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Chapter 1

Preoperative imaging of solid tumors is the cornerstone of adequate staging in the 
diagnosis of cancer. Patient with cN0 or preoperative staging imaging without lymph 
node involvement (iN0M0), patients undergo curative surgery. In solid tumors, the 
sentinel node (SN) procedure helps to define if micrometastatic lymph node are 
involved leading to adequate staging and suited treatment choices.

During surgical procedures, the surgeon explores the operation field for target 
lesions of interest; the primary tumor as well as the SN. In the bloodied operating 
field, small targets, like the SN, are not always easy to find. Especially not in areas 
with difficult anatomy or richly vascularized and nerve-supplied areas. Searching 
for this SN in these challenging areas can lead to unnecessary removal of healthy 
tissue with associated morbidities, incomplete or longer duration of surgery.

Accurate preoperative imaging, surgical planning and intraoperative tools to guide 
the surgeon to the lesion of interest can overcome these problems. Traditionally, 
radioguidance has been the standard of care for the SN procedure but this 
approach has limitations for SN biopsy in areas of complex anatomy like head/
neck and the pelvis. In this context hybrid SN tracers have shown to give best of 
both pre- and intraoperative lesion detection. Section 1 of this thesis is focused 
on clinical application with combined pre- and intraoperative imaging, using the 
hybrid SN tracer ICG-99mTc-nanocolloid, alone or in comparison to other radioactive 
tracers, for new potential clinical indications. This section pay also attention to 99mTc-
Tilmanocept, a new generation SN tracer.

Chapter 2, provides an overview of interventional nuclear medicine using existing 
and novel tracers and various detection modalities discussing the needs for and key 
indications of radioguided surgery (e.g., lymphatic mapping, maker administration 
and targeted tracer development) related to chemical and engineering initiatives.

In Chapter 3 and 4, other radiocolloids of different particle sizes are compared 
with the hybrid tracer ICG-99mTc-nanocolloid which is based on the most used 
colloid particle size in Europe. In the clinical study, described in Chapter 3, 
lymphoscintigraphic drainage patterns, including SN and non-SLN appearing of 
99mTc-Senti-Scint and the standard used tracer ICG-99mTc-nanocolloid are compared 
in patients with melanoma of the head and neck and truck.

In Chapter 4, drainage patterns, SN visualization and non-SN visualization of a 
rather new kid on the bloc, 99mTc-Tilmanocept, a manose receptor binding tracer, 
are presented and discussed for SN procedures in patients with breast cancer and 
melanoma.
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Based on a prospective pilot study in patients with muscle invasive bladder 
cancer, Chapter 5 describes the feasibility of SN targeting using the hybrid tracer 
indocyanine green (ICG)99mTc-nanocolloid for preoperative imaging and simultaneous 
intraoperative radioguidance and fluorescence guidance.

In Section 2, innovations within the field of radioguided surgery are described.

In a preclinical proof-of-concept setting, Chapter 6 describes the sensitivity of 
using a freehand SPECT mobile gamma camera with 3D navigation to identify 
99mTc-HDP positive lesions at bone scintigraphy. Further, the potential use for future 
radioguided biopsy osseous and non-osseous applications is discussed.

In Chapter 7, the preclinical tracer development of a novel hybrid tracer for liver 
surgery is described. This approach is based on fluorescence guided minimally 
invasive hepatobiliary surgery for liver cancer, including the use of preoperative 
imaging to visualize the lesions well in advance.

Section 2 concludes with future perspectives in radioguided surgery as discussed in 
Chapter 8, which also includes additional suggestions for expansion of the hybrid 
surgical guidance concept in robot-assisted surgery.

1
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A focus on radioguided intervention and surgery

Adapted from: 
Daphne D. Rietbergen, Matthias N. van Oosterom, Gijs H. KleinJan, Oscar R. 

Brouwer, Renato A. Valdés Olmos, Fijs W. van Leeuwen, Tessa Buckle. 

The Quarterly Journal of Nuclear Medicine and Molecular imaging 2021;65:4-19 

2024415_Rietbergen_BNW-proef_v5.indd   152024415_Rietbergen_BNW-proef_v5.indd   15 24-10-2024   09:50:4424-10-2024   09:50:44



16

Chapter 2

Abstract

Within interventional nuclear medicine (iNM) a prominent role is allocated for the 
sub-discipline of radioguided surgery. Unique for this discipline is the fact that 
an increasing number of clinical indications (e.g., lymphatic mapping, local tumor 
demarcation and/or tumor receptor targeted applications) have been adopted into 
routine care. The clinical integration is further strengthened by technical innovations 
in chemistry and engineering that enhance the translational potential of radioguided 
procedures in iNM. Together, these features not only ensure ongoing expansion of 
iNM but also warrant a lasting clinical impact for the sub-discipline of radioguided 
surgery.
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Chapter 2

Introduction

In contrast to (conventional) interventional radiology – wherein target identification 
is defined by its anatomic or morphological features – interventional nuclear 
medicine (iNM) relies on underlying biological and pathophysiological features 
of diseases. More specifically, in nuclear medicine imaging of target specific 
molecular features in the human body (so called molecular imaging) is facilitated 
through the use of radiotracers. The ability of specific visualization of local tracer 
uptake in iNM facilitates molecularly targeted biopsy procedures (e.g., breast 
specific gamma imaging)1,2 or targeted therapy via local delivery of radioisotopes 
(e.g., radioembolization).3 Furthermore, radioguidance can help guide surgical 
resections (e.g., PSMA-targeted salvage lymph node resections)4. The latter is also 
better described as the iNM sub-discipline of radioguided surgery.

Radioguided surgery has already been applied for decades and represents the most 
widely applied type of molecular-targeted image-guided surgery. The increasing 
surge of image-guided applications have strengthened the field of radioguided 
surgery via concomitant development and clinical availability of both novel (disease-
specific) tracers and detection modalities. This review provides an overview of the 
needs for and key indications of radioguided surgery and discusses the related 
chemical and engineering initiatives.

Basic surgical needs
For surgically treated diseases, diagnosis and proper staging, surgical intervention 
and follow-up define the therapeutic process (Figure 1). Molecular imaging and 
NM are especially relevant during both diagnosis and the surgical intervention 
as: 1) the preoperative diagnostic scan allows target definition and staging of the 
patient; 2) immediate imaging provides a “scout scan” that confirms lesion-specific 
tracer uptake as well as the number of surgical targets; and 3) intraoperative 
imaging facilitates identification of relevant structures and confirmation of their 
removal. In the workflow preceding radioguided interventions, NM physicians 
rely on preoperative diagnostic scans as well as the “scout scan” used to define 
the surgical targets. Both are important as surgical planning revolves around 
roadmaps based on radiotracer uptake created using preoperative scintigraphy, 
SPECT and/or PET scans (the latter two are commonly complemented with CT to 
provide anatomical context besides attenuation correction). During surgery, imaging 
can be used to supplement the surgeons’ ability to assess the target tissue (Figure 
2). Open procedures provide the opportunity for palpation of the target lesion, 
allowing tactile feedback to complement visual interpretation of the surgical field 
(Figure 2A, B). One can imagine that tactile feedback is not an option for laparoscopic 
procedures (Figure 2C), meaning that the guidance provided by imaging becomes 
more dominant in these minimally invasive interventions.

2
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Figure 1. Workflow radioguided surgery. Example of the workflow in a head-and neck cancer 
patient from diagnostic imaging using (3D) SPECT/CT of the head-and-neck region (1), tracer 
administration performed by the nuclear medicine physician (2), SPECT/CT scout scan prior 
to surgery (3), preoperative navigation based on preoperative imaging using a virtual reality 
display (4), intraoperative localization of the target lesion using a portable gamma camera 
(5) to intraoperative confirmation of target removal based on the acquired image before and 
after the intervention (6).

Figure 2. Radioguided surgery in practice. An example of A) mobile gamma-camera (*) based 
radioguidance applied in “open” head and neck surgery. The visualized SN is depicted on the 
screen (**) and intraoperative imaging can be applied prior to and post resection to validate 
accurate removal; B) intraoperative radioguidance using a conventional gamma probe in 
head and neck surgery. Herein the gamma probe is used to scan the wound bed, creating an 
acoustic readout with respect to the tracer uptake; C) application of radioguidance in a robot 
assisted laparoscopic setting wherein a laparoscopic gamma probe can be inserted through 
the assistant portal not in use by the robot, enabling D) intra-abdominal use (white arrow 
highlights the gamma probe).
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To complement the surgeon’s eyes and/or that of the laparoscopic/endoscopic 
camera, alternative modalities may be used to specifically detect tracer-accumulating 
targets (Figure 1,2). Depending on the country wherein the procedure is applied, this 
form of interventional imaging may be performed by a nuclear medicine physician 
or the surgical staff. The impact and relevance of such image guidance modalities, 
however, may vary per indication or stage of the procedure. At a macroscopic 
level, guidance can have a relatively low spatial resolution, as long as it has a high 
sensitivity and the signals minimally suffer from attenuation by tissue i.e. radioactive 
signals especially when focusing on the diseased tissue and its microscopic margins, 
these features remain of value, but real-time detection and a high spatial resolution 
become more critical, especially when surgeons re-examine the surgical field to 
confirm radical removal of radiotracer containing targets (so called R0-resection) 
sensitivity is leading. In case of tissue sparing resections, however, resolution could 
have a more prominent role.

Clinical indications for radioguided surgery
Radioguided surgery (Figure 2) has been successfully applied in a variety of clinical 
indications that can be divided among three distinct pathways, all of them based on 
the accumulation of an administered radiotracer in a target or index lesion, namely: 
local administration of a radiotracer followed by lymphatic diffusion, administration 
of a radioactive marker that is designed to be (partially) retained at the injection 
site, and systemic administration of a radiotracer that specifically accumulates in 
the target lesion. As each method has different strengths and limitations, these will 
be discussed separately.

Local administration of a radiotracer followed by lymphatic diffusion
It has been well known that fluid that is administered within the interstitial space 
of tissue predominantly drains via the lymphatic system. A concept that has been 
explored to identify lymph nodes basins that are related to a specific anatomical 
location is so-called lymphatic mapping. The ability to accurately detect areas that 
accumulate radioactivity in these areas has driven the identification of the lymph 
nodes directly draining from the tumor, the sentinel nodes (SNs). Assuming that 
metastases would sequentially spread through lymph nodes in the lymphatic 
system, examination of the SNs would allow identification of early invasion in 
locoregional lymph nodes. The SN biopsy procedure provides a particularly valuable 
tool to identify early metastatic spread (micrometastases <2 mm in diameter) in 
node negative patients, while sparing them from a potentially unnecessary radical 
lymph node dissection with all its morbidities. In addition, the SN approach provides 
means to identify aberrant drainage patterns; drainage routes that one does not 
expect based on the documented patient anatomy and is helpful in anatomic 
difficult areas.

2
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For radioguided surgery a radiocolloid is locally administered and its drainage to SNs 
varies from <1% to approximately 7% of the administered amount of radiotracer, as 
demonstrated for melanoma.5 Tracer migration and accumulation is preoperatively 
monitored using planar lymphoscintigraphy, frequently used in combination with 
SPECT/CT. Performing imaging at different timepoints allows the generation of 
roadmaps wherein SN(s) are differentiated from higher echelon nodes (nodes 
that contain radiotracer that has diffused beyond the SN). Intraoperatively, the 
SNs identified by imaging are targeted under guidance of gamma-probes and/or 
-camera’s (Figure 2), which can be complemented with blue dye, depending on the 
indication and local strategy. Hereby especially the use of intraoperative gamma 
cameras has helped identify residual SNs in situ e.g., in the form of cluster nodes.6

These abilities to specifically target SNs during surgery have led SN procedures to 
globally become a part of breast cancer and cutaneous melanoma surgery. Other 
routine implementations of the SN principle are found in penile and vulvar cancer. 
That said there is an ongoing discussion with regard to the clinical value of lymph 
node dissections. For example, the MSLT-2 trial (N=1755) revealed no melanoma-
specific survival benefits when comparing immediate lymphadenectomy with 
active ultrasonography surveillance of the nodal basin.7 For clinically node-negative 
patients with an increased risk of nodal metastases (G3, stage ≥T2 for penile 
cancer and <4 cm for squamous cell carcinoma of the vulva), SN procedures are 
recommended. Here, management of inguinal lymph nodes is crucial for prognosis 
and helps reduce the complication rates by minimizing the amount of inguinal 
lymph nodes dissected.8,9 Beyond breast cancer,10-18 melanoma5,19 and penile/vulvar 
cancer,8,9,20-22 SN detection in other malignancies, such as prostate,23-27 head and 
neck cancer,28-33 esophagus, lung, bladder and renal cancer34-37 (Table 1),5,8-122 is 
generally performed in research setting or as local standard treatment.30,38
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Table 1. Radiotracers clinically used for image-guided surgery purposes. Modified from van 
Leeuwen et al.,36 van Oosterom et al.37

Clinical procedure Indications Tracer

Sentinel lymph node 
biopsy (SN)5,8-35,37-67

Breast cancer
Head and neck cancers
Melanoma
Prostate cancer
Penile cancer
Testicular cancer
Vulvar cancer
Cervix cancer
Endometrial cancer
Bladder cancer
Esophagus cancer
Colorectal cancer
Anus cancer
Gastric cancer
Lung cancer
Thyroid cancer

99mTc-nanocolloid,
ICG-99mTc-nanocolloid,
99mTc-Senti-Scint,
99mTc-phytate colloid,
99mTc-tin colloid,
99mTc-sulfur colloid,
99mTc-rhenium colloid,
99mTc-antimony 
trisulfide,
99mTc-tilmanocept,
99mTc-dextran 500,
89Zr-nanocolloid

Radioguided occult lesion 
localization (ROLL)61,68-82

Pulmonary lesions (e.g., lung cancer)
Thyroid cancer
Endometriosis
Renal cancer
Ovary cancer
Colorectal cancer
Breast cancer
Melanoma
Lymphoma

99mTc-MAA,
ICG-99mTc-nanocolloid

Radioguided seed 
localization (RSL)83-88

Breast cancer 125I-seeds

2
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Table 1. Continued

Clinical procedure Indications Tracer

Metabolic targeted 
resections
- FDG37,72,89-97

Breast cancer,
Thyroid cancer
Ovarian cancer
Cervical cancer
Gastric cancer
Lung cancer
Head and neck cancer
Adrenocortical cancer
Melanoma
Squamous cell Carcinoma
Colorectal cancer
Lymphoma
Adenocarcinoma
Endometrial carcinoma Plasmacytoma
Urothelial carcinoma
Sarcoma
Eccrine porocarcinoma
Testicular cancer
Esophageal cancer

18F-FDG

Metabolic targeted 
resections
- L-DOPA98

Neuroendocrine tumors 18F-L-DOPA

Metabolic targeted 
resection
- Iodine or similar37,98,99

Thyroidectomy,
Parathyroid adenoma,
Thyroid carcinoma

99mTc-pertechenetate,
201TlCl,
131I,
Na123I

Metabolic targeted 
resections
- Phosphorus100

Glioma 32P buffered 
phosphate ion 
solution

Physiological targeted 
resections37,101

Thyroid cancer 99mTc-DMSA

Hydroxyapatite targeted 
resections102-107

Bone lesions 99mTc-MDP,
99mTc-HDP

Mitochondrial uptake 
targeted resections69, 72, 

108-115

Breast cancer
Brain tumor
Parathyroid adenoma
Parathyroid hyperplasia
Parathyroid cancer

99mTc-sestamibi (MIBI)

Inflammatory targeted 
resections90,116,117

Extranodal lymphoma
Granulomatous Inflammation
Pancreatitis

67Ga-citrate,
18F-FDG
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Table 1. Continued

Clinical procedure Indications Tracer

PET-guided biopsy118-120 Intrathoracic lesions
Bone lesions
Lymph nodes

18F-FDG

Perfusion121,122 Brain tumors 131I-diiodofluorescein

Ureteral stent placement 99mTc-DTPA

Over the years, the widespread global implementation of the SN procedure has 
revealed some unsolved issues. In particular, the false-negative rates currently limit 
the routine implementation of SN procedures in indications such a cancer of the 
pelvic area. Evidently, the location of radiotracer deposition defines its connection 
to the lymphatic drainage pathways. Hence, improving the connection between the 
tumor extend and lymphatic coverage by the tracer deposition, could help make 
sure all lymphatic drainage pathways are covered. While sounding logical, this is still 
debated for e.g., breast cancer, oral cavity cancer and prostate cancer.18,33,24 This is 
illustrated by the differences in the applied techniques for tracer administration 
in breast cancer; these include intratumoral or peritumoral and intradermal, 
subdermal, subareolar and periaerolar injections. Although, oncological outcomes 
do not seem to be influenced by the route of administration, in multifocal 
lesions (peritumoral injections) discordance rates of 21% and 39% were found 
for respectively the axilla and internal mammary chain after performing both 
lymphoscintigraphy using a superficial injection and repeated lymphatic mapping 
following tumor-related injection (being intratumoral or surrounding the tumor) 
in the same patient.15,17 Moreover, there is evidence that different parts of the 
breast show different drainage patterns.15 Similar observations have been made 
for prostate cancer where the intraprostatic location of the tracer deposits was 
shown to determine the drainage routes.24,65

Next to the influence exerted via the administration route, physical blockage of 
lymphatic drainage, by tumor, as the result of trauma or previous local therapy or 
due to systemic therapy, could also impact the accuracy of the procedure. Any form 
of lymphatic blockage that occurs after the lymphatic seeding of metastases can 
possibly reroute the lymphatic drainage from the primary tumor, rendering the SN 
procedure inaccurate.10, 21 In fact, literature indicates that the risk of missed disease 
after negative SN biopsy ranges from 1% to 4% in patients with T1 tumor and up 
to 15% in patients with T3.14 Last but not least, “failure” to surgically resect the SNs 
identified on preoperative imaging also impacts the accuracy of the procedure. 
Here two scenarios may be explored: 1) the surgical team cannot identify the SN 
(or resects a higher echelon node instead), or 2) the SN cannot be safely resected 

2
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because it would lead to unacceptable iatrogenic morbidity (due to its locations). 
Both occur, but with the ever-advancing image guidance technologies, leaving SNs 
behind due to the risk of complications as result of the surgical resection seems to 
be the most likely threat.25

Administration of a radioactive marker that is designed to be (partially) 
retained at the injection site
In analogy to e.g., the needle guided placement of guidewires, needle-guided delivery 
of radioactive substances or materials can also be used to mark specific tissues. 
In fact, the non-migrating fractions of the radiocolloids used in SN procedures 
can be used to demarcate the primary lesion or its margins.33 Building on this, 
the use of physically larger microspheres (e.g., 99mTc-microagregate albumin) can 
reduce the lymphatic drainage and can thus be used to improve the local tracer 
retention.16 This concept has resulted in the radioguided occult lesion localization 
(ROLL) approach;61,68-82 (Table 1);5,8-122 an approach that has been applied in primary 
cancer and for metastatic lesions.73,81,82 In lung cancer, this approach showed a 95% 
reliability for surgical successful localization and excision of small nodules and 
could be used to prevent open thoracotomy in 50% of patients because of benign 
origin.80 Downsides of ROLL are that the procedure leads to excision of larger tissue 
volumes, and application can be complex in patients with multiple lesions or lesions 
that are non-assessable with a needle.72

Tissue marking of lesions with short living radionuclides such as 99mTc (t1/2=6 h) 
provides a means to guide surgery within a 20-hour time window but has limited 
value beyond that. Longer living radioisotopes such as 125I (t1/2=59.4 days) have 
potential to extend this period. The need to reference the original location of a 
lesion has driven the implementation of radioguided seed localization (RSL), a 
procedure that uses sealed titanium capsule (4x0.8 mm: fits within a 18G needle) 
containing a non-therapeutic dose of 125I. RSL has principally been applied in breast 
cancer patients receiving neoadjuvant treatment123 (Table 1).5,8-122 A recent study 
including 272 patients indicated that RSL results in higher tumor-free margin rates 
than wire-guided excision and ROLL in nonpalpable breast tumors. Advantages 
of RSL over wire localization are flexibility in timing (up to 5 days prior to surgery), 
improved definition of the incision site, and the ability to intraoperatively detect 
the targets. The use of 125I-seeds also helps provide an axilla-conserving dissection 
solution for the increasingly popular neo-adjuvant strategies that are able to tailor 
systemic and locoregional treatment in breast cancer patients. The MARI (marking 
axillary lymph nodes with radioactive iodine seeds procedure; Table 1)5,8-122 has 
helped realize a false-negative rate of 7% in predicting complete histopathological 
response in patients with tumor positive axillary nodes.83 More recently, an 82% 
reduction in axillary lymph node dissections (N=159) was realized using an algorithm 
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combining 18F-FDG PET/CT (pretherapy staging and stratification of the axilla) and 
the MARI-procedure (post-therapy staging).87,88

The most obvious limitation of using needle-based tissue demarcation for surgical 
guidance is the complexity associated with placing the needle in the center of 
the lesion or at specific points in the lesion borders. Given that today’s image-
guided needle placement approaches mostly rely on traditional radiological 
imaging e.g., ultrasound, CT or MRI, this could mean pockets of diseased tissue are 
missed, resulting in positive surgical margins. Here iNM-guidance concepts based 
on systemic tracer administration such as those used in molecular-targeted biopsy 
could provide better outcome in the future118-120 (Table 1).5,8-122 Fei et al. provide a 
good overview of PET guided indications, (e.g., brain tumors, bone lesions, breast, 
chest, head and neck, abdominal and pelvic tumors and bone and soft tissue 
malignancies).96 Alternatively, scintigraphic guidance can be used e.g,. in the form 
of Molecular Breast Imaging (MBI).97,115 Lee et al. found MBI has a superior specificity 
compared to mammography, and breast ultrasonography 90.93%, 90.66%, and 
87.09%, respectively.93 The overall rationale is that molecular guidance helps to 
improves the diagnostic yield of stereotactic biopsy sampling. Such percutaneous 
targeting concepts become especially appealing when they are integrated with 
“GPS-like” navigation concepts exploited with ultrasound modalities or the freehand 
SPECT technology.29,54,124 The latter is a novel small field of view SPECT scanning 
technique that can be used to create a 3D image of the tracer distribution during 
the intervention by using optical tracking of the location and the orientation in space 
of a small gamma camera.125

Systemic administration of a radiotracer that specifically accumulates in a 
target lesion
Specific targeting of diseased areas that cannot be highlighted via SN procedures or 
using local demarcation techniques could benefit from targeting approaches that 
rely on systemic tracer administrations. Herein a distinction can be made between 
the use of metabolic tracers (Table 1)5,8-122 and receptor-specific overexpression at 
the membrane of diseased cells (Table 2).37,69,94,101,104,126-166 Theoretically, the same 
tracers that are used for diagnostic purposes, or analogues thereof, can also be 
used to facilitate surgical guidance. Relying on accumulation following systemic 
administration, may, however, mean signal intensities can be relatively low. As a 
consequence, more than with the above discussed SN procedures, achieving a high 
enough target-to-non target or signal-to-background ratio (TNR or SBR) can be 
challenging.

2
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Table 2. Receptor targeted approaches image-guided surgery. Modified from van Oosterom et 
al.37

Clinical procedure Indications Tracer

Receptor targeted 
resections

Prostate
4,126-131

99mTc-PSMA I&S,
111In-PSMA I&T,
111In-capromab pendetide,
125I-B72.3

Renal
132,133

124I-cG250

Colorectal cancer
94,104,134-141

99mTc-IMMU-4 Fab’,
111In-B72.3 (CYT-103),
125/131I-B72.3,
125I-CC49,
125I-HuCC49ΔCH2
125I-A5B7,
125I-CL58,
125I-17-1A,
124I-Hu-A33

Gastric cancer
94,142,143

125/131I-3H11,
125I-B72.3

Breast cancer
94,142 143

125I-B72.3,
125I-F023C5,
125I-NR-LU-10

Ovarian cancer
94,144,145

99mTc-H17E2,
99mTc- SM3,
111In-B72.3 (CYT-103),
125I-B72.3,
125I-CC49,
131I-OC125

Pancreatic cancer
94,144,145

125I-CC49

Neuroendocrine tumors
37,69,101,146-166

111In-pentetreotide,
68Ga-DOTA-NOC,
68Ga-DOTA-TATE,
68Ga-DOTATOC,
[99mTc-EDDA/HYNIC] 
octreotate,
99mTc-HYNIC-octreotide
125I-Tyr 3-octreotide,
125I-Lanreotide,
123/125/131I-MIBG
99mTc-MIBI
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Established methods of radioguided surgery rely on gamma-emitting tracers and 
is e.g. applied in prostate 4,126-131, renal 132,133,colorectal 94,104,134-141,gastric 94,142,143, breast 
94,142,143, ovarian94,144,145, pancreatic cancer 94,144,145 and in neuroendocrine tumors 
and meningioma37, 69,101,146-166 (Table 2). In neuroendocrine benign and malignant 
diseases, metabolic imaging often is used to guide the surgeon to the target of 
interest. 37, 69, 94, 101, 146-166 99mTc-MIBI (scintigraphy and SPECT) is used to highlight 
hyperfunctional tissue, and ectopic or mediastinal glands (70-95%).167 Highlighting 
the hyperfunctional tissue, helps avoid bilateral cervical exploration by the surgeon 
and is known to be superior in terms of cure and complication rates.168-170 Use of 
radiotracers can also show value for other neuroendocrine tumors e.g., gastro-
entero-pancreatic neuroendocrine tumors (GEPNETs), pheochromocytoma (PC) 
or paraganglioma (PGL). The majority of these neuroendocrine tumors express 
somatostatin receptors (SSR) which targets with radiolabeled somatostatin 
analogs (NET) or 123I-MIBG (PC, PGL), depending on the expressed somatostatin 
receptor.162,166 Wang et al. reported a significantly reduced 5-year recurrence rate 
in meningioma patients that underwent 99mTc-HYNIC-octreotide directed surgery, 
compared to patients who were operated solely based on preoperative MRI 
(13.3% vs. 30%). This approach could facilitate the detection of primary tumors 
as well as lymphatic metastasis.171 A feasibility study by Kaemmerer et al. showed 
that 94% of 68Ga-DOTA-NOC or 68Ga-DOTA-TATE positive lesions were detected 
by a 511 keV gamma probe, 69% with PET-CT and 50% with surgical palpation 
(golden standard), in which the radioguided surgery approach resulted in change 
in operation approach in 56%.155 Hereby a target-to-background threshold of 2.5 
was used to warrant surgical resection.165

In prostate cancer patients (N=31) with recurrent disease a dual-tracer approach 
that combined preoperative imaging (68Ga-PSMA-11 PET) with intraoperative 99mTc-
PSMA-radioguided surgery (RGS) during radical prostatectomy was shown to allow 
removal of all lesions visualized on preoperative 68Ga-PSMA-11 PET. Moreover, 99mTc-
PSMA-RGS enabled the detection of additional metastases as small as 3 mm in two 
patients. The sensitivity, specificity and accuracy of this technique was reported to 
be respectively 83.6%, 100% and 93.0%. This resulted in a biochemical recurrence 
free survival rate of 41.9% and a treatment free rate of 64.5% at one-year post 
surgery.129

In addition to the use of dedicated gamma-emitting radiotracers, there have been 
a number of exploratory studies that made use of the widely applied metabolic 
PET-tracer 18F-FDG for radioguided surgery, either via 511 KeV gamma-tracing, Beta-
tracing or Cerenkov imaging in either head and neck, cervical or thyroid cancer 
patients.91,172-174 In a study that included 12 thyroid cancer patients undergoing a 
total thyroidectomy along with a modified radical neck dissection Kim et al reported 
that tumors could be localized by Cerenkov imaging using a PET probe in real time. 

2
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It was especially interesting that in one patient lesions that were not observed on 
preoperative PET could be detected intraoperatively with Cerenkov imaging, while 
in a second patient additional lymph nodes that were not identified on preoperative 
ultrasonography could be intraoperatively detected with Cerenkov imaging.91

As for the other surgical guidance approaches, also receptor targeted imaging has 
its limitations. For instance, the ability to identify lesions based on their receptor 
expression has a strong volume dependency. In general, it is assumed that PET, the 
clinical nuclear medicine modality with the highest spatial resolution and sensitivity, 
can miss small lesions with low uptake. As a result, micrometastases and/or diluted 
pockets of diseased tissue may be missed, especially when the receptor density is 
low. Another limitation is the fact that the discussion to go for a surgical intervention 
is often made based on week- or month- old diagnostic scans e.g., 68Ga-PSMA PET, 
meaning that there can be a discordance in the lesions targeted, which can lead to 
confusion in the operating room. Finally, “failure” to surgically identify and resect 
the lesions is a real risk given the relatively low quantity of tracer that can be 
accumulated in a lesion as result of receptor-based binding.

An important issue in the development of new radioguided surgery procedures and 
the use of beta-emitting radionuclides is the occupational exposure of the surgical 
staff (isotopes with high-energy emissions may limit the clinical application due to 
dose limit for occupational exposure).175

Technical innovations that are advancing the field of 
radioguided surgery

Trends in tracer development
While various radiotracers have been clinically used for radioguided surgery 
purposes (Table 1);5,8-122 the success of radioguided surgery indications is fully 
dependent on the ability to accumulate or retain radioisotopes in a specific area 
of interest, meaning that the implementation is very much driven by the chemical 
properties of the tracer. In fact, the chemical properties of a radiotracer dictate both 
the sensitivity and specificity. The impact of these chemical properties is underlined 
by the fact that many research groups have generated alternative tracers with the 
intent to improve the accuracy of existing procedures. For example, 99mTc-nanocolloid 
and 99mTc-tilmanocept for SN biopsy,176 or radiotracers that enable expansion of 
the field towards other indications; e.g. 99mTc-PSMA I&S in PSMA-RGS in recurrent 
prostate cancer and 99mTc-HYNIC-octreotide for intraoperative identification of 
meningiomas.129,151,159,171 Next to the, perhaps obvious, (radio)chemical refinements 
that are required to advance the intrinsic tracer performance, chemical efforts 
in this area have also focused on improving the dosing177 and formulation of 
tracers (based on e.g. particle density or injection volume) 23 and the expansion 
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of radiotracers with imaging labels that may be detected by modalities other than 
radioguidance, e.g. fluorescence-guidance ICG-99mTc-nanocolloid or FITC-125I-CEA-
mAb27,66 (Table 3).66,178-183

Table 3. Clinically applied hybrid tracers.

Clinical procedure Indications Tracer

Sentinel lymph node 
biopsy
178-182

Breast cancer,
Oral cavity cancer
Head and neck cancer
Penile cancer
Vulvar cancer
Melanoma

ICG-99mTc-nanocoloid
125I-methylene blue

Targeted resections
66,183

Brain tumors
Parathyroid adenoma
Colorectal carcinoma
Clear cell renal cell carcinoma
Metastatic melanoma
Rectal cancer
Head and neck cancer

131I-Fluorescein
68Ga-IRDye800CW-BBN
123I-Methylene blue
FITC-125I- CEA mAb
111In-DOTA-Girentuximab-
IRDye800CW
124I-cRGDY-PEG-C

Efforts in tracer refinement for radioguided lymphatic mapping procedures are 
emphasized by the quest for radiotracers that only accumulate in the SN and 
that do not migrate to higher echelon nodes. Here different avenues are being 
explored, e.g., particle size restricted migration speed16 or targeting of receptors 
expressed in lymphatic ducts and lymph nodes.184 As a general rule, it can be 
assumed that particles <50 nm (such as 99mTc-HSA, 99mTc-antimony, or 99mTc-
tilmanocept11,19,67; Table 1)5,8-122 show faster washout rates from the injection site 
and therefore disperse more rapidly to the SN but also to higher echelon nodes, 
while particles >100 nm in size (e.g., 99mTc Sulphur colloid, 99mTc-MAA and 99mTc-
Scentiscint;16, 185 Table 1,5,8-122) display slower migration and longer retention in the 
SN. The latter results in visualization of a higher number of nodes in delayed images 
compared to the number of nodes identified in early scintigraphy images. Colloidal 
particles with an average size range of 50-70 nm (e.g. 99mTc-nanocolloid) are therefore 
thought to be the best compromise between fast lymphatic drainage and optimal 
retention in the SN.185 These assumptions were underlined in a comparative study 
in 215 patients with operable breast carcinoma wherein Paganelli et al. compared 
three 99mTc labeled tracers of different particle sizes (99mTc antimony sulfide [<50 
nm], 99mTc-nanocolloid [<80 nm] and 99mTc-MAA [200-1000 nm]).16 This study revealed 
that colloidal particles with a larger size were most successful in detecting only 
one or two sentinel nodes, even at 14-16 h after tracer administration. Despite the 
different options offered, in Europe the choice of radiocolloid is mainly dictated by 
availability and price, favoring 99mTc-nanocolloid.16,185

2
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In the current setting, accurate SN imaging is dependent on tracer migration 
through the lymphatic system following local injection and subsequent uptake 
in macrophages. This setting can be stipulated to provide an ideal platform for 
receptor targeted tracer approaches that allow identification of micrometastases 
that are otherwise undetectable with e.g., PET. As such, it has been argued 
that receptor targeted tracers could help to identify disease more specifically. 
Unfortunately, these efforts have not always proven to be successful. For example, 
comparative lymphatic mapping studies between either the targeted tracers 99mTc-
Rituximab (antibody-based radiopharmaceutical that binds to the CD20 receptor 
on B-cells)184,186 or 99mTc-tilmanocept (a small dextran-based colloid with DTPA and 
mannose moieties conjugated to its structure that binds CD206 receptor specific to 
reticuloendothelial cells)11,19,47,67 and the untargeted 99mTc-sulfur colloid in patients 
with breast cancer or melanoma did not show improvement in the identification 
of tumor-positive SNs or a reduction in the number of false-negative SN biopsy 
results.19 In contrast to applying receptor-targeted tracers during lymphatic mapping 
procedures, intravenously applied receptor-targeted tracers have shown great 
potential in identifying macrometastases using e.g., PSMA- and somatostatin-
specific tracers.38,129,155

While different radioisotopes have successfully been used in radioguided 
procedures (Table 1),5,8-122 radiochemical efforts have been mainly focused on 
creating 99mTc-tracer analogues. Not only does the use of this isotope limit the 
radiation burden for the surgical staff, it also allows the use of existing pre- and 
intraoperative radioguidance modalities. Furthermore, the 6h half-life provides 
flexibility in logistics as both one- and two-day protocols can be used.128,129,187 When 
PET is preferred in first-line diagnostics, tandem use of a diagnostic PET-tracer and 
specific tracer for radioguided surgery that both target the same receptor can be 
applied. For instance, combined use of 68Ga-PSMA-11 and 99mTc-PSMA-11 can be used 
to facilitate PSMA-PET and to support PSMA-targeted resections.129 Alternatively, re-
injection of a PET-tracer could allow intraoperative beta- or Cerenkov imaging.173,174 In 
such a case, however, one should consider the radiation dose and the half-life of 
the radioisotope.52

Perhaps the most innovative step made within the field of radiochemistry related 
to image-guided surgery is the generation of dual-labeled, or hybrid, tracers 
that contain both a fluorescent- and a radiolabel (Table 3).66,178-183 The clinically 
implemented hybrid tracers again focus on the use of gamma-emitting radioisotopes 
such as 99mTc and 111In and 123/124/125/131I. While not always in line with clinical demand, 
in the preclinical setting the development of hybrid tracers for the purpose of 
radioguided surgery is expanding rapidly, with many exotic radioisotope-dye-
targeting vector options (including peptide-, antibody- or even nanoparticle-based 
vectors) under investigation and often also exploring PET-radioisotopes such as 64Cu 
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and 68Ga.188 Although hybrid concepts today focus on the extension of radioguided 
surgery with e.g., fluorescence- guided surgery, the simultaneous use of different 
imaging signatures could also be used to help visualize complementary imaging 
features during surgery.179

The overall trend in tracer development seems to be that the most straightforward/
uncomplicated tracer designs find the widest clinical use. It is also becoming 
increasingly clear that 1) the introduction of e.g., a fluorescent label has a direct 
impact on the tracer performance (affinity, kinetics, biodistribution189-192), 2) 
that different imaging labels may yield different detection sensitivities190 and 3) 
complementary imaging signatures can be used for multiplexing applications.179

Engineering
The implementation of engineering advances is widespread and can benefit a range 
of indications. The most important determinants for these detection modalities 
are: 1) the radioisotope that is used (e.g., a gamma probe designed to detect 99mTc 
is able to detect all 99mTc-containing radiotracers); 2) the specific surgical method: 
open, laparoscopic, or robot-assisted surgery, and 3) the availability of preoperative 
imaging.37 The first requirement separates most of the radioguided surgery 
technologies between application towards SPECT-based (e.g. 99mTc, 125I, 111In) and 
PET-based (e.g. 18F, 68Ga, 124I) radioisotopes94 (Table 1, Table 2, Table 3).5,8-122,126-166,178-

183 The second requirement indicates if a detection modality is best optimized for 
usage during open surgery (e.g., handheld camera) or laparoscopic (robot assisted) 
surgery (e.g., laparoscopic probes). Preoperative imaging, as indicated by the third 
requirement, is an essential piece of information during surgery, allowing the 
surgeon to evaluate the extent of the disease to be treated. Where applications 
with SPECT- or PET-based isotopes have a direct link with preoperative imaging, 
other applications can benefit from indirect bremsstrahlung imaging (e.g., emitting 
beta radiation only,193 radioisotopes emitting a combination of gamma, beta+ and/
or beta- radiation (e.g., 131I, 133I, 64Cu;), or hybrid tracer designs (e.g., emitting both 
gamma radiation and fluorescence light).

Radioguidance modalities for low-energy (<150 keV) gamma emitting tracers, 
especially 99mTc, remain the most widely applied.37 Most recent engineering efforts 
have focused on tailoring existing gamma-probe modalities towards modern 
surgical needs (Figure 1), such as minimal invasive (robot-assisted) surgery. One 
prime example is the DROP-IN gamma probe (Figure 3A),95 a tethered small-sized 
gamma probe for radioguidance within robotic surgery.194 Designed to be handled 
within the abdominal space, using highly maneuverable robotic instruments used 
by surgeon, this DROP-IN probe allows the surgeon to autonomously scan in 
many complex orientations.4,26 Due to detector sizes, the application of portable 
gamma cameras remains mostly focused on open surgery procedures and is often 
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combined with the use of a gamma probe as well.35 However, exception from 
this rule is shown for example by Brouwer et al. (Figure 3B),95 using a portable 
gamma camera to simultaneously image the 99mTc-harboring SNs and a 125I-seed 
fixed at the tip of a laparoscopic gamma probe to facilitate intraoperative lesion 
localization during laparoscopic testicular cancer surgery.195 Yet another technical 
enhancement is provided by the freehand SPECT technology (Figure 3C, D).95 This 
technology allows acquisition of an intraoperative SPECT scan using optically tracked 
gamma-probes or -cameras to render 3D views (i.e. augmented or virtual reality) of 
the radionuclide uptake during surgery.34 This application has been described for 
both open and laparoscopic procedures, showing applications (Figure 3 C-G)95 in: 
various SN applications (e.g., breast cancer,12,54,196 gynecology,197 head and neck 
cancers,12,31,32,34,198,199 melanoma,32,200,201 penile cancer63 and prostate cancer63), 
ROLL applications (e.g., for pulmonary lesions77), RSL procedures (e.g., breast 
cancer85), NET tumors,202 parathyroid adenoma,113 PSMA-targeted prostate salvage 
procedures,203 and for visualization of various bone lesions.105 Uniquely, the same 
tracking technology used to generate the freehand SPECT scans can also be used 
to navigate a gamma-probe in the preoperative SPECT(/CT) road map, thereby 
facilitating a ‘GPS-like’ navigation workflow.204 There have been a number of studies 
that underline the use of preoperative SPECT/CT scans as basis for the navigation of 
a gamma probe in SN applications using (ICG-)99mTc-nanocolloid (e.g., breast cancer, 
melanoma, penile cancer, prostate cancer and thyroid cancer69,204,205), removal of 
neuroendocrine tumors using 123I-MIBG (e.g,. paraganglioma69,204,205) and resection 
of parathyroid adenoma using 99mTc-MIBI.69,204,205 In these indications the real-time 
read-out of the gamma probe helps to compensate for navigation inaccuracies 
that are a fundamental issue in soft-tissue applications.206 This approach was later 
expanded with the integration of ultrasound and fluorescence.29,55,63,124,207-209
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Figure 3. Engineering advances in radioguided surgery. A) Use of a DROP-IN gamma probe 
for robot-assisted radioguided surgery (e.g., prostate SN or Tc-PSMA procedure) wherein the 
DROP-IN probe is inserted through a standard 12 mm trocar and handled using the laparo-
scopic surgical instruments while guidance is based on an acoustic readout. B) Intraoperative 
augmented reality overlay of a preoperative SPECT/CT (depicting the injection site (IS) and the 
SNs (arrows) used during penile cancer surgery. C) Acquisition of an intraoperative freehand 
SPECT scan using a handheld gamma camera during a head and neck SN procedure. D) Aug-
mented reality overlay of the freehand SPECT results (rainbow coloring) on the surgical field 
prior to excision, depicting the SN location. E) Preoperative SPECT/CT depicting the SN (arrow) 
in a prostate cancer patient. F) Corresponding intraoperative navigation of the fluorescence 
laparoscope based on intraoperative freehand SPECT of the SN (middle) revealing the distance 
between the tip of the laparoscope and the SN target.95 G) Confirmation that the target has 
been reached provided by fluorescence imaging showing the SN in blue.95 H) Intraoperative 
navigation of a fluorescence camera dedicated to open surgery based on preoperative SPECT/
CT in a penile cancer patient during a SN biopsy procedure. I) Navigated fluorescence imaging 
with augmented overlay of the SN and estimated distance towards the SN.

2
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For detection of high energy gamma rays (511 keV) or beta-rays, alternative 
modalities are required. The ability to utilize the 511 keV annihilation gamma rays 
emitted by PET tracers has received most attention.210 However, requiring large and 
heavy collimation (typical probe diameter 25-35 mm), means application of these 
probes is not widespread and restricted to open surgery. Recently there has been 
a reemergence of beta-probes that can be used to directly detect beta+ particles 
as emitted by the PET-based radioisotopes, or even beta- particles as emitted 
from radioisotopes more often considered as “therapeutic” (e.g., 90Y).211,212 Where 
older designs often still required heavy-metal collimation or a more complicated 
dual-detector design to suppress background noise as a result of the gamma-ray 
background (i.e. 511 keV annihilation gammas and/or bremsstrahlung gammas), 
advances in the detector technology have eliminated this need.213 As such, 
these beta-detectors can contribute to a much smaller and lighter probe design. 
This property has also opened avenues towards exploration of beta probes in 
laparoscopic or even robot-assisted laparoscopic procedures.214 Similarly, there 
have also been efforts to explore the use of beta-cameras215,216 and even freehand 
beta scans.217,218

In all applications of radioguidance an intuitive display of the counts or images, 
relative to the patient anatomy is in demand. A radioguidance readout can be placed 
in the surgical context by combining it with optical images, surgical navigation and/
or additional modalities such as fluorescence (Figure 3 H-I).95 To that end, some 
authors report on visualizing 2D portable gamma camera images as an augmented 
reality overlay on the patient anatomy, by a built-in optical camera.57,69,219 As a next 
step, the above discussed “GPS-like” navigation concepts (based on preoperative 
SPECT/CT, 204 PET/CT 120 or intraoperative freehand SPECT 34) use augmented and 
virtual reality visualizations in an attempt to integrate the in-depth 3D scan details in 
the surgical workflow. These technologies provide the surgeon with 3D information 
where his/her surgical instruments are relative to the surgical targets.

In a different approach to provide an intuitive display during radioguidance, 
combined with the increased clinical implementation of hybrid tracers, engineering 
efforts have also focused on the integration of hybrid (or “multiplexing”) sensors in 
radioguidance detection modalities. An example is the opto-nuclear probe;62,220,221 a 
gamma probe that can also trace ICG fluorescence by using acoustic and 
numerical read-out. Such hybrid modalities have even shown to be successful 
in a freehand imaging and navigation workflows, providing both 3D SPECT and 
3D fluorescence.222 In a more experimental setting this hybrid concept was later 
explored with the integrated use of gamma and fluorescence cameras, providing 
visual information of both imaging modalities in vivo.223

2024415_Rietbergen_BNW-proef_v5.indd   342024415_Rietbergen_BNW-proef_v5.indd   34 24-10-2024   09:50:4624-10-2024   09:50:46



35

Chapter 2

Despite the fact that many of the technological advances described in this review 
show great promise beyond the traditional open surgery gamma probe, in most 
cases the real clinical impact of these devices still requires more detailed evaluation.

Conclusion

The radioguided surgery sub-discipline of iNM has been steadily evolving over the 
last decades, guided by the outcome of clinical studies as well as the translation 
of new (chemical or engineering) technologies into the clinic. A prime example of 
the extension of the field is the recent introduction of 99mTc-PSMA targeted salvage 
surgery, which elegantly combines a chemical innovation with radioguidance 
concepts previously validated during SN approaches. It is success stories like these 
that motivate clinicians and researchers active within nuclear medicine and surgery 
to create technologies that meet the clinical demand. Overall, the technological 
developments in the field of radioguided surgery indicate future developments will 
most likely be directed towards: 1) further expansion to disease specific tracers; 
2) hybrid detection concepts that combine radioguidance with e.g., fluorescence 
imaging; 3) integration of image guidance in minimally invasive (e.g., robotic) 
procedures; and 4) use of surgical navigation concepts (including augmented and 
virtual reality displays).
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Abstract

Introduction and objectives: The hybrid tracer ICG-99mTc-Nanocolloid has been 
introduced for sentinel node imaging. However, until now comparison of this tracer 
with other radiocolloids with a larger particle size has not been effectuated. Based 
on a head-to-head evaluation in patients with melanoma we have compared ICG-
99mTc-nanocolloid (particle size 5-80nm) with 99mTc-Senti-Scint (particle size 100-
600nm) in order to establish differences in drainage pattern and sentinel node 
(SN) localization using lymphoscintigraphy and SPECT-CT in melanoma patients 
scheduled for SN biopsy.

Materials and methods: Twenty-five patients (mean age: 56.9y, range: 25-79y) with 
a melanoma scheduled for SLN biopsy prior to (re)excision of the primary lesion 
(scar) were prospectively included following a two-day procedure. The first day, 
after 99mTc-SentiScint injection in 4 intradermal depots around the primary lesion 
or scar, early/delayed lymphoscintigraphy and SPECT-CT images were acquired. 
The injection sites were marked. The second day, after assessing lymph node 
radioactivity using planar scintigraphy, ICG-99mTc-nanocolloid was injected at the 
previously marked skin points and imaging was performed. The paired planar and 
SPECT-CT images of both tracers were evaluated with respect to drainage patterns, 
SLN visualization and nonSLN appearing.

Results: Twenty-four out of 25 patients were evaluable. SLN visualization on a 
patient basis was 100% for ICG-99mTc-nanocolloid and 96% for 99mTc-Senti-Scint, 
whereas uptake in non-SLNs was found in respectively 71% (17/24) and 61% (14/23). 
Concordance in drainage to 45 lymph node basins was 91%. Discordant drainage 
was found for two melanomas in the head-and-neck and one in the clavicular area. 
Unique lymph node basins were seen in 44/45 (98%) for ICG-99mTc-nanocolloid and 
42/45 (93%) for 99mTc-Senti-Scint. Concerning identified SLNs the number was similar 
3 for both tracers (n=58); however, more non-SLNs (65 vs 50) were visualized with 
ICG-99mTc-nanocolloid than with 99mTc-Senti-Scint.

Conclusion: A slightly higher SLN visualization accompanied by a tendency to depict 
more non-SLNs was found for ICG-99mTc-nanocolloid. Excepting the head and neck 
area, an overall high concordance in drainage was found for both radiotracers. With 
an additional value for the hybrid tracer due to the combination of preoperative 
imaging and the additional visual signal in the operation room, added by the 
fluorescent component of the hybrid tracer, there was a preference for ICG-99mTc-
nanocolloid.
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Introduction

A unique aspect of lymphatic mapping procedures is that they are able to minimally 
invasively target the lymphatic drainage pathways of primary tumors. This procedure 
helps to accurately identify sentinel lymph nodes (SLNs) that can harbor micro-
metastases in node-negative patients following biopsy.1 While there are discussions 
ongoing with regard to the clinical value of subsequent lymph node dissections 
in these patients, there is consensus that identification of early lymphatic micro-
metastases holds prognostic value by increasing the rate of regional disease control. 
Furthermore, positive node(s) indicates which patients are eligible for adjuvant 
treatment with immunotherapy. Extensive lymph node dissection increases the 
rate of regional disease control and provides prognostic information but does not 
increase melanoma-specific survival among patients with melanoma and sentinel-
node metastases.2 Following the introduction of the approach by Cabañas, the 
modernization of the sentinel concept by Morton et al led to personalized nodal 
identification and biopsy with minimal chance of side effects in breast cancer and 
melanoma care.3-6 The same approach, complemented by Single Photon Emission 
Computed Tomography combined with Computer Tomography (SPECT-CT), has 
been incorporated for the SN procedure in head-and-neck surgery, gynecology 
and urology.7-11

Despite the success of the hybrid tracer Indocyanine Green (ICG)-99mTc-nanocolloid 
in targeting of the SLNs, overflow to higher echelon nodes (non-SLNs) is still 
observed.12-13 One reason for this is could be a discrepancy between drainage 
speed and the volume/quantity of contrast administered. Such discrepancy occurs 
especially in areas of complex anatomy like the head-and-neck, parts of the trunk 
5 and pelvis.14,15 Preoperative imaging based on a combination of sequential 
scintigraphy and SPECT-CT allows for an accurate discrimination of the true SLNs 
from non-SLNs.16,17 With the addition of ICG to 99mTc-nanocolloid the intraoperative 
search of SLNs in complex anatomic areas has been simplified thanks to the 
use of a fluorescence camera in combination with gamma-devices.12 This hybrid 
approach with preoperative SLN mapping using lymphoscintigraphy and SPECT-CT 
as a roadmap to identify SLNs in the operation room may obviate the application 
of surrogate markers such as the 10% rule by surgeons.18-20 In the future, the 
development of tracers that only accumulate in SLNs would significantly simplify 
the procedures by transforming the prevailing imaging paradigm “not all radioactive 
nodes are sentinel nodes” to an alternative one resting on “all radioactive lymph 
nodes are sentinel nodes”.21

It is well known that radiocolloids like with a particle size varying from 5 to 80 nm 
have an enhanced SLN specificity compared to small molecule dyes (e.g., patent 
blue diameter +1nm) and dyes such as ICG that interact with native human serum 
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albumin (HSA; + 7nm).22,23 On the other hand, since lymphatic distribution and nodal 
filtration is influenced by particle size, there is a tendency to reduce the number of 
non-SLNs by using radiocolloids with a larger size.24 This rationale has provided the 
basis for the development of radiocolloids with a larger particle size such as 99mTc-
Senti-Scint (diameter 100-600 nm). However, until now it has not been documented 
if in fact radiocolloids with a larger particle size yield superior performance.

Given all the above-mentioned variables that can influence lymphatic flow of a 
radiocolloid, in analogy to the set-up previously used to validate the similarity of 
lymphatic drainage for 99mTc-nanocolloid and ICG-99mTc-nanocolloid, we have 6 now 
compared the differences in drainage patterns of 99mTc-Senti-Scint and ICG-99mTc-
nanocolloid.25We decided to perform this comparison on the basis of a head-to-head 
evaluation using lymphoscintigraphy and SPECT-CT in melanoma patients scheduled 
for SLN biopsy. Further, we studied whether the increased particle size could reduce 
the amount of non-SLNs, while preserving the SLN identification.

Materials and methods

Patient demographics
The trial was initially registered as the prospective study N13ICG (99mTc-SentiScint vs 
ICG99mTc-nanocolloid for sentinel node biopsy of malignant melanoma of the trunk, 
of an extremity or in the head and neck) at the Netherlands Cancer Institute – Antoni 
van Leeuwenhoek Hospital. Following approval of the Protocol Review Board of 
the institution the study was activated on June 16, 2014 as the trial NL4568 in the 
Netherlands Trial Register, and closed on November 30, 2017. Twenty-five patients 
(mean age: 56.9y, range: 25-79y) with a melanoma scheduled for SLN biopsy prior to 
(re)excision of the primary lesion (scar) were prospectively included after informed 
consent. One patient with a nose melanoma was excluded since the SPECT-CT data 
were not completed, meaning twenty-four patients were evaluated. The localization 
of the primary lesion was as follows: head-and-neck region (n=5), the trunk (n=11) 
and extremities (n=8).

Imaging procedure
All patients followed a two-day procedure. On the first day, 90 MBq (±10%; 2.43 
mCi) 99mTc-Senti-Scint was injected in 4 intradermal depots around the primary 7 
lesion or scar. Injection points were marked on skin with indelible ink to facilitate 
reproducibility in the administration of the second tracer. Lymphatic drainage was 
mapped using dynamic lymphoscintigraphy (0-10 minutes), static lymphoscintigraphy 
(15 minutes and 2 h post injection) and SPECT-CT (2h post injection). The second 
day, after planar images to control resting lymph node radioactivity, 90 MBq (±10%; 
2.43 mCi) ICG-99mTc-nanocolloid was injected and similar images were acquired. The 
paired planar and SPECT-CT images of both tracers were evaluated with respect 
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to drainage to lymph node basins, SLN visualization and non-SLN uptake. Both 
lymphoscintigraphy and SPECT-CT were acquired using a hybrid system (Symbia T6, 
Siemens, Erlangen, Germany). Flow chart of the study setup is presented in more 
detail in figure 1.

Figure 1. flowchart of the study design. The first day, 4 intradermal depots 99mTc-Senti-Scint 
ware injected around the primary lesion or scar after marking the skin points. Early and de-
layed planar lymphoscintigraphy and SPECT-CT were acquired. The second day, after planar 
images to control resting lymph node radioactivity, ICG-99mTc-nanocolloid was injected at the 
previously marked skin points. The same image acquisitions were acquired for both tracers 
and reviewed by two experienced nuclear medicine physicians.

Comparison imaging findings ICG-99m TC-nanocolloid and 99mTc-Senti-Scint 
and scoring
The derived early, delayed planar and SPECT-CT data of both the tracers were 
reviewed by two experienced nuclear medicine physicians. The number of drainage 
basins, numbers of SLNs, non-SLNs and their anatomical localization were scored. 
The first lymph node on which a tumor drains is considered to be the sentinel node. 
The early, delayed planar and SPECT-CT images of both tracers were compared to 
each other and scored on concordant or discordant findings.

Surgical guidance
Planar images were used to mark the location of identified SLNs on the skin, while 
SPECT-CT images were used to indicate the anatomical SLN location in relation 
to muscles and vessels in the draining lymph node basin. Figure 1 shows the 
flow 8 chart of the study. For the intraoperative procedure only the findings of 
the ICG-99mTc-nanocolloid study were used. Following gamma-probe (Neoprobe, 
Johnson&Johnson Medical, Hamburg, Germany) localization at the indicated SLN 
site, SLNs were further prepared and removed under guidance of a fluorescent 
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camera (PhotoDynamic Eye, Hamamatsu Photonics, Hamamatsu, Japan) as 
previously described.12

Results

The SLN visualization rate on a patient basis was 100% for ICG-99mTc-nanocolloid 
and 96% for 99mTc-Senti-Scint due to a non-visualization in one patient in the latter 
group. Drainage to 45 unique lymph node basins were seen with a concordant rate 
of 91% between both the tracers. Uptake in non-SLNs was found in respectively 
71% (17/24) and 61% (14/23) of patients (table 1 and figure 2). The concordance of 
drainage basins was 100% for melanomas located in extremities.

Figure 2. Schematic overview of the results. Of the 25 patients which were included, 24 
patients could be evaluated. SLN visualization rate on a patient basis was 100% for ICG-99mTc 
-nanocolloid and 96% for 99mTc -Senti-Scint due to one non-visualization. Concerning the overall 
number of SLNs identified, this was 56 with ICG-99mTc-nanocolloid and 54 (96%) with 99mTc-Senti-
Scint. Uptake in non-SLNs was found in respectively 71% and 61% of the patients. Drainage to 
45 unique lymph node basins were seen with a concordant rate of 91%.
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Discordant findings were mainly seen in the head-and-neck area whereas two out 
of 5 patients showed discrepancy between the images of both tracers (figure 3). 
In one patient with a midline nose melanoma, the images showed bilateral neck 
drainage with tracer concordance for the right side but discordant findings on the 
left side with an extra submandibular sentinel lymph node visualized only with 
99mTc-Senti-Scint (figure 4). In the other case, a patient with a melanoma of the skin 
(parietotemporal region), the images of both tracers showed a lymph node in region 
2 of the neck, with an additional lymph node (in the parotic area) between the 
injection site and the previously mentioned concordant SLN only seen on the ICG-
99mTc-nanocolloid (figure 5).

Moreover, the only patient with a non-concordant study in the trunk was a patient 
with a melanoma in the clavicular area (figure 6), which is an area adjacent to the 
neck also characterized by a high degree of unpredictable drainage. In the 3 patients 
where discordance was seen between the two radiotracers, the pathologic exam 
did not reveal any micro- or macro-metastasis.

Figure 3. On the left, lymphatic drainage concordance rate between ICG-99mTc- Nanocolloid 
and 99mTc-Senti-Scint related to the primary melanoma location varying from 100% for ex-
tremities to 60% for head/neck. Discordant findings were seen in two out of 5 patients with 
melanomas in the head and neck area. In one patient, there was a non-visualization in a Sen-
ti-Scint patient in trunk melanoma (clavicular region). On the right, SPECT-CT based examples 
of concordance for melanomas of the midline of the neck showing drainage to 3 cervical lymph 
node stations and the right axilla (upper row), left medial upper back with drainage to sentinel 
nodes in the left scapular area and left axilla (middle row) and lateral right upper leg with 
drainage to an inguinal sentinel node and an iliac second-tier node on the right (lower row).

3
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Figure 4. Volume rendered (top) and transaxial (below) SPECT-CT of a patient with a midline 
nose melanoma showing bilateral neck drainage with tracer concordance for the right side 
but discordant findings in the left side with a submandibular sentinel lymph node visualized 
only with 99mTc-Senti-Scint (dotted circles). There is some lymph duct visualization lateral from 
the ICG-99mTc-nanocolloid injection nasal site.

Figure 5. Volume rendered image of a patient with a melanoma of the skin (parietotemporal 
region). On both images a lymph node is seen region 2 of the neck. The left image (nanocolloid) 
also shows a SLN between the injection site and the concordant SLN, a SLN in the parotic area.
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Figure 6. Volume rendered (top) and transaxial (below) SPECT-CT of a patient with a melanoma 
in the left subclavicular area showing (on the left) drainage to sentinel lymph nodes in the left 
periclavicular and axillar area on the study performed with ICG-99mTc-nanocolloid. By contrast 
(on the right) no migration of 99mTc-Senti-Scint from the injection site to the above-mentioned 
nodes (dotted circles) is observed.

Discussion

In this study two different radiocolloids for SLN imaging were compared to document 
lymphatic drainage in relation to particle size in a head-to-head designed approach 
in patients with melanoma scheduled for SLN biopsy. Related to lymph node basin, 
an overall 91% drainage concordance was found. The concordance of drainage 
basins was 100% for melanomas located in extremities.

The SN visualization rate was 100% for ICG-99mTc-nanocolloid and 96% for 99mTc-
Senti-Scint with slightly higher non-SLNs for ICG-99mTc-nanocolloid group. Based on 
these findings and the high overall concordance rate, it is possible to conclude that 
in melanoma in areas with predictable lymphatic drainage, like the extremities and 
part of the trunk, the particle size of radiotracers for SLN imaging does not play a 
critical role. However, in complex anatomical regions with multidirectional lymphatic 
drainage, like head-and-neck area and the upper part of the trunk, SLN imaging 
using larger colloid particles tends to reduce the detection accuracy. Apparently here 
the increased size impairs the drainage, meaning it is not able to optimally cover all 
lymph node basins draining from the primary melanoma.14 The discordance appears 

3
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to increase with a favor for ICG-99mTc-nanocolloid. The 100% concordance observed 
in a previous head-to-head evaluation of ICG-99mTc-nanocolloid with 99mTc-nanocolloid 
(25 patients including head-and-neck melanoma), underlines that particle size does 
influence drainage as observed in the present study.25 The current data seems to 
indicate a larger particle size can mean SLNs can be missed in areas of more complex 
lymphatic drainage, which would result in false negatives of the SLN procedure. This 
conclusion should, however, be confirmed in a larger series of patients.

Alternative to the use of radiocolloids with a larger particle size it has been proposed 
to use radiotracers that have an affinity for CD206 receptors expressed in on the 
surface of macrophages and dendritic cells in lymph nodes and expressed along 
lymphatic ducts.26 99mTc-Tilmanocept with a particle size of +7nm is a dextran particle 
containing mannosyl units.27 A trial similar to the one performed in the present 
study comparing this new generation tracer with the standard radiocolloids for SN 
work is necessary.

The quest for improvement of SLN targeting with new radiocolloids, simply stated, 
aims to simplify the role of nuclear medicine imaging in the SLN procedures. While 
one can argue whether this is desirable or not, there is a tendency among some 
surgeons to perform the procedure without the involvement of nuclear medicine. 
The current data suggests that preoperative mapping using lymphoscintigraphy and 
SPECT-CT, remains today the only imaging modality providing an effective roadmap 
able to personalize lymphatic imaging. At the up side, the inclusion of fluorescence 
guidance via ICG-99mTc-nanocolloid makes surgeons prefer use of this tracer (in 
combination with SPECT-CT) in areas of complex drainage.12 Hence is seems that 
future tracer developments for lymphatic mapping 11 should also aim to address 
the desire for integrated fluorescence imaging capabilities.

Conclusion

The hybrid tracer ICG-99mTc-nanocolloid showed a high concordance in lymphatic 
mapping in comparison to a tracer with significant larger particle size like 99mTc-
Senti-Scint. Discordant findings were exclusively seen in a minority of patients with 
complex multidirectional lymphatic drainage, like head and neck, where the hybrid 
tracer can be of added value. The slightly higher SN visualization found for ICG-99mTc-
nanocolloid was accompanied by depiction of more non-SLNs in some patients. 
However, the combination of preoperative imaging with the hybrid intraoperative 
approach adding the fluorescent component to the procedure can help surgeons 
to effectively identify SNs at the operation room.
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Does 99mTc-tilmanocept, as next 

generation radiotracer, meet with 
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sentinel node imaging?

Adapted from: 
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Abstract

Introduction and objectives: To evaluate the migration of 99mTc-tilmanocept from 
the injection site (IS) as well as the uptake in sentinel nodes (SNs) and non-SNs for 
lymphatic mapping in patients with breast cancer and melanoma, scheduled for SN 
biopsy after interstitial tracer administration.

Materials and methods: For 29 primary tumours in 28 patients (mean age: 62y, 
range: 45–81y) scheduled for SN biopsy planar images were acquired 10 and 120 
min after administration of 74 MBq 99mTc-tilmanocept, in order to evaluate lymphatic 
drainage as well as uptake ratios between injection site (IS), SN and non-SN. SPECT-
CT was performed immediately after delayed planar images to enable anatomical 
lymph node localization.

Results: SNs were visualized in all patients (100%) with drainage to 34 basins. 
Uptake in non-SNs was perceived in 16 basins (47%). Number of SNs was concordant 
between early and delayed images in all basins excepting five (86%). In 24 patients 
tracer migrated to one lymph node basin (LNB), in three to 2 and in one to 4. When 
IS was included (N = 29) on image, IS/SN ratio could be measured per LNB. The 
IS/SN ratio at 2 h compared to 15 min decreased with an average of 66% (range: 
15–96%). SN/non-SN 2 h ratio in LNBs with visible non-SNs averaged 6.6 (range: 
2.3–15.6). In 9 patients with two SNs SN1/SN2 ratio averaged 1.9 on delayed images. 
At histopathology, SNs were found to be tumour positive in 7 basins (20%).

Conclusion: 99mTc-tilmanocept appears to meet the requirements for improved SN 
imaging in breast cancer and melanoma on the basis of early and persistent SN 
visualization frequently accompanied by no or markedly less non-SN uptake. This 
is associated to rapid migration from the injection site together with increasing SN 
uptake and retention as expressed by decreasing IS/SN and persistently high SN/
non-SN ratios. Further head-to-head comparison of 99mTc-tilmanocept with standard 
SN radiotracers in larger series of patients is necessary.

2024415_Rietbergen_BNW-proef_v5.indd   702024415_Rietbergen_BNW-proef_v5.indd   70 24-10-2024   09:50:5224-10-2024   09:50:52



71

Chapter 4

Introduction

Radiotracers with small particle size have been associated with a successful sentinel 
node (SN) visualization; however, in many cases concomitant non-SN lymph node 
uptake may difficult image interpretation and radioguided procedures at the 
operating room leading to an overestimation of the number of SNs.1

Recently, 99mTc-tilmanocept, with an average molecular size of 7 nm, has become 
available in Europe; due to the improved receptor affinity of its mannose component 
in surface macrophages this tracer is aimed to combine increased uptake in SN 
with a rapid clearance from the site of injection.2 In recent literature, the use of 
99mTc-tilmanocept has been found to be effective for SN localization in melanoma,3 
breast cancer 4 and oral cavity malignancies.5 However, in these publications as well 
as in earlier literature 6 the evaluation of 99mTc-tilmanocept has been based on the 
assessment of its efficacy for lymphatic mapping and sentinel node identification, 
but not on the evaluation of the aspects related to tracer migration and SN uptake 
and retention, which are important to characterize the additional value of a small-
particle radiotracer with specific SN affinity.

The introduction of 99mTc-tilmanocept has renewed the discussion about the potential 
of next generation radiotracers to meet the requirements for improved SN imaging.2 
The current paradigm for SN identification is based on the observation that not all 
depicted radioactive nodes are SNs. This is principally due to the overflow of colloid 
particles from first to second echelon lymph nodes frequently seen for current 
tracers routinely used for the SN procedure in Europe.1 In order to compensate this 
shortcoming related to the first generation of SN tracers, since the initial validation 
of the SN procedure, protocols for preoperative imaging have been designed to 
acquire sequential images on the basis of the combination of an initial dynamic 
study with subsequent planar images at different points of time. Directly from the 
injection site draining lymph nodes in each basin are identified as SN and marked 
on skin by nuclear physicians to enable subsequent resection at the operating room. 
A switch to a paradigm associating all radioactive nodes with sentinel nodes is not 
possible with first generation radiocolloids. It would be only feasible if radioactive 
tracers are highly retained at first echelon lymph nodes after injection as it is 
postulated for 99mTc-tilmanocept and the next generation of radiotracers.

In order to analyze the pattern of migration of 99mTc-tilmanocept following interstitial 
tracer administration we evaluated the relationships between radioactivity at the 
site of injection and uptake in SNs and non-SNs in a group of patients scheduled 
for SN biopsy because of breast cancer and melanoma.

4
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Materials and methods

Patients
A total of 28 patients (mean age: 62 years, range: 45–81years) was included in the 
study; 13 breast cancer patients (N=14 tumours; with N=10 lobular carcinoma, N=2 
DCIS and N=2 NST; mean size 20.9 mm, range 3–90 mm) and 15 melanoma patients 
(Breslow depth; mean 2.06, range 0.5–7.0). All patients (22 female, 6 male) had 
no clinical evidence for regional lymph node involvement and were referred for 
lymphatic mapping using 99mTc-tilmanocept in the context of their regular procedure 
for SN biopsy related to breast cancer or melanoma.

Patients consented to publication of data corresponding to the evaluation of 
lymphatic mapping in accordance with the Declaration of Helsinki. The local 
institutional review board approved retrospective analysis of the imaging data as 
non-WMO research obligation.

Image acquisition
All patients were scheduled for a two-day procedure with pre- operative SN mapping 
the first day and intraoperative SN resection the second day. For melanoma patients 
(N = 15), 41 MBq (mean 40.7 MBq, range 38–44 MBq) 99mTc-tilmanocept was injected 
in 4 intradermal depots around the primary lesion or scar. Lymphatic mapping was 
effectuated at the Alrijne Hospital in Leiderdorp using dynamic lymphoscintigraphy 
(0–10 min), static lymphoscintigraphy (15 min and 2 h post injection) and SPECT-CT 
(2 h postinjection) using a hybrid system (Discovery NM/CT 670 Pro, GE Healthcare, 
Milwaukee, USA). For breast cancer patients (N = 13), 107 MBq (±38%; 2.89 mCi) 
(mean 107 MBq, 75–148 MBq) 99mTc-tilmanocept was injected periareolar in the 
involved quadrant. Lymphatic mapping were acquired at the Leiden University 
Medical Centre using a hybrid system (Symbia T6, Siemens, Erlangen, Germany). 
One patient had bilateral breast cancer and SN biopsy was effectuated for both sides 
the same day using 2 injections of 136 and 141 MBq 99mTc-tilmanocept. If possible, 
the site of injection was included in the gamma camera field of view. SPECT-CT was 
performed immediately after delayed planar images to enable anatomical lymph 
node localization.

Image evaluation
The derived dynamic, early, delayed planar and SPECT-CT data were reviewed by two 
experienced nuclear medicine physicians. The SN is the first lymph node in which 
a tumour drains on, seen as the first focus on the images, due to migration of the 
radioactivity from the injection site. Non-SNs are nodes that are located in the same 
lymph node basin, behind the SN and further away from the injection site and in 
most cases less radioactive. The number of SNs was correlated between early and 
delayed images. Radioactive lymph nodes identified as SNs were topographically 
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related to the draining lymph node basin (LNB). Regions of interest (ROIs) were 
drawn for injection site (IS), SN and non-SN on static planar images. Subsequently 
IS/SN, SN/non-SN and SN1/SN2 ratios on the base of mean counts per ROI were 
calculated on both early and delayed images.

Surgical guidance
Planar images were used to mark the location of identified SLNs on the skin, while 
SPECT-CT images were used to indicate the anatomical SLN location in relation 
to muscles and vessels in the draining lymph node basin. For the intraoperative 
procedure only a gamma-probe (Europrobe) was used for localization at the 
indicated SLN site.

Results

SNs were visualized in all patients (100%), with lymphatic drainage to 34 basins. In 
11 of them (39%), there was no visible non-SLN uptake on both planar and SPECT-
CT. Uptake in non-SN was perceived in 18 basins (52%) with 7/15 (47%) for breast 
cancer and 11/20 (55%) for melanoma.

A total of 49 SNs was identified and the number of SNs was concordant between 
early and delayed images in all basins except five (85%). In 24 patients tracer 
migrated to one LNB (Figure 1), in three to 2 (Figures 2 and 3) and in one to 4 LNBs.

When IS was included in the field of view, IS/SN ratio per LNB (N=29) at 2 h decreased 
with an average of 66% (range: 15–96%) in comparison to the ratio at 15 min with 
increasing in SN uptake and retention. SN/non-SN 2-h ratio in LNB with visible non-
SNs averaged 6.6 (range: 2.3–15.6). In 12 patients with at least two SNs in a LNB, SN1/
SN2 ratio averaged 1.9 (range: 0.8–4.1) on delayed images, whereas for 7 of these 
patients with evaluable uptake SN1/SN2 ratio averaged 1.6 (range: 0.65–5) on early 
images. At histopathology, SNs were found to be tumour positive in 7 basins (20%) 
concerning 6 patients. Results are summarized in Table 1.

In this study the migration of 99mTc-tilmanocept from the injection site (IS) as well 
as the uptake in sentinel nodes (SNs) and non-SNs was evaluated for SN imaging 
in melanoma and breast cancer patients. According to the results of the present 
study 99mTc-tilmanocept appears to meet the requirements for improved SN imaging. 
This can be concluded on the basis of an early and persistent SN visualization in 
all patients frequently accompanied with no (46%) or markedly less non-SN lymph 
uptake in the draining LNB. This is associated with rapid migration from the injection 
site together with an increasing SN uptake, as expressed by decreasing IS/SN ratios.

4

2024415_Rietbergen_BNW-proef_v5.indd   732024415_Rietbergen_BNW-proef_v5.indd   73 24-10-2024   09:50:5224-10-2024   09:50:52



74

Chapter 4

Small particle size molecules like colloid-based SN tracers could give a high number 
of non-SNs. A study of Lamichhane et al. evaluated the overnight migration of 
radiolabelled sulfur colloid in 70 patients. The SN was successfully identified in 
95.71% of the patients and showed a high range of non-SN (5–22; mean 13.3) in 
regard of the number of SN (1–5; mean 1.5).7 The decreased overflow from first to 
second echelon lymph nodes as observed on delayed images of many patients of the 
present study may be explained by the high level of extraction of 99mTc-tilmanocept 
in the SN. This appears to match with the described specific receptor high affinity 
for CD206 receptors expressed in on the surface of macrophages and dendritic 
cells in lymph nodes and expressed along lymphatic ducts.2 In complex anatomical 
regions with multidirectional lymphatic drainage, like head-and-neck area and the 
upper part of the trunk, small particle size molecules give a lot of SNs and non-SNs 
and Tilmanocept could be of added value.8

The rapid and persistent SN visualization with rapid migration from the injection 
site and increasing SN uptake over time, found in this study, suggests that early 
imaging could be dropped, which is cost effective and more patient friendly, but 
further study need to be done. Another interesting observation is that the decrease 
in IS/SN ratios was not associated with a further increase in non-SN uptake in the 
majority of LNB.

The rapid migration from the IS demonstrated in the current study appears to 
reinforce the possibility to use 99mTc-tilmanocept in primary lesions draining to lymph 
nodes located in their vicinity as observed in some melanomas of head/neck and 
trunk. Also, for oral cavity malignancies draining to submandibular lymph node 
basins, it is necessary to obtain a clear differentiation for SNs in the proximity of IS. 9

The question rises if 99mTc-tilmanocept has an added value in breast cancer patients 
in perspective of number of non-SNs. Unkart et al. compared 99mTc-sulfur colloid 
with 99mTc-tilmanocept in two arms in breast cancer patients and did not found a 
significant difference in the number of identified SNs between both groups (1.96 vs. 
2.04).10 Khandekar et al. found the same results; there was no significant difference in 
the detection of radioactive SNs in breast lymphatic mapping procedures using 99mTc-
sulfur colloid and 99mTc-tilmanocept. They did found that the injection site clearance 
of 99mTc-tilmanocept was statistical significant greater than sulfur colloid.11
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Figure 1. Planar left oblique images acquired 10 min (on the left) and 2 h (middle) after 
99mTc-tilmanocept injection in a breast cancer patient. Note that the rapid migration from the 
injection site in the left breast is accompanied by an increasing uptake in two sentinel nodes 
located in level 1 of the axilla as seen on volume rendering SPECT-CT (on the right). At surgery, 
two sentinel nodes were removed. Histopathology was negative.

Figure 2. (Above) Anterior planar static images acquired 10 min (on the left) and 2 h (on the 
right) after injection of 99mTc-tilmanocept in a patient with a melanoma in the right shoulder 
showing rapid drainage to two sentinel nodes. Volume rendered SPECT-CT (bottom) shows 
the sentinel nodes respectively in the right axilla and supraclavicular area. A second echelon 
node with markedly less uptake accompanies this latter node. At histopathology, isolated 
tumour cells were found in the supraclavicular SN. The axillary SN resulted tumour negative.

4

2024415_Rietbergen_BNW-proef_v5.indd   752024415_Rietbergen_BNW-proef_v5.indd   75 24-10-2024   09:50:5324-10-2024   09:50:53



76

Chapter 4

Figure 3. SPECT-CT acquired 2 h after injection of 99mTc-tilmanocept in a patient with a mela-
noma in the left side of the trunk. Volume rendered (on the left) shows one sentinel node in 
the left side of the trunk and two sentinel nodes in left axilla. Cross-sectional fused SPECT-CT 
slices (upper row) show the lower sentinel node in the subcutaneous space of the left side 
whereas both axillary sentinel nodes are located in level I. Note on CT (lower row) that none 
of the sentinel nodes (circles) is enlarged. At histopathology, sentinel node micrometastases 
were found in both basins.

However, further head-to-head comparison of 99mTc-tilmanocept with standard 
SN radiotracers in larger series of patients is necessary to definitively assess the 
potential superiority of this next generation radiotracer. This is particularly relevant 
for malignancies with complex lymphatic drainage and/or draining first-tier lymph 
nodes located in the proximity of primary lesions.
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Conclusion

99mTc-tilmanocept appears to meet the requirements for improved SN imaging in 
breast cancer and melanoma on the basis of early and persistent SN visualization 
frequently accompanied by no or markedly less non-SN uptake. This is associated 
to rapid migration from the injection site together with increasing SN uptake and 
retention as expressed by decreasing IS/SN and persistently high SN/non-SN 
ratios. Further head-to-head comparison of 99mTc-tilmanocept with standard SN 
radiotracers in larger series of patients is necessary.
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Abstract

Introduction and objectives: In muscle-invasive bladder cancer (MIBC), lymph 
node invasion has proven to be an independent predictor of disease recurrence 
and cancer-specific survival. We evaluated the feasibility of targeting the sentinel 
node (SN) for biopsy in MIBC patients using the hybrid tracer indocyanine green 
(ICG)–99mTc-nanocolloid for simultaneous radioguidance and fluorescence guidance.

Materials and methods: Twenty histologically confirmed cN0M0 MIBC patients 
(mean age, 63.3 years; range, 30–82 years), scheduled for radical cystectomy with 
SN biopsy and extended pelvic lymph node dissection (ePLND), were prospectively 
included. Twelve patients were operated on following neoadjuvant chemo- therapy. 
The patients received lymphoscintigraphy as well as SPECT/CT after 4 transurethral 
injections of ICG-99mTc-nanocolloid (mean, 208 MBq; range, 172–229 MBq) around 
the tumor/scar in the detrusor muscle of the bladder on the day before radical 
cystectomy. Sentinel node resection was performed un- der radioguidance and 
fluorescence guidance.

Results: Nineteen patients could be analyzed. On preoperative imaging, SNs could 
be identified in 10 patients (53%; mean, 1.6 SN/patient), which revealed drainage 
pathways outside the ePLND in 20% of the patients. Interesting to note is that 
2 patients (10%) with preoperative nonvisualization displayed fluorescent and 
radioactive SNs during surgery. Location of the primary tumor near the left lateral 
side of the bladder seemed to be a factor for nonvisualization. Nodal harvesting 
with ePLND varied among patients (mean, 23.3). Histopathology confirmed tumor-
positive nodes in 4 (21%) of all patients. In the 2 patients where an SN could be 
identified, the ePLND specimens were tumor-negative. All patients with tumor-
positive nodes had advanced disease (stage III).

Conclusion: Sentinel node biopsy in bladder cancer using the hybrid tracer ICG-
99mTc-nanocolloid is feasible, and preoperative imaging is predictive for the ability 
to perform SN biopsy in 83% of the patients who displayed an SN. In patients with 
a successful preoperative SN mapping using lymphoscintigraphy and SPECT/CT, the 
intraoperative SN guidance and detection were effective, even outside the ePLND 
area. As such, this study underscores the critical role that preoperative imaging 
plays in challenging image-guided surgery applications.
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Introduction

Bladder cancer is the seventh most diagnosed cancer in the male population 
worldwide and the 11th considering both sexes.1 In the Netherlands, almost 5000 
patients are diagnosed with bladder cancer each year, which leads to more than 1200 
deaths per year.2 Because of risk factors (e.g., smoking, exposure to toxins, chronic 
irritation of the bladder), diagnostic strategies, and available treatment options, the 
incidence and treatment outcomes vary worldwide.3 For bladder cancer, lymph node 
invasion is an independent predictor and prognostic factor for disease recurrence 
and cancer-specific survival.4 Radical cystectomy (RC) is the treatment of choice for 
many patients with muscle-invasive bladder cancer (MIBC). This includes, according 
to the guidelines, a bilateral extended pelvic lymph node dissection (ePLND).5–7 
Surgical planning for MIBC is mostly based on contrast-enhanced CT (CeCT) 
images of the abdominal and pelvic area. Unfortunately, this radiologic form of di- 
agnostic imaging is limited in its capability to identify microscopic lymphatic spread. 
Because of the surrogate rule of the short axis on CeCT, CeCT can result in very low 
sensitivities (5%–54%) for the detection of nodal metastases.8,9 Approximately 25% 
of the cN0M0 MIBC patients who underwent an RC combined with ePLND have 
histopathologically proven metastatic lymph nodes,10 whereas preoperative CeCT 
fails to detect these nodal metastases in one-third of the patients. This suggests 
there is a discrepancy between the nodal status at presurgical staging and the 
metastatic lymph node burden seen in surgical samples. The molecular imaging 
modality 18F-FDG PET is becoming of more incremental value relevant in staging 
and recurrence disease because of the higher sensitivity compared with CeCT.11

An ePLND can increase the regional disease control but comes with increased 
comorbidities (e.g., vascular, ureteral and nerve injury, lymphocele, thromboembolic 
events) and will miss nodal metastases outside the resection template. Sentinel 
node (SN) biopsy can provide a less invasive and more personalized lymph 
node (LN) dissection. The SNs that usually are the first site of tumor seeding, 
preceding systemic spreading,12–17 can be preoperatively identified by mapping-
via lymphoscintigraphy and SPECT/CT-the drainage profile of a radiocolloid. This 
procedure was initially described for bladder cancer by Sherif et al.12 Intraoperative 
SN identification was realized by complementing the preoperative imaging roadmap 
with the use of gamma probe to identify the radiocolloids. Alternative means for 
intraoperative SN identification have been pursued using blue dye and/or the 
fluorescence dye indocyanine green (ICG).12–24

In the present study, we have used the hybrid tracer ICG-99mTc-nanocolloid in patients 
with MIBC who underwent RC with or without neoadjuvant chemotherapy (NAC). 
This hybrid tracer has successfully been used for SN biopsy in various malignancies25 
but, so far, remained undocumented in bladder cancer. To establish its feasibility, 

5
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we compared the results of the preoperative SPECT/CT-based SN mapping with 
the intraoperative SN identification using complementary radioguidance and 
fluorescence guidance.

Materials and Methods

Patient Demographics
This prospective trial was registered at the Netherlands Trial Register as 
NL48901.031.14 and was executed at the Netherlands Cancer Institute–Antoni 
van Leeuwenhoek Hospital after approval of the Medical Ethical Review Board of 
the institution (M14HSN). Patients with histologically confirmed MIBC or high-risk 
patients (carcinoma in situ) were scheduled for SN biopsy before RC combined with 
ePLND. Patients were preoperatively staged using CT– intravenous urogram and 18F-
FDG PET for imaging and underwent transurethral tumor resection. Half of these 
patients received NAC. All patients were prospectively included after informed 
consent. The main exclusion criteria were suspected nodal disease on imaging and 
prior pelvic radiation and/or surgery.

SN Imaging Procedure
All patients followed a 2-day SN procedure. On the day before surgery, a volume of 
2 mL containing 208 MBq (SD, 15.8; 5.6 mCi) ICG-99mTc-nanocolloid (GE Healthcare, 
Leiderdorp, the Netherlands) was injected in 4 transurethral injections into the 
detrusor muscle of the bladder, around the tumor or transurethral re- section scar, 
under cystoscopic guidance using an endoscopic needle (Injetak; Laborie) with a 
5-mm tip length. Lymphatic drainage was mapped based on early and delayed static 
lymphoscintigraphy (15 minutes and 2 hours postinjection) as well as SPECT/CT 
(2 hours postinjection) using a dual-head SPECT/CT gamma camera (Symbia T6; 
Siemens, Erlangen, Germany) equipped with a 6-row CT scanner. SPECT parameters 
were as follows: 128 x 128 matrix, zoom of 1.0, and 180-degree rotation with 20 
views per head (30 sec- onds per view). CT (130 keV, 40 mAs, B30s kernel, 2-mm axial 
re- construction) was used for attenuation correction and anatomical localization. 
Multiplanar reconstruction, image fusion, and 3D image reconstruction of the SPECT/
CT images were done using an Osirix software program (Pixmeo SARL, Bernex, 
Switzerland). Planar and SPECT/CT images were evaluated with respect to drainage 
to lymph node basins, SN visualization, and non-SN uptake and their corresponding 
anatomical localizations. Nodes were considered as SN when visualized as intense 
focal uptake on the early, delayed images and/or SPECT, with increase in uptake 
in time. When SNs were visualized, SPECT/CT images were used to indicate their 
anatomical location in relation to muscles and vessels in the draining lymph node 
basins. A flowchart of the study setup and a graphic image of the bladder with its 
corresponding anatomical zones are presented in Figure 1 and Figure 2, respectively.
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Surgical Guidance
The day following tracer administration and imaging, the patient was operated 
on using DaVinci Surgical Robotic System (Intuitive Surgical, Sunnyvale, Calif) 
or underwent an open RC. The SNs were intraoperatively identified under 
combined radioguidance and fluorescence guidance using a laparoscopic gamma 
probe (Neoprobe; Johnson & Johnson Medical, Hamburg, Germany) and an 
integrated fluorescence camera (Firefly) in robotic surgery; a traditional gamma 
probe (Europrobe; Eurorad, Strasbourg, France) and FIS-00 Hamamatsu camera 
(Hamamatsu Photonics K.K., Hamamatsu, Japan) were used in open setting. Excised 
samples were also examined ex vivo by using the FIS-00 Hamamatsu camera.

Pathology
All surgically removed nodes (SNs and non-SNs in separate packages) were 
histopathologically examined for tumor cells by the pathologist. Micrometastases 
were defined as lesions smaller than 2 mm and macrometastases as lesions larger 
than 2 mm, whereas conglomerates of isolated tumor cells smaller than 0.2 mm 
were denoted as submicrometastases.

Figure 1. Flowchart of the study design. On the first day, 208 MBq (SD, 15.8; 5.6 mCi) 
ICG-99mTc-nanocolloid was injected in 4 to 6 transurethral injections into the detrusor muscle of 
the bladder; around the tumor, divided over the bladder. The procedure took place under cys-
toscopic guidance using an endoscopic needle. Lymphatic drainage was mapped using early 
and delayed static lymphoscintigraphy (15 minutes and 2 hours postinjection) and SPECT/CT 
(2 hours postinjection). On the second day, the patient was operated during open or robotic 
(DaVinci) procedure. The SNs were intraoperatively identified under combined radioguidance 
and fluorescence guidance using a (laparoscopic) gamma probe and fluorescence camera 
(Firefly or Hamamatsu for robotic and open surgery, respectively).

5
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Figure 2. Graphic image of the bladder with its corresponding zones (1. dorsal part, 2. apex 
vesicae, 3. base, 4. left lateral border, 5. right lateral border, 6. trigonum vesicae). Red dot 
corresponds with the location of the tumor in this particular case; the surrounding green 
crosses correspond with the tracer injection site.
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Figure 3. Flowchart of the study, which included 20 patients. One patient was operated in 
another hospital and had to be excluded from analysis, resulting in a group of 19 patients 
analyzed. Twelve patients in the NAC group and 7 patients in the NAC-naive group. All patients 
underwent an SN procedure.
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Results

Twenty patients (mean age, 63.3 years; range, 30–82 years) were included for the 
preoperative SN procedure. One patient was operated on in another hospital 
and was excluded from analysis. In total, 19 patients were evaluated. Patient 
characteristics are displayed in Table 1. Twelve patients (63%) were pretreated with 
NAC, and 7 (37%) patients did not receive treatment before surgery. Seven patients 
underwent an open RC, and 12 patients were operated on using DaVinci Surgical 
robot.

Sentinel Nodes
In 53% (n = 10 patients; 7 in the NAC group and 3 in the NAC-naive group), 
lymphoscintigraphy and SPECT/CT revealed SN(s). A single SN was found in 6 patients 
(60%), whereas 2 SNs could be identified in 3 patients (30%), and in 1 patient, 4 SNs 
were observed (10%) in 1 patient. In the remaining 47% of the cases (n = 9 patients; 
5 patients in the NAC group and 4 patients in the NAC-naive group, respectively), no 
SNs could be visualized before surgery. A flowchart of the study setup is presented 
in Figure 3.

In 9 of the 10 patients with SNs at preoperative imaging, in total 16 SNs could be 
resected by complementing the preoperative imaging roadmap with intraoperative 
radioguidance and fluorescence guidance. In 1 robot-operated patient with early-
stage tumor of the left lateral border of the bladder, the SN could not be identified 
during surgery, and ePLND also did not reveal any metastatic disease. The number 
of additional nodes that were resected during ePLND varied among patients (mean, 
23.3; range, 9–41). In the 9 patients without SN visualization on preoperative 
imaging, 2 radioactive or fluorescent nodes were detected during surgery. This 
means that overall intraoperative SN guidance was successful in 63% of the patients.

Figure 4. A blurry image is seen without an obvious focus or enlarged lymph node on SPECT/
CT images, shine-through phenomena with nonvisualization of the SN, where the injection 
site shines through and could outshine possible SN nearby. This could lead to false-negative 
findings.
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Relation Between Primary Tumor Location and Preoperative SN 
Visualization
For tumors located in the base or apex of the bladder, 100% SN visualization was 
obtained (Figure 4). Of the patients displaying nonvisualization on preoperative 
lymphoscintigraphy, in 56% the primary tumor was located at the left lateral side 
(n=5).

The tumors of the 2 patients with preoperative nonvisualization and a positive 
SN detection during surgery were located at the right side and base/right lateral 
border, respectively. Other sides with nonvisualization as a result corresponded 
with apex/left lateral (n = 1), dorsal/left lateral (n = 1), base/right lateral (n = 1), and 
right lateral border (n = 1).

Location of SNs in Relation to ePLND Template
Of the visualized SNs, 80% were found within the ePLND template, 53% in the 
obturator fossa and 27% at the external iliac artery (Figures 5-6). In 3 patients (20%), 
SNs were found outside the ePLND template and 1 aberrant SN localization above 
the ureteroiliac vessels crossing and the others along the common iliac artery or 
aorta (Figure 7). Bilateral drainage was seen in 40% of the patients with preoperative 
imaging. In the remaining 60% of the patients, including the only midline tumor, 
unilateral draining was observed.

Histopathology
In total, 4 of the 19 patients’ (21%) histopathology showed lymph node metastases: 
2 in the visualization and 2 in the nonvisualization group, respectively. All tumor-
positive nodes, either seen in SN or ePLND material, concerned advanced disease 
(Figure 3 and Table 1). In all cases with SN visualization on preoperative imaging, 
the ePLND specimens were tumor-negative, where the SN was the only localization 
that contained metastatic disease. No additional (micro)metastatic disease was 
seen in patients with <pT3 tumor(s). In the nonvisualization group, 2 patients (NAC 
group) had a tumor-positive node in their ePLND specimens, both concerning locally 
advanced pT3–4 disease.

Neoadjuvant Chemotherapy
Patients pretreated with NAC showed less nonvisualization on preoperative 
scintigraphy. On the other hand, those patients were more involved in metastasized 
nodal disease: 3 patients versus 1 patient in the NAC-naive group.

5

2024415_Rietbergen_BNW-proef_v5.indd   932024415_Rietbergen_BNW-proef_v5.indd   93 24-10-2024   09:50:5524-10-2024   09:50:55



94

Chapter 5

Figure 5. On the left, CT image of the same area revealed no pathologic enlarged lymph node 
at the right side (arrow right). At the left side, an enlarged lymph node is seen (arrow left). In 
the middle, transaxial fused SPECT/CT image of lymphatic drainage with SN seen along the 
iliac artery at both sides. On the right, volume-rendered fusion image of both scintigraphy 
SPECT and CT is seen with focal uptake in the SN along the right iliac artery. At the left side, 
a contralateral SLN is seen (crossover phenomenon). At the right side, a higher echelon node 
is seen along the common iliac artery.

Figure 6. Upper row: Fused SPECT/CT, CT, and volume-rendered fusion image SPECT. Fused 
images show a focal radioactive signal in the right obturator foramen, marked as the SN. 
The green arrow on CT shows the corresponding nonenlarged lymph node. Lower row: left: 
Intraoperative view with white light. Right: view of the fluorescent camera. White arrow shows 
focal ICG uptake and the corresponding lymph node, the SN.
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Figure 7. In the middle, transaxial fused SPECT/CT image of lymphatic drainage with SN seen 
above the normal ePLND area, in the aortic region. On the left, CT image of the same areas 
revealed a no pathologic enlarged lymph node (arrow). On the right, volume-rendered fusion 
image of both scintigraphy SPECT and CT.

Discussion

In this pilot study, we demonstrated the feasibility of the hybrid tracer ICG-99mTc-
nanocolloid for SN biopsy in clinical node-negative (cN0) MIBC patients scheduled 
for RC with ePLND. In 53% of the patients, the preoperative SN procedure was 
successful. Despite having a preoperative nonvisualization, an additional 10% of 
the patients displayed an SN during surgery. This means that overall preoperative 
imaging roadmaps were predictive for the utility of image guidance in 63% of the 
patients who displayed an SN. The degree of lymphatic drainage of the bladder 
seemed to be influenced by the location of the primary tumor, and unpredictable 
drainage and drainage outside the ePLND template were seen in 20%.

Previous studies have explored the feasibility of SN mapping in bladder cancer 
patients using radioactive colloid, blue, and fluorescent dyes as separated 
modalities.13–21 Unfortunately, most studies are based on relatively small patient 
groups. The studies are also not mutually comparable to ours because of differences 
in the injection technique and type of tracer that was used. Besides that, there is 
also a difference in the implementation of preoperative imaging data and the type 
of intraoperative imaging modalities used. From a surgical perspective, optical SN 
identification is considered highly desirable. This can be realized using, for example, 
blue dye or “free” ICG. Relying on such optical agents only for guidance, however, 
means that the procedure cannot receive guidance via preoperative imaging 
roadmaps. Also, as a result of their molecular size, these lymphangiographic 

5
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agents facilitate more rapid drainage in comparison to radiocolloids, but lack SN 
specificity.26,27 In line with this, studies relying solely on free ICG reported higher 
numbers of SN compared with the 1.6 SN per patient reported by us.15 This difference 
in flow rates has also an impact on bilateral drainage patterns. We saw a bilateral 
drainage in 40% of the patients with preoperative imaging, which is in line with the 
literature of radiocolloid-based SN localization.14 However, studies using only free 
ICG reported a much higher bilateral drainage pattern (90%). Arguing that in pur- suit 
of precision surgery “less is more,” one can argue that use of lymphangiographic 
rather than SN-specific agents means the procedure drifts away from its original 
minimally invasive concept. Using hybrid tracers such as ICG-99mTc-nanocolloid 
intraoperative optical imaging can be combined with SN specificity and preoperative 
imaging.25,28–31

In our study, the preoperative SN visualization rate on a per-patient basis was 53%, 
although lower than other SN applications, this value is in line with the 23% to 
94% range described in the literature.12–17 As seen in the study by Liedberg et al,18 
omitting the preoperative imaging, the percentage of SN identification dropped to 
23%. We found that preoperative nonvisualization was highly related to the chance 
of intraoperative SN identification. Intraoperative detection rate of preoperatively 
defined SN using the gamma probe in our study was 90%, which was in line with the 
reported 81% to 100% in the literature.13,14,16,18–21 Using fluorescence imaging only, 
we could detect 58%, which was in the high end if compared with the detection 
percentages reported for use of ICG only (0%–90%).22–24

Histopathology-confirmed tumor-positive SNs were seen in 21% of the total 
population, which is in line with earlier findings in the literature, although Polom 
et al14 reported 34% nodal metastases in their resected SNs. In the study by Polom 
et al,14 6.4% of the SNs were seen outside the PLND area. The radiotracer study by 
Liedberg et al18 found more than 40% outside the obturator foramen. In our study, 
unexpected localizations were found in 20% and concerned mostly patients from 
the NAC group (66%), independent of tumor stage, indicating that the neoadjuvant 
treatment could alter lymphatic drainage.

The current study is limited by the sample size, heterogeneity between patients, 
and lack of outcome data. Also, the SN nonvisualization rate of 47% reported by 
us and others represents a serious limitation concerning the added value of SN 
in MIBC. This suggests that there is room for improvement concerning the ability 
to induce lymphatic tracer drainage from primary bladder cancer. Hence, a more 
extensive research based on a more homogenous group of patients is needed to 
show whether SN biopsy adds clinical value by staging the pelvis in bladder cancer. 
Interestingly, correlating the location of the primary tumor and injection side and 
the ability of successful SN procedure revealed a higher nonvisualization in the 
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tumors located at the left lateral border compared with other localizations. Future 
studies need to focus on methodological aspects related to bladder pressure,14,22 
stimulation of lymphatic flow, and standardization of injection techniques32 to in- 
crease SN visualization rates.

Conclusion

In cN0M0 MIBC patients, the SN procedure using ICG-99mTc-nanocolloid seems 
feasible with SN visualization in 63% of the patients (53% preoperative and 58% 
intraoperative). In patients with a successful preoperative SN mapping using 
lymphoscintigraphy and SPECT/CT, the intraoperative SN guidance and detection 
were effective, even outside the ePLND area.

5
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Freehand-SPECT with 99mTc-HDP as 
tool to guide percutaneous biopsy 
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bone scintigraphy
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Abstract

Introduction and objectives: To assess the feasibility of using freehand Single 
Photon Emission Computed Tomography (freehandSPECT) for the identification of 
technetium-99m-hydroxydiphosphonate (99mTc-HDP) positive bone lesions and to 
evaluate the possibility of using these imaging data-sets for augmented- and virtual-
reality based navigation approaches.

Materials and methods: In 20 consecutive patients referred for scintigraphy with 
99mTc-HDP, 21 three- dimensional freehandSPECT-images were generated using a 
handheld gamma camera. Concordance of the two different data sets was ranked. 
Furthermore, feasibility of segmenting the hotspot of tracer accumulation for 
navigation purposes was assessed.

Results: In 86% of the cases freehandSPECT images showed good concordance 
with the corresponding part of the scintigraphic images. In lesions with a signal to 
background ratio (SBR) >1.36, freehandSPECT provided an automatically segmented 
reference point for navigation purposes. In 14% of the cases (average SBR 1.82, 
range 1.0–3.4) freehandSPECT images showed intermediate concordance due to 
difficult anatomical area or negative bone scintigraphy and could not be used as 
navigation targets.

Conclusion: In this pilot study, in 86% of the cases freehandSPECT demonstrated 
good concordance with traditional scintigraphy. A lesion with a SBR of 1.36 or more 
was suitable for navigation. These high-quality freehandSPECT images supported 
the future exploration navigation strategies, e.g., guided needle biopsies.
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Introduction

Technetium-99m-hydroxydiphosphonate (99mTc-HDP) bone scintigraphy is commonly 
used for a wide spectrum of bone abnormalities. This rather traditional nuclear 
medicine technology, which displays increased bone turnover due to high osteoblast 
activity/bone metabolism, is known for its exquisite sensitivity in detecting bone 
diseases of different origins. With whole body scintigraphy it is easily identified 
where the increased bone turnover is situated to determine osseous substrate. 
The scan is used in benign bone disease like metabolic bone disease, in local pain 
complains, infection and in (primary and metastatic) malignant bone diseases. 
Further, it can be used to assess therapeutic responses of both benign and malignant 
disease. For accurate diagnosis a representative image-guided percutaneous needle 
biopsy of the lesion is required, which is often guided by CT or ultrasound.1 A non-
diagnostic biopsy, which occurs in 5–31% of the oncological cases and which limits 
the positive culture results in the case of e.g., osteomyelitis, demands a repeating 
biopsy or requires the need to convert to an open (surgical) procedure which can 
delay diagnosis and leads to extra costs, anxiety and pain to the patient.2,3

Ideally, an accurate biopsy sample can be obtained from the exact tissue that 
displays disease related molecular alterations. Against this background it has been 
reasoned that molecular features identified at nuclear medicine could be used to 
guide the biopsy process. In such applications mobile radiation detection devices, 
such as a gamma probes and two-dimensional (2D) hand- held gamma camera’s 
provide an interventional alternative to scintigraphy.4,5 Uniquely, these technologies 
can also be used to generate three-dimensional (3D) freehand Single Photon 
Emission Computed Tomography (freehandSPECT) images in an interventional 
setting.6-8 The corresponding declipseSPECT technology allows the freehandSPECT 
data sets to be converted into a 2D augmented reality overlays and virtual reality 
displays that support GPS-like navigation of surgical tools towards the target tissue.8 
This concept has been extensively studied for sentinel lymph node (SLN) biopsy 
procedures in cancer types such as breast cancer, melanoma, head and neck cancer, 
gynaecologic and prostate cancer.9 These technologies have also been used to guide 
minimally invasive parathyroid surgery in patients with parathyroid adenomas.10 
With that a wide range of interventional molecular imaging procedures has become 
available for a wide range of anatomies.

The goal of this study was to evaluate if the freehandSPECT technology could find 
applications beyond SLN biopsy and can be used to establish interventional imaging 
and navigation- guided biopsy concepts for 99mTc-HDP avid lesions with different 
origins. Subsequently, we assessed the concordance of freehandSPECT images 
with traditional scintigraphy and determined what signal to background ratio is 
required to support automatic target segmentation in the declipse SPECT navigation 
software.

6
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Materials and Methods

Patient demographics
In this pilot study, twenty-one patients with benign or malignant bone disease, 
scheduled for whole body bone scintigraphy were included. In one patient, 
diagnosed with calcinosis cutis, excellent images by freehandSPECT were generated 
of the hand where the disease was located, but because the area of interest was 
not properly imaged on whole body bone scintigraphy the patient was excluded 
from final analysis. Out of the evaluated patients, in one case two areas concerning 
different anatomical locations were scanned. In total, 21 individual scans were 
evaluated. Thirteen of these scans (62%) were made in patients suspected for a 
wide spectrum of benign bone disease such as fracture, infection, degenerative 
or metabolic bone disease. Four patients (19%) were referred in relation to a 
primary bone tumour and another four patients (19%) known with prostate cancer 
were suspected for bone metastasis. Demographics of the study population are 
presented in more detail in Table 1 and Figure 1. This study received a certificate of 
no objection by the Institutional Ethics Committee and all patients provided written 
informed consent.

Imaging procedures

Whole body bone scintigraphy
Whole body bone scintigraphy was performed 3 h after intravenous injection of 
approximately 550 MBq 99mTc-HDP. Images were acquired using a two-headed 
gamma camera (Symbia T6, Siemens, Erlangen, Germany or Toshiba GCA-7200 
pi/7200di, Toshiba, Tokyo, Japan), displayed on a 256 × 1024 matrix, zoom factor 1.0. 
A signal-to-background ratio (SBR) for every lesion was calculated using the counts 
measured in the regions of interest and the background on the whole body bone 
scintigraphy using Picture and Archiving Management viewing software system 
(PACS).

Handheld gamma camera and freehandSPECT
Following bone scintigraphy, a 3D freehandSPECT scan was obtained using a 
handheld gamma camera (CrystalCam; Crystal Photonics, Berlin, Germany) 
optimized for detecting 99mTc (energy range of 40–250 keV and a field of view 40 × 40 
mm). Freehand- SPECT images of the area of interest were created with technicians 
and patients blinded to the results of the scintigraphy. Optical refer- ence trackers 
(one attached to the gamma camera and one attached to the patient), and an 
optical tracking device (declipseSPECT, SurgicEye, Munich, Germany), were used to 
determine the 3D location of the radioactive hot spots. The declipse tracking device 
also supported the generation of freehandSPECT Images.8
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To create the freehandSPECT images, the camera had to be moved freely around 
the region of interest (ROI) in multiple directions and angles. In some cases, the 
freehandSPECT camera angles were physically limited by the anatomical location 
of the lesion. After acquisition and processing of the gamma data (2–3 min), the 
acquired freehandSPECT images could be displayed either as 2D augmented reality 
or as 3D virtual reality. The total time of the procedure per patient did not exceed 
10 min which is comparable to other devices for use in the operation room such as 
portable gamma-cameras. For 3D virtual reality a gamma probe (SOE 311, Europrobe 
3, Eurorad, Eckbolsheim, France), also equipped with a reference tracker, was used 
to navigate to the lesion of interest enabling both visual and numerical feedback 
of the distance to the target with continuous depth calculation, which can facilitate 
biopsy or cytological puncture for instance in deep located suspected vertebral 
lesions.

Table 1. Indication and number of the different kind of disease of the referred patients which 
underwent whole body scintigraphy. In the first kind of concordance of the two different data 
sets was ranked.

Patients (N=20), Measurements 
(N=21)

Concordance SBR

Indication G
(n)

I
(n)

P
(n)

Mean 
Value

Range

Benign 13

Sternocostoclavicular
hyperostosis

4 3 1 0 1.48 0.89-2.99

Osteomyelitis 1 1 0 0 3.99 3.99

Fibrous Displasia 2 2 0 0 9.78 3.46-16.1

Fracture 2 2 0 0 2.05 1.36-2.73

Degenerative disease 4 2 2 0 2.24 1.05-3.40

Malignant 8

Primary bone tumor

Chondrosarcoma 3 3 0 0 5.60 2.41-7.8

Osteosarcoma 1 1 0 0 3.53 3.53

Metastatic disease 4 4 0 0 2.79 2.15-3.58

6
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Figure 1. Average SBR in different kind of indications/suspection of disease. SCCH (sternocos-
tochondral hyperostosis). SCCH- (the whole body scintigraphy did not showed any increased 
bone uptake, the patient was not diagnosed with (metabolic active) SCCH). SCCH + (whole body 
bone scintigraphy revealed increased uptake at the side of the sternocostochondral junction, 
the patient was diagnosed with metabolic active SCCH). FD (Fibrous Dysplasia).

Scoring
The derived freehandSPECT data and the bone scintigraphy were reviewed by two 
experienced nuclear medicine physicians. Derived freehandSPECT images were 
rated as good, intermediate, poor concordance with respect to whole body bone 
scintigraphy based on expertise and knowledge of the experienced nuclear medicine 
physicians. Good concordance was considered when freehand-SPECT showed 
the same amount and uptake/distribution as the whole body bone scintigraphy, 
intermediate when there was elevated uptake but more like a blur or, in case of 
focal uptake, the location was difficult to determine. Poor concordance was ranked 
when uptake, distribution or location between both scans did not correlate at all.

Tracking of a biopsy drill and navigation in a phantom set-up
The acquired freehandSPECT images were projected on a phantom to create 
augmented reality overlays and simulated image-guided interventions. The biopsy 
drill (Arrow OnControl Powered Bone Access System, Teleflex, Wayne, Pennsylvania, 
USA) was equipped with a reference tracker, and after geometrical calibrations, it was 
used to navigate to the metabolic active lesion.11 

Using virtual reality visualization, 
the drill could be virtually escorted to 

99m
Tc-HDP avid lesions.
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Results

Scintigraphic findings
In seventeen cases (81%) whole body bone scintigraphy identified lesions with 
increased focal or diffuse focal uptake of the radioactive tracer with an average 
Signal to Background ratio (SBR) of 4.12 (ranging from 1.36 to 16.1), Fig. 2a. These 
patients were clinically suspect for metastatic disease (N = 4), sternocostoclavicular 
hyperostosis (SCCH) (N = 1), osteomyelitis (N = 1), primary bone malignancy (N = 4) 
degenerative disease (N = 3), fracture (N = 2) and fibrous disease (FD) (N = 2). In 
patients suspected for metabolic active benign bone disease (like FD) and patients 
with primary bone malignancy, the SBR of the region of interest on scinitigraphy 
was the highest (average SBR of 9.78 and 5.09, respectively). Infection, fracture, 
metabolic active SCCH and metastatic disease were visualized with good scan quality 
and SBR as well. In the remaining four cases (19%; N=3 referred for suspected SCCH 
and N=1 for degenerative disease/metastatic breast cancer) whole body bone 
scintigraphy did not reveal any focal abnormalities.

6
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Figure. 2. (a) Results of whole body scintigraphy (WBS) and corresponding freehandSPECT 
(FHS) outcome with the average signal to background ratio (SBR) of the area of interest mea-
sured on whole body scintigraphy. 17 WBS showed increased bone turnover. 16 of them were 
also positive on the scan made with FHS, 1 scan was metabolic negative on FHS. (b) Results 
of freehandSPECT (FHS) and its concordance with WBS (whole body bone scintigraphy, met-
abolic active or not) and corresponding SBR (Signal to Background Ratio) measured on the 
WBS. Of the 21 freehand SPECT scans which were made, 18 showed similar view in uptake 
and pattern compared to the WBS, 3 of them showed intermediate concordance with WBS. 
There were no poor concordances.

FreehandSPECT findings and concordance bone scintigraphy
To allow objective assessment of the freehandSPECT findings, these images were 
obtained while being blinded for the findings during whole body bone scintigraphy. 
This meant that the field of view (10×10×10cm) wherein the freehandSPECT scan 
was obtained was based on the site the patient experienced the most complains.

In 18 cases (86%) freehandSPECT showed a good concordance compared to the 
scintigraphy. These cases had a clearly higher SBR (average SBR 3.8, range 0.89–
16.1) at scintigraphy compared with the three cases which had an intermediate 
concordance with the bone scintigraphy (average SBR 1.82) In 16 of the 18 cases 
with good concordance, images had a suitable SBR (average of 4.27, range 1.36–
16.1), for automatic target segmentation. Areas that were involved were namely 
superficial lying bones, such as the sternum and in extremities. In the remaining 
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two of the 18 cases, scintigraphy showed no increased uptake, in good agreement 
with freehandSPECT in which a blur was seen (average SBR 0.97).

In the remaining three of the 21 cases (14%), intermediate concordance was 
observed. In two of these patients, the findings were in line with a low SBR (SBR 
1.0) without any focal increase uptake on the whole body bone scintigraphy. In the 
third patient however, the area of interest had an increased SBR (3.4) which involved 
a deeper lying structure, the joint in the pelvic area, that was difficult to image with 
freehandSPECT because of overlying bone structures. Results are displayed in Fig. 
2b.

Biopsy needle navigation in a phantom set-up
To underline the potential of using freehandSPECT scans for navigated biopsy 
procedures, two scans of patients with primary bone malignancy with intense 
focal uptake on both whole body bone scintigraphy and that yield a good quality 
freehandSPECT were registered to a skeleton-phantom (Figs. 3 and 4). The 
augmented reality and virtual reality projections supported effective navigation of 
the biopsy drill to 99mTc-HDP avid lesions. Hereby the biopsy tools were guided into 
the heart of the lesion hotspot.

6
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Figure 3. Patient known with malignant primary bone cancer (chondrosarcoma). (a) Overlay 
view using the video camera of the declipse system after freehandSPECT scanning using 
mobile gamma camera with high metabolic area in a low background activity. (b) Area of 
interest of whole body 99mTc-HDP bone scintigraphy with increased metabolic bone activity 
in the manubrium sternum at the left side with a high signal to background ratio (SBR 2.41) 
compared with the surrounding bone tissue. The correlation of the freehandSPECT (a) and 
bone scintigraphy (b) showed accurate correlation. (c) 3D mode allowing to navigate to the 
lesion of interest using the handheld gamma detection probe. Green crosshair is the tip of the 
probe providing measurement distance (28 mm) between the tip of the probe and the area of 
interest. (d). Reconstructed CT view of the manubrium showing the primary bone malignancy 
with a small lytic lesion left paramedian with a sclerotic rim.
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Figure 4. Patient with primary bone disease (chondrosarcoma). (a) Overlay of the acquired 
freehandSPECT images of one of the patients with the position of the phantom skeleton in 
our lab, to create augmented reality. The biopsy drill was equipped with the tracking system 
to allow navigation to the metabolic active lesion. Using virtual reality the drill was escorted to 
the bone active lesion for a radio-guided bone biopsy. (b) Area of interest of whole body 99mTc-
HDP bone scintigraphy with increased metabolic bone activity in the distal right femur with a 
high signal to background ratio (SBR 3.53) compared with the surrounding bone tissue. The 
correlation of the freehandSPECT (a) and bone scintigraphy (b) showed accurate correlation. 
(c) Overlay view using the video camera of the declipse system after freehandSPECT scan-
ning using mobile gamma camera with high metabolic area in a low background activity. (d) 
3D mode allowing to navigate to the lesion of interest using the handheld gamma detection 
probe. (e) MR showed the corresponding lesion. (f) CT guided biopsy of the primary tumour.
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Discussion

In this study we describe the use of freehandSPECT and the thereon based 
navigation technologies to detect HDP avid lesions. Thereby we extend the utility of 
the freehandSPECT technology. The concordance between freehandSPECT and 99mTc-
HDP scintigraphy findings underline the potential value of using freehandSPECT to 
guide percutaneous biopsy of molecularly targeted bone lesions.

The quality of images obtained with freehandSPECT imaging and the ability to use 
these images for navigation purposes was directly related to the SBR and anatomical 
location of the 99mTc-HDP avid lesions. Our findings indicate that a SBR >1.36 is 
instrumental for obtaining high quality freehandSPECT images. Moreover, the 
location and depth of the lesion influences the image quality. The last two are mainly 
the result of the impairment of the rotational freedom of the detector placement 
during freehandSPECT image acquisition. Most likely, the quality of freehandSPECT 
imaging will improve when operators expand their experience with the technology.

With the use of a novel tracking and calibration set-up, specifically designed for 
a bone biopsy needle, we demonstrated that freehandSPECT-guided biopsy was 
feasible in a phantom. We were able to show that the tip of a biopsy drill can be 
positioned using 2D augmented reality and 3D virtual reality continuously displaying 
the distance to the target. This could be validated using the virtual reality feedback. 
We hypothesize that the use of such navigation guided biopsies will also improve 
the quality and yield of histopathologic or microbiological diagnosis by positioning 
the needle exactly in the part of the lesion with the highest disease metabolism. 
This may reduce the number of non-diagnostic biopsies avoiding subsequent delay, 
complications and patient anxiety in cases where imaging modalities like CT, MRI 
or ultrasound lack sensitivity, e.g., in small metastatic disease or in subtle, early or 
low-grade osteomyelitis.

While this study only evaluated its use with 99mTc-HDP, it is clear from the literature 
that the technology works equally well with other 99mTc-based tracers 9,11,12 or even 
with other radioisotopes e.g. 111In.13,14 This can potentially be strengthened by 
integrating the freehandSPECT technology, with ultrasound, as has previously been 
used to successfully guide biopsies in breast cancer.15 Although freehandSPECT can 
be used as a stand-alone modality, use of whole body bone scintigraphy is essential 
to map target lesions providing anatomical landmarks and eventually skin marking. 
This may be particularly useful in lesions with a low SBR or deep located for which 
stand-alone use of freehandSPECT may be unnecessarily prolonged. As mentioned 
in the literature also important to emphasize is that scanning with freehandSPECT 
for radioguided interventions require a specific training period to increase handling 
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and image reproducibility as well as to enhance its accuracy in the intervention 
room. 16

Although freehandSPECT requires a specific operator training to ensure intervention 
accuracy its application contributes to solve some limitations of other portable 
devices (e.g., gamma-camera, gamma-probe) for use in the operating room by 
providing real time depth information and 3D target visualization.

Conclusion

For the first time, freehandSPECT imaging was used to identify benign and malignant 
bone diseases. This study showed a high degree of concordance in freehandSPECT 
and scintigraphic findings in cases were 99mTc-HDP avid lesions displayed a high SBR. 
Furthermore, we illustrated the possibility of using freehandSPECT technology for 
future navigated needle biopsies, a concept that can improve future diagnosis of 
both benign and malignant diseases.

6
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Abstract

Introduction and objectives: Liver cancer is a leading cause of cancer deaths 
worldwide. Surgical resection of superficial hepatic lesions is increasingly guided 
by the disrupted bile excretion of the fluorescent dye indocyanine green (ICG). 
To extend this approach to deeper-lying lesions a dedicated bi-modal tracer that 
facilitates both fluorescence- and radio-guidance was developed.

Materials and methods: A tracer comprising a methylated Cy5 fluorescent dye 
and a mas3 chelate (hHEPATO-Cy5) was synthesized and characterized. Cellular 
uptake and excretion were evaluated in hepatocyte cultures (2D culture and in 
vitro lesion model), using a fluorescent bile salt, mitotracker dye and methylated 
Cy5 as a control. Following radiolabeling, the pharmacokinetics of 99mTc-hHEPATO-
Cy5 was assessed in mice over a period of 24hrs (% ID and %ID/g, SPECT/CT imaging 
and fluorescence imaging). The ability to provide real-time fluorescence guidance 
during robot-assisted hepatobiliary surgery was evaluated in a porcine model using 
ICG as reference.

Results: The unique molecular signature of hHEPATO-Cy5 promotes hepatobiliary 
excretion. In vitro studies in hepatocytes showed that where methylated Cy5 
remained internalized, hHEPATO-Cy5 showed fast clearance (10 minutes) similar 
to that of fluorescent bile salt. In vivo use of 99mTc-hHEPATO-Cy5 in mice revealed 
hepatobiliary accumulation and rapid biliary clearance. The effective of bile clearance 
was best exemplified by the two orders of magnitude reduction in count rate for the 
gall bladder (p=0.008) over time. During hepatobiliary surgery in a porcine model, 
hHEPATO-Cy5 enabled fluorescence-based lesion identification comparable to ICG.

Conclusion: The bi-modal 99mTc-hHEPATO-Cy5 provides effective means to identify 
liver lesions. Uniquely it helps overcome the shortcomings of fluorescence only 
approaches by allowing for an extension with in-depth radio-guidance.
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Introduction

Annually liver cancer accounts for an estimated 748,300 new cases and 695,900 
cancer deaths worldwide. Next to primary liver cancer (e.g., hepatocellular 
carcinoma), tumorous lesions in the liver are often metastases of cancer with a 
different origin e.g., colorectal cancer, neuroendocrine tumors, ocular melanoma 
and breast cancer. 1-5

For both primary and metastatic liver cancer, surgical resection is considered the 
primary method to ensure long-term survival and to achieve a potential cure. 
The improvement in diagnostic imaging, effectiveness of neoadjuvant systemic 
therapies and development of local treatment strategies has led to a 20-30 % 
increase in patients that are considered eligible for de novo surgery, or surgery 
following neoadjuvant treatment.6 The success of surgery depends on the ability 
to achieve radical resection and preservation of normal liver tissue function.7 The 
high chance of hepatic recurrence (up to 29 %)8 and complications (60% of cases)9 
indicate substantial improvements can still be made in this line of therapy.

Accurate preoperative lesion identification, procedural planning and intraoperative 
image guidance are of vital importance for precision surgery. Where preoperative 
lesion identification generally occurs via MRI, CT, or 18F-FDG-PET, intraoperative 
identification often relies on the limited sensitivity and resolution of palpation, optical 
inspection and intraoperative ultrasound.7,10,11 With the shift from open surgery to 
minimally-invasive laparoscopic and robotic surgery, the reliance on image guidance 
technologies has increased.12 Especially the use of fluorescence-guidance is gaining 
ground. In 2009 Ishizawa et al. started to exploit the pharmacological clearance 
profile of the fluorescent dye indocyanine green (ICG) to identify hepatic lesions 
with a high spatial resolution.13 Since then, this image guidance approach has been 
widely adopted, resulting in lower complications (Odds Ratio: 0.523) and shorter 
hospital stay (Weighted Mean Difference = -1.8).14 A downside of this fluorescence-
based guidance approach is that lesions located > 5 mm below the surface cannot 
be reliably identified.11 Conversely, the use of separate techniques for pre- and 
intraoperative imaging can cause misalignment between the two.15 The latter not 
only limits planning and logistics but may also result in excision of additional (false 
positive) tissue. Ideally nuclear medicine diagnostics and intraoperative fluorescence 
guidance are integrated. In nuclear medicine there are several radiotracers 
available that can be used to assess liver function (e.g., iminodiacetic acid)16,99mTc-
Mebrofenin).17 However, to support approaches that combine non-invasive nuclear 
and intraoperative fluorescence imaging, there is a need for new bi-modal/hybrid 
biliary tracers that contain both a radio- and fluorescent label. Such a combined 
approach has already demonstrated clinical value during other surgical indications 
i.e., sentinel node resections.15

7
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Although the exact mechanism of ICG accumulation in liver lesions remains unclear, 
it has been shown that the fluorescence signal accumulates at the transition 
between healthy and diseased tissue.11 In particular disruptions in the biliary 
clearance of the tracer are thought to play an important role in the localization of 
fluorescence in diseased tissues.18 With this feature in mind a small-molecule hybrid 
tracer was designed to support bi-modal imaging of liver lesions. Following tracer 
synthesis, uptake and excretion were evaluated in vitro in hepatocytes, while in vivo 
tracer pharmacokinetics were assessed in mice. The surgical utility of the tracer 
was assessed during robot-assisted fluorescence-based hepatobiliary surgery in a 
large animal porcine model.

Materials and methods

Synthesis and chemical evaluation of the hybrid tracer hHEPATO-Cy5
Mercaptoacetyltriserine (mas3), N-Boc-Aminophenol-Merrifield resin and Methyl-
Cy5-NH2 (also used as Cy5 control) were synthesized according to previously 
described procedures (19,20). Methyl-Cy5-mas3 (hHEPATO-Cy5, Figure 1 and Figure 
SI1-4) was synthesized as followed: mas3 (27 mg, 68 µmol), HATU (26 mg, 68 µmol) 
and N-methylmorpholine (34 mg, 340 µmol) were dissolved in DMSO (2 mL). Methyl-
Cy5-AmineC4 (30 mg, 68 µmol) was added, and the reaction mixture was stirred at RT 
for 25 min. Hereafter a mixture of H2O/MeCN (85/15, 8 mL) with 0.1% TFA was added, 
and the crude product was purified through preparative HPLC. Lyophilisation yielded 
the product as a vibrant blue solid (30 mg, 54% yield). Compound characterization 
including absorption/emission (Figure SI2-4), brightness and serum protein binding 
was performed according to Hensbergen et al.20

In vitro tracer metabolism in hepatocytes
HC04 hepatocyte and GEB3 epithelial control cells were cultured in Gibco’s Minimum 
Essential Medium enriched with 10% fetal bovine serum and penicillin/streptomycin 
(all Life Technologies Inc.).21,22 Three days prior to fluorescence confocal imaging 
cells were seeded onto glass bottom culture dishes (MatTek corporation). An in vitro 
model for hepatic lesions was created by placing a heated metal rod in the center 
of the culture dish for 1-2 sec, one hour prior to imaging.

Samples were stained with 1 µM hHEPATO-Cy5 or 100 nM Cy5 control for 10 or 30 
minutes at 37 0C (N = 6 per tracer and condition). Staining with 1 µM of the bile salt 
Cholyl-Lys-Fluorescein (CLF) or mitotracker green (2 µL/mL M7514, Thermo Fisher) 
was used to confirm the staining pattern of hHEPATO-Cy5. Hoechst (33342, 1 mg/
mL, Thermo Fisher) was added to all samples as nuclear reference.23 Prior to imaging 
samples were washed three times with Phosphate buffered saline.
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Fluorescence confocal microscopy was performed as previously described.24 For 
visualization of in vitro lesions, a tile scan consisting out of a 5 x 5 grid at 20 x 
magnification was made. Semi-quantitative image analysis and (3D) surface- plot 
was performed as previously described.25

Frozen excised tissue samples that contained a liver lesion were cut at 5 µm and 
imaged without further pretreatment. Additional sections were cut for standard 
H&E staining, which was performed as previously described and served as reference 
for tissue morphology.26

Animal experiments
All rodent experiments were granted a licence by the Competent Authority after 
advice by the Animal Experiments Committee Leiden (AVD1160020173304). 
Experiments in pigs were approved by ethical board of the University of Ghent 
(EC2019/79). Experiments were performed in a licensed establishment for the use 
of experimental animals (LUMC or ORSI Academy, Melle Belgium). Experiments 
were performed in accordance with the Experiments on Animals Act (Wod, 2014), 
the applicable legislation in the Netherlands and Belgium in accordance with the 
European guidelines (EU directive no. 2010/63/EU) regarding the protection of 
animals used for scientific purposes.

Pigs were housed at the animal facility at ORSI Academy until used for imaging 
experiments during surgical training (weight per animal approximately 40 kg). Pigs 
were re-used after surgical training and remained under anesthesia until being 
euthanized when the examination was completed.

In vivo tracer biodistribution in mice
Radiolabeling of hHEPATO-Cy5 (Figure SI5), resulting in 99mTc-hHEPATO-Cy5, and in 
vivo SPECT imaging (at 1, 2, 4 and 24 hours) was performed according to previously 
described procedures.22 For quantitative assessment of the biodistribution of 
(“hot”) 99mTc-hHEPATO-Cy5, 10 MBq (0.5 nmol in 0.1 mL) of the labelled tracer was 
intravenously administered into female Swiss OF1 mice (6 - 7 weeks old; Charles 
River). The percentage of the injected dose (%ID) and percentage of the injected dose 
per gram of tissue (%ID/g) was assessed at 2 and 24 hours post intravenous tracer 
administration, as previously described (N = 9).22,27 Semi-quantitative assessment 
of fluorescence in the liver/gall bladder and intestines was assessed prior to gamma 
counting, to exemplify the effective hepatobiliary clearance and to complement 
the quantitative biodistribution, using an IVIS Spectrum preclinical imaging system 
(Perkin Elmer) and Living Image software (version 3.2).27 Images were acquired 
following excitation at 640 nm, and light was collected > 680 nm (acquisition time 
5 sec). Fluorescent content was measured in photons/sec/cm2.

7
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In vivo pharmacokinetic assessments in a porcine model - surgical fluorescence 
imaging
Since porcine models do not naturally yield liver metastases, (superficial) heat-
induced necrotic lesions were created using bi-polar robotic instruments (da 
Vinci Maryland or Fenestrated forceps). These lesions served as a model for liver 
metastasis wherein the tumor disrupts the hepatic anatomy.

3.75 mg hHEPATO-Cy5 was dissolved in 150 µL ethanol, whereafter 1350 µL 
Tween80/Saline was added to achieve a 2.5 mg/mL solution, which was subsequently 
intravenously injected in individual animals (N = 6). 4 - 6 Hours after tracer 
administration intraoperative imaging using both white light and Cy5 filtered light 
was performed using a modified clinical grade IMAGE1 S™ camera system including 
a D-Light P light source (integrated customized Cy5 filter) and a customized 10 mm 
0o laparoscope was used (KARL STORZ SE & Co. KG).26 The use of radiotracers and a 
more extended window could not be pursued under the available ethical approval 
for the surgical training setting.

As a reference, identical experiments were conducted after administration 
of a similar dye concentration of ICG (3.75 mg, N = 2). In the latter, imaging was 
performed using the fluorescence setting of a Firefly camera mounted on a Da Vinci 
surgical robot. After imaging, animals were euthanized, and lesions excised for ex 
vivo fluorescence imaging and pathological examination. In-house developed image-
processing software (C++-programming language using open-source computer 
vision libraries (OpenCV)) was used to create a color-coded heat-map.24,26 Differences 
in fluorescence signal intensity were shown using an intensity-based scale-bar that 
represents the signal-to-background ratio (SBR).

Statistical analysis
Statistical evaluation to compare uptake values (%ID, %ID/g for radioactive 
assessment and photons/sec/cm2 for the fluorescence signal) at different timepoints 
in the biodistribution was performed using an unpaired two-sided Student’s t-test. 
Values of p < 0.05 were considered significant.

Results

Synthesis and characterization
hHEPATO-Cy5 was successfully synthesized (Figure 1, Figure SI1-4) and presented 
favorable chemical (serum protein binding 94%, logP 0.80 ± 0.03) and fluorescent 
properties (Absorption/emission: 640/665 nm (Figure SI6), brightness: 3445 M-1). 
After radiolabeling, 99mTc-hHEPATO-Cy5 was obtained with a radiochemical yield of 
83 ± 5%.
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Figure 1. Reaction scheme synthesis hHEPATO-Cy5. a) MeI, K2CO3, DMF; b) N-(4-bromobu-
tyl)phthalimide, sulfolane; c) first, malonaldehyde dianilide HCl, 1:1 Ac2O:AcOH, followed by 
Indole-AmineC4Phth, 3:1 pyridine:Ac2O, d) 33wt% MeNH2 in EtOH; e) L-mas3, HATU, DiPEA.

In vitro excretion hepatocytes
Using an in vitro lesion model and assessment in hepatocyte cultures, the difference 
in uptake of hHEPATO-Cy5 in damaged and healthy hepatocytes was compared 
(Figure SI7, Figure 2). In the in vitro lesion model, a high intensity Cy5 fluorescence 
signal was detected in a ring of damaged hepatocytes (Figure SI7). In these cells 
uptake was distributed evenly over the whole cell. A change in distribution of 
the fluorescence signal was seen with increasing distance from the lesion. At 
approximately 500 µm distance the overall uptake pattern was similar to that in 
healthy hepatocytes. Here no intracellular uptake was seen but focalized uptake 
of hHEPATO-Cy5 positioned in bile cannulas between cells (Figure 2 and Figure SI7, 
encircled).28 As this pattern was shown to be similar to that of (fluorescent) bile salts 
(Figure 2) this suggests that hHEPATO-Cy5 is functionally excreted.

Incubation of epithelial cells with hHEPATO-Cy5 resulted in mitochondrial uptake 
(Figure SI8), which was similar to the uptake of the fluorescent component alone 
(methylated Cy5 (control)) in both hepatocytes and epithelial cells (Figure 2, Figure 
SI8). Excretion of hHEPATO-Cy5 was underlined by semi-quantitative assessment of 
the fluorescence signal over time (Figure SI9). In healthy hepatocytes a decrease of 
hHEPATO-Cy5-related fluorescence signal was seen after 30 minutes. In contrast, 
a substantially higher intracellular signal (p > 0.0001) was seen for the Cy5 control 
that did not decrease over time. Hence, the focal uptake of hHEPATO-Cy5 is excusive 
for hepatocytes and the addition of the mas3 moiety in hHEPATO-Cy5 is crucial for 
the hepatobiliary excretion driving molecular design.

7
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Figure 2. Microscopic assessment of the localization of control stainings in hepatocytes. 
Fluorescence confocal imaging of HC04 hepatocytes after 10 minutes of incubation with 
fluorescent bile salt Cholyl-Lys-Fluorescein (CLF), or co-incubation of hHEPATO-Cy5 and CLF), 
Cy5 control or Mitotracker green. Left image: 2D fluorecence confocal image with nuclear 
staining in blue, Cy5 in red and mitotracker in green (dashed circle = example of bile canula, 
yellow line = orientation 3D analysis), right image: 3D representation of tracer distribution 
throughout the cell. Color bars show pixel intensity (AU).

In vivo biodistribution in mice
As early as 1 hour post intravenous administration, “hot” 99mTc-hHEPATO-Cy5 (0.5 
nmol) yielded dominant hepatobiliary excretion, exemplified by the prominent signal 
seen in the liver, gallbladder, and intestines on SPECT (Figure 3A). Biliary excretion 
was further substantiated by a significant two orders of magnitude reduction 
in count rate for the gall bladder (Figure 3B and Table SI1; p = 0.008) over time. 
Instrumental for imaging of liver lesions, a five-fold decrease in count rate was 
observed in the liver (Table SI1; p = 0.002). The latter was further substantiated 
via ex vivo tissue examination at 2 hours and 24 hours (Figure 3A). At 2 hours post 
tracer injection high fluorescence intensities were seen in the gall bladder (2.6*108 
± 5.9*107 photons/sec/cm2), while intensities in the liver were significantly lower 
(3.3*107 ± 7.9*106 photons/sec/cm2; p > 0.0001). After 24 hours fluorescence signal 
intensities in the liver had further reduced to 1.6*107 ± 2.8*106 photons/sec/cm2, 
which correlated to a negligible background staining in this tissue (Figure 3A, insert 
24 hours).
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Figure 3. Biodistribution of 99mTc-hHEPATO-Cy5 in mice. A) In vivo SPECT imaging (rainbow 
scale, AU) at 1, 2, 4 and 24 hours after tracer administration (# = gall bladder, ## = liver and 
### = intestines). Inserts at 2 and 24 hours show fluorescence imaging of the liver and gall 
bladder (top) and intestines (bottom; hotmap, photons/sec/cm2). *= p>0.01 for 2 vs 24hrs 
uptake values. Quantitative biodistribution presented as B) percentage of the injected dose 
(%ID) at 2 hours (red) and 24 hours (purple) after intravenous administration in mice.

In vivo pharmacokinetic assessments in porcine models - surgical 
fluorescence imaging
In vivo imaging in a porcine model for robot assisted hepatobiliary lesion resection 
was performed to show the similarities in staining pattern with the current clinical 
fluorescence only approach (using ICG) and concordance of hHEPATO-Cy5 with 
clinical grade robotic surgery and imaging devices. Fluorescence imaging in this 
model underscored the hepatobiliary clearance profile for hHEPATO-Cy5. A clear 
fluorescence signal was seen in the gall bladder and intestines. And importantly, 
already at 4 hours post injection the background uptake in the non-effected liver 
was neglectable (Figure 4).

7
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Figure 4. Surgical imaging set-up in a porcine model. Use of clinical grade equipment allowed 
combination of robot assisted surgery (left) laparoscopic fluorescence imaging (right) for the 
assessment of tracer distribution over the hepatobiliary system (# = gall bladder, ## = liver) 
and excretion towards the intestines (###) in a porcine model.29 Top anatomical image: sche-
matic localization of organs of interest, bottom image: heatmap laparoscopic fluorescence 
image showing hHEPATO-Cy5-related fluorescence.

In vivo created liver lesions (Figure 5, Figure SI10) demonstrated a characteristic 
fluorescent rim located around the border of the lesion (N > 25 lesions tested). 
Clear discrimination between the liver and surrounding tissue of the abdominal 
wall could be made, which was especially evident for lesions located on the outer 
edge of a liver segment. The rim-like staining pattern was in comparable with the 
accumulation seen in the in vitro model (Figure SI7), and in line with that of ICG in 
the same model (Figure SI11) but of also of ICG in patients with liver cancer.18

Figure 5. Robot-assisted in vivo imaging of liver lesions in a porcine model. A) Schematic rep-
resentation of the creation of heat-induced lesions using the coagulation setting of a bipolar 
robotic forceps. In vivo laparoscopic imaging of a liver lesion (white arrow) and surrounding 
tissue of the abdominal wall (*) using B) white light imaging and C) Custom image process-
ing algorithms support intensity-based assessment of the fluorescence uptake (SBR = sig-
nal-to-background ratio).26
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Microscopic pathological examination of the excised lesions underscored the 
difference in morphology between the healthy liver tissue and the lesion (Figure 
6A/B). Accumulation of hHEPATO-Cy5 (in red) occurred within a transitional rim 
bridging the lesion (#) and healthy liver tissue (**; Figure 6C). This suggests that 
damaged hepatocytes in the transitional rim are unable to facilitate bile transport, 
resulting in local retention of hHEPATO-Cy5.

Figure 6. Localization fluorescence signal liver lesions. A) Immunohistochemistry (H&E stain-
ing) of an excised liver sample containing healthy liver tissue (**) and a heat-induced liver 
lesion (encircled). Zoom in of the selected area within the rectangle showing B) a transitional 
rim (between dashed lines) between necrotic liver tissue (#) and the healthy liver tissue and 
C) fluorescence confocal imaging in a sequential tissue section with fluorescence uptake (in 
red) in the transitional rim.

Discussion

By directly conjugating a lipophilic cyanine-5 dye to a mas3 chelate a hybrid hepatic 
tracer (hHEPATO-Cy5) was generated. This tracer portrays a unique (hepato)
biliary excretion profile that could be related to biliary efflux (Figures 1 and 2) in 
hepatobiliary cultures. In vivo the tracer allowed reliable delineation of liver lesions 
in real-time using fluorescence-guided robot-assisted surgery in a porcine model 
(Figure 5).

The hybrid nature of 99mTc-hHEPATO-Cy5 extends fluorescence imaging with 
the ability to identify preoperative lesions (SPECT). In other oncological surgical 
applications, this combination has been shown to provide value that is greater than 

7
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the sum of the benefit of the individual techniques.38 Preoperative knowledge of the 
exact location of the lesion prior to tissue exploration while also providing visual 
assessment and validation of the excision of the targeted tissue are features that 
are likely to provide steps towards overcoming existing challenges in hepatobiliary 
surgery.

While the correlation between nuclear and fluorescence imaging based on hHEPATO-
Cy5 was provided in mice, constraints within the ethical license prohibited use 
of radioactivity in the porcine model. As such, the latter only allowed use of the 
fluorescent readout and subsequent assessment of superficial lesions. Nevertheless, 
literature indicates that intraoperative extension of fluorescence imaging with in-
depth ‘drop-in’ radioguidance is likely to help facilitate the resection of hepatic 
lesions that are located deeper below the surface of the liver.39 This assumption is 
supported by studies in other clinical indications that clearly provide evidence about 
the superior in-depth image guidance that can be provided when using a hybrid 
tracer as compared to a fluorescence only tracer.38,40

The mechanism behind ICG uptake in hepatobiliary lesions remains a subject of 
study. Our work clearly indicates that uptake of hHEPATO-Cy5 around a lesion can be 
contributed to disrupted hepatocytes and is related to the excretion of bile (Figure 
1, Figure 2). Further mechanistic studies are needed to help understand how this 
relates to i.e., multidrug resistance-associated proteins.22

Fluorescent emissions used for image-guided surgery are classified into three 
categories according to the international union of pure and applied chemistry 
(IUPAC) regulations; near-infrared (NIR), far-red and visible fluorescence.41 All 
three have demonstrated clinical potential.42 Despite the popular demand for NIR 
analogues (e.g., ICG; λem max 750-1000nm), there are clear arguments to be made for 
the surgical use of far red dyes (e.g., Cy5; λem max 650-750nm). For example, Cy5 has 
a higher brightness and because of that superior tissue penetration.43 Surprisingly, 
the latter is quite often falsely referred to as being a NIR dye.33,44 Using a range of 
clinical-grade Cy5 camera prototypes has resulted in the successful in-patient use of 
far-red dyes.33,35,36,45,46 The depiction of Cy5 fluorescence in vivo (Figure 5) has even 
been shown to be compatible with imaging of NIR dyes in the same patient allowing 
unique multicolor imaging strategies.36,42

Creating relevant in vivo models for the hepatobiliary resection of metastatic 
lesions is not trivial, especially in porcine models. To the best of our knowledge, 
this is the first report of such a model that can be used to evaluate image guidance 
technologies for hepatobiliary lesions. The lesions created displayed a ICG uptake 
that is in line with literature reports.22,47 Nevertheless, clinical follow-up studies will 
be required to confirm the translational value of hHEPATO-Cy5.
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Conclusion

By creating a small-molecule comprising a fluorescent Cy5 dye and a mas3 chelate, 
a unique biliary excreted hybrid tracer has been created. A tracer that is capable 
of provide both fluorescence- and radio-guidance during excision of liver lesions. 
The hybrid nature of this tracer also paves the way for the future implementation 
of nuclear medicine roadmaps to plan and guide fluorescence-based hepatobiliary 
surgery.

7
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Abstract

Following early acceptation by urologists, the use of surgical robotic platforms 
is rapidly spreading to other surgical fields of application. The fact that the 
empowerment of surgical perception via robotic advances occurs in parallel to the 
developments in intraoperative implementation of molecular imaging indicates 
there is a logical incentive to pursue image-guided robotics (IGR). A field that exploits 
the symbiosis between robotics and imaging to progress surgical precision with 
both advanced surgical dexterity and surgical decision making. In this review, topic 
related developments in chemistry (tracer development) and engineering (device 
development) are discussed and future (scientific) growth markets for molecular 
imaging are presented.
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Introduction

Today’s robotic surgery paradigm is the direct result of a decades long initiative 
towards minimally invasive treatment strategies. The enhanced dexterity and 
ergonomics that lie at the robot’s core has motivated an increasing number of 
surgical disciplines to pursue its implementation. This has resulted in a global growth 
market for robotic surgery that already extends to the use of >7500 robotic systems 
in ≈11 million surgeries so far.1 Currently the standard is set by the da Vinci platform, 
which standardly incorporates a stereoscopic fluorescence camera. However, an 
increasing number of alternative robotic platforms – none of them appear to display 
compelling disruptive features – are, or have already been, translated into the clinical 
setting.2 The surgical use of robots has also evoked scientific interest; the number 
of publications related to robotic surgery has shown a steep upward trend since 
2000 (2000-2004: 704 publications vs. 2019-2023: 19.018 publications; search term 
“robotic surgery” in Pubmed).

In parallel to the development of robotic platforms, the surgical field is benefitting 
from the rise of intraoperative molecular imaging (IMI). An imaging discipline that 
facilitates enhancement of the surgical perception by exploiting, most commonly, 
radio- and fluorescence guidance. This helps improve surgical accuracy and 
(oncological) outcomes but can also lead to a reduction of the number and severity 
of surgically-induced complications. Opportunely, the intents of robotic surgery 
to increase surgical dexterity, and IMI to augment surgical perception, converge, 
yielding the sub-discipline of image-guided robotics (IGR). Activities in this sub-
discipline are exemplified with surgical guidance by the use of radiopharmaceuticals 
(e.g., for identification of nodal involvement in oncology)3,4 and fluorescent dyes (e.g., 
visualization of physiological measures in anastomosis or lymphangiography)5,6. 
An over-arching factor herein is that all these approaches have proven to be highly 
reliant on the insights provided by preoperative ‘roadmaps’ based on SPECT-CT 
and/or PET-CT-images.4 Herein the general emphasis seems to lie on the use of 
the gamma-emitting radioisotope 99mTc and the approved near-infrared (NIR) dye 
indocyanine green (ICG), but other isotopes and fluorescent dyes have also been 
successfully used.6,7 Best-of-both worlds IMI scenarios are offered by approaches 
that combine the benefits provided by radiopharmaceuticals (quantitative 
(pharmacokinetic) measures and in-depth detection) and fluorescent dyes (video-
rate imaging and <1cm superficial detection).7,8 For example, the initial successes 
with hybrid sentinel node approaches in prostate cancer patients9 have instigated 
the dissemination of this technique in other robotic-surgery indications such as 
cervical10, vulvar11, oral cavity11, bladder12 and penile cancer11.

In a highly interactive environment such as surgery, decision making is based on the 
perception of the surgeon. This perception drives the surgical actions and is defined 

8

2024415_Rietbergen_BNW-proef_v5.indd   1392024415_Rietbergen_BNW-proef_v5.indd   139 24-10-2024   09:51:0024-10-2024   09:51:00



140

Chapter 8

by the surgeons’ sensory responses in relation to the patient-environment. A concept 
that can be illustrated using an example provided by Bogh et al.13 This example shows 
that shape recognition based on static imaging content only provides a 49% accuracy 
in object recognition, while rotating 3D vision was shown to enrich perception, with a 
corresponding increase to 72%. Addition of tactile information (sensing) was shown 
to result in an eventual 99% accuracy. These insights in interactive perception can 
be effectively translated to IGR. To this end, static images allow identification of 
(radio)pharmaceutical-avid surgical targets, but require complementary imaging/
sensing technologies that support interactive tissue interpretation to enhance the 
level of perception. Digitization of multi-sensory data, combined with the use of 
artificial intelligence (AI), thereby offers additional advantages that pave the way 
towards a future wherein perception-enhanced performance helps realize robotic 
autonomy. For example, via autonomous implementation of image-guidance to a 
surgical perception level that precedes that of surgeons.

In this review key perception enhancing components in IGR are addressed that 
provide a means to advance the field of minimal invasive robotic surgery from an 
imaging perspective (Figure 1). Key components such as (radio)pharmaceuticals for 
target definition, perception enhancement, digitization of data streams, technology 
assessment and automation are discussed and their place in molecular image-
guided surgery is emphasized.

Figure 1. Systems engineering components in the field of image guided robotics
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(Radio)pharmaceuticals for target definition
Perception starts with the ability to separate a target tissue from its surroundings. 
In IMI this separation is enabled via the use of (radio)pharmaceuticals that 
specifically highlight anatomical or disease-specific features. The development of 
such pharmaceuticals finds its origin in radioimmunoguided surgery, a concept 
that was introduced in the late nineties and that covers both receptor targeted 
and physiology-based approaches.14 Physiology based imaging has particularly 
benefitted from the pharmacokinetic properties of clinically approved fluorescent 
dyes such as ICG and fluorescein.6 Today, the use of fluorescence is actively being 
expanded towards receptor-targeted applications as well. This generally results 
in fluorescent analogues of receptor-targeted radiotracers used in diagnostic 
nuclear medicine. Emergence of new imaging targets supports dissemination of 
IGR to the indications that currently make up the robotic surgery market (Urology 
23%, Gynecology 23%, General surgery 19%, Cardiothoracic surgery 9% and other 
indications 26%; Figure 2).

The ability to sensitively detect radiopharmaceuticals when applied within a micro-
dosing regimen (≤100µg/patient) greatly facilitates the translational aspects of 
radioguided surgery efforts.15 Studies in nuclear medicine indicate that accurate 
dosing influences the quality of imaging data, whereby an increase in dosing tends 
to negatively affect obtained results.16 A word of caution herein is that a combination 
of small lesions, low receptor expression levels, and suboptimal tracer affinities 
could still result in false negative results. Fluorescent tracer derivatives tend to be 
more translationally impaired as their inferior detection sensitivity often needs to 
be compensated for by applying therapeutic dosing (mg/kg).17 Recent dosing studies 
with the fluorescent PSMA-targeting agents IS-002 and OTL78 indicate that the use 
of high doses tends to result in oversaturation, which not only negatively affects 
signal-to-background-ratios (SBR), but also induces false positives.18,19

It is considered beneficial for the surgical perception when diagnostic 3D images, 
provided at nuclear medicine, can be substantiated with dynamic intraoperative 
tracing/imaging findings. The correlation between pre- and intra-operative 
findings is, among others, supported by the availability of theranostic pairs of 
(radio)pharmaceuticals that can be used at the same, or similar, dosing. A textbook 
example for such a “theranostic” pair is 68Ga-/18F-PSMA-PET (for diagnostics) 
and 99mTc- /111In-PSMA (for surgical radiotracing).3 Important to realize is that 
surgical radiotracing is not expected to reliably detect lesions not visible in, e.g., 
preoperative PET-CT roadmaps.20 In a similar fashion, to facilitate the resection 
of gastroenteropancreatic neuroendocrine tumors, theranostic pairs that employ 
somatostatin-targeted (SSTR) neuroendocrine tumor (NET) targeting could be used 
withfor example 68Ga-DOTATOC and 99mTc-EDDA/HYNIC-octreotate.21 Looking ahead, 
various other diagnostic PET-radiopharmaceuticals have 99mTc containing analogues 
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and could therefore be exploited as theranostic pairs for surgery. Examples are 99mTc-
Pentixafor (target: chemokine receptor-4 (CXCR4) expressed on e.g., glioblastoma)22, 
99mTc-FAPI 34 (target: fibroblast antigen protein (FAP), involved in >28 different cancer 
types)23, 99mTc-folate (target: folate receptor)24, 99mTc-DB15 (target: gastrin-releasing 
peptide receptor)25, 99mTc-IMMU-4Fab’ (target: Carcinoembryonic antigen)26 and a 
variety of targets and radioisotopes previously pursued in radioimmunoguided 
surgery initiatives.27 As sensitivity and dosing seem to play a critical role in achieving 
a correlated pre- and intraoperative accuracy, it will be complex to make well 
correlated theranostic pairs made up out of, e.g., PET- and purely fluorescent-agents. 
This is certainly true for small molecules, but may be less relevant for monoclonal 
antibodies, making it a topic in need of further investigation. Here hybrid agents 
that contain both a radioactive and fluorescent component can provide outcome.8

Figure 2. Targets for intraoperative molecular imaging in relation to the main surgical fields 
that employ robotics

Perception enhancing modalities
Technologies that enrich the robots’ perceptual abilities (e.g., sensing and vision) 
will help improve the level of surgical perception. Given the fact that tissue tends 
to move during surgery, static images only provide limited guidance. Generating 
a demand for vision and sensing based intraoperative scanning technologies. To 
implement these modalities in the minimally invasive robotic setting, a variety 
of physical constraints need to be overcome, e.g., accessibility of the target, the 
perception of stiffness during the performance of surgical maneuvers (i.e., the 
fulcrum effect)28, a remote center of motion and limited freedom of movement.

Robotic vision is facilitated via system-integrated endoscopes that provide three-
dimensional (3D) video streams of the surgical field. These endoscopes include 
traditional white light imaging, and in some cases fluorescence imaging (e.g., the 
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FireflyTM cameras on the da Vinci Si, X, Xi and SP systems 29 and the TIPCAM® Rubina 
video-endoscope on the HUGOTM RAS system)30. The integration of fluorescence 
imaging and the ability to identify (moving) tissues at video-rate has instigated a 
paradigm shift towards the acceptance of fluorescence guidance in surgery.

As stated earlier, perception is optimal when vision is combined with a sense of 
touch (e.g., palpation/pressure, temperature sensation and/or pain). Unfortunately, 
the manipulating instruments of, e.g., the da Vinci platform are deprived of such 
sensations. A logical step in IGR design is to enrich robotic manipulators with a 
sense of ‘touch’ (Figure 3A). Allowing them to fulfill a role as surrogate for the 
surgeons’ hands. An advantage of robot platforms is that they can be technically 
enhanced to allow molecular sensing capabilities. Thus, supporting detection of 
(radio)pharmaceuticals. This creates a sensory experience that is beyond human 
abilities. The first steps toward realizing such sensory-enrichment have already been 
made with the now CE-marked tethered drop-in gamma probe and the pursuit of 
click-on sensors that can be applied directly onto the surgical tool (Figure 3B). 31-33 
The provided numerical and acoustic sensory readout demonstrated perception 
enhancing in applications that also employed fluorescence-vision.34 (Pre)clinical 
evaluation indicates that sensory-enrichment can be applied for a variety of 
molecular imaging signatures, for example: beta particles, Raman spectroscopy, 
mass spectrometry, fluorescence and fluorescence lifetime.31,35,36

In contrast to the above stated efforts set to enhance the surgeon’s perception 
during the intervention, off-line back-table (ex vivo) assessments are also increasingly 
being proposed for IGR.37 Promising examples include the use of Cerenkov imaging, 
small-bore PET systems and freehand tissue scanning.38,39 While presenting a 
confirmatory value regarding target removal, it remains difficult to relate these 
measurements to the context of the surgical wound.37

Figure 3. Enhancing perception by combining vision with sensory information: A) Vision and 
sensing, translating concepts from man-to-robot, B) Evoilution of (gamma) probes in an effort 
to molecular-sensing capapbilities in robotic instruments.
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Digitization of data-streams
Uniquely, surgical robots provide the hardware and the computing power that 
supports data-integration. Digital operating platforms thereby provide a means 
to incorporate, and multiplex, multi-sensory device inputs.40 Input that can be 
converted to outputs presented in forms such as highlighting of findings and sending 
of alerts. Digitization facilitates the merging and absorption of a wide range of data 
streams, including data streams that are not related to imaging. When combined 
with smart algorithms, pre-, intra- and post-surgical data streams can be processed 
to unmatched levels of complexity (Figure 4A). All these then come together in a 
single ‘control tower’ that helps to redefine how surgery is analyzed and (could be) 
performed.41

The most straightforward example of imaging data integration during robotic surgery 
is the split-screen visualization of preoperatively acquired imaging ‘roadmaps’ (e.g., 
CT, a lymphoscintigraphic or SPECT/CT images) directly next to the surgical video 
feed.31 A strategy that helps to actively relate diagnostic imaging information (static 
images) to the dynamic surgical environment. This can be further enhanced via 
the employment of mixed reality (MR) overlays whereby the preoperative images 
are overlayed onto the surgical video-feed (Figure 4B).42 Currently this strategy 
is most widely employed using radiological images (CT and MRI). Nevertheless, 
there are also examples where images generated at nuclear medicine are being 
displayed over a (fluorescence enhanced) video feed.43 Active positional tracking of 
both instruments and the patient anatomy support “gps-like” directional guidance 
(Figure 4C). Such navigation strategies are already routinely applied during surgeries 
where image-to-patient registration can be realized using rigid landmarks (e.g., 
orthopedics-, skull-, and neurosurgery).44 Unfortunately, implementation of image-
to-patient registration during surgery in soft-tissue indications is still hampered by 
challenges related to deformations caused by positioning, insufflation, breathing, 
and the tissue movement caused by the surgical manipulation itself. This stresses 
the need for surgical modalities such as fluorescence imaging or gamma tracing 
that can confirm or correct the navigation accuracy in real-time.43 Uniquely, the 
active tracking of the drop-in gamma probe during the surgical act has opened the 
possibility to register its intra-abdominal readout with its positional location. This 
feature, when complemented with “freehand” image-reconstruction algorithms, 
can enable an interaction-facilitated MR vision enhancement called robot-assisted 
SPECT (Figure 4B).45 A tomographic form of digital vision enhancement that could 
in the future also benefit other robotic sensing modalities.

In surgical practice, it often remains challenging to interpret the collected data, 
leading to false-negative (missed lesions) or false-positive (resection healthy 
tissue) results. In this context computer vision algorithms, e.g., artificial intelligence 
(AI) strategies, can help support high-end feature extraction such as anatomy 
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recognition, instrument segmentation (Figure 4C-D) and fluorescence intensity 
interpretation.46,47

Figure 4. Digital surgery: A) Multiplexing of surgery related data-streams and their interaction 
with the surgeon, B) Robotic instrument tracking technologies, c) Mixed reality visualizations, 
and D) Use of Artificial intelligence (AI) for automated image analysis in surgical video feeds.

Technology assessment
The societal incentive for the use of robotics is to offer precision enhancement 
and a decrease in short- and long-term complications. These features are not 
defined by first-in-human proof-of-concept data, but rather by multivariate (health) 
technology assessments performed over a prolonged period of time.48 Assessment 
of the patient benefit embodies traditional outcome measures such as (randomized) 
retrospective analysis of databases for complications, quality-adjusted life years 
(QALY’s) and disease-free survival (DFS). For example, QALY’s have been used to 
clarify for which indications robotic surgery may (e.g., for prostatectomy)49 or may 
not (e.g., for cystectomy)50 result in performance-enhancement. The ability to 
provide high-end evidence on benefits for the patient and/or the treating physicians 
not only drives technological dissemination, but also defines the ability to make a 
healthy business case for a technology.51 In this respect, shifting focus to the field 
of IMI, immediately exposes a challenge as long-term technological assessments 
are rarely reported. Exceptions are SN, 5-ALA, and PSMA-RGS procedures, and only 
the latter has been evaluated in the context of IGR.3,9,52 Therefore, further indicating 
steps towards the direction of performance assessment is still a necessity.

Unfortunately, traditional long-term patient outcome measures do not match well 
with the speed at which R&D activities are being conducted. Assuming the goal 
of IGR is to use perception-enhancement to advance the interaction between the 
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surgeon and the patient, one can even claim that traditional measures provide an 
indirect measure for the technological impact. Hence an alternative performance 
assessment strategy is desirable. If we look at the way technological enhancement is 
assessed in areas such as (motor) sports, it becomes clear that movement kinematics 
can help provide a wealth of quantitative readouts for efficiency optimization. As the 
surgeons’ skills are defined by dexterity (gesture) and decision making (perception)53, 
extraction of multi-dimensional kinematic metrics related to instrument movement 
(e.g. speed, pathlength, jerkiness, directionality) provides a means to objectively 
assess how technologies alter the surgeons interaction with the patient.46,54 Recently, 
such strategies have been successfully exploited to quantify how ques based on 
(radio)pharmaceutical signal intensities and signal-to-background ratios impact the 
surgical decision making. 46,55

Figure 5. Sensory experiences in self-driving cars vs. the matching available, but often ex-
perimental, robotic surgery technologies. *Technology in research setting

Automation
For most, the term robotics goes together with the term automation. Nevertheless, 
today’s tele-operative systems are classified as having no Level of Autonomy (LoA-0). 
Meaning that the motions along the robotic links and joints remain fully controlled 
by the operating surgeon. This while the growing shortage in skilled surgical 
personnel, the ever-increasing procedural complexity, and rising healthcare costs 
provide an incentive to move decision-making away from human supervisors.56 
Fully autonomous robots (LoA-5), thereby, promise to democratize surgery, help 
make surgical quality ubiquitous, standardize outcomes, and reduce recurrences.

Beyond healthcare, perhaps the most well-known example of supervised autonomy 
is adaptive cruise control in a car (LoA-1). A clinical situation where specific surgical 
subtasks are outsourced to the robot is the use of the AquaBeam system for 
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treatment of the urinary tract.56 For cars to advance to a higher LoA, they require 
an exceptional level of sensory-enrichment coupled to AI-advanced data-computing 
(Figure 5).57 Subsequently, the active interaction between the components of data-
acquisition, -processing and automated perception assessments (i.e., decision 
making) allow vehicles to cope with environmental variations. Translation of these 
concepts to a surgical robot demands a more intelligent interaction between the 
robot and the surgical environment, as facilitated by (molecular) imaging/sensing 
(Figure 5).58 Considering how easy it is for surgeons to overlook tumor fragments 
during surgery, control strategies that raise the diagnostic accuracy seem to provide 
an obvious starting point when exploring surgical automation.59 Over time such 
efforts will help, amongst others, to transfer the above mentioned ‘freehand’ 
IGR technologies into ‘hands-free’ technologies that empower surgeons in their 
perception.

The rise of autonomous vehicles poses obvious questions with regards to, e.g., 
liability and ethics.60 These topics are critically being looked at by today’s lawmakers, 
starting with the regulations concerning the use of AI. As the act of surgery is very 
fault intolerant, emphasis should be put on these dilemmas when entrusting robots 
to reliably identify, and quickly react to, unpredictable clinical situations.56

Conclusion

The rise of IGR offers the field of IMI unique (out-of-the-box) growth capabilities. 
Not only in the traditional terms of (radio)pharmaceuticals, engineering, physics 
and expanding clinical indications, but also in terms of embracing up-and-coming 
digital-, performance-guided, and autonomous-surgery paradigms. Exploration of 
these opportunities will expand the impact that nuclear medicine and molecular 
imaging have on the future of patient care.

8
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Summary, discussion and future perspectives

Preoperative imaging of solid tumors is the cornerstone of adequate staging in 
cancer diagnosis. Patients with cN0 or preoperative staging imaging without lymph 
node involvement (iN0M0) may undergo curative surgery. In many solid tumors, the 
sentinel lymph node procedure (SN) helps to determine if micrometastatic lymph 
nodes are involved, leading to adequate staging and appropriate treatment choices.

During surgical procedures, the surgeon explores the operating field for target 
lesions of interest; both the primary tumor and the SN. In the bloodied operating 
field, small targets, such as the SN, are not always easy to find. Especially not in 
areas with difficult anatomy or richly vascularized and nerve-fed areas. Searching 
for this SN in these challenging areas can lead to unnecessary removal of healthy 
tissue with associated morbidities, incomplete resections (R1 resections), or a longer 
duration of surgery.

Accurate preoperative imaging, surgical planning, and intraoperative tools to guide 
the surgeon to the desired lesion can overcome these problems. Hybrid SN tracers 
have been shown to offer the best in both pre- and intraoperative lesion detection.

Section 1 of this thesis focuses on clinical application with combined pre- and 
intraoperative imaging, using the hybrid SN-tracer ICG-99mTc-nanocolloid, alone or 
in comparison to other radioactive tracers, for novel potential clinical indications. 
This section also focuses on 99mTc-Tilmanocept, a new generation SN tracer.

Chapter 2 provides an overview of interventional nuclear medicine using existing 
and new tracers and different detection modalities that discuss the needs for and 
key indications of radioguided surgery (e.g., lymphatic mapping, creator delivery, and 
targeted tracer development) with respect to chemical and engineering initiatives.

Chapters 3 and 4 compare other radiocolloids of different particle sizes with 
the hybrid tracer ICG-99mTc nanocolloid, which is based on the most widely used 
colloid particle size in Europe. In the clinical study, described in Chapter 3, 
lymphoscintigraphic drainage patterns, including SN and non-SLN of 99mTc-Senti-
Scint and the standard tracer ICG-99mTc-nanocolloid, are compared in patients with 
melanoma of the head and neck and truck.

In Chapter 4, drainage patterns, SN visualization and non-SN visualization of a 
relatively new kid on the block, 99mTc-Tilmanocept, a manose receptor binding tracer, 
are presented and discussed for SN procedures in patients with breast cancer and 
melanoma.
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Based on a prospective pilot study in patients with muscle-invasive bladder 
cancer, Chapter 5 describes the feasibility of SN targeting using the hybrid tracer 
indocyaninegreen (ICG)99mTc-nanocolloid for preoperative imaging and concomitant 
intraoperative radioconduction and fluorescence conduction.

Section 2 describes innovations in the field of radioguided surgery.

In a preclinical setting, Chapter 6 describes the sensitivity of using a freehand 
mobile SPECT gamma camera with 3D navigation to identify 99mTc-HDP positive 
lesions in bone scintigraphy. Furthermore, the possible use for future radioguided 
biopsy osseous and non-osseous applications is discussed.

Chapter 7 describes the preclinical tracer development of a novel hybrid tracer for 
liver surgery. This approach is based on fluorescence-guided minimally invasive 
hepatobiliary surgery for liver cancer, including the use of preoperative imaging to 
visualize the lesions well in advance.

Section 2 concludes with future perspectives in radioguided surgery as discussed 
in Chapter 8, which also contains additional suggestions for expanding the hybrid 
surgical guidance concept in robot-assisted surgery.

In conclusion, radioguided surgery (RGS) has led to better preoperative surgical 
planning and a more personalized surgery approach for the patient. The development 
of tracers and instruments for the pre- as well as the intraoperative procedure has 
contributed to standardize SN biopsy, replacing extended lymph node dissections 
in numerous malignancies; this has led to significantly reduce complications such 
as nerve damage, bleeding, lymphedema and lymphatic leakage. RGS stands and 
falls with the proper use of tracer for both pre- and intraoperative purposes. Hybrid 
versions of the radiotracer shows the additional value of visual input during surgery 
besides the preoperative imaging and intraoperative radioguidance. Nowadays, 
some surgeons prefer the fluorescent SN procedure as single modality instead of the 
hybrid version. However, the use of fluorescence alone shows a trend of removing, 
in addition to the SN, a greater number of resected nodes than needs, drifting 
away from personalized surgery. In this context, the use of a hybrid approach with 
bimodal detection technology may solve the limitations of fluorescence alone. For 
the radioactive component the logistics is the same as used for radioguided surgery 
and additional investments in this regard are not necessary. Nevertheless, either 
resting on novel devices or original radiotracers gradual technological advances and 
subsequent clinical validations are necessary for continuous improving radioguided 
precision surgery in the future

9
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The results described in this thesis demonstrate the added value of hybrid imaging 
in various indications and the potential of new hybrid tracers and medical devices 
in the operating room. Current expansion of use in other indications, development 
of targeted hybrid tracers and intra-operative devices will further increase the field 
of RGS and interventional Nuclear Imaging.

The rise of IGR offers the field of IMI unique (out-of-the-box) growth capabilities. 
Not only in the traditional terms of (radio)pharmaceuticals, engineering, physics 
and expanding clinical indications, but also in terms of embracing up-and-coming 
digital-, performance-guided, and autonomous-surgery paradigms. Exploration of 
these opportunities will expand the impact that nuclear medicine and molecular 
imaging have on the future of patient care.
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Preoperatieve beeldvorming van solide tumoren is de cornerstone van adequate 
stadiëring bij de diagnose van kanker. Patiënten met cN0 of preoperatieve 
stadiëringsbeeldvorming zonder betrokkenheid van lymfeklieren of metastasen 
op afstand (iN0M0) ondergaan in opzet curatieve chirurgie. Bij solide tumoren wordt 
de schildwachtklierprocedure (SN) ingezet om te bepalen of er ondanks iN0M0, 
micrometastatische ziekte is, wat leidt tot een adequate stadiëring en aangepaste 
behandelingskeuzes.

Tijdens radiogeleide, chirurgische ingrepen verkent de chirurg het operatieveld 
op targetlaesies die voor adequate stadiëring van belang zijn; zowel de primaire 
tumor als de SN(s). In het bebloede operatieveld zijn kleine targets, zoals de SN, niet 
altijd gemakkelijk te vinden. Vooral niet in gebieden met een moeilijke anatomie, 
rijk gevasculariseerde of door zenuwen omgeven gebieden. Het zoeken naar deze 
SN kan in deze uitdagende gebieden leiden tot onnodige verwijdering van gezond 
weefsel met de bijbehorende complicaties, onvolledige resecties (R1-resecties) of 
een langere duur van de operatie.

Nauwkeurige preoperatieve beeldvorming, chirurgische planning en intra-operatieve 
hulpmiddelen om de chirurg naar de gewenste target laesie te leiden, kunnen deze 
problemen overwinnen. Daarnaast hebben hybride SN-tracers aangetoond dat ze 
het beste bieden bij zowel pre- als intra-operatieve laesiedetectie.

Sectie 1 van dit proefschrift is gericht op klinische toepassing met gecombineerde 
pre- en intra-operatieve beeldvorming, waarbij gebruik wordt gemaakt van de 
hybride SN-tracer ICG-99mTc-nanocolloïd, alleen of in vergelijking met andere 
radioactieve tracers, voor nieuwe potentiële klinische indicaties. In deze sectie 
wordt ook aandacht besteed aan 99mTc-Tilmanocept, een SN-tracer van de nieuwe 
generatie.

Hoofdstuk 2 geeft een overzicht van interventionele nucleaire geneeskunde met 
behulp van bestaande en nieuwe tracers, verschillende detectiemodaliteiten en 
de belangrijkste indicaties van radiogeleide chirurgie (bijvoorbeeld lymfatische 
mapping en gerichte tracerontwikkeling).

In hoofdstuk 3 en 4 worden andere radiocolloïden van verschillende deeltjesgrootte 
vergeleken met de hybride tracer ICG-99mTc-nanocolloïd, die is gebaseerd op de 
meest gebruikte colloïddeeltjesgrootte in Europa. In de klinische studie, beschreven 
in hoofdstuk 3, worden lymfoscintigrafische drainagepatronen, waaronder SN en 
niet-SLN van 99mTc-Senti-Scint en de standaard gebruikte tracer ICG-99mTc-nanocolloïd, 
met elkaar vergeleken bij patiënten met melanoom van het hoofd-hals gebied en 
de romp.
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In hoofdstuk 4 worden drainagepatronen, SN-visualisatie en niet-SN-visualisatie 
van de nieuwere 99mTc-Tilmanocept, een manose receptor bindende radiocolloid, 
gepresenteerd en besproken voor SN-procedures bij patiënten met borstkanker 
en melanoom.

Op basis van een prospectieve pilotstudie bij patiënten met spierinvasief blaaskanker, 
beschrijft hoofdstuk 5 de haalbaarheid van SN-targeting met behulp van de hybride 
tracer indocyanine groen (ICG)99mTc-nanocolloïde voor preoperatieve beeldvorming 
en gelijktijdige intra-operatieve radiogeleiding en fluorescentiegeleiding.

In sectie 2 worden innovaties op het gebied van radiogeleide chirurgie beschreven.

In een preklinische setting beschrijft hoofdstuk 6 de gevoeligheid van het gebruik 
van een mobiele (freehand) SPECT-gammacamera om radioactieve (99mTc-HDP-
positieve) laesies gezien op een botscintigrafie te identificeren. Verder wordt het 
mogelijke gebruik voor toekomstige radiogeleide biopsie in ossale en niet-ossale 
toepassingen besproken.

In hoofdstuk 7 wordt de tracerontwikkeling en preklinische evaluatie van een 
nieuwe, hybride tracer voor leverchirurgie beschreven. Deze aanpak is gebaseerd op 
fluorescentiegeleide minimaal invasieve hepatobiliaire chirurgie voor leverkanker, 
waarbij het gebruik van radioactiviteit preoperatieve beeldvorming genereert om 
de laesies preoperatief te visualiseren.

Toekomstperspectieven in radiogeleide robotchirurgie worden besproken in 
hoofdstuk 8, dat ook aanvullende suggesties bevat voor uitbreiding van het hybride 
chirurgische geleidingsconcept.

Kortom, radiogeleide chirurgie (RGS) heeft geleid tot een betere preoperatieve 
chirurgische planning en een meer gepersonaliseerde chirurgische aanpak voor 
de patiënt. De ontwikkeling op het gebied van zowel tracers als chirurgische 
instrumenten, voor zowel pre- als intra-operatieve procedures, hebben bijgedragen 
aan een standaardisering van SN procedure, ter vervanging van uitgebreide 
klierdissecties bij talrijke solide tumoren. Dit heeft ertoe geleid tot aanzienlijk 
vermindering van complicaties zoals zenuwbeschadiging, bloedingen, lymfoedeem 
en lymflekkage. RGS valt en staat bij het juiste gebruik van de tracer, zowel voor 
pre- als intra-operatieve doeleinden. De hybride versie van de radiotracers tonen 
toegevoegde waarde van visuele input tijdens operatie naast de preoperatieve 
beeldvorming en intra-operatieve radiogeleiding. Tegenwoordig geven sommige 
chirurgen de voorkeur aan fluorescente SN procedure als enkele modaliteit in plaats 
van de hybride versie. Het gebruik van alleen fluorescentie laat echter een trend zien 
waarbij, naast de SN, een groter aantal gereseceerde klieren wordt verwijderd dan 
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nodig. Het gebruik van de hybride benadering met bimodale detectietechnologie zal 
de beperking van het gebruik van de fluorescentie alleen oplossen. Desalniettemin 
zijn technologische ontwikkelingen (op het gebied van apparatuur en tracers) en 
daaropvolgende klinische validaties noodzakelijk voor het voortdurend verbeteren 
van radiogeleide precisie chirurgie in de toekomst.

De in dit proefschrift beschreven resultaten demonstreren de toegevoegde waarde 
van hybride beeldvorming bij verschillende indicaties en het potentieel van nieuwe 
hybride tracers en medisch apparatuur in de operatiekamer. De huidige uitbreiding 
van het gebruik bij andere indicaties, de ontwikkeling van (targeted) hybride tracers 
en intra-operatieve apparatuur zal het terrein van RGS en interventionele nucleaire 
geneeskunde verder vergroten. De opkomst van image guided robotics biedt 
het gebied van interventional moleculaire imaging unieke groeimogelijkheden. 
Niet alleen in de traditionele termen van (radio)farmacie, engineering, fysica en 
groeiende klinische indicaties, maar ook in termen van omarmen van de opkomende 
digitale, prestatiegeleide en autonome chirurgische paradigma’s. Het verkennen 
van deze mogelijkheden zal de impact, die nucleaire geneeskunde en moleculaire 
beeldvorming hebben op de toekomst van de patiëntenzorg, vergroten.
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Josef Klümpen, Ferry A. L. M. Eskens, Adriaan Moelker, Erik Vegt, Dave Sprengers, 
Nahid Mostafavi, Jan Ijzermans, R. Bart Takkenberg. Liver Decompensation as Late 
Complication in HCC Patients with Long-Term Response following Selective Internal 
Radiation Therapy. Cancers (Basel) 2021 Nov; 13(21): 5427.

Boekestijn I, Azargoshasb S, Schilling C, Navab N, Rietbergen D, van Oosterom 
MN. PET- and SPECT-based navigation strategies to advance procedural accuracy 
in interventional radiology and image-guided surgery. Q J Nucl Med Mol Imaging. 
2021 Sep;65(3):244- 260

Rietbergen DD, Pereira Arias-Bouda LM, van der Hage J, Valdés Olmos RA. Does 
99mTc-tilmanocept, as next generation radiotracer, meet with the requirements for 
improved sentinel node imaging? Rev Esp Med Nucl Imagen Mol. 2021; 40(5):275-280

Daphne D. Rietbergen, Matthias N. van Oosterom, Gijs H. KleinJan, Oscar 
R.Brouwer,Renato A. Vald és-Olmos, Fijs W. Van leeuwen, Tessa Buckle. Interventional 
nuclear medicine: a focus on radioguided intervention and surgery. The Quarterly 
Journal of nuclear Medicine and Molecular imaging 2021 March;65(1):4-19

Valdés Olmos RA, Rietbergen DDD, Rubello D, Pereira Arias-Bouda LM, Collarino 
A, Colletti PM, Vidal-Sicart S, van Leeuwen FWB. Sentinel Node Imaging and 
Radioguided Surgery in the Era of SPECT/CT and PET/CT: Toward New Interventional 
Nuclear Medicine Strategies. Clin Nucl Med. 2020 Oct;45(10):771-777

Deken MM, van Doorn HC, Verver D, Boogerd LSF, de Valk KS, Rietbergen DDD, van 
Poelgeest MIE, de Kroon CD, Beltman JJ, van Leeuwen FWB, Putter H, Braak JPBM, 
de Geus-Oei LF, van de Velde CJH, Burggraaf J, Vahrmeijer AL, Gaarenstroom KN. 
Near- infrared fluorescence imaging compared to standard sentinel lymph node 
detection with blue dye in patients with vulvar cancer - a randomized controlled 
trial. Gynecol Oncol. 2020 Dec;159(3):672-680

Rietbergen DDD, Meershoek P, KleinJan GH, Donswijk M, Valdés Olmos RA, van 
Leeuwen FWB, Klop MWMC, van der Hage JA. Head-to-head comparison of the hybrid 
tracer indocyanine green-99mTc-nanocolloid with 99mTc Senti-Scint using sentinel node 
lymphoscintigraphy and single-photon emission computed tomography combined 

A

2024415_Rietbergen_BNW-proef_v5.indd   1712024415_Rietbergen_BNW-proef_v5.indd   171 24-10-2024   09:51:0424-10-2024   09:51:04



172

Appendices

with computer tomography in melanoma. Nucl Med Commun. 2020 Oct;41(10):1010-
1017

Burgmans MC, Hendriks P, Rietbergen DDD. Does a Widely Adopted Approach 
Need Reconsideration: Embolization of Parasitized Extrahepatic Tumor Feeders 
in Patients Undergoing Transarterial Liver-Directed Therapy? Cardiovasc Intervent 
Radiol. 2020 Jul;43(7):1103-1104

Rietbergen DDD, Meershoek P, van Oosterom MN, Roestenberg M, van Erkel AR, 
Smit F, van der Hage JA, Valdés Olmos RA, van van Leeuwen FWB. Freehand-SPECT 
with 

99m
Tc-HDP as tool to guide percutaneous biopsy of skeletal lesions detected on 

bone scintigraphy. Rev Esp Med Nucl Imagen Mol (Engl Ed). 2019; 38(4):218-223

Welling MM, Spa SJ, van Willigen DM, Rietbergen DDD, Roestenberg M, Buckle 
T, van Leeuwen FWB. In vivo stability of supramolecular host-guest complexes 
monitored by dual-isotope multiplexing in a pre-targeting model of experimental 
liver radioembolization. J Control Release. 2019 Jan 10; 293: 126-134

Van Oosterom MN, Rietbergen DDD, Welling MM, Van Der Poel HG, Maurer T, Van 
Leeuwen FWB. Recent advances in nuclear and hybrid detection modalities for 
image-guided surgery. Expert Rev Med Devices. 2019 Aug;16(8):711-734

Spa SJ, Welling MM, van Oosterom MN, Rietbergen DDD, Burgmans MC, Verboom 
W,Huskens J, Buckle T, van Leeuwen FWB. A Supramolecular Approach for Liver 
Radioembolization. Theranostics. 2018; 8(9): 2377–2386

Andrés Perissinotti, Daphne DD Rietbergen, Sergi Vidal-Sicart, Ana A Riera, Renato 
A Valdés Olmos. Melanoma & nuclear medicine: new insights & advances. Melanoma 
Manag. 2018 Jun; 5(1): MMT06
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Na jaren van samenwerking in het wetenschappelijke domein mag mijn promotieboek 
dan eindelijk gebonden worden. Het is een mooie reis geweest die een jaar of 10 
geleden begon, aan de vooravond van de bevalling van mijn tweede kind. Het is 
een reis geworden van zaadjes planten, ideeën uitvoeren, studies opzetten tussen 
de bedrijven door van het bestaan als medisch specialist, sectiehoofd en uiteraard 
als CEO van een gezin van 4, samen met mijn man. Het waren uitdagende tijden 
en dit alles was dan ook niet mogelijk geweest zonder alle steun en samenwerking 
die ik heb mogen ontvangen van een fantastisch team zowel op werk als privé. 
Samenwerkingen binnen de sectie Nucleaire Geneeskunde, Klinische Fysica, de 
afdeling Radiologie, collega verwijzers in het LUMC en andere centra zoals het NKI-
AvL. Maar bovenal zou dit promotieboekje niet voor u liggen zonder de fantastische 
begeleiding en steun van de IMI-researchgroep en de onvoorwaardelijke steun en 
afleiding van mijn gezin, familie en vrienden.

Beste Fijs, bedankt voor jouw bedrevenheid, jouw vertrouwen en geloof in mij en 
de projecten waar we samen aan hebben gewerkt. Door de samenwerking met jou 
heb ik oog gehad voor meer dan alleen mijn eigen PhD traject waar ik inzicht heb 
gekregen in het gehele spectrum en alle facetten die komen kijken bij het beoefenen 
van research.

Beste Renato, maestro, sinds mijn stage bij jou in het NKI zie ik jou als voorbeeld van 
de beeldgeleide SN chirurgie binnen de Nucleaire Geneeskunde. Het is een hele eer 
dat ik met jou heb mogen samenwerken, veel dank daarvoor Renato.

Beste Tessa, de grote steun en toeverlaat, zeer bekwaam en gedreven. Dank voor 
de fijne samenwerking, onze goede gesprekken en het toevertrouwen van jouw/
onze toekomstige projecten.

Beste Fijs, Renato, Tessa, op naar nog meer vele mooie projecten en samenwerkingen!

Beste collega’s van de IMI, Nucleaire Geneeskunde, Klinische Fysica en Radiologie, 
dank voor jullie steun, jullie luisterend oor, momenten van sparren en jullie 
oplossende vermogen.

Lieve broers, familie & schoonfamilie, dank jullie wel voor jullie steun en goede 
zorgen, voor mij, Rutger en onze kinderen. Het is altijd fijn te weten dat de kinderen 
het naar hun zin hebben als ik weer eens moest werken of een praatje op congres 
gegeven moest worden. Lieve vrienden, dank voor al jullie interesse in mijn promotie, 
het geduld dat jullie moesten tonen als ik weer zei “het is bijna klaar, nog even…”, de 
gezellige momenten met de meiden, gezinnen of stellen. Ook heeft dit zo nu en dan 
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wel eens geknaagd, als ik weer een keer niet kon aanhaken bij een borrel of diner. 
Als het goed zal er vanaf nu meer tijd zijn om er meer bij te zijn. Lieve paranimfen, 
dank voor jullie steun naar aanloop van en tijdens de verdediging.

Lieve mam en pap, bedankt dat ik er ben, voor al die jaren die jullie voor mij klaar 
stonden en voor wie ik ben geworden. Ik had het niet beter met jullie kunnen treffen. 
Lieve Beau, Feline, Tijn en Tom, zonder jullie kanjers waren de dagen stukken minder 
zonnig geweest. Jullie zijn samen met pappa de liefdevolle afleiding geweest tussen 
al het schrijven en analyseren door. Lieve Rut, zonder jouw steun, hulp en afleiding 
was dit nooit gelukt, dank je wel. En nu is mijn proefschrift dan ook eindelijk klaar ;-).
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