis based on clinical presentation, radiologi-
cal evaluation and a morphological assessment of the FNA suggestive for pancreatitis and 
atypia due to inflammation. Additionally, with NGS no pathogenic variants were identified. 
Morphological assessment of a subsequent brush of the ductus choledochus showed acute 
inflammation, atypia and normal ductal epithelia. Moreover, at first the patient demon-
strated a decline of CA19.9 level but after three months a significant rise of CA19.9 level was 
observed. The CT scan that was made three months later was suspicious for liver metastases, 
which were biopsied and pathologically confirmed. NGS analysis of the liver metastasis 
biopsy revealed KRAS, SMAD4 and TP53 pathogenic variants.

Altogether, in this study, the diagnostic accuracy of NGS analysis was 94%. Sensitivity 
and specificity of NGS analysis were 93% and 100%, respectively. (Supplementary Table 2). 
When the NGS results are combined with the radiological, cytological and clinical evalua-
tion, the sensitivity was 98%. Depending on whether the LGD category is deemed as true 
malignant or true benign, the sensitivity and specificity of the morphological assessment of 
the cytology were between 58-81% and 73-82%, respectively (Supplementary Table 3). The 
cytology material of 34% of the patients was first assessed in a referring hospital. There was 
a difference in morphological assessments between the referring hospitals and the LUMC 
in 47%.

The number of identified pathogenic variants per patient in relation to the final diagnosis 
is shown in Figure 3. A higher number of pathogenic variants was associated to a more 
advanced disease.
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DISCuSSION

Th is study underlines the added value of NGS analysis of DNA of patients with suspect 
pancreatic and periampullary tumors during the multidisciplinary diagnostic decision mak-
ing of these patients. Although hopeful, NGS results should be carefully weighed in the 
MDT discussions as sampling errors during FNA or brush procedures can occur, potentially 
leading to false negative results.

Our results are consistent with other reports using diagnostic applications of in-depth 
molecular analyses. For example, recent studies showed that molecular genetic analysis of 
cystic fl uid could aid the preoperative classifi cation of cystic neoplasm of the pancreas and 
that the discrimination of serous from mucinous cystic pancreatic lesions could be improved.
(24, 25) NGS analysis of DNA was used to increase the accuracy of classifying pancreatic 
cystic neoplasm as either benign or premalignant lesions. In addition, NGS analysis of 
DNA has also been used to identify actionable molecular targets for on- or off -label targeted 
systemic therapies in patients with advanced PDAC.(26, 27)  A recent study of Gleeson et 
al.(28) in which EUS derived FNA samples of patients with PDAC were analysed with NGS 
suggests that NGS analysis could be useful for the development of future biomarker driven 
therapeutic innovations.

In our study a focused gene panel was used that targets the mutation hotspot regions of 
50 genes. Th is is a commercial available panel, therefore, not all genes that are sequenced 
are of value for this cohort. Th is panel can be expanded for other diagnostic or therapeutic 

 

Figure 2. All gene variants detected in the 70 included patients. 

 

 

Figure 3. Number of pathogenic variants identified in the patients in relation to the final diagnosis. 

In four cases the results were false negative. One patient had a KRAS pathogenic variant (frequency 

of 3%) and was diagnosed with a pancreatitis. Two patients with an IPMN had a KRAS variant; one 

patient with an IPMN had a KRAS and a GNAS variant, these IPMNs did not progress towards 

malignancy. 

 

 figure 3. Number of pathogenic variants identifi ed in the patients in relation to the fi nal diagno-
sis. In four cases the results were false negative. One patient had a KRAS pathogenic variant (frequency 
of 3%) and was diagnosed with a pancreatitis. Two patients with an IPMN had a KRAS variant; one 
patient with an IPMN had a KRAS and a GNAS variant, these IPMNs did not progress towards ma-
lignancy.
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purposes. In the previously mentioned study of Gleeson et al. a comprehensive cancer 
panel of 160 genes was used, therefore, an overview of the multigene mutational landscape 
of PDAC was acquired. Th is panel can also be used for other diagnostic and therapeutic 
purposes, because additional informative gene targets are included. However, by using large 
gene panels, cytology slides with a low percentage of tumor cells in a background of benign 
cells might have to be excluded from analysis. In our 50 genes panel, we could reliably 
include cytology slides with only 2-5% dispersedly positioned tumor cells, as previously 
described. Additional methods to increase the ability to identify gene variants and to stratify 
for structural variants such as focal gene amplifi cations and/or deletions might be the use of 
enrichment techniques such as microfl uidic cell sorting.(29)

In theory, FNA samples with low numbers of lesional cells can lead to false positive results 
due to amplifi cation of PCR artefacts. For that reason molecular barcoding is advocated in 
which individual DNA molecules are fl agged prior to amplifi cation, thereby helping to rec-
ognize PCR artefacts.(30) However a disadvantage of molecular barcoding is that relatively 
higher input DNA is required. Furthermore, due to a prior fi xation step with only methanol 
preoperative FNA derived DNA is of far better quality than DNA isolated from FFPE tissue. 
In the latter, C>T transitions can be potentially seen leading to false positive variant calling 
results. Our results now suggest that false positivity might not be an issue in FNA derived 
DNA when looking at hotspot gene regions for pathogenic variants.

NGS is able to provide valuable molecular information about suspect lesions, also if 
radiology, cytology, and clinical results are inconclusive. In our evaluation, the NGS results 
changed the treatment plan in 10% of patients. NGS had a sensitivity of 93% and a specifi c-
ity of 100%, signifi cantly higher than morphological assessment. Off  course the correctness 
of morphological assessment is dependent on the pathologist, specialized pancreatic cancer 
pathologist are required. Over time, NGS is increasingly performed during the diagnostic 
process of patients with suspect pancreatic lesions at our centre and clinicians increasingly 
rely on the results to confi rm their working diagnosis. NGS analysis can support the latter 
resulting in more certainty and confi dence for both patients and clinicians. Th erefore, NGS 
analysis might be of even more value than expressed by numbers and percentages in this 
study.

Th e unique key point of this study is the implementation of NGS analysis during MDT 
meetings. To make sure the MDT could rely on the results, the accuracy of NGS analysis 
had to be determined. Th erefore, the cytology material of 70 consecutive patients, represent-
ing a real patient population with diff erent types of benign and malignant lesions and with 
both brushes and FNA derived cytology material, was analysed. Potentially, NGS analysis 
should only be used in selected cases, for example when clinical, radiological and cytological 
results are contradictory. In such a case a supportive diagnosis by NGS can be of paramount 
importance, since neoadjuvant therapy followed by surgery is increasingly performed.
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In conclusion, the present study demonstrates that performing NGS on DNA obtained 
from suspect pancreatic or periampullary lesions can improve patient care and possibly 
patient outcome.
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Abstract

Targeted Next-Generation Sequencing (NGS) on cytological material obtained with fine 
needle aspiration (FNA) or biliary brushing can aid in establishing a diagnosis for patients 
with suspect pancreatic lesions. In this prospective multicenter study the value of NGS was 
determined for establishing the correct diagnosis, and subsequent treatment plan, of patients 
with suspect pancreatic lesions and inconclusive cytology.

NGS was performed with AmpliSeq Cancer Hotspot Panel v2 and v4b in patients with 
inconclusive cytology results or uncertain diagnosis. All diagnostic results were evaluated by 
the oncology pancreatic multidisciplinary team. Influence of the additional yield of NGS 
was determined by comparing the diagnosis (malignancy, cystic lesion or benign condition) 
and the proposed treatment plan (exploration/resection, preoperative chemotherapy, follow-
up, palliation or repeated EUS) before and after integration of NGS results.

In 50 of the 53 included patients cytology material (40 FNA, 13 brushes) was sufficient 
for NGS analysis. Diagnosis before and after integration of NGS results differed in 32% of 
the patients. The treatment plan was changed in 18% of the patients and made definitive 
in 44%. The repetition of endoscopic ultrasound with FNA was prevented in 14% of the 
patients. In the remaining 24%, NGS had no additional value. Based on the final diagnosis, 
all changes in treatment plan were correctly made after integration of NGS.

This study demonstrates the additional value of NGS in patients with an initial incon-
clusive diagnosis. Integration of NGS results can not only prevent repeated EUS/FNA, but 
can also rigorously change the final diagnosis and treatment plan.
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Introduction

Analyzing patients with a suspect lesion in the pancreas can be difficult, leading to frequent 
inconclusive diagnoses. Current imaging techniques are limited in differentiating between 
pancreatic cancer and inflammation, benign lesions, or preneoplastic lesions.(1) Moreover, 
preoperative pathological confirmation of malignancies is increasingly required in the 
context of upcoming neoadjuvant treatments. Endoscopic ultrasound-guided fine needle 
aspiration (EUS-FNA) and biliary duct brushing can be performed to obtain a cytopatho-
logical diagnosis. However, a significant drawback of this technique is the frequent false 
positive/negative or inconclusive results, which have been reported in 12-33% of the cases. 
These are mainly caused by sampling error, suboptimal sample quality, low cellular yield 
and the presence of an intense desmoplastic stromal reaction.(2) Due to these shortcomings 
in the diagnostic process of patients with a suspect pancreatic lesion, misdiagnosis occurs 
frequently leading to an inappropriate treatment or requirement of additional repetition of 
EUS-FNA, which can delay treatment.(3)

NGS has proven to be useful in distinguishing benign from malignant pancreatic lesions.
(4) Targeted Next-Generation Sequencing (NGS) on FNA-derived DNA can identify patho-
genic variants in known driver genes of malignancy and can therefore be used to confirm 
neoplasia.(5) For ultra-deep sequencing using NGS panels that target hotspot gene variants 
such as KRAS, TP53, BRAF, PTEN etc. only a limited quantity of material is required, up 
to 100 cells.(6)

In a previous study, we evaluated 70 consecutive patients with a suspect pancreatic le-
sion and reported a diagnostic accuracy, sensitivity and specificity of NGS of 94%, 93% 
and 100%, respectively.(4) Since NGS might be superfluous in all patients with a suspect 
pancreatic lesion, the focus of the current study was on the value of NGS in patients with 
inconclusive cytology material. Therefore, the aim of this study was to determine the ad-
ditional diagnostic yield of NGS in the diagnostic process and treatment plan proposition 
in patients with a suspect pancreatic lesion with an inconclusive cytopathologic diagnosis.

Methods

Study design
This multicenter study between Leiden University Medical Center (LUMC), Erasmus Medi-
cal Center, Maasstad hospital and Reinier de Graaf hospital was approved by the medical 
ethical reviews board of the LUMC (Dutch trial register: NTR7006). The primary aim of 
the study was to determine the value of NGS in the diagnostic process and treatment plan 
proposition in a patient population with inconclusive cytopathology diagnoses.
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During the oncology pancreatic multidisciplinary team (MDT) meetings (including a 
gastrointestinal (GE) surgeon, gastroenterologist, GE-radiologist, GE-pathologist and an 
oncologist), all patients without a definitive diagnosis, or without a conclusive cytopatho-
logic diagnosis were included. Further inclusion criteria were: patients with a suspect solid 
or cystic pancreatic or periampullary lesion (papilla or distal bile duct) on recent multi-phase 
abdominal CT or MRI scans. An available cytology sample for pathological assessment 
either obtained by common bile duct brushing or by EUS-FNA. All cytology samples were 
reviewed at the department of Pathology in the LUMC and classified by specialized pancre-
atic pathologists (A.F.S., H.M.) based on morphological assessment as: 1) normal/atypia, 2) 
dysplasia or, 3) inconclusive (in case of too few cells or bloody material).

Based on all available diagnostic information, a probability diagnosis was proposed by 
the MDT, either: 1) malignancy, including pancreatic ductal adenocarcinoma, distal chol-
angiocarcinoma, ampullary carcinoma, cystic lesion with malignant degeneration, 2) benign 
condition, including (autoimmune) pancreatitis, pseudocyst, or, 3) cystic lesion, including 
mucinous cystic neoplasm and/or, low grade IPMN (not malignant degenerated). Further-
more, the most suitable treatment for the probable diagnosed condition was determined 
as either: 1) surgical exploration with possible resection(resection was refrained in case of 
a metastatic of locally advanced disease), 2) neoadjuvant therapy for study purpose or in 
case of locally advanced disease, 3) palliation in case of locally advanced disease, metastatic 
disease or patient unfit for surgery, 4) follow-up for benign conditions or 5) repetition of 
diagnostic FNA. For patients diagnosed with low grade IPMN/MCN, both surveillance or 
resection are widely accepted treatment options. The ultimate decision differs per patient 
and also depends on the expertise of the MDT members.

Subsequently, the cytology sample was analyzed with NGS, using the AmpliSeq Cancer 
Hotspot Panel v2 and v4b, as previously described.(4) The results were reported as: 1) “no 
molecular support for dysplasia” if no pathogenic variants were identified, 2) “a proliferative 
lesion with molecularly at least low grade dysplasia (LGD)” in case of KRAS or GNAS class 
4 or 5 DNA variants with sufficient coverage and high frequent variant reads on target, or 
the sole finding of ATM, CDKN2A, PTEN or APC DNA variants. The sole finding of a 
KRAS pathogenic variant with low frequency could also be suggestive for pancreatitis. 3) 
“molecularly at least high grade dysplasia (HGD)” if at least a TP53 or SMAD4 DNA vari-
ant was identified or 4) “inconclusive” if NGS was not possible or reliable on the presented 
material.(7)

After integration of the NGS results during the following MDT meeting, the diagnosis 
and treatment plan could be changed or confirmed. Furthermore, the MDT could ignore 
the NGS results in case of too contradictive or inconclusive results or if the clinical suspicion 
of a malignancy was too high (i.e. false-negative NGS results).

The final diagnosis was determined, either based on histological assessment of the re-
sected specimen or by evaluation during follow-up after at least six months. NGS analysis of 
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the resected specimen was not repeated since correlation was already validated in an earlier 
study.(4)

Figure 1 gives an overview of the study design.

Outcomes
For analysis of the contribution of NGS to the diagnostic process only the patients with 
technically feasible NGS analysis were included. Diagnosis based on the information before 
and after integration of the NGS results was correlated to the final diagnosis. Differences 
were analyzed with a McNemar test. Proposed treatment plans before and after integration 
of NGS results were compared and classified as ‘changes in treatment plan’, ‘confirmation of 
treatment plan’ or ‘no value of NGS results’.

All patients were included (including technical unsuccessful NGS) for determination 
of accuracy of 1) morphological assessment of the cytology samples on itself independent 
of quality, quantity or representatively, 2) suggested diagnosis during first MDT meeting, 
3) NGS results on itself and, 4) suggested diagnosis during second MDT meeting were 
determined by comparing to the final diagnosis. Since LGD can be interpreted in several 
ways and does not provide a definitive diagnosis on itself, the accuracy is reported two-fold: 
all LGD incorrect, or all LGD correct.

Power calculation
Assuming that NGS analysis has an additional diagnostic yield of 20%, a total of 57 patients 
were required in the study (80% power and 2-sided significance level α=0.05).

Results

In total, 57 patients were included. Four patients were excluded from further analysis due 
to incorrect inclusion: lymph node biopsy (n=2), suspect GIST tumor (n=1) and biopsy 
of suspect pancreatic liver metastasis (n=1). Table 1 provides an overview of the patient 
characteristics.

Figure 1. Flowchart of study method.
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NGS was technically feasible in 50 of the 53 patients. Figure 2 gives an overview of the 
pathogenic DNA variants identified in 50 patients.

Table 2 gives an overview of the probability diagnoses before and after integration of 
the NGS results, related to the final diagnosis. Integration of the NGS results significantly 
improved the probability diagnosis: from 16 incorrect diagnoses (32%) to three incorrect 
diagnoses (6%) (p-value < 0.001).

Table 1. Patient Characteristics.

N %
Total 53
Sex Female 23 43

Male 30 57
Age Mean, SD 63.1 13.7
CA 19.9 Median, range 39 0-5126
Type of cytology material FNA 40 76

Brush 13 24
Cytology result Dysplasia 10 19

Atypia 32 60
Inconclusive 11 21

Reason NGS Cytology 22 41
PA required 9 18
MDT unsure 22 41

NGS result HGD 11 21
LGD 17 32
No pathogenic variants 22 41
Inconclusive 3 6

Final diagnosis Malignancy 32 60
Benign condition 15 28
Cystic lesion 6 12

PA: pathology; MDT: multidisciplinary team; HGD: high grade dysplasia; LGD: low grade dysplasia

Table 2. Diagnosis with and without NGS results correlated to final diagnosis

Final diagnosis

Malignancy  Benign condition Cystic lesion

MDT 1: 
without NGS results

Malignancy 27 10 2

Benign condition 1 5 1

Cystic lesion 2 2

MDT 2:
with NGS results

Malignancy 30 1 2

Benign condition 13

Cystic lesion 4

MDT: multidisciplinary team meeting; Bold: concordant results
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Th e treatment plan proposition changed in 16 cases (32%) after integration of the NGS 
results (Table 3). After integration of the NGS results surgical exploration with possible 
resection (n=6) and palliation (n=2) was prevented as NGS did not show proliferative lesions 
(with absent DNA variants) suggesting benign diseases which were confi rmed during follow-
up. Conversely, in one patient only the NGS results pointed at least HGD and therefore 
the treatment plan was changed to surgical exploration. In seven patients repeated EUS was 
prevented by integrating the NGS results, resulting in surgery (n=1), palliation (n=4) or 
follow-up (n=2). Table 4 gives an overview of the treatment plan proposition determined 
during the second MDT meeting compared to the fi nal diagnosis. In one patient NGS 
showed no pathogenic variants but the other diagnostic information was suspect for a malig-
nancy, therefore, the patient was scheduled for resection of the lesion. However, the patient 
was not fi t enough for surgery or systemic treatment, and during follow-up he turned out 
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Figure 2. Pathogenic variants identified in 50 patients. 

 

 

 

 

 

 

figure 2. Pathogenic variants identifi ed in 50 patients.

Table 3. Changes in treatment plan after integration of NGS results

With NGS results

Exploration Neoadjuvant Palliation follow-up Repeat 
biopsy

Without 
NGS results

Exploration 16 6

Neoadjuvant 5

Palliation 6 2

follow-up 1 5

Repeat biopsy 1 4 2 2

Bold: concordant
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to have a pancreatitis instead of the presumed malignancy. In two patients the lesion was 
diagnosed as low grade IPMN/MCN during the second MDT meeting and exploration/
resection was chosen as the most suitable treatment plan, in two patients the lesions were 
clinically diagnosed as malignancies but turned out to be low grade IPMNs.

During the second MDT meetings the NGS results were ignored in 12 patients (24%) 
(no value), because no pathogenic variants were identified but there was a strong clinical 
suspicion of malignancy. In nine patients NGS results were correctly ignored because all had 
a malignancy. In three patients, no pathogenic variants were identified, however, the lesions 
were clinically diagnosed as malignant, but final histologic assessment showed a pancreatitis 
(n=1) and a low grade IPMN (n=2). In the remaining 22 patients (44%), the NGS results 
provided enough support to confirm the initial clinical diagnosis, which was correct in all 
patients.

Of all 53 patients, the accuracy of cytology (on itself ), MDT 1 without NGS results, 
NGS (on itself ) and MDT 2 with NGS results was 17%, 70-81%, 43-79% and 94-98%, 
respectively (Table 5).

Of the 17 patients with a proliferative lesion at least LGD at NGS analysis, 11 patients 
had a sole finding of KRAS pathogenic variant and no strong conclusion could be drawn for 
malignancy or a cystic lesion, or in case of a low frequency for pancreatitis. Furthermore, two 
patients also had a GNAS and PIK3CA pathogenic variant besides a KRAS variant, both were 
clinically diagnosed with a malignant degenerated IPMN and received oncologic treatment. 
One patient had a lesional GNAS and KRAS pathogenic variant and was clinically diag-
nosed with low grade IPMN with follow-up. One patient only showed a lesional PIK3CA 
pathogenic variant, was diagnosed with a malignancy and underwent surgical resection. One 
patient only had a CDKN2A pathogenic variant in exon 2, with a coverage of 1864 reads and 
a frequency of 0.50, which is the reason for surveillance of the patient (genetic predisposition 

Table 4. Treatment plan after NGS integration compared to final diagnosis.

Final diagnosis

Malignancy  Benign condition Cystic lesion

With NGS results

Exploration 13 1* 4**

Neoadjuvant 5

Palliation 10

FU 13 2

Repeat biopsy 2

*Pancreatitis; **low grade IPMN, 2 were diagnosed as cystic lesion during the MDT meeting and too 
suspect, therefore, exploration/resection was chosen. The other two lesions were diagnosed as malignancies 
but turned out to be low grade IPMNs. Bold: concordant
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for the development of pancreatic cancer). One patient only had a APC pathogenic variant, 
was clinically diagnosed with a malignancy and underwent surgical resection.

Discussion

In this study, the additional value of NGS in case of inconclusive cytology of a suspicious 
pancreatic lesion was assessed. Integrating the NGS results in the diagnostic process in-
creased the accuracy with 18-24% to a final, overall accuracy of 98%. The treatment plan 
was correctly changed in 30% (no incorrect changes occurred) of the patients and confirmed 
the probability diagnosis in 44% of the patients.

NGS has already gained an important role in cancer research and treatment and can 
aid in predicting response or resistance to cancer treatments.(7) NGS is used in patients 
with advanced stage cancers and mostly in lung cancer, because of the multiple described 
pathways of oncogenic addiction. NGS aids in detection of mutations for applying the most 
suitable treatment.(8)

Most studies evaluating NGS determine the feasibility of NGS or provide insight in 
pathogenic variants for personalized systemic treatment. Studies focusing on the diagnostic 
yield of NGS in suspicious pancreatic lesions are limited. Larson et al. evaluated types 
of biopsy for success rate of NGS analysis of suspect pancreatic lesions or metastases.(9) 
Percutaneous biopsies of potential metastases were more adequate than FNA or fine needle 
biopsies from the suspect primary tumor. They performed NGS with the commercially 
available set FoundationOne (Foundation Medicine, Inc, Cambridge, Massachuttes).

In our previous study, NGS showed to be of value in consecutive patients with a suspect 
lesion in the pancreas.(4) The previous study concluded that unselective use of NGS is 
not necessary in clear-cut cases of malignancy. Therefore, the current study focused on the 
value of NGS in a patient population with inconclusive cytology results regardless of the 

Table 5. Accuracy per diagnostic tool.

Definitely
correct

Definitely
incorrect

No strong
conclusion

Accuracy

Morphology assessment (on itself ) 9 11 33* 17%

First MDT meeting (without NGS) 37 10 6** 70-81%

NGS (on itself ) 23 11 19*** 43-79%

Second MDT meeting (with NGS) 50 1 2** 94-98%

MDT: multidisciplinary team
*: assessed as atypia, definitely insufficient for determining an adequate diagnosis
**: cystic lesions
***: combination of 1) LGD (n=17), and 2) no pathogenic variants identified with as final diagnosis 
cystic lesion (n=2)
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reason and patients with an uncertain diagnosis. Corresponding diagnostic accuracies were 
reported: 94% for integration of NGS in the diagnostic process in an unselective patient 
population and 98% in the current study.

NGS can often be performed in casemorphological assessment is not possible due to 
low cellular yield since only a limited quantity of material is necessary for NGS analysis. In 
this study this repeated EUS-FNA was spared in seven out of nine patients. Although the 
costs of NGS are relatively high, approximately €600 per sample, repetition of EUS-FNA in 
patients with inconclusive samples is more costly than performing NGS analysis. Suggesting 
cost-effectiveness of NGS in this patient population.

In our study, NGS was inconclusive in 3/53 samples (6%), which was significantly lower 
than the reported 29% (of the 76 samples) in Larson’ study.(9)

The results of NGS analysis have to be integrated into the diagnostic process and are 
an addition to the clinical and radiological data. Only in case of a HGD as NGS result (in 
this study in 21%), meaning the identification of class 4 or 5 TP53 or SMAD4 pathogenic 
variants, a malignancy is proven. In case of molecular LGD, or if no pathogenic variants are 
identified, the diagnosis and treatment plan are still unsure. Firstly, in case of no pathogenic 
variants, this can be due to a truly benign condition, but this can also be the result of tumors 
without mutations or of sampling error, e.g. in case of not on target FNA, a very small tumor 
or an extensive inflammatory component. Secondly, in case of LGD, the identification of a 
sole KRAS pathogenic variant can indicate a pancreatitis, IPMN or malignancy. In our study, 
no significant difference was identified in the frequency of the pathogenic variant between 
benign conditions or malignancies. However, this study was not adequately powered to test 
this association.

Although not used in this study, NGS can also be applied on cystic fluid. Rosenbaum 
et al. analyzed fluid from 113 cysts, where 67 cysts showed pathogenic variants.(10) A 
significant difference in identification of KRAS pathogenic variants was present between 
non-mucinous cysts (12.5% of samples) and mucinous cysts/IPMN (100% of samples). 
Furthermore, in 33% of the IPMN samples a GNAS pathogenic variant was also identified. 
In the IPMNs with a malignant component additional pathogenic variants in the following 
genes were identified: TP53, CDKN2A, SMAD4, NOTCH1. Singi et al. analyzed fluid from 
308 cysts and also identified KRAS and GNAS pathogenic variants in IPMNs and MCNs 
and showed TP53, PIK3CA and PTEN in neoplasia.(11) Volckmar et al. published the 
first results of the ZYSTEUS study that investigates whether detection of driver mutations 
in IPMN patients by liquid biopsy (cystic fluid) is technically feasible.(12) Comparable 
results were obtained, in 12 IPMNs KRAS (n=12) and GNAS (n=4) pathogenic variants were 
identified. In three pseudocysts no pathogenic variants were identified. Lastly, Suenaga et al. 
studied whether patients under surveillance for IPMNs would benefit from pancreatic juice 
punction for NGS analysis.(13) In case a TP53 or SMAD4 pathogenic variant was identified 
the lesion was resected. The results of all these studies are in line with ours, the identification 
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of a SMAD4 or TP53 is suspect for a malignancy, identification of a CDKN2A, NOTCH1, 
PIK3CA or PTEN is also suggestive for a malignancy. Based on our results and the above 
mentioned studies the NGS results of patients with a pathogenic variant in PIK3CA could 
also be classified as HGD. A pathogenic variation in GNAS is suggestive for an IPMN and 
the interpretation of a pathogenic variant in KRAS remains somewhat challenging since this 
can be seen in in IPMNs, malignancies but also in pancreatitis. Future studies should focus 
more on differentiation between, frequencies or the mutated exon of KRAS to be able to 
better distinguish between these conditions.

In conclusion, NGS can aid in determining the suitable treatment for patients with a 
suspect pancreatic lesions without convincing pathology or imaging assessment. By integrat-
ing NGS in the diagnostic process, an accuracy of 98% for correct diagnosing was reached. 
NGS is of value by either providing molecular confirmation of neoplasia for preoperative 
chemotherapy or surgery, thereby preventing repeated EUS-FNA/brushing or surgery in 
patients with benign conditions.
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Abstract

Gadoxetic acid (PrimovistTM)-enhanced magnetic resonance imaging (P-MRI) scans have 
higher accuracy and increased detection of small colorectal liver metastases (CRLM) com-
pared to CT scans or conventional MRI scans. But, P-MRI scans are still inconsistently 
acquired in the diagnostic work up of patients with CRLM. The aim of this study was to 
determine the influence of P-MRI scans on treatment plan proposition and subsequently the 
clinical course of the patient.

Eighty-three consecutive patients with potentially resectable CRLM based on a conven-
tional CT scan underwent P-MRI scanning prior to treatment. Treatment plans proposed 
by the multidisciplinary team were compared before and after P-MRI scanning and related 
to the final treatment and diagnosis, the accuracy for the CT scan and P-MRI scan was 
calculated.

P-MRI scans led to a change of treatment in 15 patients (18%) and alteration of exten-
siveness of local therapy in another 17 patients (20%). All changes were justified leading 
to an accuracy of 93% for treatment proposition based on P-MRI scan, compared to an 
accuracy of 75% for the CT scan.

P-MRI scans provide additional information that can aid in proposing the most suitable 
treatment for patients with CRLM and might prevent short-term reintervention.
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Introduction

Liver metastases arise in 50-65% of patients with colorectal cancer.(1, 2) Long-term survival 
can be achieved with surgical resection or local ablation therapy in patients with resectable 
colorectal liver metastases (CRLM).

Imaging plays a principal role in staging of CRLM. Nowadays, the most used imaging 
modalities are contrast-enhanced computed tomography (CT) or multi-detector row CT 
(MDCT). Both are limited in the detection of nodal involvement and characterization of 
small liver lesions compared to magnetic resonance imaging (MRI) scans.(3) A CT scan 
has a sensitivity and specificity of 68% and 94%, respectively, and a gadolinium contrast-
enhanced MRI scan of 90% and 87%, respectively.(4) Different contrast agents can be 
administered for contrast-enhanced hepatic MRI scans, like gadoxetic acid, also called 
PrimovistTM (P-MRI) (Bayer AG, Germany).(5, 6) The reported sensitivity of P-MRI for the 
detection of CRLM is 87-100% and the specificity is approximately 95%.(7-9) However,  
a CT scan is still the most frequently used to assess liver involvement and plan surgical 
resection (Dutch Oncoline guidelines: CRC). A P-MRI scan is not routinely acquired prior 
to liver resection in most centers.(8, 10). In addition, literature is lacking about the direct 
effect on treatment strategy in a clinical setting, including local therapy, systemic therapy 
or conservative treatment in a larger patient cohort. Therefore, there is still no convincing 
evidence whether P-MRI scans should play a more prominent role in the diagnostic process 
of patients with potential treatable CRLM and should be standardly acquired. The aim 
of this study was to determine the impact of P-MRI scans on treatment plan proposition 
and subsequently the clinical course of patients with potentially treatable CRLM, based on 
preoperative CT scans.

Methods

The study was designed as a retrospective cohort study in which consecutive patients were 
included. The study was approved by the scientific review board of the Department of Ra-
diology of the Leiden University Medical Center (LUMC) in 2017. Patient confidentiality 
was guaranteed using anonymized data and radiologic images, and all data was entered into 
an encrypted and secured database.

Patients
All patients with potential CRLM were discussed by a multidisciplinary team (MDT) of 
hepatobiliary surgeons, medical oncologists and (interventional) radiologists. In Figure 
1 a flowchart is presented illustrating the standard operation procedure concerning the 
loco-regional treatment of CRLM in the LUMC. Patients presented at the MDT meeting 
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between July 2014 and August 2017 with primary resectable or primary irresectable (but 
potentially resectable after conversion therapy) CRLM based on the contrast enhanced 
(CE)-CT scan, of whom a P-MRI scan was obtained, were included in this study. Patients 
with permanent irresectable CRLM were not included. Patients who were previously treated 
for their CRLM with local therapy or systemic chemotherapy were also included. Patients 
in whom the time interval between acquirement of the CT scan and P-MRI scan or P-MRI 
scan and treatment was more than 2 months were excluded. Age, sex, localization of CRC, 
number of comorbidities, previous surgery and/or systemic therapy for CRC, and previous 
local therapy and/or systemic therapy for CRLM were noted.

CT scan
All CT scans included an arterial phase scan and a portal venous phase scan, using slices of 
5 mm or less for reconstructive images. Contrast-enhance CT scans obtained in the LUMC 
were performed on a 16-slice spiral CT (Aquillion-16, Toshiba, Tokyo, Japan) using the fol-
lowing scanning parameters: 16x1 mm scanning, 120 KV, rotation 0.5 s, contrast Ultravist 
370 (dose weight depended: for a standard patient (75 kg) 120ml was injected. Based on 
weight categories 46-60 kg, 60-80 kg, 80-100 kg, 100+ kg 20% more or less of the dose 
was administered) with a delay of 75 s for portal venous phase. Further parameters of CT 
scanning: the current modulation for the tube varying is from 10 to 500 mA. The pitch 
factor is 0.8125. Noise index with standard deviation of 10 is used. An Adaptive Iterative 
Dose Reduction (AIDR) 3D is used as reconstruction algorithm. The reconstruction kernel 
is FC 18 (soft tissue filter). The CT scans were scored for the presence, the number, location 
and size of all liver metastases. All scans were evaluated by one of four radiologists from the 
LUMC, all with at least five years of experience in liver imaging.

P-MRI scan
All P-MRI scans were performed in the LUMC on a Philips Ingenia 1.5 or 3.0 tesla. Ga-
doxetic acid was the intravenously administered contrast medium (10ml Primovist). MRI 
sequences included transveral and coronal T2 TSE (TE 80 and 250), transversal T1FFE 
mDIXON, diffusion weighted imaging at b0-10-500-1000, dynamic multiphase contrast-
enhanced T1FFE images, including 20 minutes post-contrast images. See Supplementary 
Information table S1 for additional information about the used sequences. P-MRIs were 
read by one of four dedicated abdominal radiologist, each with at least five years of experi-
ence after board certification in radiology. Readers were not blinded for clinical information 
or prior medical imaging.
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Study design
All patients were discussed by the MDT, which is a weekly meeting during which all patients 
who are potentially operable are discussed. As stated before, Figure 1 gives an overview of 
all possible treatment options in the LUMC. During the first MDT meeting a treatment 
plan was proposed based on the CT scan and classified as: (1) local therapy, consisting of 
either resection, percutaneous ablation or resection + ablation by radiofrequency ablation or 
microwave ablation, (2) conversion therapy with intent of local therapy or (3) follow-up in 
case of suspicion of benign lesion(s). Of note, patient with irresectable disease were excluded. 
Subsequently, an P-MRI scan was made and a treatment plan was proposed during the 
second MDT meeting, potentially changing the previously proposed treatment plan: (1) lo-
cal therapy, (2) adjustment of the local therapy, in case the extensiveness of the local therapy 
was altered, (3) conversion therapy, (4) palliation, in case of diffuse disseminated disease 
resulting in less than 20% of healthy liver parenchyma, or extrahepatic disease (EHD) or 
(5) follow-up.

Finally, the proposed treatment plan based on the P-MRI scan was compared to the 
actual performed treatment.

For clarification, ‘conversion therapy’ is administered with the purpose of reverting the 
disease from irresectable to resectable. Conversion therapy was mostly a combination of 
capecitabine with oxaliplatin (CAPOX) usually given in three week cycles with a maximum 
of eight cycles total. ‘Palliation’ is applied if resection is not considered a (future) option.

In case the patients underwent surgery, the liver was assessed with intraoperative ultra-
sound by a radiologist. Additionally, in some patients near-infrared fluorescence (NIRF) 
imaging, using indocyanine green, was performed for the detection of occult (sub)capsular 
liver metastases.(11)

Follow-up
In case the liver lesions were resected, standard pathological assessment of the lesions was 
performed. The pathological assessment was used as reference. Follow-up of the liver oc-
curred every four months with CE-CT scan and CEA serum level measurements. In case 
new intrahepatic lesions were identified during the first follow-up visit, these lesions were 
probably already present during the procedure and were therefore missed on the P-MRI 
scan. During the follow-up process of the patients whose lesions were defined as benign, it 
became clear if these lesions were indeed not CRLM. A minority of patients were referred 
back to the external hospital for follow-up.

Statistical analysis
Data were analyzed using a statistical software program (SPSS, version 23.0). The change in 
treatment proposition between MDT meeting 1 and 2 was evaluated using an independent 
samples t-test with standard error and 95% confidence interval. Furthermore, an indepen-
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dent samples t-test was performed for 1) comparison of the interval between the date of 
P-MRI scan and date of actual treatment between the patients who underwent local therapy 
without adjustment of the local therapy and with adjustment, and 2) for the change in 
treatment proposition between the group with CT-scan acquired in an external hospital and 
in the LUMC. The statistical results were considered to indicate significance if the P-value 
was less than 0.05.

Results

Patients
In total, 83 patients were included in the study cohort. Patient and treatment characteristics 
are summed in Table 1.

Table 1. Patient and treatment characteristics.

Characteristics

N=83

Age at time of CT scan; mean ± SD 64.8 ± 10.7

Sex, male; n (%) 56 (68)

Synchronous CRLM; n (%) 44 (53)

Comorbidities; n (%)

0 36 (43)

1 28 (34)

≥2 19 (23)

Previous CRLM surgery, n (%) 18 (22)

CT scan made in LUMC, n (%) 32 (39)

Days between; mean ± SD

CT and P-MRI 29.0 ± 17.1

Days between P-MRI and treatment 28.0 ± 15.8

Actual treatment; n (%)

Local 50 (60)

Neo-adjuvant chemotherapy 15 (18)

Palliation 10 (12)

Follow-up 8 (10)

CRLM: colorectal liver metastases; P-MRI: primovist MRI scan
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Treatment proposition
The type of treatment was changed in 15 patients (18%) due to the P-MRI scans, all these 
changes were in concordance with the actual treatment performed.

The intended extensiveness of the local therapy was altered in another 17 patients (20%) 
due to the P-MRI scan: in 11 patients more malignant lesions were identified with P-MRI 
(mean number additional lesions: 1.6 range; 1-3) (mean size additional lesions: 6.7 mm; 
range 2-16 mm), the additional identified lesions were located peripheral, superficial and 
central in the liver. In six patients less lesions were defined as malignant (mean number: 
2.0 range; 1-6). These lesions were either considered as cysts (n=3), haemangiomas (n=5), 
steatosis (n=2) or could not be retrieved (n=2) on the P-MRI scan.

Together the treatment plan proposition was altered in 32 patients (38%; standard error 
of the mean: 5%; 95% confidence interval: 28-49%). The treatment plan of the remaining 
51 patients (61%) was not altered. Table 2 gives an overview of the changes in treatment 
plan.

Actual treatment
In 56 patients the intended treatment based on the P-MRI scan was local therapy and the 
extensiveness of the local therapy was altered during the treatment in 10 patients, either 
more lesions (in six patients) or less lesions (in 4 four patients) were detected and resected 
during surgery. For detection of lesions intra-operative ultrasound and NIRF imaging could 
be used. The additional lesions were biopsied for histological confirmation. The patients 
with lesions that could not be retrieved did not develop CRLM during the follow-up period, 
so these lesions were considered false-positive.

In five patients, who were deemed resectable on both CT scan and P-MRI scan, no resec-
tion or ablation was performed because a too diffuse disease (n=3) or too extensive tumor 
burden (n=2) was encountered during surgical exploration. They were palliated instead.

In one patient the proposed treatment based on the CT scan and P-MRI scan was local 
therapy, but eventually this patient was not fit for surgery, therefore, he was palliated.

The extensiveness of local therapy of the other 40 patients was not altered, they were 
treated within a mean of 29.0 days (SD 12.6 days) after the P-MRI scan was obtained, which 

Table 2. Comparison of treatment plans proposed during MDT 1 and MDT 2.

MDT 2

Local Local therapy adjustment Neoadjuvant Palliation Follow-up Total

   
M

D
T

 1

Local 39 17 5 3 4 68

Neoadjuvant 9 1 1 11

Follow-up 1 3 4

Total 40 17 14 4 8 83

Changes in treatment plan are shown in bold. Extensiveness adjustment of local therapy in italic.
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was not signifi cantly diff erent from the 15 patients with adjusted local therapy (28.3 days 
(SD 20.7 days)) (P-value = 0.904).

In addition, there was no signifi cant diff erence in change of treatment plan between pa-
tients whose CT scans were from external hospitals (31% change of treatment) and patients 
whose CT scans were from the LUMC (41% change of treatment) (p-value = 0.48).

An overview of the changes in treatment plan proposition during MDT meeting 1 and 
2, and the actual treatment performed is given in Figure 2.

follow-up
All patients had a follow-up period of at least three months, median follow-up period was 
14.4 months (1.38-41.7). Fifteen (18%) patients developed new intrahepatic CRLM within 
a median time of 5.3 months (0.8-14.0) after local treatment, in three of these patients the 
new intrahepatic CRLM occurred within 4 months after local therapy. Of the eight patients 
with lesions deemed as benign, the median follow-up period was 22.0 months (4.1-41.2). 
One patient developed diff use CRLM within six months. Th is patient presented with one 
lesion that couldn’t be characterized on the CT scan and was assessed as a hemorrhagic-cyst 
on the P-MRI scan, but eventually turned out to be a metastasis.

accuracy
Th e treatment plan proposition based on the P-MRI scan was accurate in 77 patients (93%). 
In fi ve patients an too extensive disease was encountered during surgery and in one patient 
a CRLM was characterized as a hemorrhagic-cyst on the P-MRI scan. Th e treatment plan 
proposition based on the CT scan of these six patients was the same as the one based on the 

 

 
  figure 2. Changes in treatment plan and actual treatment in percentages.
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P-MRI scan. The 15 changes of treatment type due to findings on the P-MRI scans were all 
correct, so the accuracy of the CT scan for treatment plan proposition was accurate in 62 
patients (75%).

Discussion

Our study focusses on the effect of the P-MRI scans on the treatment plan proposition and 
clinical course in patient with potential resectable CRLM based on CT scans. The initial 
treatment plan proposal based on the CT scan was changed in 38% of the patients due to 
the findings on P-MRI scans. Compared to the final treatment, the proposition based on 
the P-MRI scan was accurate in 93% of the patients, compared to 75% of the propositions 
based on CT scans.

The diagnostic accuracy of the P-MRI scans in patients with CRLM and also the impact 
on surgical strategy has been previously described: in a study of Sofue et al., the surgical 
strategy changed in 33% of the patients due to the P-MRI scans.(12) The recent study 
of Jhaveri et al. describes changes in surgical strategy due to P-MRI scans in 45% of the 
patients receiving neoadjuvant therapy.(13) In contrast, Kang et al. also investigated the 
changes in surgical strategy, but only changed the surgery in 3% of the patients.(14) Only 
Vreugdenburg et al. also determined the impact of P-MRI scans on patient management, 
but only four of the 13 included studies investigated patient outcome, mainly focusing on 
surgical strategy instead of treatment strategy.(9)

Our single center study emphasizes not only the impact of P-MRI scans on surgical 
strategy but on the entire treatment plan proposition. The implementation of obtaining a 
P-MRI scan in the diagnostic work-up of patients has several positive effects on the clinical 
course of the patients. The most important consequence is the prevention of unnecessary 
surgeries due to better differentiation between malignancies and benign lesions on P-MRI 
scans. A second advantage, which is also nicely demonstrated by the study of Knowles et 
al. is the more accurate staging based on P-MRI scans prior to conversion chemotherapy, 
thereby reducing intra-hepatic recurrence and avoid repeated hepatectomy.(15) In our study 
more patients were treated with conversion therapy prior to surgery due to new findings on 
the P-MRI scan. Furthermore, in other patients the intended local therapy was extended due 
to the additional identification of small lesions with P-MRI scans, resulting in the preven-
tion of short-term reinterventions for new intrahepatic lesion development after treatment. 
P-MRI scanning aids in surgical planning, surgeons and/or interventional radiologist are 
preoperatively better prepared in comparison to CT scan alone, which might result in 
more curative resections and less new intrahepatic CRLM formation quickly after surgery. 
However, these lesions might be detected during local treatment anyway with intraoperative 
ultrasound or other additional techniques as NIRF-guided surgery, which has the potential 
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to detect additional small superficial lesion in approximately 15% of the patients.(11, 16) 
All current studies still advocate repeated therapy or resection to treat all CRLM, including 
recurrent CRLM, to improve survival rate.(17, 18) In addition, liver parenchyma sparing 
therapy improves 5-year survival rates, because repeated therapy can be applied if desired.
(19) Therefore, accurate imaging can aid in proposing the most suitable treatment strategy, 
prevent reinterventions and treat as liver parenchyma sparing as possible. In combination 
with supplementary techniques, like NIRF guided surgery and intra-operative ultrasound, 
not only detection of CRLM will increase, also radical resection rates will improve and 
reinterventions can be prevented, all resulting in improved patient outcome. Therefore, 
future studies should also focus on the bundling of all pre- and intraoperative techniques.

Our study has several limitations. Due to the retrospective study design, decision making 
was retrospectively collected, however, consecutive patients were included and image and 
treatment plan evaluation during the MDT meetings was performed in real time and well-
documented in the electronic patient charts. This resulted also a non-standardized assess-
ment of the scans by four different radiologists. Differences between CT scans and P-MRI 
scans could be explained due to the differences between readers. Furthermore, readers were 
not blinded for the CT scans during P-MRI scan assessment. However, this resulted in a 
realistic representation of the “everyday practice”. Additionally, the follow-up scans were CT 
scans and not P-MRI scans because follow-up is performed according to the current national 
guidelines. Time-interval between obtaining the P-MRI scan and the actual treatment might 
be of influence. But, we found no significant differences for both the origin of acquirement 
of CT scans or for the time-interval. Sensitivity and specificity could not be calculated based 
on our study results without introducing bias. Moreover, sensitivity and specificity have 
been examined extensively in multiple studies, and will be of no additional value. Finally, 
we can interpret our results only by looking at the patient’s clinical course, based on which 
the treatment plan proposition using P-MRI scan had an accuracy of 93%. However, we 
have no proof that these treatment propositions were superior to the treatment propositions 
based on the CT scans, especially, those in whom the patients were administered conversion 
therapy instead of upfront local therapy, as described above.

To conclude and most importantly, our study is a display of the clinical decision making 
in a Dutch academic center, underlining the added value of a P-MRI scan in the entire 
treatment process of CRLM, improving cancer care and clinical outcome for these patients. 
In which we showed that P-MRI scans provide additional information that can aid in pro-
posing the most suitable treatment and might prevent short-term reintervention of patients 
with CRLM. Incorporating an P-MRI scan in the work-up of CRLM patients can improve 
treatment proposition and clinical outcome compared to CT scanning alone.
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Abstract

cRGD peptides target integrins associated with angiogenesis (e.g., αvβ3) and cancer, and 
have been used as binding ligands for both positron emission tomography (PET) and 
near-infrared fluorescence (NIRF) optical imaging. This study introduces the hybrid tracer 
cRGD-ZW800-1-Forte-[89Zr]Zr-DFO, which is based on a novel zwitterionic fluorophore 
structure that reduces non-specific background uptake during molecular imaging of tumors.

An in vitro binding assay was used to validate tracer performance. 10 nmol ZW800F-
cRGD-Zr-DFO was injected in mice (n=7) bearing orthotopic human colorectal tumors 
(HT29-luc2) for tumor detection with NIRF imaging. Subsequently, ZW800F-cRGD-
Zr-DFO was loaded with 89Zr and 10 nmol cRGD-ZW800-1-Forte-[89Zr]Zr-DFO (3 
MBq) was injected in mice (n=8) for PET/CT imaging. Imaging and biodistribution was 
performed at 4 and 24 h. NIRF imaging was performed up to 168 h after administration.

Sufficient fluorescent signals were measured in the tumors of mice injected with 
ZW800F-cRGD-Zr-DFO (emission peak ~800nm) compared to the background. The 
signal remained stable for up to 7 days. The fluorescence signal of cRGD-ZW800-1-Forte-
[89Zr]Zr-DFO remained intact after labeling with 89Zr. PET/CT permitted clear visualiza-
tion of the colorectal tumors at 4 and 24 h. Biodistribution at 4 h showed the highest uptake 
of the tracer in kidneys and sufficient uptake in the tumor, remaining stable for up to 24 h.

A single molecular imaging agent, ZW800F-cRGD-[89Zr]Zr-DFO, permits serial PET 
and NIRF imaging of colorectal tumors, with the latter permiting image-guided treatment 
intraoperatively. Due to its unique zwitterionic structure, the tracer is rapidly renally cleared 
and fluorescent background signals are low.
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Introduction

Up to 50% of patients diagnosed with colorectal cancer have either obvious or occult metas-
tases. Initially the liver tends to harbor metastases, but peritoneal and pulmonary metastases 
arise as well, either synchronously or metachronously.(1) Patients with metastases require a 
different form of therapy (e.g. liver metastasectomy, HIPEC, palliative treatment) compared 
to those without. Therefore, selection of truly non-metastatic patients who will benefit from 
curative-intended surgery is of paramount importance. For those receiving surgery, complete 
resection of the primary tumor with minimal morbidity is the goal. Although resection of 
primary tumors in the upper colon is straightforward, lower rectal resections are extremely 
difficult when preservation of rectal function is intended.(2)

Currently, distinguishing fibrosis, inflammation, and viable tumor tissue remains difficult 
both preoperatively and intraoperatively, especially in patients who received neoadjuvant 
chemoradiotherapy. As a consequence, even patients with a pathological complete response 
need to undergo resection, with potentially major complications, or an ostomy, as a result. 
During surgery, differentiation between malignant and benign tissue is mostly performed by 
visual inspection and palpation, being subjective and inaccurate. Near-infrared fluorescence 
(NIRF) imaging is an optical technique that permits real-time visualization of tumors during 
surgery using targeted fluorescent tracers.(3) Several clinical studies have demonstrated suc-
cessful intraoperative identification of various tumor types.(4-6) However, NIRF imaging 
has an important drawback; it has a limited depth penetration of approximately 5-8 mm.(7, 
8) Therefore, small metastatic tumor deposits located deeper or outside the surgeon’s field of 
view cannot be directly identified.

To improve the management of patients diagnosed with colorectal cancer, biomedical 
imaging needs to meet two main requirements: 1) accurate identification of metastatic 
disease to preoperatively select those patients who will ultimately benefit from surgery, 
and, 2) real-time visualization of tumor margins in order to minimize surgical morbidity. 
Furthermore, obtaining market approval for even a single drug typically costs hundreds of 
millions of dollars and over seven years of time. There is therefore great need to develop 
single contrast agents (drugs) that have more than one indication.(9)

Several prior reports have combined radioscintigraphy and optical imaging to perform 
these tasks. The first ex vivo study with dual-labeled girentuximab, an antibody targeting car-
bonic anhydrase IX (CAIX), demonstrated that the combination of radionuclide (SPECT) 
and fluorescence imaging is feasible.(10) Full-length antibodies have long serum half-lives, 
though, resulting in non-specific background fluorescence after injection, and imaging 
possible only four to seven days later. In addition, they have the potential for adverse im-
munological reactions, and are costly to produce.

This paper focuses on a small molecule imaging agent that can be used to improve the 
care of colorectal cancer patients. This agent is based on the tripeptide Arg-Gly-Asp (RGD), 
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which targets various integrins (αvβ1, αVβ3, αvβ5, αvβ6, αvβ8, α5β1, α8β1 and αIIbβ3), 
some of which are overexpressed on tumor cells and tumor-associated vascular endothelium, 
correlating with neoangiogenesis.(11) Indeed, multiple tumor types have successfully been 
identified in several phase I and II clinical trials with RGD-based PET tracers.(12-14) In 
our previous preclinical study (15), cyclic RGD (cRGD) was conjugated to the near-infrared 
(NIR) fluorophore ZW800-1. Intravenous administration of cRGD-ZW800-1 permitted 
in vivo fluorescence imaging of multiple tumor types in mice. A clinical study investigating 
cRGD-ZW800-1 in patients is currently ongoing (NL6250805817).

ZW800-1 Forte is a novel zwitterionic NIR fluorophore that has the potential to further 
improve the tumor-to-background ratio because of its unusually high stability in vivo.(16) A 
disadvantage of the previously described cRGD-ZW800-1 agent for use with long half-life 
tracers, such as 89Zr, is its short-lived stability in serum. We therefore focus in this paper on 
a hybrid tracer with a more stable NIR fluorophore variant ZW800-1 Forte (ZW800F), 
which retains the zwitterionic motif known to reduce non-specific background in non-
tumor tissues.(17) We aim to assess the feasibility to perform PET and NIR fluorescence 
imaging of tumors with a single injection of ZW800F-cRGD-Zr-DFO.

Methods

Figure 1 gives an overview of the study design and study purposes.

Figure 1: Study design and purposes.
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Tracer synthesis and labeling procedures
Synthesis of tracer cRGD-ZW800-1-Forte-[89Zr]Zr-DFO (cRGD-ZW800F-[89Zr]Zr-
DFO), and labeling procedures are extensively described in the supplementary data file. 
In short, commercially available deferoxamine (DFO) was pre-loaded and coupled to an 
activated boc-L-glutamic acid 1 tert-butyl ester (NHS-ester) to produce Boc-Glu(OtBu)-
DFO[Fe]. The near-infrared contrast agent ZW800F was conjugated to the L-GLU-DFO[Fe] 
compound using a pre-activated NHS-ester. The remaining carboxyl group on the glutamic 
acid was converted into a TFP-ester using EDC/TFP in a MES buffer. The TFP-ester was 
reacted with commercially available cRGDyK to produce ZW800F-Glu(cRGDyK)-
DFO[Fe]. Hereafter, 0.49 mL 0.5 M HEPES and 20 µL 2 mM cRGD-DFO-ZW800F were 
added to 100 µL 1 M oxalic acid containing 56.3 MBq of zirconium (mixed and reacted 
with 37 µL 0.9% NaCl and 45 µL 2M Na2CO3) and applied to a tC18 Sep-Pak, which was 
preconditioned with 10 mL ethanol and 10 mL water. After washing and collection of the 
product it was formulated to achieve a dose of 10 nmol/3 MBq ZW800F-cRGD-[89Zr]
Zr-DFO per mouse, and was immediately injected. For preparation of ZW800F-cRGD-Zr-
DFO 100 µL 1 M oxalic acid containing 400 nmol (2 equivalents) of zirconium was used 
(mixed and reacted with 345 µL 0.9% NaCl and 45 µL 2M Na2CO3). Stability results are 
presented in Figure 2A.

The absorbance peak of the previously described cRGD-ZW800-1 is 773 nm.(15) The 
hybrid tracer ZW800-1 Forte variant has two absorbance peaks, a dominant one at 754 nm 
and a minor one at 680 nm. DFO was used to enable radiolabeling with the isotope zirco-
nium-89. Because of its long half-life, 89Zr has the major advantage of permitting imaging 
long after injection, when most background has cleared from the body. To match the long 
radioisotope half-life, the ZW800-1 Forte variant was used instead of ZW800-1. Chemical 
structures are displayed in Figure 2B.

In vitro binding assay
To evaluate the binding capacity of ZW800F-cRGD-Zr-DFO in vitro, the human colorectal 
cell line HT29-luc2 was used. Experiments were performed in triplicate. The cells were 
plated in a 96-well plate at a density of ~40,000 cells per well. At 90-100% confluence, cells 
were washed and incubated with various concentrations of ZW800F-cRGD-DFO at 37⁰ C 
for 1 h. The cells were then washed. Subsequently, the cells were imaged using the Odys-
sey NIR scanner (LI-COR Biosciences, Lincoln, Nebraska; 800 nm channel) to quantify 
the fluorescence intensity. Next, cells were permeabilized with a 40/60 mixture of acetone 
and methanol followed by a washing step and 5 minutes incubation with ToPro3 (1/2000, 
Invitrogen), a far-red fluorescent dye. The wells were then washed again and imaged with the 
Odyssey scanner (700 nm channel) to quantify the number of cells in each well. No negative 
cell line could be used, because none of the cells are negative for cRGD-binding integrins. 
For example, the αvβ3 negative cell line HT-29 shows high expression of integrin avb5.(15)
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In vivo tumor model
For in vivo PET and fluorescence imaging, the previously described orthotopic colorectal 
tumor model with HT29-luc2 cells was used.(15, 18) In short: six week-old athymic female 
mice (CD1-Foxn1nu, Charles River Laboratories, Wilmington, MA, U.S.A.) were housed 
in ventilated cages. To induce subcutaneous tumors, colorectal cancer cells (HT-29) were 
injected at 4 sites on the back (500,000 cells per spot). Subsequently, these colorectal tumor 
cells were transplanted to the colons of fresh mice, as described by Tseng et al.(19) Tumor 
growth and potential metastases were checked regularly using luciferin and in vivo biolumi-
nescence imaging with the IVIS Spectrum (In Vivo Imaging System, PerkinElmer, Waltham, 
MA, U.S.A.). The Animal Welfare Committee of Leiden University Medical Center ap-
proved all animal experiments for animal health, ethics, and research. All animals received 
humane care and maintenance in compliance with the “Code of Practice Use of Laboratory 
Animals in Cancer Research” (Inspectie WandV, July 1999).

Figure 2: Stability results and chemical structures.
A: Stability results over 7 days. B: Chemical structures
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Fluorescence imaging
Evaluation of fluorescence imaging with ZW800F-cRGD-Zr-DFO was performed with 
zirconium-90, a non-radioactive isotope, this was done to meet the radiation hygiene re-
quirements for the optical imaging facility. Animals were imaged using the Pearl® imager 
(LICOR, Lincoln, NE, U.S.A.). The Pearl® imager uses an excitation laser of 785 nm and 
detects all fluorescence above 800 nm. Based on previously achieved results with cRGD-
ZW800-1, all mice were imaged at 4 h and 24 h post injection.(15) Tumor-to-background 
ratios (TBRs) were calculated by dividing the tumor signal by the background signal (colon 
without tumor). After sacrificing the mice, all organs were collected and imaged using the 
Pearl® to evaluate the biodistribution based on fluorescence signals.

In vivo comparison of cRGD-ZW800-1 and ZW800F-cRGD-Zr-DFO
For evaluation of the stability and tumor-specificity of ZW800F-cRGD-Zr-DFO, the TBRs 
and fluorescence signal in the tumor obtained with the hybrid tracer were compared with the 
previously reported results with ZW800-cRGD-1.(15) In that study, mice bearing orthotopic 
HT29-luc2 tumors were injected with the optimal dose of 10 nmol cRGD-ZW800-1 and 
imaged at 4 h and 24 h post injection. Therefore, seven mice bearing orthotopic HT29-luc2 
tumors were injected with 10 nmol ZW800F-cRGD-Zr-DFO. Bioluminescence imaging 
was performed with luciferin and the IVIS Spectrum to compare the size of each orthotopic 
HT29-luc2 tumor. The percentage decrease in fluorescence intensity (arbitrary units; AU) at 
24 h compared to 4 h and TBRs were calculated. To assess the stability of the fluorescence 
signals in vivo, mice bearing subcutaneous HT29-luc2 tumors were injected with 10 nmol 
ZW800F-cRGD-Zr-DFO. The signals in the tumors and background were measured up to 
168 h post injection with the Pearl® imager. Furthermore, a complete biodistribution was 
performed and assessed with the Pearl® imager at 24 h (n=3). The fluorescence signals of the 
organs compared to the tumor (organ-to-tumor ratio; OTR) of both tracers were evaluated. 
Because of the differences in excitation wavelengths of ZW800-1 and ZW800F and the 
fixed excitation wavelength of the Pearl® imager, the TBRs and the OTRs were compared 
instead of the fluorescence intensity of the tracers.

PET/CT
Animals were imaged with a dedicated small animal NanoPET/CT scanner (Mediso Ltd., 
Hungary) at VU University Medical Center. Eight mice bearing orthotopic HT29-luc2 
tumors were each injected with 10 nmol cRGD-ZW800F-[89Zr]Zr-DFO(3 MBq). Mice 
were anesthetized by inhalation of 2% isoflurane and scanned at 1, 4 and 24 h post injection. 
A CT scan was acquired prior to the PET scan and was used for morphological correlation 
and for attenuation and scatter correction purposes. Reconstruction was performed with a 
fully 3-dimensional (3-D) reconstruction (Tera-Tomo; Mediso Ltd., Hungary) with four 
iterations and six subsets, resulting in an isotropic 0.4 mm voxel dimension. The scanner was 
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cross-calibrated with the dose calibrator and well counter, enabling the derivation of accurate 
standard uptake value (SUV) measures. Biodistribution was performed at 4 h (n=4) and 24 
h (n=4) post-injection. After sacrificing the mice, all organs and several tissues were excised 
to determine the percentage of the injected dose per gram (%ID/g) with the gamma counter 
to evaluate biodistribution. Tumor visualization and biodistribution with NIRF imaging us-
ing ZW800F-cRGD-Zr-DFO were compared with PET/CT using cRGD-ZW800F-[89Zr]
Zr-DFO.

Statistical analysis
GraphPad Prism software (version 7.0, GraphPad Software Inc., La Jolla, California, U.S.A.) 
was used for statistical analyses. All values were reported using mean and standard deviation, 
unless otherwise described. For all in vivo studies at least three mice per group were included 
in order to be able to perform statistical power. Statistical significance for comparison of 
TBRs of the Pearl®, and comparison of fluorescence intensity of tumors, was determined 
using an independent t-test. Differences in the biodistribution were calculated by two-way 
analysis of variance (ANOVA). Group means were calculated for continuous data and me-
dians were calculated for discrete data (scores). Test statistics were calculated on the basis of 
exact values for means and pooled variances. All tests were two-sided and in all an alpha of 
5.0% was used.

Results

Stability of cRGD-ZW800F-[89Zr]Zr-DFO
HPLC at 780 nm of ZW800F-cRGD-Zr-DFO demonstrated a stable product up to 7 days 
after labeling with 89Zr (Supplementary Information S1).

In vitro binding assay
A binding assay with ZW800F-cRGD-Zr-DFO on HT29-luc2 cells showed an almost 
linear increase in fluorescence intensity with increasing concentrations (Figure 3A).

Comparison of cRGD-ZW800-1 and ZW800F-cRGD-Zr-DFO
Clear tumor demarcation was possible in the mice that were injected with ZW800F-cRGD-
Zr-DFO. Figure 3B shows the concordance between the bioluminescent signal of the tumor 
measured with the IVIS and the fluorescent signal measured with the Pearl. In one mouse, 
bioluminescence showed a metastasis, which was also detected by NIR fluorescence imaging.

TBRs obtained in mice injected with ZW800F-cRGD-Zr-DFO were significantly 
higher (p=0.03) than those injected with cRGD-ZW800-1 at 24 h (Figure 4A). The fluo-
rescence intensity of the tumor remained more stable using ZW800F-cRGD-Zr-DFO: only 
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a decrease in intensity of 37% was observed between 4 and 24 h, compared to a 56% 
decrease in mice injected with cRGD-ZW800-1. In the subcutaneous HT29-luc2 tumor 
model, ZW800F-cRGD-Zr-DFO demonstrated a similar decrease of 33% ± 5.1% at 24 h 
(Figure 4B). Approximately 50% of the fluorescence signal in tumors remained at 48 h post 
injection and approximately 20% of the signal remained at 7 days post injection (Figure 3).

The organ-to-tumor ratio (OTR) measured at 24 h (Figure 4C) demonstrated that 
conjugation of DFO did not significantly change distribution. In fact, even better results 
were obtained, with background in the liver, skin, intestines and all other organs at least 
half as fluorescent as the tumor. The only exception was the kidney, which is expected since 
the tracer predominantly shows renal clearance. The biodistribution of ZW800F-cRGD-
Zr-DFO at 4 and 24 h, expressed in fluorescent intensity (AU) is shown in Figure 5A-B. As 
expected, the fluorescence signal in urine and blood decreased rapidly, as well as the signal 
in the kidneys.

PET imaging and biodistribution of cRGD-ZW800F-[89Zr]Zr-DFO
PET/CT imaging at 4 h permitted visualization of colorectal tumors of mice injected with 
cRGD-ZW800F-[89Zr]Zr-DFO (Figure 6). Based on the gamma counter, biodistribution 
at 4 h after injection showed the highest uptake of the tracer in kidneys (16.8±8.6 %ID/g) 
followed by urine, liver, colon content and tumor (0.9±0.1 %ID/g). Biodistribution at 24 
h showed the highest uptake of the tracer in kidneys (8.6±1.0 %ID/g) followed by liver and 
tumor (0.8±0.2 %ID/g). Figure 3 demonstrates the biodistribution of cRGD-ZW800F-

Figure 3: Binding of ZW800F-cRGD-DFO to HT-29 colorectal tumor cells.
A: In vitro binding assay (median and range). B: In vivo binding of ZW800F-cRGD-Zr-DFO to the 
tumor (white arrow) and a peritoneal metastasis (dashed arrow) at 4 h after injection. NIRF imaging 
(Pearl) is in concordance with bioluminescence signals (IVIS).
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[89Zr]Zr-DFO in all organs at 4 and 24 h post injection; the %ID/g strongly decreased 
in urine (-93%), colon content (-82%), blood (-70%), and kidneys (-48%), while it only 
mildly decreased in liver (-20%) and tumor (-14%).

Figure 4: Comparison of cRGD-ZW800-1 and ZW800F-cRGD-DFO.
A: The TBRs obtained with the ZW800F-cRGD-Zr-DFO were significantly higher at 24 h post injec-
tion (p=0.03). B: Tumor-specific signals of ZW800F-cRGD-DFO remained above 50% for up to 2 
days after injection and detectable up to 7 days after injection. C: Organ-to-tumor ratios of cRGD-
ZW800-1 compared to ZW800F-cRGD-Zr-DFO at 24 h after injection. The ratios are lower and 
more favorable for ZW800F-cRGD-Zr-DFO. *: significant differences
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Figure 5: Biodistribution studies.
A: Biodistribution of cRGD-DFO[89Zr]-ZW800F measured with the gamma counter. B: Biodistribu-
tion of ZW800F-cRGD-Zr-DFO measured with fluorescence imaging (Pearl).
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Discussion

This study demonstrates the feasibility of identifying tumors preoperatively and intra-
operatively using a single 89Zr-labeled or unlabeled molecule. Our hybrid tracer, cRGD-
ZW800F-[89Zr]Zr-DFO, permits both nuclear as well as NIRF imaging, with optimal 
results for each obtained at 24 h post-injection. Due to the use of the more stable variant of 
the zwitterionic fluorophore ZW800-1 Forte, superior results were obtained in comparison 
to cRGD-ZW800-1, thus enabling NIRF imaging for a longer time interval, up to seven 
days, and with lower background.

PET imaging using RGD-based tracers has proven to be successful in several clinical 
studies including multiple solid tumor types, such as breast, colorectal, pancreatic, and 
head and neck cancer.(12, 20, 21) For example, in a multicenter study, fluorine-18 labeled 
fluciclatide showed reproducibility in patients with several tumor types (e.g. renal cell 
carcinoma, breast cancer, rectal cancer) and no side effects were reported. Consistent with 
its zwitterionic chemical structure, the biodistribution of cRGD-Zr89Z was satisfying due 
to the relatively low background activity, especially when compared to previously reported 
RGD results. For example, Zhai et al., performed experiments with an RGD tracer, also 
radiolabeled with 89Zr, conjugated to fusarine C (FSC).(22) FSC is comparable to DFO 

 

 

  

Figure 6: PET/CT of mice.
Tumor specific signal of HT29 colorectal tumors (with arrow) at 4 h after injection of ZW800F-
cRGD-[89Zr]Zr-DFO. Also visible are the liver and bladder (dashed arrow).
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but [89Zr]FSC was found to be even more stable than [89Zr]DFO in blood due to its cyclic 
structure. Nonetheless, in comparison with our tracer, their biodistribution obtained with 
[89Zr]FSC-RGD at 4 h was less favorable: for all organs, except kidneys, a significant higher 
uptake (%ID/g) was present. For spleen, intestines, heart, lung, muscle and bone, the tracer 
uptake of [89Zr]FSC-RGD was at least 3 times higher than the uptake of cRGD-ZW800F-
[89Zr]Zr-DFO, for liver and pancreas the tracer uptake was at least twice as high for [89Zr]
FSC-RGD compared to cRGD-Zr89Z. Despite the use of a more stable radiometal chela-
tor, FSC, our biodistribution was, therefore, more favorable, even with an extra structure 
conjugated, the fluorophore ZW800F. Another study of Li et al., evaluating a dual-labeled 
RGD agent, 111In-DTPA-Lys(IRDye800)-c(KRGDf), allowing single photon emission 
computed tomography (SPECT) and fluorescence imaging of human melanoma xenografts.
(23) The tracer distribution at both 4 and 24 h after injection was also less favorable than 
presented in the current study: higher uptake (%ID/g) was present in all organs, including 
the kidneys.

With regards to 89Zr, in the feasibility study of Heuveling et al., 89Zr-nanocolloidal albu-
min was locally injected in the oral cavity or neck of patients, 24 hours prior to surgery for 
the detection of the sentinel lymph node in oral cavity cancer.(24) Peroperatively, surgeons 
used a gamma probe to detect the radioactive lymph node(s).

Our vision for the use of 89Zr-labeled PET/optical tracers, such as ZW800F-cRGD-Zr-
DFO, though, is to avoid radiation exposure to surgical caregivers, while also optimizing im-
aging results. A single injection of cRGD-ZW800F-[89Zr]Zr-DFO for both PET and optical 
imaging is inappropriate because the dose required for optical imaging is over 1,000-times 
higher than the dose required for PET imaging, which would result in an abnormally 
low specific activity (i.e., blocking) during PET. We avoid this problem by injecting the 
agent serially. All patients would receive tracer levels, typically < 1 µg of the labeled cRGD-
ZW800F-[89Zr]Zr-DFO and PET would be used to select those eligible for surgery. Then, 
preoperatively, unlabeled ZW800F-cRGD-Zr-DFO would be injected and NIRF imaging 
can be used for real-time intraoperative margin detection for treatment.

Contrast agents such as DFO-cRGD-ZW800-1 minimize the overall cost and time of 
market approval. Using two different molecules for pre-surgical staging and intraoperative 
imaging would mean double the cost and time, because each chemical entity would require 
separate market approval. Developing a single drug with two different indications greatly 
decreases both the costs and time required to have both indications available to patients. The 
savings could be as high as $ 100M and 7 years.(9)

Finally, another advantage of our dual-labeled zwitterionic tracer is its renal clearance, 
which bypasses biliary excretion and renders the abdominal cavity non-fluorescent. This 
should improve identification of primary tumor margins from a variety of tumor, such as 
colorectal, liver, and pancreas, as well as identification of occult intra-abdominal metastases. 
Of note, despite rather rapid renal clearance of the agent, we recommend imaging at long 
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time points, such as at 24 h post injection, in order to reduce background signal in non-
target organs, and thus increase TBR, as much as possible.

A single molecular imaging agent, ZW800F-cRGD-[89Zr]Zr-DFO, permits serial PET 
and NIRF-guided treatment of colorectal tumors. The tracer is rapidly cleared via the kidneys 
and, due to the use of zwitterionic stable ZW800-1 Forte, fluorescent background signals are 
low. 89Zr-labelled tracer may be used to select patients for surgery. Subsequently, the same 
non-radiolabelled tracer can be used intra-operatively for real-time tumor detection.
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Abstract

Up to 38% of pancreatic and periampullary cancer patients undergoing curative intended 
surgery turn out to have incurable disease. Therefore, staging laparoscopy (SL) prior to 
laparotomy is advised to spare patients the morbidity, inconvenience and expense of futile 
major surgery. The aim of this study was to assess the added value of SL with laparoscopic 
ultrasonography (LUS) and laparoscopic near-infrared fluorescence imaging (LFI).

All patients undergoing curative intended surgery of pancreatic or periampullary cancer 
were included prospectively in this single arm study. Patients received an intravenous infu-
sion of 10 mg indocyanine green (ICG) one or two days prior to surgery to allow LFI. 
Suspect lesions were analyzed via biopsy or resection. Follow-up visits after surgery occurred 
every three months.

A total of 25 patients were included. Suspect lesions were identified in 7 patients: liver 
metastases (n=2; identified by inspection, LUS, and LFI), peritoneal metastases (n=1; identi-
fied by inspection only), and benign lesions (n=4; identified by inspection or LUS). Quality 
of LFI was good in 67% (10/15) of patients dosed one day and 89% (8/9) dosed two days 
prior to surgery. Following SL the primary tumor was resected in 20 patients. Two patients 
(10%) developed metastases within 3 months after resection.

Despite preoperative imaging to identify metastatic disease, metastases are still identified 
during surgery. The current study sows limited added value of LUS and LFI during SL of 
pancreatic or periampullary cancer patients.
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Introduction

Pancreatic and periampullary cancers are dreadful diseases with a poor prognosis. At time 
of diagnosis only 10% to 20% of pancreatic cancer patients is eligible for curative intended 
surgery, but during explorative laparotomy up to 38% of those patients turn out to have 
distant metastases or an unresectable primary tumor.(1) Yet, even after resection with cura-
tive intend, 5-year survival rates are still disappointingly low between 6.8% and 32%.(2) 
Up to 70% of patients with resectable pancreatic cancer suffer from distant metastases, of 
which the majority occurs within 6 months after surgery.(3) These metastases may have been 
present during surgery without being detected. Preoperative imaging modalities, including 
computed tomography (CT) and magnetic resonance imaging (MRI), have low sensitivity 
for subcentimeter peritoneal and liver metastases.(4) Especially superficial metastases are 
difficult to detect. In a disease with such a dismal prognosis, it is important to spare patients 
with incurable disease the morbidity, inconvenience and expense of futile major surgery.

The Society of American Gastrointestinal and Endoscopic Surgeons (SAGES) advocates 
that staging laparoscopy (SL) should be considered in selected patients.(5) Compared to 
explorative laparotomy, SL results in less postoperative pain, a shorter hospital stay and 
chemo- and/or radiotherapy can be administered more often and sooner to patients.(6) The 
chance of an unnecessary laparotomy in patients who appear eligible for curative resection 
based on preoperative imaging decreases from 40% to 17% by performing SL.(7) Moreover, 
metal stents make biliary anastomosis abundant and other palliative bypass surgery can be 
done laparoscopically.

The yield of SL may be amplified by adding laparoscopic ultrasonography (LUS) and 
laparoscopic near-infrared fluorescence imaging (LFI). LUS enables identification of metas-
tases located deep in the liver and, additionally, vascular involvement of the primary tumor 
can be assessed.(8) Open-space fluorescence imaging or LFI using indocyanine green (ICG) 
is a safe and easy method to identify microscopic (sub)capsular liver metastases not yet 
visible by any other means.(9) Yokoyama et al. previously demonstrated that open space 
fluorescence imaging is able to identify additional micrometastases in the liver in 16% of the 
patients with pancreatic cancer.(10)

Although selection of patients for SL is being advised, there is no scientific support, nor 
a consensus on which selection criteria should be used.(11, 12) The current study combines 
SL with LUS and LFI and aims to determine the added value of these three modalities in all 
patients with pancreatic and periampullary cancer before undergoing surgery with curative 
intent.
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Methods

Patients
The clinical study protocol was approved by the local medical ethics review board and con-
ducted in concordance with the Helsinki Declaration of 1975 (as amended in Tokyo, Venice, 
Hong Kong, Somerset West, Edinburgh, Washington, and Seoul), ICH-GCP guidelines, 
and the laws and regulations of the Netherlands. The study protocol has been registered at 
the Netherlands National Trial Register (registry number NTR6639). All subjects provided 
written informed consent prior to the start of any study-related procedure. All patients of 18 
years or older undergoing resection of suspected pancreatic or periampullary cancer at the 
Leiden University Medical Center (LUMC) were eligible for inclusion. Exclusion criteria 
were contraindications for ICG administration: eGFR <55; hyperthyroidism; and allergy 
to iodine, shellfish or ICG. Included patients received standard-of-care, including pancreas-
specific CT scan utilizing a thin-section, multi-phase technique with pancreatic phase and 
portal venous phase images. All patients received water as oral contrast. Additional imaging, 
for example contrast-enhanced MR with 3D-MRCP, (endoscopic) ultrasound or FDG-PET, 
was performed if deemed necessary by the multidisciplinary team. Patients who did not 
provide informed consent or those who were included in other trials still received SL, but 
without LUS and LFI.

Staging procedure
Patients received 4 mL 2.5 mg/mL (10 mg in total) ICG one day prior to surgery to allow 
intraoperative LFU of the liver surface. This dose and dosing time was based on previous ex-
periences.(13) Before laparotomy, SL was performed via two ports of 10 mm and one port of 
5 mm: a subumbilical port and two ports along the planned laparotomy line. Laparoscopic 
inspection of the abdomen was performed, including the parietal and visceral peritoneum, 
the pelvis, the liver, the porta hepatis, the gastrohepatic omentum, the duodenum, the 
transverse mesocolon and celiac region. Second, LUS (with or without Doppler; Toshiba 
Aplio 300, with a laparoscopic probe) of the liver was performed by a trained surgeon. 
LFI of the liver surface was performed lastly using a high-definition fluorescence imaging 
system (Karl Storz GmbH & Co. KG, Tuttlingen, Germany). Lesions with a fluorescent rim 
were considered suspect. Quality of fluorescence imaging was divided into three categories: 
good, meaning that healthy liver was dark and bile ducts and/or intestines were fluorescent; 
medium, meaning that healthy liver showed some remaining fluorescence; or bad, meaning 
that the liver was either totally fluorescent or totally dark and no fluorescence was seen in 
bile ducts nor intestines. The categories medium and bad were considered insufficient for 
adequate fluorescence imaging. We hypothesized that cholestasis would decrease the quality 
of fluorescence imaging at one day after ICG administration. If so, dosing time would be 
extended to two days before surgery.
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Any lesions suspect for metastases based on inspection, LUS or LFI were sampled and 
analyzed, either by biopsy or by resection. In case of multiple lesions with similar appearance 
on inspection, LUS and LFI, only one biopsy was taken. Histopathological examination was 
considered the gold standard. The surgical procedure continued via laparotomy if the tumor 
appeared to be resectable and no metastases were identified.

Follow-up
Follow-up occurred according to the local standard protocol, including a visit every three 
months to the surgical outpatient clinic of surgery in conjunction with the department of 
oncology. A CT scan was performed only if loco-regional or metastatic disease was suspected.

Outcomes
Main outcome of this study was the percentage of averted futile laparotomies. Secondary 
outcome was the accuracy of the diagnostic modalities. Findings of SL, LUS, LFI were 
compared with histopathological examination of intraoperative biopsies, findings after 
laparotomy and finally, with follow-up results until at least the first visit to the outpatient 
clinic (i.e. approximately 3 months after surgery).

Statistics
Using A’Hern’s single-stage phase II trial design and alpha=0.05 and power=80%, 25 patients 
were needed to distinguish between an averted laparotomy rate of 30% (worth exploring in 
a Phase III trial) and 10% or less (unacceptable outcome).(14) This required at least six 
averted laparotomies to reach the positive endpoint. Comparing the means of two groups 
was performed using a two-tailed t-test in SPSS (version 23.0, IBM Statistics, US).

Results

Patient characteristics
Twenty-five patients were included between January 2016 and April 2017. Patient and tumor 
characteristics are summarized in Table 1. Three patients received neoadjuvant therapy. One 
patient was treated with gemcitabine and radiotherapy, two patients with FOLFIRINOX. 
In one patient a liver metastasis was already suspected based on preoperative imaging, but no 
histopathological diagnosis could be obtained. During SL a liver metastasis was confirmed 
by histopathological examination.
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Averted laparotomies and accuracy of SL
In 16% (n=4) the surgeon decided to stop the procedure after completion of the SL due 
to the detection of apparent metastases. Two patients had liver metastases, which could be 
identified with inspection, LUS and LFI. One patient had developed peritoneal metastases, 
which were – as expected – only visible with inspection. In the fourth patient LUS showed a 
suspect lesion in the liver, while inspection and LFI were negative (Figure 1). Intraoperative 
frozen section analysis suspected an adenocarcinoma, whereupon the surgical procedure was 
stopped. The pathological diagnosis was revised postoperatively into a bile duct adenoma 

Table 1. Patient and tumor characteristics.

Patient and tumor characteristics

Gender, % (n)

Female 32 (8)

Male 68 (17)

Age at surgery, median (range) 67 (51-83)

Neoadjuvant therapy, % (n)

Chemotherapy 12 (3)

Radiotherapy 4 (1)

Origin of primary tumor, % (n)

Pancreas 78 (17)

Duodenum 12 (3)

Ampulla of Vater 12 (3)

Distal common bile duct 8 (2)

Radiological characteristics, % (n)

≥ cT3* 28 (7)

cN1 16 (4)

Size of tumor (mm), % (n)*

Not measurable 24 (6)

≥ 3 cm 36 (9)

< 3 cm 40 (10)

Laboratory values, median (range)

CEA (µg/L) 3.0 (0.2-18.8)

CA19.9 (kU/L) 132 (3-3426)

Total bilirubin (µmol/L) 48 (6-376)

Alkaline phosphatase (U/L) 243 (57-684)

γ-glutamyl transpeptidase (U/L) 182 (12-2159)

* The tumor could not be measured in 6 patients.
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after subsequent immunohistochemistry. The patient underwent a laparotomy and resection 
four days later and remained without metastases up to 4.5 months of follow-up.

Three other suspect lesions were resected in three other patients during SL, but turned 
out to be benign. All three were assessed as suspect based on inspection only. LFI did not 
result in false-positive outcomes. Altogether, accuracies were 57%, 57%, and 86% for 
inspection, LUS and LFI, respectively. In 8% (n=2) a laparotomy was performed, but the 
primary tumor appeared to be locally irresectable due to vascular involvement.

 

Figures 

Figure 1. Quality of near-infrared fluorescence imaging. 

Upper figures: In the majority of patients ICG was cleared sufficiently from healthy liver tissue (star) 

if administered 2 days before to surgery. The gall bladder (arrow) was used as a positive control. In 

33%, the liver still showed significant background fluorescence if ICG was administered 1 day prior to 

surgery. 

Lower figures: ICG administered 1 day showed insufficient clearance regardless of cholestatic 

laboratory values. 

 

  

Figure 1. Quality of near-infrared fluorescence imaging.
Upper figures: In the majority of patients ICG was cleared sufficiently from healthy liver tissue (star) 
if administered 2 days before to surgery. The gall bladder (arrow) was used as a positive control. In 
33%, the liver still showed significant background fluorescence if ICG was administered 1 day prior 
to surgery.
Lower figures: ICG administered 1 day showed insufficient clearance regardless of cholestatic labora-
tory values.
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Quality of near-infrared fluorescence imaging
Results are shown in Figure 2. None of the patients experienced any adverse events related 
to administration of ICG. Fifteen patients received their dose of ICG one day prior to 
surgery. In 67% of the patients (n=10) the quality was good, resulting in sufficient visualiza-
tion of potential liver lesions. Due to reduced ICG clearance in 20% of the patients (n=3), 
the quality was medium, while in 13% (n=2) the liver was still completely fluorescent. No 
significant differences were seen in laboratory tests for cholestasis between patients with 
sufficient or insufficient quality of LFI. ICG was cleared sufficiently by the liver in eight out 
of nine patients (89%) who were administered ICG two days prior to surgery. The surgical 
procedure of one patient was postponed after ICG administration with five days due to 
clinical reasons. During SL no fluorescence signal was detected at all.

Follow-up
The median follow-up time of all included patients was 7.8 months (range 2.7-12.6). Liver 
metastases were diagnosed in 20% (n=5) of the patients in whom the primary tumor was 
resected. In two patients, liver metastases were diagnosed within three months after surgery. 
None were detected during SL or subsequent laparotomy. When including these lesions, 
accuracies of diagnostic modalities decreased to 44%, 44% and 67% for inspection, LUS 

 

Figure 2. Laparoscopic near-infrared fluorescence imaging. 

Laparoscopic near-infrared fluorescence imaging could demarcate liver metastases (note the 

characteristic fluorescent rim), but not peritoneal metastases. Furthermore, discrimination between 

malignant and benign lesions such as bile duct hamartoma was clear due to the absence of 

fluorescence in the latter (arrow). In two patients, abnormal fluorescent spots were visible, without 

a characteristic rim (arrow heads). These lesions were not biopsied, but the patients developed liver 

metastases within 3 months after surgery. 

 

 

Figure 3. False-positive lesion. 

A lesion suspected to be a metastasis was detected and biopsied with laparoscopic imaging (arrow). 

Near-infrared fluorescence imaging did not show any fluorescence signal, even though the lesion 

was located 7 mm below the liver capsule. The final diagnosis was a bile duct hamartoma. 

Figure 2. Laparoscopic near-infrared fluorescence imaging.
Laparoscopic near-infrared fluorescence imaging could demarcate liver metastases (note the character-
istic fluorescent rim), but not peritoneal metastases. Furthermore, discrimination between malignant 
and benign lesions such as bile duct hamartoma was clear due to the absence of fluorescence in the 
latter (arrow). In two patients, abnormal fluorescent spots were visible, without a characteristic rim 
(arrow heads). These lesions were not biopsied, but the patients developed liver metastases within 3 
months after surgery.
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and LFI, respectively. In hindsight, abnormal fluorescence spots were visible in one patient 
who developed miliary liver metastases (Figure 3). However, since no suspect fluorescence 
rim pattern was observed, no biopsies were taken.

Discussion

Several attempts have been made to increase the yield of SL in pancreatic and periampullary 
cancer patients, including use of contrast-enhanced ultrasound, LUS, and selection based 
on preoperative imaging or blood values.(8, 15-20) This is the first study to combine SL 
with LUS and LFI, but not with the desired result. As mentioned, an unselected population 
of patients with periampullary cancer was included in this study. This may have resulted in 
a low a priori probability of metastases (12%; 3/25). In hindsight, including only patients 
with CA 19.9 > 150 U/L or a tumor sized > 3 cm, as suggested in a systematic review 
covering 24 studies (21), would increase the incidence to 21%.(3/14) However, it remains 
disputable if selection of patients for SL should be performed. During this study period all 
patients with pancreatic or periampullary cancer who were not included also received SL 
(without LUS or LFI) before exploratory laparotomy (data not shown). Metastases were 
detected in 16% (5/31) of these patients. Two of these five patients would not have received 
SL with the above mentioned selection criteria. Risking that patients with metastases do not 
undergo SL should be weighed against delaying all procedures with 10 to 15 minutes.

In surgery for colorectal liver metastases, the addition of NIRF imaging to inspection and 
ultrasound doubled the intraoperative detection rate of additional liver metastases from 13% 

 

 

  

Figure 3. False-positive lesion.
A lesion suspected to be a metastasis was detected and biopsied with laparoscopic imaging (arrow). 
Near-infrared fluorescence imaging did not show any fluorescence signal, even though the lesion was 
located 7 mm below the liver capsule. The final diagnosis was a bile duct hamartoma.
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to 25%.(22) In the current study, we aimed to increase the yield of intraoperative screening 
for metastases of pancreatic or periampullary cancers by adding fluorescence imaging, but 
without success. One issue could be that, in contrast to patients with colorectal liver metas-
tases, patients with pancreatic or periampullary cancer are more likely to have reduced ICG 
clearance. Reduced ICG clearance results in nonspecific background fluorescence, which can 
hamper detection of micrometastases. Our study suggest that within this population dosing 
ICG two days prior to surgery results in improved quality of fluorescence imaging than one 
day, regardless of cholestasis laboratory tests.

Apparently, LFI in patients with pancreatic or periampullary cancer has a certain learn-
ing curve. During open-space fluorescence imaging, Yokoyama et al.(10) observed abnormal 
fluorescence spots (larger than 1.5 mm) in 4 patients, but no malignancies could be con-
firmed by histopathological examination. Three of these patients developed liver metastases 
within six months. In the current study, only a rim pattern was considered suspect, based 
on previous experiences with fluorescence imaging of liver metastases.(9, 13) However, 
abnormal fluorescent spots were seen in two patients (Figure 3) and both developed hepatic 
metastases shortly after surgery. The yield of LFI may have been higher if also abnormal spots 
without a rim pattern were analyzed.

LUS was expected to identify intrahepatic metastases and to assess resectability before 
exploratory laparotomy. However, the technique failed to deliver. Instead, it even resulted in 
a false-positive biopsy. The added value of LUS is minimized even further when combined 
with pre-operative MRI scanning, which is already very sensitive for small, intrahepatic 
metastases.(23) However, superficial liver metastases remain difficult to distinguish on pre-
operative imaging. These metastases can be detected with inspection and LFI. The current 
results suggest that there is no added value of LUS during SL when optimal preoperative 
imaging has been performed.

In conclusion, this study showed limited added value of LUS during SL in patients 
with pancreatic or periampullary cancers. Even though LFI had a learning curve, it had the 
highest accuracy compared to inspection and LUS. If ICG is administered two days prior to 
surgery it may have more value in a selected patient population.
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Abstract

In patients with colorectal liver metastases (CRLM) undergoing surgery, almost a third 
of the resections end up being tumor-margin positive. Near-infrared fluorescence (NIRF) 
imaging using indocyanine green (ICG) shows a characteristic fluorescent ‘rim’ surrounding 
the CRLM. By resecting a metastasis with the entire surrounding fluorescent rim, guided 
by NIRF imaging, the surgeon can effectively acquire margin-negative resections. Here we 
describe the surgical technique for using NIRF imaging to assess tumor-margins in vivo in 
patients with CRLM undergoing laparoscopic or robot-assisted resections.

Out of our institutional database we selected 16 CRLM based on margin-status (R0; n 
= 8, R1; n = 8), which were resected by minimally-invasive approach. NIRF images were 
acquired during surgery from both the resection specimen and the wound bed to identify 
potential tumor-positive margins. NIRF images were correlated to histopathological find-
ings.

All lesions with a NIRF positive resection plane in vivo were reported as having a tumor-
positive margin. Lesions that showcased no protruding rim in the wound bed in vivo were 
diagnosed as having a tumor-negative margin in 88% of cases.

Image-guided surgery using real-time ICG-fluorescence has the potential to aid surgeons 
in achieving a tumor-negative margin in minimally invasive liver metastasectomies.
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Introduction

Laparoscopic liver resection is shown to be safe and feasible with concordant oncological 
outcomes compared to open surgery. Unfortunately, both procedures result in a tumor-
positive resection in 28% of cases.(1) According to recent literature, achieving a tumor-
negative resection with a margin of at least 1 mm is associated with improved long-term 
and disease-free survival in patients with metastatic disease isolated to the liver.(2, 3) Hence, 
in order to improve patient outcome, finding effective means to increasing tumor-negative 
resection rates are required.

Image-guided hepatobiliary surgery using near-infrared fluorescence (NIRF) is a tech-
nique which can improve real-time demarcation of tumors located in the liver.(4) NIRF 
imaging, using Indocyanine Green (ICG), has emerged as a promising method for detecting 
colorectal liver metastases (CRLM) in both open and minimally invasive procedures.(5) 
NIRF imaging studies showed an easily identifiable fluorescent rim, caused by the accumula-
tion of ICG in the surrounding hepatocytes, which surrounds the CRLM.(6) These studies 
mainly focused on the identification of additional CRLM not seen on conventional imaging 
modalities prior to surgery. Now, we hypothesize that the surgical removal of the entire 
fluorescent rim, guided by NIRF imaging, can greatly improve tumor-negative resection 
rates during minimal invasive procedures. Improving tumor-negative resection rates could 
potentially lead to prolonged disease-free and overall survival.

Recent developments in fluorescent imaging systems led to a variety of laparoscopic and 
robotic platforms which can display fluorescence and bright field images merged and in real-
time.(7) This eliminates the need to switch between imaging channels which significantly 
reduces any interference with the surgical procedure during fluorescent-guided resections. 
In addition, during NIRF guided laparoscopic liver resections, repeated introduction of the 
ultrasound probe to examine the progress of the resection becomes superfluous, resulting in 
a less interruptions of the procedure.

While the development and adaptation of these technologies in surgeries provide an im-
mense amount of information, interpretation of these fluorescent images and mastering the 
technique of using fluorescence in theatre requires training and experience. In this report, we 
aim to share our institute’s decade-long of experience with NIRF guided liver surgery. More 
specifically, we describe the use of NIRF image-guided CRLM resections during minimally 
invasive (laparoscopic or robotic) procedures. Furthermore, we highlight the advantages of 
this technique in properly assessing tumor margins in vivo using ICG as a contrast agent. 
The technique was explored in a patient cohort composed from our institute’s database to 
represent a variety of possible surgical outcomes.
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Methods

For the purpose of this technical report, CRLM resected by minimally invasive approach 
(laparoscopic or robot-assisted) guided by ICG fluorescence imaging, were selected from 
the institutional database. The composed patient cohort represents a variety of common 
surgical outcomes to display the surgical technique and the interpretation of fluorescent 
signal in vivo, namely: eight lesions with tumor-negative margins in vivo matched by an 
equal number of lesions with tumor-positive margins, resected in the same inclusion period. 
This study was approved by the Institutional Ethics Review Board of the Leiden University 
Medical Center (The Netherlands).

Patients
CRLM were selected from patients that were above 18 years of age, were diagnosed with 
colorectal liver metastases and eligible for minimally invasive surgery with curative intend. 
According to the national protocol all patients underwent either a contrast-enhanced 
abdominal computed tomography (CT) scan and/or gadoxetate disodium (Primovist®) 
enhanced magnetic resonance imaging (MRI) scan prior to surgery. All patients were ad-
ministered 10 mg (5 mg/ml) indocyanine green (Verdye, Diagnostic Green GmbH) 24 
hours prior to surgery, according to the institution’s standard-of-care protocol. The decision 
to perform a laparoscopic or robot-assisted liver resection was based on the localization of 
the lesion(s), patient characteristics, the availability of the robotic system and the surgeon’s 
preferences.

Technique and signal definition
Previous data from our center consistently showed the development of a fluorescent rim 
which encases all CRLM.(4) Hence, the basic principle of our surgical technique relies on 
defining this fluorescent rim as the resection margin and to acquire a tumor-negative resec-
tion by removing the entire fluorescent rim with the metastasis included (Figure 1).

No real-time quantitative method for defining the fluorescent signal intensity during 
the procedure is yet available. Therefore, in vivo fluorescent signals were registered by the 
following classification system: 1) no fluorescent signal, 2) bright fluorescent signal; in case a 
very intense fluorescent signal from liver parenchyma is  This signal is caused by the presence 
of ICG and indicates a protruding tumor rim, or, 3) intermediate fluorescent signal; in case 
a fluorescent light is scattered by normal liver parenchyma. A bright fluorescent signal after 
resection of the CRLM either produced by the resection specimen and/or the wound bed 
was registered as a potential tumor-positive resection (Figure 2).
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Figure 1. Computational model of the liver with a CRLM in segment V/VIII including a fluores-
cent rim around the lesion.
a) Cross-section through the tumor, in b) surrounded by a fluorescent rim caused by the accumulation 
of ICG in immature hepatocytes surrounding the tumor. c) Removing the entire rim should result in 
a tumor-negative resection.

Figure 2. A computer-aided design of the liver showcasing three different scenarios.
a) No fluorescent signal produced by either the liver’s wound bed or the resection specimen. b) Fluo-
rescent rim protruding trough the liver tissue of the resection specimen indicating a potential tumor-
positive resection margin and c) bright fluorescent signal in both the wound bed and protruding 
trough the liver tissue of the resection specimen (potential resection with tumor-positive margin).
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NIRF Systems
The minimally invasive surgical procedures were performed either laparoscopically or robot-
assisted. The following systems were used: 1) Viscera Elite II IR-s200 light engine (Olympus 
Medical Systems, Hamburg, Germany), 2) 1588 AIM platform (Stryker, Waardenburg, 
The Netherlands) 3) da Vinci firefly (Intuitive Surgical, Inc., Sunnyvale, California, United 
States). All are clinically approved and CE (Conformité Européenne) marked. All laparo-
scopic systems were commercially available and equipped with both NIRF imaging and 
regular white light imaging (WLI) modules. This allowed for a real-time coloured overlay 
to be produced. During the procedures a 10 mm 30-degree angled laparoscope was used.

Surgical procedure
Access to the abdominal cavity was acquired by placing a 12 mm port in the umbilicus. 
Peritoneal disease was excluded with laparoscopy before any additional ports were placed; 
pending the location of the target lesion(s) and under the surgeon’s discretion. First, the 
liver was mobilized to facilitate visual inspection of the liver surface and in some cases to 
better access to the metastasis. The liver’s surface is thoroughly inspected visually and the 
entire liver parenchyma is assessed using laparoscopic IOUS. Subsequently, NIRF imaging is 
used to identify the target lesion(s) (Figure 3a, b) and, if present, any additional lesions. All 
acquired NIRF and bright-field images were stored and documented. Fresh frozen sections 
were collected for histopathological confirmation of any suspected lesions. All lesions were 
registered on a case registration form (CRF), according to their anatomical location in the 
liver according to Couinaud’s liver segments.(8)

The fluorescent rim was identified and correlated to the tumor’s location and size using 
IOUS (Figure 3c, d), after which the lesion is demarcated using an electrocoagulation device. 
After demarcation (Figure 3e, f ), the resection is performed using both a vessel sealing device 
(Ligasure, Medtronic, USA) and a laparoscopic compatible Cavitron Ultrasonic Surgical 
Aspirator (CUSA) in case of a laparoscopic procedure. In the robot-assisted procedures, 
the da Vinci Xi Permanent Cautery Hook was used for demarcation and the da Vinci Xi 
vessel sealer with endowrist in combination with bipolar cautery was used to perform the 
parenchymal transection. During the resection, inspection of the wound bed and resection 
plane using NIRF imaging was performed routinely (Figure 3g, h). Any fluorescent signal 
in the wound bed or resection specimen was identified and documented. All NIRF images 
were later analysed and correlated to histopathology. After finalizing the resection, in vivo 
white-light images (WLI) and NIRF images of the wound bed and both sides of the tissue 
specimen were acquired (fig 3i, j). Figure 4a - f shows the chronological documentation of 
the procedure where a NIRF positive resection specimen was observed.
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Histopathology
Directly after surgery, the resected specimen is conserved on ice and transported to the 
pathology department. Prior to gross sectioning, white light images and NIRF images were 
acquired from the complete resected specimen (Figure 4g, h). Within 24 hours after surgery 
and after fixation with formalin, gross sectioning was performed and all bread loafs were 
imaged consecutively to identify the fluorescent rim. Discontinuities of fluorescent rim or 
the absence of overlaying liver tissue was documented as a potentially tumor-positive resec-

Figure 3. Identification and resection of a CRLM using IOUS and NIRF guidance.
Surgical workflow for the identification and resection of CRLM. a) Identification of the lesion in 
segment V using WLI and b) using NIRF. c) Correlation of the lesion’s size with d) the fluorescent 
rim using IOUS. e) Demarcation of the lesion with the permanent cautery hook using WLI and f ) 
using NIRF. g) Regular WLI of the resection plane and h) frequent NIRF imaging is performed to 
check for potential fluorescent spots (no spots on image). i) The wound bed and resection specimen 
in white light and j) NIRF imaging to diagnose fluorescent spots (no fluorescent spots on image). 
CRLM; colorectal liver metastases, IOUS; intraoperative ultrasound, WLI; White Light Imaging, NIRF; 
Near-infrared Fluorescence
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tion margin (Figure 4i, j). Subsequently the macroscopic resection margin is determined 
by the pathologist and the tissue was paraffin embedded. Any additional fluorescent spots 
identified during surgery are embedded separately, regardless of their macroscopic assess-
ment. Slides with a 3 µm thickness were sectioned from FFPE tissue blocks and stained 
with haematoxylin and eosin (H&E) to microscopically assess the lesion and the resection 
margin. A resection margin with a microscopical distance of more than 1 mm from the 
resection plane to the tumor burden is classified as a radical or margin-negative resection 
(R0). While resection margins with less than 1 mm were considered as margin-positive 
resections (R1).(2, 3)

Results

Patients
A cohort was composed, in total consisting of 16 CRLM (out of 14 patients), 8 tumor-nega-
tive resections and 8 resections with tumor-positive margins. Patients were selected from the 

Figure 4: Correlation between in vivo and ex vivo NIRF imaging.
a) Resection of a CRLM in liver segment IVb in normal white light and, b) with NIRF imaging. 
c) Too close proximity of the demarcation line to the d) fluorescent rim might result in a resection 
with tumor-positive margin. e) Suspected resection with tumor-positive margin using WLI and f ) 
confirmed with NIRF. Ex vivo NIRF imaging of the g) front of the lesion and h) from the back show 
the same protruding rim. i) Gross sectioning reveals a potential resection with tumor-positive margin, 
indicated by the yellow arrow. Which is confirmed by NIRF imaging. Later histopathological assess-
ment of the suspected tumor-margin in j) is confirmed by H&E staining. WLI; White Light Imaging, 
NIRF; Near-infrared Fluorescence, H&E; haematoxylin and eosin, L; normal liver tissue, T; tumor tissue
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institute’s database between October 2017 and September 2018. One patient was diagnosed 
with more than one CRLM prior to surgery. In one case, an additional CRLM was identified 
during surgery. In total, 15 wedge resections were performed and one anatomical resection 
of liver segment 2-3. Lesion characteristics are summarized in table 1.

NIRF guided resection
All target lesions were identified using NIRF imaging and displayed a fluorescent rim 
in vivo. Sixteen lesions were resected and sent for histopathological examination. In one 
patient, diagnosed with a local recurrence after ablative therapy, a deviant fluorescent pat-
tern was observed. ICG had accumulated around the previously ablated liver tissue causing 
residual fluorescent signal in both the wound bed and the resection specimen after resection 
of the metastasis. While in all the other cases, the fluorescent rim correlated with the tumor 
location and size. In total, out of the 16 lesions, seven displayed a positive fluorescent signal 
from the specimen’s resection plane in vivo, produced by a protruding rim (Figure 4a - h). 

Table 1. Lesion characteristics.

Lesion characteristics (n=16)

Disease, % (n)

     primary CRLM 94 (15)

     recurrent CRLM 6 (1)

Occurrence, % (n)

     synchronous 19 (3)

     metachronous 81 (13)

Lesion size (mm), median (range) 22.5 (8-37)

Type of surgery, % (n)

     laparoscopic 50 (8)

     robotically assisted 50 (8)

Liver segments, % (n)

     I 0 (0)

     II 19 (3)

     III 6 (1)

     II-III (anat. resection) 6 (1)

     IVa-b 25 (4)

     V 19 (3)

     VI 6 (1)

     VII 6 (1)

     VIII 13 (2)

Blood loss in mL, median (range) 100 (10-500)
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Out of these seven cases, three also showed NIRF signal in the corresponding plane of the 
wound bed (fig 2c). All NIRF signals were scored as a direct fluorescent signal generated by 
the lesion’s rim and, therefore, registered as potential tumor-positive resections. In addition, 
the other nine lesions showed the presence of the normal rim feature on the liver surface with 
no fluorescent signal at either side of the resection plane or wound bed (Table 2).

Histopathology
All lesion showed the presence of a fluorescent rim during ex vivo examination. The median 
lesion size based on histopathological examination was 22.5 mm (range 8-37). Median 
reported resection margin was 5.5 mm for R0 resections. All resection specimens showing 
a protruding rim in vivo and ex vivo were reported as a R1 resection (Figure 4i, j). An 
additional lesion which was identified by NIRF inspection was reported as a 15 mm CRLM 

Table 2. In vivo tumor-margin assessment with NIRF.
In vivo tumor-margin assessed with NIRF imaging of the resection specimen, correlated to the histo-
pathological tumor-margin. In vivo margin assessment correlated in 15/16 cases. Only one false nega-
tive lesion was observed (8.1). In two cases, an additional resection was performed based on the suspi-
cion of a tumor-positive margin (12, 13). NIRF; near-infrared fluorescent, T-margin; tumor-margin.

Tumor margin determined by

Lesion No. In vivo NIRF Histopathology
T-margin
(in mm)

1 Negative Negative 6

2 Negative Negative 16

3.1 Negative Negative 1.2

4 Negative Negative 8

5 Negative Negative 4

6 Negative Negative 1.7

7 Negative Negative 3

8.1 Negative Positive <1

3.2 Positive Positive 0

8.2 Positive Positive <1

9 Positive Positive <1

10 Positive Positive <1

11 Positive Positive <1

12 Positive Negative* <1†

13 Positive Negative* 0†

14 Positive Positive 0

*Assessment after additional resection
†Assessment of initial resection specimen
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with a tumor margin smaller than 1 mm. This lesion showed no protruding fluorescent rim 
in vivo and was therefore reported as false-negative. All other in vivo NIRF negative lesions 
(n = 8) were reported as tumor-negative resections.

Discussion
In this study, we report a technique which can improve surgical margin determination in 
vivo during minimal invasive resections of CRLM, using real-time NIRF imaging with 
ICG. Injecting a low dose of ICG (10mg) 24 hours prior to surgery, enables the surgeon to 
visualize a fluorescent rim surrounding the metastasis. Current results show the concordance 
between the appearance of fluorescent signal in vivo and the histopathological resection 
margin, indicating that complete resection of the fluorescence rim is sufficient for obtaining 
a resection with tumor-negative margins. Our technical approach has the ability to dif-
ferentiate between tumor margins in vivo. The major advancement of this technique comes 
from its ability to potentially increase tumor-negative resection rates in large patient cohorts. 
Although this cohort is not a representation of the patient population in terms of resection 
margins, this report does showcase the technique’s ability to differentiate between tumor 
positive and negative margins in a realistic in vivo environment.

Patients with primary CRLM (synchronous and metachronous) or recurrent patients 
with newly developed metastases could benefit from using this technique. We were able 
to distinguish between tumor margins with high accuracy using our intraoperative NIRF 
workflow (Figure 3). If the resection plane of the specimen shows a direct fluorescent signal 
produced by the protruding tumor rim, a tumor-positive margin is very likely. Residual 
fluorescent signal in the wound bed resulted in a resection with tumor-positive margins in 
all cases, but is found to be less predictive than a protruding rim. In addition, in case no 
fluorescent signal was observed in the resection plane during the procedure, we were able to 
predict a tumor-negative resection in almost all cases.

This study pointed out a subset of patients who might not benefit from this surgical 
technique: patients with local recurrence at the site of previous resection or ablative therapy 
might display a deviant tumor rim. Regenerative tissue or scar tissue from the liver appears 
to retain ICG, therefore, we hypothesize that ICG accumulation in regenerative tissue is 
either caused by accumulation inside immature hepatocytes or caused by the Enhanced 
Permeability and Retention effect (EPR).(9)

NIRF guided resections during minimal invasive procedures provide many advantages.
(5) For instance, the real-time imaging capabilities of NIRF imaging which provides an 
overlay of the fluorescent image on the bright field images significantly simplifies the cor-
relation of the signal to the anatomy. Furthermore, since NIRF is directly incorporated into 
the laparoscopic system, it only requires one port, eliminating the need for additional ports 
or constant switching between instruments required for IOUS.
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Previous reports by Aoki et al. also relied on NIRF imaging with ICG to resect tumors 
from patients with hepatocellular carcinoma and CRLM.(10) In this study, a high dose of 
ICG (0.5 mg/kg) was administered 2-14 days prior to surgery. The high doses of ICG were 
shown to promote passive accumulation in the tumor itself due to EPR effect. This allowed 
differentiation of cancerous tissue from healthy tissue through NIRF imaging. While this 
approach seemed very promising, we believe that highlighting the tumor itself can still 
provide risk of tumor-positive resection margins and potential tumor spill. Furthermore, 
our technique is able to better assess the resection margins by ICG accumulation around the 
tumor. Hence, with NIRF guided resections, the chances of tumor-negative resections are 
more probable.

Image interpretation and the lack of in vivo signal quantification is still found to be 
one of the major hurdles in implementing fluorescent guided surgery on a large scale and 
incorporating it into daily practice.(11) Although an effort is made to develop real-time 
fluorescent signal quantification in vivo, this technique is not available on current clini-
cal systems.(12) Therefore, we feel that implementing the use of NIRF guided surgery in 
new clinical centers might be achieved during a study collaboration to transfer knowledge 
between clinicians and to train new users.

ICG has been used in many surgical interventions as a diagnostic agent.(13-15) The 
relatively low costs and stability in patients make it a favorable contrast agent. Neverthe-
less, ICG is a non-specific fluorescent dye that is either used to visualize organ perfusion 
(e.g. liver perfusion, biliary tract demarcation) or tumors using the EPR-effect. A variety 
of tumor specific fluorescent dyes are being developed to become the next generation of 
diagnostic fluorescent dyes. These dyes visualize the cell’s molecular biology by binding to 
overexpressed receptors specific to one type of tumor, or in some cases specific to multiple 
types of cancer.(16-20) This might enable a more binary approach to discriminate between 
tumor and healthy tissue, since a positive in vivo signal resembles almost certain a resection 
with tumor-positive margin.

When combining a non-specific dye and a tumor-specific protein-dye conjugate that 
emits fluorescent light in separable wavelengths, the surgeon would be able to use the ben-
efits of both techniques. In this ‘dual-channel’ approach, tumor-specific dyes allow tumor 
detection beyond the liver for more accurate disease staging and preventing surgery in ad-
vanced stage metastasized patients.(16) This emphasizes the need for collaboration between 
clinicians, probe developers and camera technicians to further expand the translatability and 
quantification.

However, a rim surrounding the tumor provides a dependable visual assistance for the 
surgeon to better delineate the safety margins and insure tumor-negative resections. Hence, 
the tumor rim is variable in size, but within certain limits (data not shown). This on the 
other hand could be overcome by accurate back table imaging in theatre. Transecting or 
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bread loafing of the resection specimen in theatre allows the surgeon to perform an ad-
ditional resection in case of a fluorescent positive resection margin.(12)

To further study the ability of our technical approach, we started with a large multicenter 
prospective cohort study. In this study the techniques ability to increase tumor-negative 
resection margins will be investigated in a realistic patient cohort. This trial also poses the 
ability to transfer knowledge to other clinicians and to implement this technique into other 
clinics. As part of the studies endpoints, disease recurrence and patient survival will be 
monitored and analyzed at the 6 months and 5-year time point. In this Minimally Invasive, 
ICG-guided Metastasectomy in Patients with Colorectal liver metastases Trial (MIMIC Trial, 
Dutch Trial Register number NL7674) we aim to include 200 patients with the intention 
to improve tumor-negative resection rates. Patients will be case-matched to compare results. 
This multi-center nationwide trial opened for inclusion in September 2018.

Using a fluorescent rim surrounding CRLM has the potential to aid the surgeon in 
acquiring a tumor-negative resection in minimal invasive resections. Training and experience 
of the clinician performing the procedure are thought to play a pivotal role in the successful 
implementation of NIRF guided surgery and the accuracy of image interpretation.
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Abstract

Tumor visualization with the use of near-infrared fluorescence (NIRF) imaging could aid 
during exploration and resection of pancreatic cancer in patients. Conjugation of the near-
infrared fluorophore IRDye800CW to bevacizumab enables specific targeting of vascular 
endothelial growth factor (VEGF). The aim of this study was to determine whether intraop-
erative tumor-specific imaging of pancreatic cancer is feasible and safe using the fluorescent 
tracer bevacizumab-800CW.

In this multicenter, dose escalation trial, patients with suspicion of pancreatic ductal 
adenocarcinoma (PDAC) were administered bevacizumab-800CW (4.5mg, 10mg or 25mg 
intravenously) three days before surgery. Safety focused on occurrence of allergic or anaphy-
lactic reactions and serious adverse events attributed to bevacizumab-800CW. Intraoperative 
NIRF imaging was performed immediately after laparotomy, just before and after resection 
of the specimen. Post-operatively, fluorescent signals on the axial slices and formalin fixed 
paraffine embedded tissue blocks from the resected specimens were correlated to histologic 
results. Subsequent, tumor-to-background ratios (TBR) were calculated.

Ten patients with clinically suspected PDAC were enrolled in the study. Four of the 
resected specimens were confirmed PDACs, other malignancies were distal cholangiocar-
cinoma, ampullary carcinoma and neuroendocrine tumors. No serious adverse events were 
related to bevacuzimab-800CW. In vivo tumor visualization with NIRF imaging differed per 
tumor type and was non-conclusive. Ex vivo TBRs were 1.3, 1.5 and 2.5 for 4.5mg, 10mg 
and 25mg dose groups, respectively.

NIRF guided surgery in patients with suspect PDAC using bevacizumab-IRDye800CW 
is safe and feasible. However, suboptimal TBRs were obtained because no clear distinction 
between pancreatic cancer from normal or inflamed pancreatic tissue was achieved.
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Introduction

Currently, the only curative treatment of pancreatic cancer is radical surgery (R0 resection). 
Only in the minority of the patients, who appear to have a resectable tumor before surgery, 
a radical resection is achieved with long-term survival. Patient outcome mainly depends on 
the radicality of the surgical resection and the absence of metastases during surgery.(1, 2) 
Due to the quick spread of pancreatic cancer cells via perineural and perivascular pathways 
occult metastases and ingrowth in resection margins can easily be missed.(3) At this mo-
ment, surgeons have to rely solely on visual inspection and palpation to distinguish between 
tumorous and benign tissue and to detect remaining small tumor deposits. Because of these 
limitations positive resection margin rates are reported as high as 50%-75%.(4)

Improved visualization of resection margins and detection of small tumor deposits is 
highly desirable in pancreatic cancer surgery. A relatively new technique that can fulfill 
this unmet need is intraoperative near-infrared fluorescence (NIRF) imaging.(5) The main 
advantages of NIRF imaging are the real-time and tumor-specific visual feedback to the 
surgeon, thereby enabling differentiation between benign and malignant tissue during 
surgery and enhancing visualization of small tumor deposits.(6) A fluorescent tracer will 
accumulate in/bind to the tumor after intravenous administration. Subsequently, fluorescent 
signals can be detected using dedicated imaging systems. Recent studies showed promising 
results using tumor-specific NIRF imaging for the visualization of several cancer types.(7-
10) However, successful and tumor-specific visualization of pancreatic cancer using NIRF 
imaging remains challenging.

Vascular Endothelial Growth Factor (VEGF) is involved in tumor-induced angiogenesis 
and lymphangiogenesis in most solid tumors.(11) Several studies report an overexpression 
of VEGF in pancreatic cancer tissue compared to normal pancreatic tissue.(12, 13) Be-
vacizumab is an antibody directed towards VEGF-overexpressing tumors and by coupling 
the compound to the organic fluorophore IRDye800CW a tumor-specific near-infrared 
fluorescent tracer (bevacizumab-800CW) was developed. Bevacizumab-800CW has already 
shown to be a valid tracer for molecular imaging in several cancer types.(8, 14, 15)

The aim of this study was to determine whether intraoperative tumor-specific imaging 
of pancreatic cancer is feasible and safe using the fluorescent tracer bevacizumab-800CW.

Methods

This study was approved by the certified medical ethics review board of the University Medi-
cal Center Groningen (UMCG) and Leiden University Medical Center (LUMC) (clinical-
trials.gov ID: NCT02743975). This study was performed in accordance to the principles of 
Helsinki, the International Conference on Harmonisation of Good Medical Practices and 
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the laws and regulations of the Netherlands. All patients provided written informed consent 
before participation in the study. A safety monitoring board was appointed before start of 
the clinical trial. All serious adverse events occurring during or after surgery were reported 
immediately to the investigational review board of the UMCG, the data safety monitoring 
board, and the Dutch Central Committee on Research Involving Human Subjects.

Patients
For this non-randomised, open-label, multi-centre study, patients aged older than 18 years 
with a clinical suspicion of pancreatic ductal adenocarcinoma (PDAC), who were scheduled 
to undergo surgical intervention with curative intent were included. All patients had a 
WHO performance score of 0-2. Patients who underwent neoadjuvant treatment or had 
another invasive malignancy were not included. Other exclusion criteria were: medical or 
psychiatric conditions compromising the patient’s ability to give informed consent, pregnant 
or lactating women, a history of infusion reactions to bevacizumab , inadequately controlled 
hypertension or a history of myocardial infarction, TIA, CVA, pulmonary embolism, un-
controlled chronic hepatic failure or unstable angina pectoris six months prior to inclusion.

Study design
The primary objective of this study was to determine whether bevacizumab-800CW could 
safely be used to identify pancreatic ductal adenocarcinoma with NIRF imaging. The sec-
ondary objective was to identify the optimal dose for the visualization of tumor tissue.

Therefore, a 4 x 3 dose-finding study design was used, consisting of two parts. In part 
I, four ascending doses of 4.5mg, 10mg, 25mg, and 50mg bevacizumab-800CW were 
intravenously administered three days prior to the planned surgery to three patients each. In 
part II, the cohort with the most optimal dose group will be supplemented to ten patients in 
order to obtain a sufficient number of data points. The most optimal dose group was to be 
chosen on the basis of tumor-to-background ratio (TBR).

Interim analyses were performed after completion of each cohort for the evaluation of 
intraoperative fluorescent signals, analyses of the ex vivo tumor-to-background ratios and 
safety outcomes.

Bevacizumab-IRDye800CW
Bevacizumab-IRDye800CW was produced in the GMP certified facility of the UMCG 
Hospital Pharmacy by conjugating bevacizumab (Roche AG, Basel, Switzerland) and IRDye-
800CW-NHS (LI-COR Biosciences Inc, Lincoln, NE, USA) under regulated conditions.
(16) IRDye800CW has excitation/emission maxima at 774 nm/789 nm.
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Imaging systems
Intraoperative imaging was done with a fluorescence camera system dedicated to detect 
IRDye-800CW-NHS (SurgVision BV, ‘t Harde, the Netherlands). The system was con-
figured with two LED lights for 800 nm illumination and one LED light for white light 
illumination. Real-time color and NIRF images were simultaneously collected. The imaging 
device was approved for intraoperative application in humans by the technical departments 
of the UMCG and LUMC.

Ex vivo imaging was performed using the Blackbox (SurgVision BV, ‘t Harde, the Neth-
erlands) or the Pearl imager (LI-COR, Lincoln, NE, USA). For detection of fluorescence in 
Formalin-Fixed Paraffin-Embedded (FFPE) blocks the Odyssey® CLX fluorescence flatbed 
scanning system (LI-COR Biosciences Inc. Lincoln, NE, USA) was used.

Procedures
Figure 1 gives an overview of the workflow of NIRF imaging during all study steps.

or to surgery, a staging laparoscopy (SL) was performed to exclude locally advanced or 
metastatic disease stage. In the UMCG, the SL was performed prior to the inclusion of 
patients, while in the LUMC, SL was performed immediately prior to the planned surgery. 
Patients received bevacizumab-800CW three days before surgery as an intravenous bolus 
injection. Tolerability assessments (ECG, blood pressure, pulse, peripheral oxygen satura-
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Figure 1. The workflow from intraoperative to FFPE blocks enabling correlation of intraoperative 

fluorescence signals with histopathology.  

Intraoperative color images and corresponding fluorescence images are obtained in vivo during 

surgery. Then, imaging of the fresh surgical specimen, followed by serially slicing is performed. 

Imaging of the fresh tissue slices is followed by paraffin embedding. Imaging of formalin-fixed 

paraffin-embedded (FFPE) blocks is done to determine tumor-to-background ratio.  

 

Figure 2. Tumor-to-background ratio’s (TBR) and fluorescence intensity (FI). 

2A: TBRs of all pancreatic ductal adenocarcinomas (PDAC) distributed per dose group. 

2B: FI of different tissue types in patients with PDAC.  

2C: mean TBR per tumor type distributed per dose group. 2D: mean TBRs of all types of tumors 

distributed per dose group. 

Figure 1. The workflow from intraoperative to FFPE blocks enabling correlation of intraopera-
tive fluorescence signals with histopathology.
Intraoperative color images and corresponding fluorescence images are obtained in vivo during surgery. 
Then, imaging of the fresh surgical specimen, followed by serially slicing is performed. Imaging of the 
fresh tissue slices is followed by paraffin embedding. Imaging of formalin-fixed paraffin-embedded 
(FFPE) blocks is done to determine tumor-to-background ratio.
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tion, respiratory rate and temperature), were performed just before tracer injection, shortly 
after tracer injection and one hour after tracer injection.

Surgery was performed according to standard practice. Surgeons were not allowed to 
excise additional tissue based exclusively on fluorescence signals detected intraoperatively. 
NIRF imaging was performed at three predefined time points: 1) after laparotomy during 
which all surrounding organs were imaged and fluorescence intensity was determined, and 
in case nonspecific background fluorescent signals were present these were noted, 2) after full 
preparation of the specimen just before resection, the fluorescence intensity of the expected 
tumor and the normal pancreatic tissue was noted, and 3) after resection of the specimen, 
during which the remaining tissue was imaged. If additional lesions were detected with 
the near infrared camera system that were not part of intended resection, the surgeon was 
allowed to perform a biopsy for postoperative pathological analysis.

After resection, the gross specimen was imaged and subsequently sliced in 0.3 - 0.5 
cm-thick slices according to the preferred grossing protocol.(4, 17) After formalin fixation, 
all slices were macroscopically examined. Those slices considered relevant for the pathologist 
were processed for histological assessment. The selection of tissue for embedding in FFPE 
blocks was not altered by fluorescence signal. However, after the pathologist completed the 
selection of slices for diagnostic purposes, an additional slice with high fluorescent signal 
that was not initially selected by the pathologist as relevant, could be embedded apart from 
standard-of-care. After microscopic evaluation and the final pathology report, the FFPE 
blocks were imaged and the TBRs were determined on the fluorescence images of the FFPE 
blocks after correlation of regions of interest on the corresponding histological slice. Ad-
ditional information about the tracer, imaging procedures and pathological processing is 
provided in the Supplementary Information.

Statistics
Descriptive statistics were reported as means with standard deviation (SD), whereas median 
with range was used in case of a skewed distribution. TBR was defined as the mean fluo-
rescence intensity (MFI, arbitrary unit) measured in pancreatic cancer tissue divided by the 
MFI in surrounding healthy tissue and was reported as mean. Fluorescent signals in tumor 
and normal tissue was compared using the Mann-Whitney test. A p-value of <0.05 was 
considered statistically significant. For descriptive statistics SPSS (version 23.0) was used, 
graphs were designed with Graphpad Prism (version 7.0).
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Results

Patient and safety data
Between December 1, 2016, and February 26, 2018, ten patients were enrolled in the study 
with suspected pancreatic ductal carcinoma. After completion of cohort III (25 mg), the in-
vestigational review board mandated termination of the study, because of low TBRs. Table 1 
provides an overview of patient characteristics and tumor characteristics per patient (patient 
01-10). Based on the histological assessment of the resected specimens, various malignancies 
were included in the study: pancreatic ductal adenocarcinoma (n=4), distal cholangiocar-
cinoma (n=1), carcinoma of the papilla (n=2), well differentiated grade 3 neuro-endocrine 
tumor of the pancreas (n=1) and a low-grade intraductal papillary mucinous neoplasm 
(n=1). In patient 04, no malignancy was present but an auto-immune pancreatitis based 
on histological assessment. In nine patients, the tracer was administered three days before 
exploratory laparotomy. In patient 03 imaging was performed 10 days after administration 
of 4.5mg tracer due to a postponed exploration because the patient developed ascending 
cholangitis the day before surgery. Therefore, one additional patient was included in cohort 
I (4.5mg). No allergic or anaphylactic reactions to bevacizumab-IRDye800CW were noted. 
Two serious adverse events were reported, both of which developed in patient 05 and were 
attributed to the pancreatoduodenectomy. These included a pancreatic fistula requiring 
percutaneous drainage and antibiotic treatment,  and bleeding of the gastroduodenal artery 
stump 27 days postoperative requiring radiological coiling. Additional safety data is provided 
in the Suppnr. menagey dsex

Table 1. Patient and tumor characteristics.

Patient Tumor
Nr. Age Sex WHO preop FNA histology TN stage adicality

4.5 mg

1 64 F 0 HGD dist chol carc T3N1 R0
2 67 M 1 PDAC T3N1 R0
3 75 M 0 PDAC T3N0 R0
4 69 M 1 inconcl. auto-immune pancreatitis

10 mg
5 56 M 1 ampul carc T3N1 R0
6 73 F 0 PDAC T3N1 R1
7 74 F 0 IPMN: LG R0

25 mg
8 47 F 0 HGD PDAC T2N2 R0
9 74 F 0 HGD ampul carc T3N1 R1
10 67 M 0 NET: grade 3 T3N0

Preop: preoperative, FNA: fine needle aspiration, F: female, M: male, HGD: high grade dysplasia, dist 
chol carc: distal cholangiocarcinoma, PDAC: pancreatic ductal adenocarcinoma, inconcl.: inconclusive, 
ampul carc: ampul carcinoma, IPMN: LG: low grade intrapapillair mucinous neoplasm, NET: 
neuroendocrine tumor, R0: radical, R1: irradical
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In- and ex vivo imaging per tumor type
PDAC: in vivo the location of the expected primary tumor could be visualized with NIRF 
imaging with all employed doses of the tracer compound. After resection of the pancreatic 
head (patient 06), the tail of the pancreas was suspect for residual tumor and also showed 
high fl uorescence. Th e suspicion of malignancy was confi rmed by intraoperative ultrasound, 
and therefore the pancreatic tail was resected. Histological assessment showed a poor dif-
ferentiated tumor in the head, body and tail of the pancreas with the latter nog diagnosed 
during the preoperative work-up. In the other PDAC patients, nonspecifi c fl uorescent 
signals remained visible after resection of the pancreatic head. No additional resection was 
performed based on these signals because it seemed clinically highly unlikely that this was 
due to any residual tumor. Histological assessment confi rmed radical resection. Th e MFI 
increased per dose group between tumor and normal tissue which resulted in TBRs of 1.4, 
1.7 and 2.1 per dose group, respectively (Figure 2A). Figure 2B demonstrates the contrast 
between tumorous and other types of tissue based on the diff erence in fl uorescence intensity. 
Representative fl uorescence images per dose group of specimen slices and FFPE blocks of 
PDAC are shown in Figure 3.

 

 

 

Figure 3: Representative images per dose group of pancreatic ductal adenocarcinoma.  

Columns represent the three dose groups: 4.5 mg, 10 mg and 25 mg. 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 white dashed line.  

figure 2. Tumor-to-background ratio’s (TbR) and fl uorescence intensity (fI).
2A: TBRs of all pancreatic ductal adenocarcinomas (PDAC) distributed per dose group. 2B: FI of dif-
ferent tissue types in patients with PDAC. 2C: mean TBR per tumor type distributed per dose group. 
2D: mean TBRs of all types of tumors distributed per dose group.
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Distal cholangiocarcinoma: In vivo there was no fluorescent signal of the tumor (patient 
01, 4.5mg). On the specimen slices and FFPE blocks the MFI was similar between tumor 
and normal tissue which resulted in a TBR of 1.0 (MFI 48.7 Vs. 48.1) (Figure 2C).

Carcinoma of the papilla: in vivo the location of the expected primary tumor could be visu-
alized with NIRF imaging in two patients (10mg and 25mg). In patient 08, there was clinical 
suspicion of tumor in-growth in the superior mesenteric vein (SMV), and therefore, a wedge 
resection of the SMV was performed. NIRF imaging of the wedge was positive. Histologic 
assessment of the wedge confirmed ingrowth of malignant cells in the vascular wall. On the 
specimen slices and FFPE blocks the MFI was similar between tumor and normal tissue which 
resulted in a TBR of 1.1 and 1.7 for 10mg and 25mg, respectively. (Figure 2C).

Neuro-endocrine neoplasm: in vivo the expected location of the tumor was clearly vis-
ible with NIRF imaging and after resection fluorescent signals diminished strongly. On the 

 

 

 

Figure 4: Representative images per tumor type.  

Columns represent different tumor types: ductal adenocarcinoma, auto-immune pancreatitis, 

ampullay carcinoma, intraductal papillary mucinous neoplasm (IPMN) and neuro-endocrine tumor 

(NET). 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.  

Figure 3: Representative images per dose group of pancreatic ductal adenocarcinoma.
Columns represent the three dose groups: 4.5 mg, 10 mg and 25 mg. 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 white dashed line.
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specimen slices and FFPE blocks the MFI was significantly different between tumor and 
normal tissue which resulted in a TBR of 3.6 (MFI 27.6 Vs. 7.8, P = 0.04) (Figure 2C).

Intraductal papillary mucinous neoplasm: in patient 07 the location of the expected 
primary tumor could be visualized with NIRF imaging (10mg), although clear distinction 
between pancreatic and tumorous tissue could not be made. On the specimen slices and 
FFPE blocks the MFI did not differ much between IPMN and normal tissue which resulted 
in a TBR of 1.5 (MFI 84.5 Vs. 56.7, P = 0.4) (Figure 2C).

Auto-immune pancreatitis: in patient 04 the location of the expected ‘tumor’ could be 
visualized with fluorescence imaging (4.5mg). Ex vivo extensive fibrotic and inflammatory 
tissue was seen and no normal pancreatic tissue remained. Therefore, there was no difference 
in fluorescence intensity in the resected specimen of the patient with pancreatitis (MFI 50.7).

Ex vivo TBRs of all types of tumors together, divided per dose group, are demonstrated 
in Figure 2D. TBRs were 1.3, 1.5 and 2.5 for 4.5mg, 10mg and 25mg, respectively. Fluores-
cent images of all different types of tumors are displayed in Figure 4.

 

 

  

Figure 4: Representative images per tumor type.
Columns represent different tumor types: ductal adenocarcinoma, auto-immune pancreatitis, ampul-
lay carcinoma, intraductal papillary mucinous neoplasm (IPMN) and neuro-endocrine tumor (NET). 
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.
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Discussion

In this study, the safety and feasibility of visualizing pancreatic cancer tissue with bevacuz-
imab-800CW was assessed. Intravenous administration of bevacuzimab-800CW (4.5, 10 
and 25mg) three days before appeared safe as no changes in safety parameters including 
vital signs and ECG and no related adverse events occurred. Both in vivo and ex vivo NIRF 
imaging of pancreatic cancer tissue was feasible with bevacizumab-800CW, as fluorescence 
signal could be detected in tumor tissue. However, suboptimal TBRs were obtained and 
distinguishing pancreatic cancer tissue from normal pancreatic tissue remains challenging.

NIRF imaging with other tracers in previous clinical trials had similar results. The 
feasibility of SGM-101, a 700nm antibody against carcinoembryonic antigen (CEA), 
was assessed for intraoperative NIRF imaging of PDAC. SGM-101 could reach and bind 
CEA-expressing tumor cells, but with modest TBRs (1.6 for primary tumors).(18) With 
cetuximab-IRDye800 it was also feasible to detect pancreatic cancer tissue and tumor-bearing 
lymph nodes. Studies with larger patient number must show if this tracer indeed is suitable 
for in vivo NIRF imaging of pancreatic cancer.(19) Limited success rates for treating PDAC 
with systemically administered agents are commonly attributed to the desmoplastic stroma 
of PDAC, which is thought to severely reduce the delivery of these therapies. Interestingly, 
both cetuximab and bevacizumab are large monoclonal antibodies and both managed to 
penetrate through the dense desmoplastic stroma and to bind pancreatic cancer cells and 
endothelial cells.

The results of these NIRF imaging studies for detection of pancreatic cancer suggest 
that pancreatic tumor tissue might be a difficult type to detect. The yield of tumor-specific 
imaging in the current study was lower than expected, and therefore, the study was termi-
nated early. The most obvious reasons for suboptimal pancreatic cancer visualization with 
NIRF are unfavorable intrinsic characteristics of pancreatic cancer. Due to the previously 
mentioned desmoplastic stroma, poor vascularization and high intratumoral pressure, the 
antibody-based tracers might not accumulate optimally in the tumor compared to the sur-
rounding tissue. This makes it difficult to distinguish normal tissue from tumorous tissue. 
In this study, the difficulty to demonstrate tumor-specific fluorescent imaging could also be 
due to a suboptimal choice of the target VEGF, an endothelial cell-specific key regulator of 
angiogenesis. A tracer targeting stroma, or a combination of tracers, could be the solution.
(20) An FGmRNA profiling study on a set of normal pancreatic tissue and PDAC tis-
sue identified THY1, CTSE, GGT5 and MUC1 as potential targets for pancreatic cancer 
imaging.(21) Other targets that are potentially suitable for NIRF imaging of pancreatic 
tumors are integrin αvβ6 and uPAR.(22) Furthermore, future studies should focus on a 
tracer that can differentiate between chemotherapy-induced fibrotic tissue and vital cancer 
cells, because an increased number of patients will be treated with neoadjuvant therapy.
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Moreover, the detection of metastases is important in optimal treatment strategy as-
sessment for pancreatic cancer patients. Identification of preoperatively missed metastases 
via preoperative SL with NIRF imaging could be of great value for these patients. Since 
resection of the primary tumor does not increase the prognosis in metastasized patients and 
only delays appropriate treatment.(23) Therefore, a tumor-specific tracer should be used 
that is not metabolized by the liver, because pancreatic cancer preferably metastasizes to 
the liver. A potential tracer could be cRGD-ZW800-1, which is renally cleared. Preclinical 
studies showed promising results for pancreatic cancer detection.(24) cRGD-ZW800-1 is 
currently being tested in patients with colorectal tumors and if promising will be expanded 
to pancreatic cancer patients (clinicaltrials.gov ID:NL6250805817).

A unique aspect of our study is the variety of cancer types that were included; besides 
pancreatic ductal adenocarcinoma, also neuroendocrine tumors, distal cholangiocarcinoma, 
IPMNs and ampullary tumors were visualized with bevacuzimab-800CW. Tumor targeted 
NIRF imaging of these tumors has not yet been described. The tracer also bound to the 
vessels in these tumors and most had comparable TBRs to PDACs. An exception was noted 
with neuroendocrine tumors for which we observed a 3-fold higher signal intensity from 
the tumor compared to the background signal. This likely reflects the hypervascular charac-
teristics of these tumors that  are able to synthesize and secrete high amounts of VEGF.(25)

In conclusion, NIRF guided surgery in patients with suspect pancreatic cancer using 
bevacizumab-IRDye800CW is safe and feasible. However, suboptimal TBRs were obtained 
and distinguishing pancreatic cancer tissue from normal pancreatic tissue remains challeng-
ing.
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Abstract

Surgical exploration in patients with pancreatic or periampullary cancer is often performed 
without intraoperative image-guidance. Although intraoperative ultrasound (IOUS) may 
enhance visualization during resection, this tool has not been investigated in detail until 
now. Here, we performed a prospective cohort study to evaluate the effect of IOUS on 
surgical strategy and to evaluate whether vascular involvement and radicality of the resection 
could be correctly assessed with IOUS.

IOUS was performed by an experienced abdominal radiologist during surgical explora-
tion in 31 consecutive procedures. The effect of IOUS on surgical strategy was determined 
as having 1) no effect, 2) determination of tumor localization, 3) evaluation of vascular 
involvement, or 4) ability to waive surgery. Radicality of the resections and vascular contact 
was determined during pathological analysis and compared to preoperative imaging and 
during IOUS.

Overall, IOUS influenced surgical strategy in 61% of procedures. In 21 out of 27 malig-
nant tumors a radical resection was achieved (78%). Vascular contact was assessed correctly 
using IOUS in 89% compared to 74% using preoperative imaging.

IOUS can help the surgical team to assess the resectability and to visualize the tumor 
and possible vascular contact in real time during resection. IOUS may therefore increase the 
likelihood of achieving a radical resection.
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Introduction

The prognosis for patients with pancreatic cancer who undergo surgery with curative intend 
depends largely on the ability to achieve a radical resection.(1) Typically, preoperative com-
puted tomography (CT) imaging is used to determine the local extent of the tumor.(2) Fac-
tors that determine local resectability include contact with surrounding structures, vascular 
involvement and the absence of distant metastases.(3) To improve outcome, neoadjuvant 
chemotherapy is often administered to patients who present with a borderline resectable or 
locally advanced tumor.(4) However, neoadjuvant chemotherapy can complicate the ability 
to assess the resectability of the tumor using CT imaging, largely due to the difficulties 
associated with distinguishing between chemotherapy-induced fibrosis and viable tumor 
tissue.(5, 6)

Surgical treatment for pancreatic cancer generally begins with surgical exploration to 
identify occult metastases and to assess the tumor’s resectability. During this procedure, the 
surgeon must rely solely on visual inspection and palpation in order to distinguish between 
tumor and normal tissue. This can be challenging, particularly in the presence of peritumoral 
inflammation. Moreover, in up to 60% of patients who undergo a resection of their pancre-
atic tumor, histological microscopic assessment reveals tumor infiltration into the borders of 
the resected specimen, resulting in a high rate of local recurrence.(7-9) On the other hand, 
approximately half the patients who underwent venous resection due to suspected tumor 
invasion are found to have no tumor infiltration based on a pathological examination in the 
resected vascular patch.(10) Given these factors, the current state-of-the-art is to perform 
high-risk surgery, despite a suboptimal success rate and the fact that resection is often per-
formed without the benefit of intraoperative guidance and visualization.

Ultrasound, mostly endoscopic, has gained an important role in diagnosing patients 
with a suspicion of pancreatic cancer, with the benefit of performing fine needle aspirations 
during the same procedure.(11) Laparoscopic ultrasound can be performed during staging 
laparoscopy prior to surgical exploration.(12) During surgery, intraoperative ultrasound 
(IOUS) can be useful in helping to determine vascular involvement in patients with border-
line resectable pancreatic cancer.(13, 14) By offering real-time imaging data, IOUS provides 
direct feedback regarding the lesion’s extent and vascular involvement. This information 
can then be used to guide the surgical strategy and approach. In addition, because it uses 
a high-frequency probe in direct contact with the organ, IOUS provides superior spatial 
resolution and contrast compared to CT and MRI scans.(15) Although IOUS may be useful 
during surgical exploration and resection of pancreatic cancer, few studies have used this 
technique to assess tumor extension and subsequent IOUS-guided resection.(16) The study 
of Kolesknik et al. retrospectively examined the effect of IOUS on surgical interventions, 
reporting that their surgical strategy changed due to IOUS in 30% of the patients, most 
of them due to the detection of hepatic metastases.(17) Except for this study, IOUS is not 
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routinely applied during resections of pancreatic cancer and the added value is scarcely 
described.

Here, the benefits of performing IOUS with respect to surgical strategy in patients with 
a pancreatic or periampullary tumor undergoing surgical exploration was evaluated. In addi-
tion, the results of preoperative radiological imaging, IOUS, and pathological evaluation of 
the resected specimen were compared.

Methods

Patients
In the Leiden University Medical Center (LUMC), preoperative radiological imaging was 
performed on all patients with a suspect lesion in the pancreas. A CT scan was present of 
all patients, in some patients an additional MRI scan was made. If it was deemed necessary, 
a preoperative cytology sample was obtained and used for histopathological confirmation 
of a malignancy. The patients were evaluated by the multidisciplinary pancreatic team in 
order to determine whether surgery was a treatment option, and if so, whether a vascular 
resection should be considered. Each resection began with a staging laparoscopy in order to 
exclude the presence of metastases. In patients who went on for an explorative laparotomy, 
IOUS was performed. In this study consecutive patients who underwent surgical explorative 
laparotomy for pancreatic or periampullary cancer (including duodenal, distal bile duct, or 
ampulla of Vater cancer) at the LUMC from June 2016 through June 2017 were included. 
Patients who underwent surgery for a neuroendocrine tumor were excluded from this study. 
The use of IOUS during the surgical procedure is standard of care in the LUMC and in this 
study only the impact of IOUS was evaluated, therefore, a waiver was given for the need for 
informed consent by the Medical Ethics Committee of the LUMC.

Outcomes
The primary objective was to evaluate the effect of IOUS on surgical strategy, therefore, 
the effect of IOUS on the surgical strategy and/or any additional information obtained 
from IOUS was defined as follows: 1) no value, 2) additional information regarding tumor 
localization, 3) additional information regarding vascular contact or 4) the ability to waive 
surgery.

The secondary objective was to compare the IOUS assessment with the pathological 
assessment, including the radicality of the resection.

The tertiary objective was to evaluate the assessment of vascular involvement, therefore, 
both the preoperative imaging results and IOUS assessment of vascular contact was com-
pared with the pathological examination, which is the current golden standard. The contact 
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between the tumor and any vessel was evaluated, and in particularly, contact between the tu-
mor and the superior mesenteric vein (SMV), including the portal vein (PV) and confluens.

Description of different modalities

Preoperative imaging
The preoperative CT scans were acquired using an Aquilion ONE 160-detector row helical 
CT (Toshiba Medical Systems Europe, Zoetermeer, the Netherlands). Intravenous contrast 
(Glucagen 0.5mg) was administered with automatic power injection prior to obtaining 
the scan. Axial, coronal and sagittal slices were obtained during the pancreatic phase (20 
s after injection) and during the portal venous phase (50 s after injection). MR images 
were acquired with a Philips Ingenia 3.0T scanner (Philips, Amsterdam, the Netherlands), 
after intravenous injection with the contrast medium Dotarem (0.2 ml/kg). In addition, a 
magnetic resonance cholangiopancreatography was performed. Detailed scanning protocols 
for both CT and MRI scans are provided in Supplementary Information S1.

Evaluation of the preoperative imaging was initially performed by a specialized abdomen 
radiologist, subsequently, the scans were viewed and discussed during the multidisciplinary 
pancreatic team meeting. The patient’s most recent preoperative scan was evaluated for: 
direct or indirect signs of the tumor, the tumor’s maximum diameter, density, and localiza-
tion. The vascular contact was assessed and the resectability was determined based on the 
DPCG (Dutch Pancreatic Cancer Group) 2012 guidelines, an overview of these guidelines is 
given in the Supplementary Information S2.(18) Vascular resection was suggested if deemed 
necessary. Lymph node status of the tumor was determined. The number of days between 
the last preoperative scan and surgery were noted. For this study, the final evaluation of the 
scans during the multidisciplinary pancreatic team meeting was used.

Intraoperative ultrasound
After completion of the staging laparoscopy, subsequent laparotomy, Kocher maneuver and 
exposition of the ventral side of the pancreas, IOUS was performed and read by the same 
specialized radiologist (author SF) as who assessed the preoperative imaging. The role of 
the surgeons during the IOUS assessment was supportive. The Toshiba Aplio 300 (Toshiba 
Medical Systems Europe, Zoetermeer, the Netherlands) equipped with a 7.0-MHz linear 
T-shaped transducer (frequency range: 4.0-11.0 MHz; radius: 46 mm) was used.

First, the entire pancreas was imaged in order to obtain a global overview and to identify 
additional potential lesions. Second, the tumor was imaged, and the visibility, echogenicity, 
border, margin, and maximum diameter were noted. Third, the relationship of the tumor 
with the surrounding tissues/structures was assessed. Fourth, the contact between the tumor 
and the surrounding vessels was evaluated and the length and extension of the vascular in-
volvement was determined. Vascular involvement was assessed according to the preoperative 
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imaging guidelines, and the same consequences for resectability were used (Supplementary 
Information S2). In case the tumor grows into a vessel the vessel is mostly distorted or 
stenosed by the tumor, which can be observed with ultrasound. In addition, the distance of 
involvement and surrounding component can assessed.

The IOUS findings were directly discussed with the surgical team, potentially resulting 
in a different resection margin determination or leading to an extended vascular reconstruc-
tion, either by patch or segment resection. In addition, the margin(s) that had the highest 
risk of R1 (irradical) resection were designated. In the event that vascular involvement and/
or invasion into surrounding structures was too extensive, the surgeons could opt to refrain 
from a surgical resection. In addition, the radiologist schematically drew the tumor relative 
to the pancreas, ducts, vessels, and all surrounding structures. The duration of the entire 
IOUS assessment was noted, and relevant images were saved for post-procedure evaluation.

Pathological examination (PA)
The resected specimens were histologically examined according to the Verbeke protocol, by 
a specialized pathologist (author AFS) who noted the tumor’s characteristics, including the 
origin, differentiation grade, maximum diameter, the presence of perineural invasion and 
lymphatic and/or vascular invasion, and extension in peripancreatic soft tissue.(19) Margins 
to all pancreatic surfaces were measured. Radicality was assessed as follows: R0, tumor-free; 
R1, tumor extension <1 mm; or R2, macroscopically non-radical. In the event that a vascular 
reconstruction was performed, the borders of the vascular patch and the depth of invasion in 
the vascular patch or segment were also assessed for tumor involvement. All resected lymph 
nodes were scored for tumor positivity.

Statistics
Assuming that the surgical strategy would be changed in > 30% of the patients due to the 
IOUS assessment, 31 patients should be included. A sample size of 31 patients achieves 80% 
power using the two-sided McNemar’s test with a significance level of 0.05.

Differences between correct assessment of vascular contact between preoperative imag-
ing and IOUS were assessed with a McNemar test.

Results

Patient characteristics
During the study period, IOUS was performed in 31 surgical explorations (Table 1). One 
patient underwent two explorations: six months after a pancreatic head resection, she un-
derwent a pancreatic tail resection for a second primary malignancy. Vascular contact was 
suspected on nine preoperative scans and vascular involvement on one scan, therefore, vas-
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Table 1. Patient characteristics.

n %
total 31
age* mean (SD) 64.3 9.8 (SD)
sex* male 16 53%

female 14 47%
endoscopic ultrasound yes 22 71%

no 9 29%
stent in situ yes 5 16%

no 26 84%
neo-adjuvant treatment gemcitabine 3 10%

FOLFIRINOX 1 3%
none 27 87%

last imaging before surgery CT scan 24 77%
visibility: direct sign 11 46%

indirect sign 13 54%
density: hypodens 9 37%

isodens 15 63%
MRI scan 7 23%
visibility: direct sign 7 100%

indirect sign 0 0
best sequence: T1 3 43%

DWI 2 29%
dynamic 2 29%

size (max diameter; mm) % measurable 17 55%
median (IQR) 24 14-28 (IQR)

origin and localisation of tumor ampulla of Vater 3 10%
distal bile duct 4 13%
duodenum 4 13%
pancreas 20 64%

head/neck 12 60%
proc. uncinatus 2 10%

corpus 4 20%
tail 2 10%

vascular contact of tumor no vascular contact 17 55%
contact with vessel 9 29%
involvement of vessel 1 3%
contact not judgeable 4 13%

clinical lymph node status N0 24 77%
N1 7 23%
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cular resection was suggested for this patient. Vascular contact could not be determined from 
four preoperative scans (13%) due to the isodense appearance on the scans. Twenty-seven 
malignant tumors and one benign lesion were resected, of which four included a vascular re-
section. During three explorations, resection was abandoned because of irresectable disease.

Primary outcome: effect of IOUS assessment on surgical strategy
The IOUS-based characteristics of the tumors are summarized in Table 2. The use of IOUS 
extended the average procedure by 11 (±5) minutes. All tumors (100%) were detected with 
IOUS and vascular contact was detected in 14 patients (45%). The majority of the tumors 
was clearly visible, hypoechogenic, and had an irregular border.

Next, the effect of IOUS assessment on the surgical procedure was examined. A detailed 
overview of the effect of IOUS assessment on surgical strategy and the information that was 
provided based on the IOUS assessment are provided in Table 3. Example IOUS images 
corresponding to the findings are shown in Figure 1.

Secondary outcome: correlation with pathological findings
Resection was cancelled twice based on the IOUS assessment during surgical exploration, 
in addition, surgery was also cancelled during a third procedure; however, this decision was 
based on inspection followed by confirmation of malignancy in a frozen section, rather 
than on the IOUS assessment. In one case, the pathological analysis (PA) revealed a serous 
cystadenoma in the resected specimen, instead of a malignant tumor. Thus, a total of 27 
malignancies were resected, which are summarized in Supplementary Table S3. Of these 27 
resected malignancies, 6 (22%) were irradical (R1), with the following resection margins 
involved: superior mesenteric artery (SMA) (n=2 tumors), tumor growth in a resected 
segment of the SMV (n=2), gastroduodenal artery resection margin (n=1), and both the 
pancreatic resection margin and the common bile duct margin (n=1). The surgical strategy 
was influenced by the IOUS assessment in four of the patients with a R1 resection.

Table 1. Patient characteristics. (continued)
n %

days between scan and surgery median (IQR) 31 21-36 (IQR)
type of surgery PPPD/whipple 21 67%

tail resection 3 10%
total pancreatectomy 3 10%
duodenum resection 1 3%
no resection 3 10%

*one patient was operated on twice. only included once. IQR: inter quartile range
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Tertiary outcome: comparison of the preoperative imaging, IOUS and PA 
assessments about vascular involvement
Next, the results of the IOUS and final PA assessment for the 27 resected malignancies with 
respect to any vascular involvement were compared. Specifically, the tumor contact with the 
SMV or SMA resection margins as assessed by microscopic examination was compared with 
both the preoperative imaging and the IOUS assessment; these results are summarized in 
Table 4. In four patients, the vascular contact could not be assessed on preoperative imaging, 
in one of these patients the vascular contact could also not be assessed with IOUS.

Table 2. Tumor characteristics of IOUS assessment.

N=31 %

duration IOUS (min) median (IQR) 10 7-15 (IQR)

size (max diameter; mm) % measurable 22 71%

median (IQR) 22 18-34 (IQR)

origin and localisation of tumor ampulla of Vater 3 10%

distal bile duct 2 6%

duodenum 2 6%

pancreas 24 78%

head/neck 14 58%

proc. uncinatus 4 17%

corpus 3 13%

tail 2 8%

diffuse 1 4%

vascular contact of tumor no vascular contact 16 52%

contact with vessel 9 29%

involvement of vessel 5 16%

contact not judgeable 1 3%

visibility clear 21 68%

moderate 6 19%

poor 4 13%

echogenicity hypoechogenic 29 94%

isoechogenic 2 6%

border distinct 12 39%

indistinct 19 61%

margin sharp 7 23%

irregular 24 77%

IQR: inter quartile range
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Table 3. Infl uence of IOuS on surgical strategy.

No Infl uence 12 39%

Tumor localisation 8 26%

Identifi cation of lesions with IOUS, compared to preoperative diagnostics 4

One malignant lesion was retrieved with IOUS, instead of multiple lesions 2

An additional or larger lesion was retrieved, leading to total pancreatectomy 2

Determination resection margin 4

Based on location of tumor a duodenal, PPPD or tail resection was performed 2

After neoadjuvant therapy, and preoperative scan was suboptimal judgeable 2

Vascular involvement 9 29%

Vascular contact during IOUS was more extensive than on preoperative scan, leading to 
vascular reconstruction

4

Vascular contact on preoperative scan was suboptimal, but visible with IOUS 4

Vascular contact on preoperative scan was not present during IOUS 1

Waivement of resection 2 6%

Due to extensive vascular contact during IOUS, not present on preoperative scan and 
histopathologically confi rmed by a frozen section

2

figure 1. IOuS images corresponding to infl uences on surgical strategy.
Panel A) vascular involvement: vena porta (VP) >120⁰ contact with tumor (*), therefore, resection with 
VP patch. LN: lymph node, PD: ductus pancreaticus.
Panel B) tumor localization: tumor (*) in anterior duodenal wall, caudal from papilla. Th e duodenal 
border is intact, only minimal edema in pancreatic fat (P), therefore, only a duodenum resection was 
performed. Lumen: lumen of duodenum.
Panel C) waivement of resection: ingrowth of conglomerate of the tumor (*) in branches of superior 
mesenteric artery, which was not identifi ed on preoperative imaging.
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The analysis revealed that contact (or lack of contact) between the tumor and the vascular 
groove (including SMA and SMV resection margins) was correctly assessed using preopera-
tive imaging in 20 of the 27 procedures (74%) and IOUS assessment was correct in 24 of the 
27 procedures (89%), which did not significantly differed from each other (p-value: 0.21). 
Moreover, contact (or lack of contact) between the tumor and solely the SMV (including PV 
and confluens) was assessed correctly using preoperative imaging in 21 of the 27 procedures 
(78%), and IOUS assessment was correct in 25 out of 27 tumors (93%), this also did not 
significantly differed from each other (p-value: 0.06). All of the tumors that had no vascular 
contact were radically resected (R0).

Neoadjuvant chemotherapy
Finally, the four patients that received neoadjuvant chemotherapy were evaluated on an in-
dividual basis. In one patient, no vascular contact or vascular involvement was visible using 
either preoperative imaging or IOUS. Unfortunately, as tumor involvement was found at the 
gastroduodenal artery resection margin; this resection margin was not assessed using IOUS, 
and during microscopic examination only a small cluster of tumor cells was identified. In 
the second patient, neither vascular contact nor vascular involvement could be determined 
using preoperative imaging; in contrast, IOUS revealed contact between the tumor and the 
PV. It remained however unclear whether this was tumor tissue or fibrotic tissue. Eventually, 
the tumor was peeled away from the PV and was radically resected; therefore, the tissue was 
likely fibrotic tissue. In the third patient, no vascular contact or vascular involvement was 
visible using preoperative imaging; IOUS showed a mass with characteristics suggestive of 

Table 4. Vascular contact as assessed during pathological examination compared to preoperative 
imaging and IOUS assessment.

preoperative Imaging

no contact vascular contact
contact not 
judgeable

PA
no contact 14 1 2

vascular contact 2 5 2

IOUS

no contact vascular contact
contact not 
judgeable

PA
no contact 16 0 1

vascular contact 1 8 0

In one patient, pathological evaluation revealed contact of both the SMA margin and the SMV margin, but 
during the preoperative imaging and IOUS assessment only contact with the SMV was established. There-
fore, this patient is not included in the table.
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a complete response (Figure 2). Since the tumor responded completely to the neoadjuvant 
chemotherapy the fi brotic mass is hard to distinguish on Figure 2. Th e complete response 
was confi rmed by microscopic examination. Lastly, in the fourth patient, vascular contact 
between the tumor and the SMV and/or PV could not be determined reliably based on 
preoperative imaging. In this case, IOUS revealed that the distance between the tumor and 
the SMV/PV was 16 mm; thus, the tumor could be removed radically without vascular 
resection as was confi rmed with PA.

DISCuSSION

In our prospective cohort study of 31 surgical explorations, IOUS was of signifi cant clini-
cal value in 61% of the procedures by providing additional information at an early stage 
during the exploration. Th e vascular contact (or lack of contact) was correctly assessed with 
IOUS in 89% of the procedures; a 15% increase compared to the preoperative imaging. 
Although this increase is not signifi cantly, IOUS shows a trend towards better evaluation of 
vascular involvement. Due to the direct feedback of the radiologist to the surgeons during 
the procedures, surgeons were generally prepared earlier in the surgery with respect to what 
they could expect. Not only the extensiveness of the resection could be altered due to the 
IOUS assessment, also vascular reconstruction could be advised and tumors treated with 
neoadjuvant therapy, as well as their responses, could be visualized with IOUS.

Th e use of IOUS during surgery for pancreatic cancer is not a new application, but 
IOUS is not routinely used during these procedures and has, surprisingly, scarcely been 

figure 2. Example of preoperative MRI images and IOuS images of complete response on fol-
fi rinox.
Panel A) scan: dynamic (post-contrast) MRI scan showing a borderline resectable tumor. Arrow: ductal 
pancreatic adenocarcinoma, defi nable mass.
Panel B) scan: dynamic (post-contrast) MRI scan showing the remnant of the tumor (*), no visible 
mass and without contrast signal, only fi brotic irregular tissue. A stent is present in the ductus cho-
ledochus (CBD).
Panel C) ultrasound: a hypoechoic irregular area (*) in the neck of the pancreas without a defi nable 
mass. A stent is present in the ductus choledochus (CBD). PD: ductus pancreaticus, duod.: duodenum.
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studied in the last few years. Therefore, the added value of IOUS is not recorded. In an 
Ukrainian study, 76 patients were retrospectively included and the IOUS assessment changed 
the surgical strategy in 30%.(17) However, these changes were retrospectively determined, 
and consisted mainly in the identification of additional hepatic metastases. In contrast, all 
our procedures started with laparoscopic staging immediately prior to surgical exploration 
thereby potentially identifying occult superficial liver metastases. Thereafter, patients were 
included in our prospective study for evaluation of their primary tumor with IOUS. In our 
group, no occult metastases were found during the open exploration following laparoscopy.

IOUS can yield more information than the preoperative imaging scan by providing 
direct contact with the tissue and real-time imaging data. On the preoperative CT scan, the 
majority of tumors (63%) in our cohort appeared isodense, preventing direct visibility of the 
tumor using this imaging modality. In contrast, all tumors could be visualized with IOUS, 
and only 13% was suboptimal visualized. In addition, the rate of discordance between 
preoperative imaging and microscopic examination was higher than between IOUS and 
microscopic examination with respect to vascular involvement. Interestingly, De Werra et 
al. reported an even higher discordance rate between preoperative imaging and pathology 
reports compared to our cohort (64% versus 44%, respectively).(13)

In our patient cohort, the rate of R1 (non-radical) resection was 22%, which is lower 
than the global reported rate of approximately 60%.(8) The resulting increase in the rate of 
R0 (radical) resection may have been the result of IOUS, thereby increasing the surgeon’s 
ability to directly visualize vascular involvement and/or ingrowth during surgical explora-
tion. One factor that may explain the discordance rate between IOUS and the microscopy 
findings in our study is that IOUS failed to reveal the positive resection margins of the gas-
troduodenal artery and the common bile duct in two patients, because these margins were 
not assessed with IOUS and besides that, only a cluster of a few tumor cells was present. The 
two non-radically resected SMV segments can be explained due to tumor growth through 
the SMV wall, whilst the segment borders were tumor negative. In addition, the remaining 
two non-radically resected tumors may be explained by the tumor grade and the way the 
tumor grew in small nests and individual cells. The limitation of IOUS is the incapability of 
visualization of small clusters of tumor cells or individual cells.

Another aspect in which IOUS can have added value is assessing pancreatic cancer in pa-
tients who receive neoadjuvant chemotherapy and patients who have extensive pancreatitis. 
In these patients, preoperative imaging cannot necessarily be used to reliably determine the 
extent of the tumor and/or vascular involvement. Even with IOUS it can be sometimes diffi-
cult to discriminate between chemotherapy-induced fibrosis and vital tumor tissue, although 
vascular involvement and the extent of the tumor can be determined better with IOUS than 
with a preoperative scan as is suggested by our results. Despite that only four patients in 
our cohort were treated with neoadjuvant chemotherapy, IOUS was in 50% of additional 
value and could visualize the tumor whereas preoperative imaging was shortcoming. With 
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the upcoming neoadjuvant treatment administration in this patient population it is of great 
importance to further investigate the added value of IOUS for these patient; therefore, larger 
studies are needed in order to determine whether IOUS can provide a superior assessment 
in these patients.

A requirement for maximizing the benefits of IOUS is to have a trained and experienced 
specialist to perform and interpret the IOUS during surgery, which has the added advantage 
of allowing close collaboration between the radiologist and the surgical team, providing real-
time information regarding the tumor’s characteristics, which can immediately be compared 
with the preoperative imaging findings. This specialized radiologist performs the preop-
erative assessment of the scan and also assesses the tumor intraoperatively with ultrasound. 
This is of importance because the radiologist is than better prepared for what to encounter 
during surgery. Furthermore, the radiologist is able to detect differences between the imag-
ing modalities and compare the preoperative findings with the intraoperative findings. This 
contributes to optimizing the peri-operative imaging process and feedback to the MDT. 
In our study, the postoperative microscopic findings were evaluated by the pathologist in 
collaboration with the involved radiologists and surgeons, with the goal of improving both 
the preoperative and intraoperative staging and assessment of the tumor.

Although this describing study consists of relatively low patient numbers, strong trends 
towards benefit of IOUS was observed. IOUS was helpful in terms of determining the 
resection margins, assessing vascular involvement, identifying additional lesions, and deter-
mining whether surgery should be waived. Contrast-enhanced ultrasound could improve 
IOUS-guided pancreatic or periampullary cancer resection even further as it has already 
demonstrated its use in the detection of pancreatic liver metastases.(20)

Based on our results, we would advise IOUS for specific patients for the highest possible 
yield of additional findings. For example, IOUS may be of value in patients who received 
neoadjuvant chemotherapy or for patients in which vascular involvement is (dubious) pres-
ent on a preoperative scan.

In summary, we report that IOUS plays an important role at our medical center in 
assessing the resectability, the extent of the tumors and the vascular involvement with the 
goal of achieving radical resections. This is based on experience and the positive results of 
this describing study. In the near future IOUS will probably also be of greater importance 
for the evaluation of neoadjuvantly treated tumors. At our hospital, a specialized radiologist 
now performs IOUS routinely in all patients who undergo surgery with the intention to 
achieve radical resections, thereby providing direct feedback to the surgeon.
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Abstract

Compared to surgery, radiofrequency ablation (RFA) for colorectal liver metastasis(CRLM) 
is associated with higher local recurrence (LR) rates. A wide margin (at least 5mm) is gener-
ally recommended to prevent LR, but the optimal method to assess ablation margins is yet 
to be established. The aim of our study was to evaluate the feasibility and reproducibility of 
CT-CT scan co-registration, using Mirada RTx software, in order to assess ablation margins 
of patients with CRLM.

In this retrospective study, pre- and post-ablation contrast-enhanced CT scans of 29 
patients, treated with percutaneous RFA for a solitary CRLM, were co-registered. Co-
registration was performed by two independent radiologist, based on venous structures in 
proximity to the tumor. Feasibility of CT-CT scan co-registration and inter-observer agree-
ment for reproducibility and ablation margins was determined. Furthermore, the minimal 
ablation margin was compared with the occurrence of LR during follow-up.

Co-registration was considered feasible in 18 patients (61% male, 63.1(±10.9) year), 
with a perfect inter-observer agreement for completeness of ablation: κ = 1.0 (p<0.001). 
And substantial inter-observer agreement for measurement of the minimal margin (≤ 0mm, 
1-5mm, ≥ 5 mm): κ = 0.723(p-value < 0.001). LR occurred in eight of nine (88.9%) incom-
pletely ablated CRLM and in one of the nine completely ablated CRLM (11.1%).

Co-registration using Mirada RTx software is reproducible and potentially a valuable 
tool in defining technical success. Feasibility of co-registration of pre- and post-ablation CT 
scans is suboptimal if scans are not acquired concordantly. Co-registration may potentially 
aid in the prediction of LR after percutaneous ablation.
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Introduction

Radiofrequency ablation is an established minimally invasive treatment for patients with 
unresectable liver metastases from colorectal cancer.(1) Compared to surgery, RFA is associ-
ated with higher rates of local recurrence (LR).(2, 3) Histological confirmation of treatment 
success is not possible, therefore, technical success of ablation is generally defined as having 
successfully delivered a certain amount of energy that is considered to create an ablation zone 
with sufficient margins.(4) In clinical practice, CT scans most commonly used for margin 
evaluation based on visual qualitative assessment without quantitative determination of the 
ablation margin. Generally, a margin of at least 5 mm is advised.(5) This seems intuitively 
correct, but there is only limited evidence to support this assumption and no standardized 
and validated method to assess ablation margins.(6, 7)

Co-registration of pre- and post-ablation cross-sectional images allows three-dimensional 
quantitative assessment of ablation margins. Several studies investigating different tech-
niques for quantitative assessment of RFA procedures for hepatocellular carcinoma (HCC) 
using CT-CT scan co-registration have been performed and are found to be superior to 
qualitative visual assessment in determining ablation margins and predicting local tumor 
recurrence.(7-9) Although, different results are obtained between experienced readers and 
less experienced readers. Quantitative assessment offers a more objective and reproducible 
method to evaluate technical success of ablation.(8)

Co-registration of pre- and post-ablation CT scans is challenging, as shape and position 
of the liver may differ between the two scans as a result of differences in patient positioning, 
breathing related liver motion and liver deformation due to the ablation or previous surgery.
(10) Most common co-registration algorithms are rigid, and/or need manual manipulation. 
By using a semi-automatic, non-rigid registration algorithm, an automatic correction for 
difference in liver position and morphology can be applied.

In this retrospective study, we evaluated feasibility and reproducibility of quantitative 
ablation margin assessment of patients with a solitary CRLM, using the described CT-CT 
scan co-registration software from Mirada RTx. Furthermore, we correlated the minimal 
ablation margins to local tumor recurrence.

Methods

The study was designed as a retrospective cohort study to investigate the feasibility and re-
producibility of co-registration of pre- and post-ablation CT scans of patients with a solitary 
CLRM. Two independent readers assessed the co-registration and a scoring model was used 
to determine feasibility and reproducibility. Furthermore, the minimal margins obtained 
after ablation were measured and correlated to local recurrence.
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Medical Ethical Approval
For this study medical ethical approval was obtained. All patient gave informed consent to 
undergo RFA. Informed consent was waived for the conduct of the study. Patient confiden-
tiality was guaranteed using anonymized data and radiologic images, and all data was entered 
into an encrypted and secured database.

Patients
Between January 2009 and March 2014, 313 patients underwent a first thermal ablation 
procedure of the liver in our institution (re-ablations were not included). Of the 313 pa-
tients, 284 patients were excluded from the analyses for the following reasons: hepatocellular 
carcinoma (n=112), liver metastases other than CRLM (n=25), a pre-ablation MRI scan 
(n=100), microwave ablation (n=8), ablation during open surgery (n=19), multifocality 
(n=13), technical failure (n=3) or a missing post-ablation CT (n=4). Co-registration of liver 
images of two scans is often challenging due to alterations in liver shape and position: ac-
curate co-registration of a liver area often results in a mismatch in other areas. In order not 
to increase the complexity of co-registration, patients with more than one lesion were not 
included in this feasibility study. Finally, we included 29 patients who underwent percutane-
ous radiofrequency ablation (RFA) of a solitary CRLM. Patient and lesion characteristics 
are shown in Supplementary Table S1. Pre- and post-ablation contrast-enhanced CT scan, 
including at least an portal-venous phase, was available in all patients with the baseline CT 
scan being performed within two months prior to the procedure.

RFA procedure
Three interventional radiologists specialized in RFA of the liver performed the RFA proce-
dures and had at start of the inclusion period an experience of at least two years. Percutane-
ous RFA was performed under general anesthesia under ultrasound guidance and in case of 
suboptimal ultrasonic guidance the procedure was performed with CT guidance. A single 
electrode was used (3 cm exposed tip Cooltip (Covidien, Gosport Hamspire, United King-
dom) or StarBurst XL (AngioDynamics, Amsterdam, Netherlands)) or multiple electrodes 
with a switch-control system (3 or 4 cm exposed tip Cooltip). Ablation was performed for 
12 (single Cooltip electrode) or 16 minutes (multiple Cooltip electrodes) using standard im-
pedance controlled ablation. Temperature-based ablation was performed with the StarBurst 
XL electrode.

Contrast-enhanced CT was performed immediately after ablation on a 16-slice spiral 
CT (Aquillion-16, Toshiba, Tokyo, Japan) using the following scanning parameters: 16x1 
mm scanning, 120 KV, rotation 0.5 s, contrast Ultravist 370 (dose weight depended) with a 
delay of 75 s for portal venous phase. In the supplementary Table S2 the scanning protocol 
is included.
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All RFA procedures were deemed to be technically successful at the time of the procedure 
if 1) a predefined amount of energy (based on information provided by vendors on the abla-
tion size at different settings) was successfully delivered to the tumor and 2) the coagulation 
area was thought to fully encompass the tumor based on visual qualitative assessment and 3) 
residual tumor enhancement on immediate post-ablation CT was absent. Visual assessment 
was performed by eye-balling and two-dimensional measurements. Pre- and post-ablation 
CT scans were projected side-by-side on the computer screen. By scrolling up and down 
both scans the interventional radiologist assessed whether the ablation area was correctly 
located and was thought to fully encompass the tumor with a margin of at least 5mm. Also, 
the post-ablation scan was assessed to rule out residual tumor enhancement. In addition to 
this, the distance was measured of the tumor and ablation zone to anatomical landmarks 
such as the liver edges and veins in order to confirm that the ablation zone was in a correct 
position and ablation margins were considered to be sufficient.

Mirada RTx Software
Mirada RTx is a software application developed for radiation therapy treatment planning. 
The software is integrated into Vitrea Advanced Visualisation (Vital Images, Minnetonka, 
U.S.A) and designed for rigid and deformable registration of medical image datasets in-
cluding PET, CT, MR, and SPECT scans. In our study, we used Mirada RTx to perform 
CT-CT scan co-registration with a semi-automated deformable registration algorithm with 
manual alteration when necessary. These manual alterations were either done by rotation 
and translation of a scan, or with use of a landmark algorithm that interpolates a deform-
able transformation by manually selecting corresponding anatomical landmarks in both 
scans. Delineation of the tumor volume and ablation area was done using a greyscale-based 
semi-automatic delineation tool with manual adjustments for accurate segmentation. In a 
fused-imaging view, RFA margins were quantitatively assessed by expanding the tumor’s 
contour until line intersection with the delineated ablation area. In case the tumor was 
not located completely within the ablation area, negative margin size was determined in 
the same way by expanding the ablation area delineation. Besides the narrowest margin in 
millimeters (mm), the anatomical location of the narrowest margin was determined as well. 
In case the tumor exceeded the tumor ablation area, the anatomical location of the highest 
tumor excess was recorded.

Scoring
Two interventional radiologists of the LUMC staff, experienced in RFA of liver lesions, who 
were blinded to follow-up data, independently performed co-registration of the pre- and 
postablation CT scans. Pre- and post-ablation portal venous phase CT scans were loaded 
into Mirada RTx. First, manual co-registration of the pre- and post-ablation CE-CT scans 
(venous phase) was based on venous structures and other liver landmarks in proximity to 
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the tumor, such as cysts or calcifications. Landmarks were placed on bi- or trifurcation 
of the portal vein to co-register the pre- and post-ablation CT scan. At the start of the 
co-registration process landmarks were placed centrally. Then, peripheral landmarks were 
chosen that were located closer to the tumor. After co-registration was performed a grad-
ing system from 1-5 was used to assess the reliability of co-registration: 1 = co-registration 
completely unreliable due to large differences in liver shape and position between pre- and 
post-ablation CT, 2 = suboptimal co-registration, 3 = sufficient co-registration, but not ac-
curate for measurement in mm, 4 = good co-registration or 5 = perfect co-registration. If 
the quality of co-registration in a patient was graded 4 or 5 by both radiologists, tumor and 
ablation volumes were delineated on both scans using automatic contour detection. In case 
the observers graded co-registration of the patient different, a consensus reading was applied.

Secondly, the automatic contour detection was evaluated by the radiologist and manu-
ally altered in case contour detection was not considered to be inaccurate.  Both delineations 
(tumor and ablation zone) were projected in one scan, resulting in an overlay of pre- and 
post-ablation CT scans. This overlay allowed assessment of ablation margins. The side of the 
minimal margin was noted, and the margin was measured in millimeters by both observers. 
In case of incomplete ablation, the extension of the tumor beyond the ablation zone was 
recorded in millimeters (negative margin). Inter-observer agreement was calculated for two 
different outcomes: 1) total encompassment of the tumor by the ablation zone; meaning 
that the tumor was inside the ablation zone, or without total encompassment of the tumor; 
meaning that the ablation zone did not cover the tumor completely, and 2) negative or no 
margin (≤0 mm), a minimal margin of 1-5 mm or a minimal margin of ≥ 5 mm. In case 
the observers measured different margins for the same patient, resulting in a difference in 
category grouping, a consensus reading was applied.

Local recurrence
Follow-up was performed according to standard local protocol, including a visit every three 
months to the surgical outpatient clinic, carcinoembryonic antigen (CEA) determination, 
and a CE-CT scan of the chest and abdomen. The follow-up scans were evaluated by an in-
dependent radiologist unaware of the ablation margin that was obtained during the ablation. 
In case of reported recurrence, the side of insufficient or minimal margin was compared with 
the localization of LR during follow-up. Patient and lesion characteristics of the patients 
without LR were compared with the patients with LR. The average of the minimal obtained 
margin determined by both observers was compared to development of LR.

Statistics
The level of agreement in margins between the two observers was estimated using unweighted 
Kappa κ statistics. The agreement was interpreted as poor (0), slight (≤ 0 to 0.20), fair (0.21 
to 0.40), moderate (0.41 to 0.60), substantial (0.61 to 0.80), almost perfect (≥ 0.80 to 0.99) 
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and perfect (1.00).(11) For continuous data, groups were compared using the independent 
t-test; categorical data were compared using the chi-square test. Data were analyzed using 
SPSS version 23.0. The statistical results were considered to indicate significance if the p-
value was less than 0.05.

Results

All tumor ablations (n=29) (median size 21mm (range 8-42mm)) were considered to be 
technically successful at the time of the procedure, as judged qualitatively by the radiologist 
performing the procedure. Twenty tumors were ablated ultrasound guided, in nine patients 
the tumors could not be visualized with ultrasound, their ablation was performed CT guided.

Scoring
The co-registration of pre- and post-ablation CT scans was good (4) or perfect (5) in 18 
(62%) patients. These patients were included in further analyses and for correlation with 
local recurrence. Patient and lesion characteristics of the patients are presented in Table 1. 
No significant differences in patient and lesion characteristics were observed between the 
patients who developed LR and who did not develop LR (Table 1).

The cause for suboptimal co-registration (grade 1, 2 or 3) was the difference in liver 
position during the pre- and post-ablation scan. This could be due to a difference in position 
of the patient (diagnostics scans were acquired with the patient in a supine position, whereas 
some RFA procedures were performed with the patient in a left lateral position to allow a 
lateral intercostal approach) or because the scans were obtained during a different breathing 
phase (in- or expiration). In two of the excluded patients there were artefacts in the post-
ablation scans, therefore co-registration was not possible (grade 1).

Eventually, 10 patients were graded 4 and 8 patients were graded 5. In 8 patients con-
sensus reading was performed.

Based on quantitative analysis using CT-CT scan fusion imaging, coverage of the tumor 
by the coagulation area was found to be incomplete in tumors of 9 patients (50%). In the 
other 9 patients complete ablation was achieved with a mean ablation margin of 2.2 ± 1.9 
mm.

The inter observer agreement was perfect for completeness of the ablations of the 18 
CRLM patients: κ = 1.0 (p-value < 0.001). Agreement for measurement of the minimal 
margin (mm), divided in three groups (≤ 0mm, 1-5mm, ≥ 5 mm), was substantial: κ = 
0.723 (p-value < 0.001). Eventually, 13 patients were in the ≤ 0mm group, six in the 1-5mm 
group, and two in the ≥ 5 mm group. In three a consensus reading was performed.
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Local recurrence rate
A schematic overview of the technique and the real-life implementation, including an 
example of a patient with LR four months after ablation is given in Figure 1. In Figure 
2 an overview is demonstrated of the delineation of a tumor and ablation zone after co-
registration was performed.

Patients with incomplete tumor ablation based on quantitative assessment were at a 
significantly higher risk of LR: 88.9% compared to 11.1% patients in whom complete abla-
tion was successfully achieved (p-value = 0.003). LR occurred after a median of 7 months 
(range 3 – 9).

Table 1. Patient characteristics

total no LR LR

n n n p-value

total 18 9 9

age mean (SD) 63.1 ±10.9 61.8 ±7.6 64.3 ±13.8 0.64

sex male 11 61% 6 67% 5 56% 0.63

female 7 39% 3 33% 4 44%

previous CRLM surgery yes 9 50% 5 56% 4 44% 0.64

no 9 50% 4 44% 5 56%

occurrence of CRLM metachronous 7 39% 3 33% 4 44% 0.63

synchronous 11 61% 6 67% 5 56%

days preoperative CT  
scan - RFA procedure

mean (SD) 32.2 ±17.2 27.9 ±15.8 36.4 ±18.4 0.31

year of RFA 2009-2011 7 39% 4 44% 3 33% 0.63

2012-2014 11 61% 5 56% 6 67%

lesion size (mm) median (range) 22 8-42 22 8-31 25 11-42 0.17

categorized lesion size <21 mm 8 44% 4 44% 4 44% 1.00

>20 mm 10 56% 5 56% 5 56%

liver half / segment left segment 2 1 6% 1 11% 0.14

segment 3 1 6% 1 11%

segment 4 5 27% 1 11% 4 45%

right segment 5 2 11% 1 11% 1 11%

segment 6 1 6% 1 11%

segment 7 4 22% 3 33% 1 11%

segment 8 4 22% 3 33% 1 11%

follow-up (months) mean (SD) 44.7 ±20.5 52.3 ±14.8 37.3 ±23.5 0.13

survival death 5 28% 1 11% 4 44% 0.11

LR: local recurrence, CRLM: colorectal liver metastasis; RFA: radiofrequency ablation
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Figure 1. Schematic overview and real-life implementation of the used technique for assessment 
of successful ablation.
Panel above: schematic overview of technique.
Panel below: example of a patient who developed local recurrence (dashed arrow) of her colorectal liver 
metastasis four months after ablation, precisely on the spot of the minimal obtained margin (arrow). 
The patient has undergone previous liver surgery, the clips are used as landmark.
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The correlation between the minimal obtained margin and the presence of LR was also 
determined: the average obtained margin of patients without LR was 2.1 mm compared 
to an average obtained margin of -2.6 mm for patients with LR (p-value < 0.001). The 
minimal obtained margins (average of the measured margins by the observers) correlated to 
the presence of LR is demonstrated in Figure 3.

Figure 2. Overview in all dimensions after co-registration and delineation of the tumor and ab-
lated zones.
Orange delineation: tumor; green delineation: tumor + 5mm; red delineation: ablation zone.

Figure 3. The obtained average minimal margin (in mm) correlated to the presence of local recur-
rence.
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Discussion

In our study the obtained percutaneous RFA margins in patients with a solitary CRLM were 
analyzed using CT-CT scan co-registration software with Mirada RTx. The main objective 
of this study was to evaluate the feasibility and reproducibility of this technique. From the 
29 patients that were included, sufficient co-registration was only possible in 18 patients 
(62%). The reason for suboptimal co-registration in the remaining 11 patients is due to 
difference in liver position and/or shape. This can be explained by the retrospective study 
design, in which patient positioning and breathing related liver motion were not taken into 
account during CT acquirement. Despite the limited feasibility, our results demonstrate 
that quantitative analyses of ablation margins with Mirada RTx software may be a valuable 
method to determine the end-point of ablation. In those patients in whom co-registration 
was feasible, the inter-observer agreement for completeness of the ablation of the patients 
whose scan were co-registered adequately, was perfect. In addition, a correlation was found 
between completeness of ablation and local recurrence. The good reproducibility of this 
technique and trend to the possibility of predicting local recurrence is an important finding 
for future prospective studies.

Overall, this quantitative method of margin measurement was accurate for patients who 
had scans with concordant liver positions. Against our expectations, half of the evaluated 
patients were unsuccessfully ablated when re-assessed using quantitative co-registration soft-
ware. By using CT-CT scan co-registration to determine technical success, we were able to 
identify a possible trend in the differentiation between patients with a very high risk (88.9%) 
of tumor recurrence and patients with low risk of recurrence (11.1%).

The superiority of quantitative assessment of minimal margins over qualitative visual 
assessment has also been demonstrated in patients with HCC. Kim et al. compared ret-
rospectively qualitative visual assessment with quantitative, CT-CT scan fusion imaging, 
assessment in 103 patients undergoing RFA for 110 HCC lesions.(7) All 110 tumors were 
ablated with the intention to achieve a margin of >5 mm. Yet, quantitative assessment using 
CT-CT scan fusion showed an ablation margin of >5 mm in only 2.7% of the tumors, 
whereas based on visual assessment the percentage of ablations with >5mm margins was 
deemed to be 34.5%. The inaccuracy of visual assessment has also been demonstrated in a 
study by Park et al., in which qualitative assessment was compared with quantitative assess-
ment in HCC patients by fusion of pre-ablation magnetic resonance imaging (MRI) scan 
and a post-ablation CT scan.(8) Quantitative assessments proved to be more accurately 
than qualitative assessment, especially when assessment was performed by radiologists with 
limited experience.

Against our expectations, in the patients in whom complete tumor ablation was achieved, 
the margin was below 5 mm (mean 2.2 ± 1.9 mm). These findings are in concordance with 
the previously mentioned study of Kim et al. They found that a margin of ≥ 2 mm was 
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sufficient to achieve LR of <10% in patients with hepatocellular carcinomas. Although we 
cannot draw conclusions from our results due to the small patient number, this remarkable 
finding is in concordance with the data about LR and overall survival for surgical R0 resec-
tions of CRLM, for which a margin of 1 mm is required.(12) Another explanation might 
be that we did not take possible tumor shrinkage into account during measurements of the 
ablation and tumor borders. Therefore, obtained margins may have been wider in reality 
than how they were assessed in this study on the direct post-procedural CE-CT scan.

In future studies, quantitative analysis may be used to determine the endpoint of ab-
lation and instigate immediate re-ablation when insufficient margins are obtained (while 
the patient is still under general anesthesia or sedation). In prospective studies mismatches 
between co-registration between pre- and post-ablation scans can be minimized by perform-
ing both scans immediately before and after ablation to ensure minimal difference in liver 
position and morphology. Minimizing breathing influences can be limited by using high-
frequency jet ventilation or apnea during scanning.(13) Another feature that might increase 
the reliability of the Mirada RTx could be automatic evaluation of the delineated tumor 
and ablation zone. Since complete tumor ablation was in this study assessed by checking the 
projection of both borders in all scans visually.

In conclusion, we showed that co-registration of pre- and post-ablation CT scans us-
ing Mirada RX is frequently not feasible as a result of differences in shape and position of 
the liver. Yet, in patients in whom accurate co-registration was feasible determination of 
technical success of ablation is reproducible and ablation margins correlated with LR. Future 
prospective studies should focus on optimized scanning protocols to increase feasibility of 
co-registration of pre- and post-ablation scans as quantitative assessment of ablation may 
prove to be a valuable tool in determining technical success and predicting LR.
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Summary and future perspectives

This thesis is focused on two main cancerous diseases: pancreatic and colorectal cancer. The 
peri-operative process of these two diseases was critically evaluated and new techniques were 
suggested to supplement this process. The main goal of the presented studies was to improve 
selection of patients with resectable tumors, determine the most suitable treatment plan, 
detect metastatic disease and improve radical resection rates. In this final part all results will 
be summarized and the future perspectives of the described techniques will be discussed.

Diagnostic process

Molecular diagnostics
Part I describes the implementation and validation of targeted Next-Generation Sequencing 
(NGS) in the diagnostic process of patients with a suspect pancreatic lesion. The value of 
NGS in pancreatic cancer was for the first time observed in a patient with a suspect recurrence 
that turned out to be a second primary tumor. This changed the treatment strategy from 
palliation to resection. Due to this promising result the technique was validated on DNA in 
cytology samples obtained from 70 patients with a suspect pancreatic lesion. The treatment 
plan was adjusted in 10% of the patients, preventing hazardous surgery for patients with 
benign conditions or suggesting resection of malignancies that were otherwise deemed as 
pancreatitis. This validation cohort consisted of consecutive included patients; all presented 
at the multidisciplinary pancreatic cancer team meetings, regardless of the probability of 
diagnosis based on the standard diagnostics.

In the follow-up multicenter study, the value of NGS in patients with a suspect pancre-
atic lesion without a conclusive cytology sample or probability diagnosis was determined. 
The treatment plan was changed in approximately one third of the patients. Also, repeated 
diagnostic biopsies could be prevented. Due to this multicenter study, NGS is integrated 
in the diagnostic process standardly in multiple hospitals, and might be expanded further 
nationally.

In the future NGS will be of special importance for patients with suspect lesions who 
could be treated with neoadjuvant therapy. Not only for confirmation of a malignancy, but 
also for systemic therapy response assessment. Diagnostic techniques focussing on molecular 
level are being optimized, and based on blood samples tumor response can be measured. 
For instance, KRAS pathogenic variations can be measured in circulating cell-free DNA 
(cfDNA) in the blood. Based on correlation of KRAS incidence in blood samples prior 
to start of neoadjuvant therapy and after, response can be determined. Furthermore, after 
treatment with curative intend, recurrence can be detected by taking blood samples and 
determining the genomic alterations in cfDNA of blood samples.(1) This might even lead to 
detection of early stage cancer and cancer screening.(2) NGS could gain a more prominent 
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role by optimizing the gene panel for ductal adenocarcinoma, enabling to sequence ultra-
deep in a very low amount of tumor DNA.

Molecular diagnostics in patients with colorectal liver metastases (CRLM) should be 
shortly mentioned. Several studies with large patient numbers have analysed growth patterns 
of CRLM for the determination of impact on prognosis or overall survival.(3) But, biologi-
cal status of the tumor is of even greater importance in the diagnostic process, especially for 
treatment proposal. Mutational status, mainly KRAS and BRAF, and studies investigating 
micro-RNA’s could eventually help the clinicians during the multidisciplinary team meetings 
to determine the best therapeutic approach, timing and type of chemotherapy and whether 
to perform a resection or not.(4-7) For example, BRAF mutations are associated with poor 
prognosis.(8) NGS is gaining a more prominent role in the treatment of colorectal cancer, 
since this relatively easy technique can distinguish different types of mutations and predict 
response to treatment and metastatic spread.(9-11) Biological profiles should be further 
analysed and investigated in future studies in order to improve prediction of prognosis and 
patient based treatment.

Preoperative imaging
This part discusses mainly the role of preoperative imaging in CRLM. As described in chap-
ter 5, the influence of MRI scanning with Primovist contrast (P-MRI) has a direct effect 
on treatment strategy proposal in a clinical setting. P-MRI scans lead to better differentia-
tion, resulting in prevention of unnecessary surgeries, improved preoperative planning and 
prevention of repeated interventions by early identification of small lesions. During surgery 
of patients with resectable CRLM, several intraoperative techniques aid in the detection and 
resection of CRLM.(12, 13)

Pre- and intraoperative imaging techniques partly overlap, making each other superflu-
ous. Future studies should focus on bundling of these techniques, aiming for tumor identi-
fication and radical tumor removal resulting in prevention of reinterventions and improved 
overall survival. For example, P-MRI scans might not be of value in all patients since livers 
are intraoperatively also assessed with intraoperative ultrasound (IOUS) and/or near-infrared 
fluorescence (NIRF) imaging. Based on multivariate analysis of large patient cohorts predic-
tive factors can be identified indicating who will benefit from additional P-MRI scanning, 
like multiple lesions or synchronous development. This results in prevention of costly and 
time-consuming scanning without much yield. Furthermore, P-MRI scanning and NIRF 
imaging with indocyanine green (ICG) have both proven to identify additional lesions. 
But, P-MRI scanning is insufficient for the detection of superficial lesions, whereas NIRF 
imaging can only assess the outer 1 cm layer of the liver, so these techniques supplement 
each other. Based on nationwide multicenter studies guidelines should be updated, and 
recommendations should be made about which imaging modality should be used during the 
diagnostic and therapeutic process.
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Although, pancreatic cancer is not discussed in this part, it will be addressed shortly. 
Current international and Dutch guidelines for pancreatic cancer still suggest CT scanning.
(14-16) However, there’s a need for optimization of preoperative imaging in patients with 
suspect pancreatic cancer. Not only is differentiation between cancer, inflamed and (che-
motherapy induced) fibrosis tissue difficult on CT (or MRI) scans, the assessment of extent 
of vascular contact also gives hurdles.(17, 18) Furthermore, due to the large incidence of 
patients presenting with metastatic disease or developing metastatic spread just after surgery, 
preoperative imaging should also be more focused on detecting metastases.(19, 20) Pre-
operative MRI scanning, including a DWI sequence, might prevent surgery in patients who 
already developed small (hepatic) metastases.(21, 22) Unpublished data of 93 patients who 
underwent intended curative surgery for pancreatic cancer in the LUMC between January 
2016 and July 2017, shows an incidence of metastastic disease in 21.5% of the patients dur-
ing surgery or within 3 months after surgery. In an ongoing clinical trial from Radboud MC 
(NCT03469726), all patients with (suspect) pancreatic cancer will undergo an additional 
Contrast-enhanced Diffusion-weighted MRI (CE-DWI-MRI) can within two weeks from 
the Contrast-enhanced CT (CECT) scan. All suspect metastatic lesions will be biopsied to 
obtain pathological confirmation. Follow-up CE-DW-MRI and CECT scans will be made 
at 3, 6 and 12 months. Future prospective studies, like the study of Radboud MC, should 
focus more improving patient selection, so patients will not undergo unnecessary hazard-
ous surgery. Since detection of metastatic disease during exploration immediately prior to 
planned resection is related to very poor prognosis of patients, sufficient preoperative imag-
ing is of vital importance for this patient population.(23)

Another solution for detection of metastatic disease and for evaluation of the local extend 
of the primary pancreatic tumor, could be in PET imaging. So far, PET is not standard in 
the diagnostic process of pancreatic cancer, but various upcoming and ongoing studies are 
investigating tumor-specific tracers for PET imaging. In the near future a tumor-specific 
αvβ6 PET tracer will be investigated in patients with pancreatic cancer.

Hybrid tracer: preoperative and intraoperative imaging
Chapter 6 describes the value of hybrid tracer use in patients with colorectal cancer, namely 
cRGD. This tracer is based on the tripeptide Arg-Gly-Asp (RGD), which targets various in-
tegrins (e.g. αvβ6) overexpressed on tumor cells and correlating with neoangiogenesis. With 
one single molecular imaging agent preoperative PET and NIRF imaging can be realized. 
Several advantages of hybrid tracer use are improved patient selection, preoperative surgical 
planning, intraoperative surgical guidance and optimisation of radical resection rates. Time 
management is of importance for hybrid tracers, tumor-specific nuclear signals should be de-
tectable quickly and the NIRF signals should remain stable over time. The interval between 
preoperative imaging and surgery could be shortened by using hybrid tracers, increasing the 
probability of concordance between preoperative planning and surgery. In the future, tracers 
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will probably be increasingly developed in a hybrid form, since obtaining market approval 
for a single drug is very costly and time consuming (22) There is a great need to develop 
single contrast agents (drugs) that have more than one indication. A cRGD-based tracer can 
be used for the detection of several cancer sorts, and a hybrid tracer can be used for both pre- 
and intraoperative imaging. Development of future tracers should take both into account.

The clinically available near-infrared cRGD-ZW800-1 tracer is currently being tested 
in patients with colorectal cancer in a clinical trial (NL6250805817). Depending on the 
clinical trial results, cRGD-ZW800-1 will also be used for the intraoperative detection of 
pancreatic cancer. In vivo pre-clinical studies have already shown that NIRF imaging of pan-
creatic cancer with cRGD-ZW800-1 is sufficient.(24) A great advantage of cRGD-ZW800 
tracers is the renal clearance of the isotopes. Pancreatic, or colorectal, liver metastases can be 
detected, because the liver remains dark.

Intra-operative techniques

Staging laparoscopy using NIRF imaging
Performing staging laparoscopy immediately prior to curative intended surgery in pancreatic 
cancer patients is now performed standardly in the LUMC as described in chapter 7. But, 
addition of NIRF imaging using indocyanine green (ICG) for the detection of hepatic 
metastasized spread yielded less than expected. Using tumor-specific NIRF imaging could 
overcome drawbacks from the aspecific ICG, since extrahepatic lesions can also be identi-
fied, like peritoneal spread. Tumor-specific imaging could improve evaluation of the primary 
tumor during the laparoscopy. This will be of special value for neoadjuvantly treated patients 
in whom distinction between chemotherapy induces fibrosis, viable tumor cells and healthy 
tissue is hard.(17, 18) Although ultrasound was of no added value in the described study, 
contrast-enhanced ultrasound might be of more value.(25)

Future studies should focus on developing tumor-specific tracers, resulting in optimal 
NIRF imaging during staging laparoscopy for the evaluation of metastatic or locally ad-
vanced disease. This will become of special value since the number of neoadjuvantly treated 
patients will increase and tumor response evaluation on preoperative imaging is suboptimal.

NIRF imaging in colorectal liver metastases
NIRF imaging is most frequently applied during liver surgery, since real-time demarcation 
of liver lesions can be easily performed using ICG. This technique proved to be feasible 
for detection and resection of HCC as well as metastases, all with different fluorescence 
patterns.(26) Lesions can be detected, additional lesions can be identified and CRLM can 
be radically resected based on the characteristic fluorescent rim present around the lesion. 
With the introduction of clinically available laparoscopic systems equipped with a NIRF 
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channel and the possibility to project the fluorescence signals over the white light images, 
this technique is applied increasingly as standard of care.

In chapter 8 the use of NIRF imaging with ICG for resection of CRLM is extensively 
described, focusing on technical aspects. Reports like these will become of special interest to 
be able to implement NIRF imaging widely in a standardized manner. Future studies about 
NIRF imaging should focus on expanding, and making surgeons comfortable with this 
technique. The MIMIC trial (NTR7674) is an example of a Dutch multicenter study, dur-
ing which NIRF imaging using ICG will be used during laparoscopic resection of CRLM. 
The added value of NIRF imaging for liver surgery is already proven, but the focus of this 
study is on radical tumor removal and stimulating the learning curve of surgeons by using 
NIRF imaging. Afterwards, when clinical tumor specific tracers become available in the 
future, surgeons are already used to NIRF guided surgeries.

As described earlier, a disadvantage of the use of NIRF imaging with ICG is the limita-
tion for liver use only, due to the non-specific properties of ICG. Also causing potential 
non-specific fluorescence signals in the liver, resulting in a relative increased false-positive 
ratio. Tumor-specific tracers can overcome this drawbacks. But still, the maximal depth 
penetration of a fluorescence signal is limited to 1 cm (25), therefore NIRF imaging should 
be combined with other techniques, such as radionuclides. Preoperative PET/SPECT scans 
provide information about tumor extension and allow surgical planning. Deeper seated 
tumors could be visualized using intraoperative ultrasound, preferably contrast-enhanced 
ultrasound. In the far future the limited depth penetration problem might even be solved 
with the use of multispectral optoacoustic tomography (MSOT) or photoacoustic imaging.
(26-27) Depth penetration is extended to approximately 5cm, but these techniques are still 
in an early stage.

Tumor-specific NIRF imaging in pancreatic cancer
Sufficient tumor-specific tracers for pancreatic cancer are not yet clinically available. Several 
studies have been done trying to visualize pancreatic cancer cells using fluorescent tracers, 
with suboptimal results.(27, 28) As chapter 9 describes, bevacizumab-800CW is disap-
pointing for tumor specific NIRF imaging of pancreatic cancer. This can be due a variety of 
reasons. Firstly, shedding of vascular endothelial growth factor (VEGF) which is targeted by 
bevacizumab-800CW, in the microenvironment and surrounding tissue results in diffused 
VEGF binding and increased background signals. Another reason can be the large amount 
of abundant desmoplastic stroma, resulting in sparser fluorescent patterns compared to 
other tumor types. Due to the size of antibody tracers, antibodies are probably not the most 
suitable fluorescent tracers for targeting of pancreatic cancer.

In the future a tracer targeting stroma, or using a combination of tracers, could be the 
solution.(29) Primary pancreatic tumors already are highly heterogenous and are therefore 
hard to target completely. Targeting both the primary tumor including potential metastases, 
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for example during staging laparoscopy, is even harder. Due to homing of the tumor cells in 
other microenvironments such as the liver, novel mutations occur, consequently leading to 
even larger heterogeneity, also between the metastases and the primary tumor. All current 
studies are performed with fluorescent labelled antibodies. Smaller tracers like integrins or 
nanobodies will be better tracers for targeting of pancreatic cancer. Targets should be evalu-
ated for being able to distinct between inflammation, chemotherapy adjusted tissue and 
viable cancer cells, since neoadjuvant therapy will probably become standard-of-care. CEA 
and integrin αvβ6 seem to be promising targets, as is uPAR.(30)

Furthermore, with the upcoming minimally invasive procedures, laparoscopic and robot 
assisted surgeries, tracers should be developed for and adjusted to the NIRF channels with 
which these systems are equipped. NIRF imaging will be especially valuable for these kind 
of procedures because switching between the white light channels and NIRF channels can 
be done easily. Therefore, checking resection margins or assessing suspect (metastatic) lesions 
can be performed within seconds. Wide field NIRF imaging requires dimmed lights and 
displacements of camera systems, operation rooms should be optimized for quick and easy 
use of camera’s during open surgery.

Intraoperative ultrasound
Endoscopic ultrasound has gained an important role in the diagnostic process of patients 
with pancreatic cancer. But ultrasound during surgery is not standardly performed, whilst 
IOUS has multiple benefits: easy access, direct feedback and low costs are a few examples. In 
chapter 10 IOUS was used for the assessment of pancreatic tumors. In this prospective co-
hort study the focus was on assessment of vascular contact and resection margins compared 
to histopathological assessment. IOUS assessment was superior to preoperative imaging for 
the assessment of vascular contact. Furthermore, in more than half of the patients the initial 
surgical strategy was adjusted based on findings with the IOUS. Surgeons were in general 
prepared earlier during the procedure for what to encounter with regards to: vascular contact, 
additional lesions or a too extensive disease. Additionally, high radical resections rates were 
obtained in this cohort, almost 80% was resected radical. Compared to an overall radical 
resection rate of 40% worldwide.(31) With the use of a high-frequency probe in direct 
contact with the organ, IOUS provides superior spatial resolution and contrast compared to 
preoperative imaging.

In an ongoing multicenter study, UltraPanc, (NTR7621) the use of IOUS during resec-
tions of pancreatic cancer is investigated more extensively. Changes in surgical strategy due 
to IOUS assessment will be determined during this follow-up study. The most important 
objective of this study will be the standardization of IOUS use, especially for assessment of 
vascular contact with the tumor. By standardization of IOUS assessment radical resection rates 
could be increased and unnecessary vascular reconstructions or irradical resected tumors due 
to vascular involvement can be prevented.(32) Since neoadjuvant therapy will gain a more 
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prominent role in the therapy of pancreatic cancer patients, all future studies investigating 
the surgical process of pancreatic cancer should emphasize also this aspect. IOUS might 
be of help in discriminating between benign and malignant tissue. By standardized IOUS 
assessments performed by experienced abdominal radiologist, the primary tumor might 
be assessed more accurately. Therefore, half of the patients in the UltraPanc study will be 
treated neaodjuvantly. After standardization and improving IOUS assessment by this study, 
tumor specific contrast-enhanced ultrasound for visualization of pancreatic cancer should 
be investigated.(33, 34) Contrast-enhanced ultrasound might yield even more, not only for 
assessment of metastastic spread or locally advanced disease, but also about primary tumor 
status after neoadjuvant therapy and involvement of surrounding vessels and structures.

Post-procedural evaluation

Radio-frequency ablation
The primary objective of chapter 11 was to evaluate the feasibility and reproducibility of 
CT-CT scan co-registration, using Mirada RTx software, in order to assess radio frequency 
ablation margins of patients with CRLM. Based on this retrospective cohort the feasibil-
ity was sub-optimal, but co-registration was reproducible. The secondary objective was to 
correlate the ablation margin to the occurrence of local recurrence. In future prospective 
studies, quantitative analysis using co-registration for instance, might be a valuable tool in 
defining technical success. Immediately after the percutaneously ablated tumors, the abla-
tion margins can be assessed using this co-registration software, predicting if local recurrence 
might occur. If so, direct re-ablation can be performed, hopefully preventing local recurrence 
and re-interventions later on.

General future perspectives and conclusions

Selecting patients suitable for undergoing hazardous pancreatic surgery, or resection of 
colorectal liver metastases, remains challenging. Molecular diagnostics will increasingly 
become an important factor in diagnosing patients with suspect lesions and will aid in 
choosing patient specific oncologic treatment. Optimizing preoperative imaging helps to 
determine the local expansion of the primary tumor and can also detect possible metastases, 
improving patient based treatment selection and surgical planning. NIRF imaging in the di-
agnostic process and during surgery can aid in detection of the primary cancer and possible 
metastases. Moreover, due to the ability to highlight specific structures surgeons can aim 
for optimal radical resections and can diminish iatrogenic damage and morbidity. Future 
studies investigating NIRF imaging should be focussed on distinguishing vital cancer cells 
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from chemotherapy induced fibrosis, since systemic treatment is increasingly administered. 
Another focus can be on a different type of tracer, for example conjugation of fluorophores 
to nanobodies, resulting in a shortened timeframe between injection of the tracer and intra-
operative NIRF imaging.

Several other promising techniques might become of importance during surgery in 
the future. Like research focusing on the NIR-II optical window, which has a wavelength 
between 1000-1700nm, thereby extending the depth penetration for imaging.(35, 36) 
Photo-acoustic imaging also has the potency to visualize tissue up to several centimetres.
(37) Spectroscopy is already used in the diagnostic process during EUS-FNA, but might 
also be of help to differentiate between different types of tissue during surgery.(38) Hyper-
spectral imaging systems are currently being developed, with the intention to differentiate 
between tissue types without the use of exogenic tracers.(39) Lastly, in addition to surgery, 
tumor-targeted photodynamic therapy can induce cell death using light activation of a 
photosensitizer. This might be used as additional intraoperative therapy after resection.(40)

To be able to broadly implement all the described and used techniques, large multi-
center studies should be initialized. These studies should focus on new indications for NIRF 
imaging using ICG, in order to make surgeons familiar with the technique. Furthermore, 
studies focusing on tumor specific imaging should take patient outcome, like improved 
survival and reduction of morbidities, into account. Eventually, this will lead to wide-spread 
implementation in a standardized manner with quality assurance of intraoperative tech-
niques like NIRF imaging.
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Momenteel is resectie de enige kans op lange termijn overleving voor patiënten met pancre-
askanker. Indien er sprake is van gemetastaseerde ziekte of van lokaal uitgebreide tumorgroei 
hebben patiënten geen baat bij directe chirurgie, dan moet respectievelijk palliatieve of neo-
adjuvante behandeling nagestreefd worden. Het uitsluiten cq aantonen van irresectabiliteit is 
van groot belang tijdens het diagnostisch proces. Dit gebeurt aan de hand van preoperatieve 
beeldvorming en endoscopische echografie met als optie een diagnostische punctie, eventu-
eel gevolgd door een stadiërings laparoscopie. Indien de primaire tumor resectabel lijkt moet 
een radicale resectie nagestreefd worden aangezien dit de beste prognose voor de patiënt 
oplevert. Tijdens de operatie kan de chirurg gebruik maken van verschillende intraoperatieve 
beeldvormende technieken om de tumor zo goed mogelijk in beeld te brengen en radicaal te 
verwijderen, dit gebeurt echter nog zeer beperkt en niet standaard.

Patiënten met levermetastasen van colorectale tumoren kunnen curatief behandeld 
worden, met een eventueel lange termijn overleving als resultaat. Metastasen worden in-
dien mogelijk lokaal behandeld middels resectie of ablatie. Als er sprake is van een verder 
gedissemineerde ziekte is systemische therapie een optie. Preoperatieve beeldvorming is 
om verschillende redenen van belang: het afstemmen van de meest geschikte behandeling, 
het in kaart brengen van de metastasen en het opstellen van een chirurgisch plan. Om de 
prognose optimaal te houden is het noodzakelijk om de lokale behandeling radicaal uit te 
voeren. Verschillende intraoperatieve en postoperatieve technieken kunnen bijdragen aan 
een radicale resectie.

Dit proefschrift richt zich op het optimaliseren van het diagnostisch proces en de chirur-
gische behandeling van pancreas kanker en colorectale tumoren. Moleculaire diagnostiek, 
pre- en intraoperatieve beeldvormende technieken zullen aan bod komen. Een veel be-
schreven techniek in dit proefschrift is fluorescentie geleide chirurgie. Fluorescentie geleide 
chirurgie maakt gebruik van het nabij-infrarode licht om het visuele contrast tussen tumor 
en omliggend weefsel te vergroten.

Deel 1: Moleculaire diagnostiek

In het eerste deel van dit proefschrift ligt de focus op moleculaire diagnostiek bij patiën-
ten met een verdachte laesie van de pancreas. Moleculaire diagnostiek middels targeted 
Next-Generation Sequencing (NGS) kan tijdens het diagnostisch proces bijdragen aan het 
onderscheid maken tussen maligne en benigne aandoeningen. Diagnostische cytologische 
puncties worden met NGS geanalyseerd om pathogene varianten in het DNA aan te tonen. 
Hoofdstuk 2 betreft een casus waaruit blijkt dat NGS een doorslaggevende factor kan zijn 
voor het kiezen van de juiste behandeling, en wordt de techniek uitvoerig beschreven. In 
hoofdstuk 3 wordt beschreven hoe NGS gevalideerd is in een opeenvolgend patiënten 
cohort in het Leids Universitair Medisch Centrum (LUMC). Integratie van NGS in het 
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diagnostisch proces had een sensitiviteit en specificiteit van 93% en 100%, respectievelijk. 
Dankzij NGS veranderde het behandelplan in 10% van de patiënten. In hoofdstuk 4 wordt 
een multicenter studie beschreven, waarbij NGS alleen wordt ingezet indien de diagnostiek 
moeizaam gaat en er veel twijfel blijft over de diagnose en passende behandelplan. NGS 
analyse resulteerde in het voorkomen van herhaling van een diagnostische punctie (n=7), het 
voorkomen van oncologische behandeling voor patiënten met een benigne conditie (n=8) en 
het aantonen van maligniteiten die anders gemist zouden worden (n=1).

Deel 2: Preoperatieve beeldvormende 
technieken

In hoofdstuk 5 wordt de rol van de MRI scan, waarbij gadoxine-zuur (Primovist) als 
contrastmiddel wordt gebruikt, in patiënten met colorectale levermetastasen geanalyseerd. 
Tijdens het diagnostisch proces krijgen alle patiënten standaard een CT scan, indien het 
resectabele metastasen betreffen wordt sinds 2013 in het LUMC ook een MRI Primovist 
scan gemaakt. Differentiatie tussen maligne en benigne laesies met de MRI Primovist scan 
is sensitiever. Daarnaast is het ook mogelijk om op een MRI Primovist scan kleinere laesies 
(<1 cm) aan te tonen. Uit deze studie blijkt dat integratie van de MRI Primovist scans in het 
diagnostisch proces van patiënten met colorectale levermetastasen de ziekte nauwkeuriger 
in kaart brengt, de keuze voor behandelstrategie verbetert en korte-termijn reïnterventies 
vermindert.

Om tijdens pre-operatieve beeldvorming de tumor beter in beeld te brengen kan 
ook gebruikt gemaakt worden van tumor-specifieke beeldvorming, zoals PET scans met 
tumor-specifieke nucleaire tracers. Hoofdstuk 6 beschrijft een pre-klinische studie waarin 
een hybride tracer getest wordt in proefdieren. Deze tumor-specifieke hybride tracer kan 
preoperatief gebruikt worden voor PET scans en intraoperatief voor fluorescentiebeeldvor-
ming. De tracer, genaamd cRGD-ZW800-1-Forte-[89Zr]Zr-DFO, bindt zich aan integrinen 
die tot overexpressie komen op tumorcellen en geassocieerd zijn met neoangiogenese. Door 
gebruik te maken van hybride tracers kan preoperatief de patiënten selectie verbeterd worden 
doordat metastasen of lokaal uitgebreide tumorgroei aangetoond kan worden. Vervolgens 
kan een chirurgische planning direct intraoperatief gerealiseerd worden. Bij het gebruik van 
hybride tracers is tijdsplanning van belang, echter is een groot voordeel dat maar één tracer 
toegediend wordt. Daarnaast kunnen twee technieken gerealiseerd worden met goedkeuring 
van maar één tracer. Bovendien is het door gebruik te maken van één tracer zeker dat pre-
operatieve beeldvorming in overeenstemming is met intraoperatieve beeldvorming.
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Deel 3: Intraoperatieve beeldvormende 
technieken

Zoals boven beschreven, is het mogelijk om een stadiëringslaparoscopie uit te voeren om 
aanwezigheid bij levermetastasen van pancreaskanker uit te sluiten. Deze techniek kan 
aangevuld worden met laparoscopische echografie en fluorescentie beeldvorming, zoals in 
hoofdstuk 7 is gedaan. In deze prospectieve cohort studie is gebruik gemaakt van indocy-
anine groen (ICG). ICG is een niet tumor-specifieke fluorescente tracer waarmee op een 
indirecte manier, metastasen succesvol in de lever worden aangetoond. Echografie had geen 
aanvullende waarde in deze studie. In toekomstige studies die zich richten op stadiëring-
slaparoscopie moet blijken of tumor-specifieke tracers van meerwaarde zijn. Dit kan met 
name van belang zijn om extra-hepatische metastasen en de primaire tumor in beeld te 
brengen. Verder is het noodzakelijk om onderscheid te maken tussen vitaal tumorweefsel en 
chemotherapie geïnduceerde fibrose na neoadjuvante therapie.

Het gebruik van ICG voor detectie van colorectale levermetastasen wordt beschreven in 
hoofdstuk 8. Het is al langere tijd bekend dat ICG van meerwaarde is voor de chirurgische 
behandeling van colorectale levermetastasen, aangezien (kleine) additionele levermetastasen 
die gemist waren op preoperatieve beeldvorming aangetoond kunnen worden. Deze studie 
richt zich op minimaal invasieve technieken waarbij fluorescentie beeldvorming toegepast 
kan worden. Hierdoor ontstaat de mogelijkheid om metastasen radicaal te reseceren op basis 
van de fluorescentie patronen. De technische aspecten van deze techniek worden belicht. 
Hiermee wordt de basis gelegd om tijdens minimaal-invasieve ingrepen metastasen te ver-
wijderen op basis van de fluorescente feedback om hiermee het aantal radicale resecties te 
vergroten.

In Hoofdstuk 9 wordt een eerste multicenter studie beschreven die zich richt op een 
tumor-specifieke fluorescentie tracer. De betreffende tracer, genaamd bevacuzimab-800CW, 
bindt aan vascular endothelial growth factor (VEGF). Ondanks succes bij andere tumor-
typen, werden suboptimale resultaten behaald met deze tracer voor het in beeld brengen 
van pancreaskanker. De mogelijke oorzaken hiervoor zijn de verdeling van de expressie van 
VEGF en de structuur van de tracer. Vanwege de grote stromale factor in pancreaskanker 
zullen toekomstige tumor-specifieke tracers zich ook moeten richten op het binden aan 
stroma. Verder zullen combinaties van verschillende tracers ingezet moeten worden vanwege 
het heterogene karakter van pancreaskanker.

Intraoperatieve echografie is een techniek die al jaren gebruikt wordt maar niet standaard 
wordt ingezet bij resectie van de tumor in de pancreas. Deze relatief makkelijk toepasbare 
en goedkope techniek, welke directe feedback verschaft aan de operateurs, wordt beschreven 
in hoofdstuk 10. In deze prospectieve cohort studie verschaft de intraoperatieve echo in 
de meerderheid van de patiënten extra informatie in vergelijking met de preoperatieve 



Chapter 13

198

beeldvorming. De vasculaire betrokkenheid kan goed in kaart worden gebracht, wat in een 
nieuwe lopende multicenter studie gestandaardiseerd wordt uitgezocht.

De laatst beschreven techniek is radio frequency ablation van colorectale levermetastasen, 
en wordt behandeld in hoofdstuk 11. Door directe co-registratie met behulp van de Mirada 
RTx software van de CT scan tijdens de ablatie en de CT scan meteen na de ablatie, kan het 
succes van de ablatie geëvalueerd worden. In dit hoofdstuk wordt deze techniek beschreven 
en gevalideerd in een retrospectief cohort. Vervolgstudies met directe co-registratie na ablatie 
moeten uitwijzen of lokaal recidief zo voorkomen kan worden.
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