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CHAPTER

HYBRID TRACERS FOR
SENTINEL NODE BIOPSY

Adapted from: van den Berg NS, Buckle T, KleinJan GH, Klop WMC, Horenblas S, van der
Poel HG, Valdés Olmos RA, van Leeuwen FWB. Q J Nucl Med Mol Imaging. 2014,58:193-
206.



ABSTRACT

Conventional sentinel node (SN) mapping is performed by injection of a
radiocolloid followed by lymphoscintigraphy to identify the number and location of the
primary tumor draining lymph node(s), the so-called SN(s). Over the last decade research has
focused on the introduction of new imaging agents that can further aid (surgical) SN
identification. Different tracers for SN mapping, with varying sizes and isotopes have been
reported, most of which have proven their value in a clinical setting. A major challenge lies in
transferring this diagnostic information obtained at the nuclear medicine department to the
operating theatre thereby providing the surgeon with (image) guidance. Conventionally, an
intraoperative injection of vital blue dye or a fluorescence dye is given to allow intraoperative
optical SN identification. However, for some indications, the radiotracer-based approach
remains crucial. More recently, hybrid tracers, that contain both a radioactive and fluorescent
label, were introduced to allow for direct integration of pre- and intraoperative guidance
technologies. Their potential is especially high when they are used in combination with new
surgical imaging modalities and navigation tools. Next to a description of the known tracers for
SN mapping, this review discusses the application of hybrid tracers during SN biopsy and how
the introduction of these new techniques can further aid in translation of nuclear medicine
information into the operating theatre.
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INTRODUCTION

The presence of metastases in the regional lymph node(s) is one of the most important
prognostic factors in breast cancer and melanoma, but also in head-and-neck malignancies
and cancers of the genitals. For example, in patients with head-and-neck malignancies it
was shown that unilateral lymph node metastasis lowered the five-year survival rate with
50% [1].

A regional lymph node dissection can be performed to determine the lymph node
status. Unfortunately this procedure is associated with high morbidity such as lymphedema.
Assuming the orderly spread of tumor cells through the lymphatic system, identifying the
primary tumor draining lymph node(s), the so-called sentinel node(s) (SN(s)) [2], will allow
more accurate determination of the lymph node status in patients presenting without
clinical evidence of regional lymph node involvement or distant metastasis (clinically
NOMO). With roughly 10-30% of these patients presenting with occult lymph node
metastases [3-5], SN biopsy can be used to stage these clinically NO patients and select
patients with positive SNs for a regional lymph node dissection as such sparing the
pathologically NO patients an unnecessary regional lymph node dissection. Moreover, with
SN biopsy the accuracy of pathological lymph node staging will increase; the pathologist
can meticulously examine the SNs only for the presence of isolated tumor cells and/or
(micro-)metastases, which is not possible if he/she has to examine a whole regional lymph
node dissection specimen (generally >20 lymph nodes).

SN biopsy is most widely validated and implemented in staging patients with breast
cancer [6] and melanoma [7]. Over the last decade, SN biopsy has also found its way in
staging the regional lymph nodes of the groin in patients with penile [8] or vulvar [9] cancer
and for staging the neck in patients with head-and-neck squamous cell carcinoma [10].
The concept has also been validated for prostate cancer in various European countries [11-
13], but the procedure has not yet been widely accepted. Initial work is also reported for
other urological malignancies like testis [14,15], bladder [16], and kidney [17,18] cancer, as
well as SN biopsy for lung [19] and gastric [20] cancer. The potential of lymph node mapping
for colorectal cancer has been underlined by ex vivo SN mapping studies [21,22]. Expansion
of the SN biopsy technique to these new indications will not only lead to an enlargement
of the patient population that will undergo SN biopsy, the widespread implementation of
this minimally invasive procedure will also increase the surgical complexity. For example,
the surgeon’s senses are reduced during laparoscopic applications, driving the need for
innovations that aid the surgical identification.

Over the recent years, conventional SN mapping based on lymphoscintigraphy after
injection of a radiotracer has been improved by the introduction of single photon emission
computed tomography combined with computed tomography (SPECT/CT). Acquisition of
SPECT scans enables visualization of the radioactive hot spots (SNs), and fusion of these
images with CT images enables anatomical localization of the SN(s) [23,24]. Such an
anatomical roadmap can be used to preoperatively plan the most optimal surgical approach
towards the SN(s).
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Generally, surgical identification of the preoperatively defined SNs can be performed
using a gamma-ray detection probe (hereafter referred to as gamma probe) or a portable
gamma camera that traces the radioactivity in the nodes, and/or by visual identification
after an additional intraoperative injection of a vital blue dye. Unfortunately, in areas
where SNs are often located near the injection site, e.g. head-and-neck cancers,
radioactivity-based surgical identification can be difficult due to the high background signal
coming from the injection site [25,26]. On the other hand, due to its passive diffusion
through the lymphatic system, blue dye is unable to accumulate in the SN limiting its
effective time window (30-45 minutes) [27]. In contrast, radiotracers are actively
incorporated into SNs and can be detected >24 h after administration.

Ideally, the combined use of radiotracing and optical detection allows for optimal use
of the nuclear and optical detection technologies. Herein radiotracing is most optimal for
(preoperative) total body imaging and the identification of unexpected drainage patterns.
Optical imaging, on the other hand, provides detail and real-time feedback during the
surgical procedure regarding the location of the SN. Consequently the combination of the
vital blue dye approach with radiotracing has been shown to yield a superior SN detection
rate compared to either radiotracing or optical vital blue dye detection alone. For
melanoma and breast cancer a success rate of identifying nodes with vital blue dye was
shown to be 75-80% vs. 97-98% for radiocolloid-based SN detection [28,29]. This increased
to 98-99% when using the combined approach of sequential injections. Yet for some
indications, e.g. oral cavity carcinoma or prostate cancer, vital blue dye is less sensitive in
the identification of the SNs than the radiocolloid approach, principally for the identification
of aberrant drainage patterns as was shown in breast cancer where only 55% of SNs
outside the axilla had stained blue vs. 84% of the axillary SNs [30]. Moreover, in oral cavity
carcinoma and prostate cancer, vital blue dye administration was shown to be of limited
value and/or to interfere with the visibility of tumor margins [3, 31, 32].

The limited sensitivity of vital blue dye detection was one of the main reasons to
introduce (near-infrared) fluorescence tracers [33], and in particular indocyanine green
(ICG) for SN biopsy. Fluorescent dyes show a comparable drainage pattern to vital blue
dyes and as such they rapidly flow through the lymphatic system, without accumulation in
the SNs [34]. In contrast to vital blue dyes, near-infrared dyes are invisible to the naked eye
and can only be visualized using a dedicated near-infrared fluorescence camera system
[35]. As such, the use of this type of dye does not interfere with margin visibility or
unwanted coloring of the skin.

The difference in migration between the radiocolloid and the dyes can result in a
discrepancy between the nuclear techniques used to non-invasively identify the SNs in the
pre-surgical setting and the optical techniques used during surgery [28,29]. Direct
integration of pre- and intraoperative imaging can be achieved by using hybrid tracers that
contain both a radioactive and a fluorescent label [36,37].

This review gives an overview of the available lymphographic agents that are currently
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clinically used for SN identification. Next, the application of hybrid tracers in the clinical
routine and translation of nuclear medicine information into the operating theatre is
discussed.

LYMPHOGRAPHIC AGENTS

RADIOTRACERS

For radiotracing in general colloid-based particles, ranging from albumin to tin, sulfur,
antimony-trisulfide, rhenium and phytate are used (Figure 1). Following injection, these
technetium-99m (**"Tc) labeled colloids become trapped in the SN via an active
physiological process in which the radiotracer is accumulated by macrophages and tissue
histiocytes lining the sinuses of the node [38]. Ideally the agent should accumulate in the
SN(s) with no, or limited, flow to higher-echelon nodes. However, when the flow is
abundant and an excess of particles reaches the SN, saturation can occur, which in turn
leads to overflow into higher-echelon nodes.
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Figure 1. Overview of the particle sizes of the clinically available lymphographic agents. Vital blue dyes =
indigo carmine, patent blue (V), isosulfan blue, and lymphazurin blue. ICG = indocyanine green; HSA =

human serum albumin; Tc = technetium; Zr = zirkonium.
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The composition and size of the current clinically used colloids varies greatly. Particles
larger than 500 nm were shown to limit migration from the injection site [39], whereas
smaller particles were reported to penetrate the capillary membranes, and as such might
be unable to migrate through the lymphatic channel [40]. “Small-particle” radiocolloids
(<100 nm) are thought to best enter the lymphatic vessels allowing visualization of the
lymphatic tracts during dynamic lymphoscintigraphy [38]. Mariani et al. reported the use
of 100-200 nm sized radiocolloids as the best compromise for efficient lymphatic drainage
and retention in the SN(s) [29].

For metallic **™Tc-tin colloid the size depends on the ratio between the *™Tc-solution
and tin solution; sizes ranging 50-1500 nm have been reported [41]. In the United States,
the inorganic (filtered) **™Tc-sulfur colloid is the most frequently used tracer for SN
mapping. Sizes ranging 100-400 nm [41] and 15-5000 nm [29] have been reported
depending on the type of cut-off filter used. *™Tc-phytate is formed via a reaction with
extracellular calcium and therefore the size of *™Tc-phytate colloid (diameter ranging 150-
1500 nm) strongly depends on the serum calcium concentration [41]. **"Tc-antimony-
trisulfide is mainly used in Australia and Canada and with a size ranging from 3-30 nm it is
one of the smallest colloids [29,41] used for SN mapping. In Europe, human serum albumin
(HSA)-based nanocolloids (mean diameter 20 nm; range 10-100 nm) are most widely used.
Retention of this colloid in the SN is superior compared to that of radiolabeled HSA particles
(mean diameter 7 nm) [34]. More recently, the larger HSA-based colloid Senti-Scint was
introduced (mean diameter 205 nm; range 100-600 nm) and shown to allow for SN biopsy
in amongst others breast [42] and prostate [13] cancer. This increase in size is thought to
improve retention in the SNs but with lesser flow to higher-echelon nodes.

Alternatively, dextran-based particles (e.g. *™Tc-dextran 500 particles; approximately
14.4 nm [43]) have been used for lymphatic mapping in e.g. colon and breast cancer
[44,45]. After many preclinical studies, a 7 nm radiocolloid based on mannose was
evaluated in phase Ill studies for SN mapping in breast cancer, melanoma and squamous
cell carcinoma of the oral cavity [46-48]. This tracer, better known as *™Tc-Tilmanocept or
Lymphoseek™, is said to accumulate in SNs after binding the mannose-binding protein
receptor present on phagocytes [49]. In contrast to the larger radiocolloids, these 7 nm
particles also rapidly clear from the injection site due to diffusion into the blood capillaries
leading to tracer absorption in the blood stream [49]. Although this diffusion may limit the
amount of lymphatic flow, this clearance via the bloodstream reduces the signal intensity
at the injection site, which may enable better identification of SN(s) located near the
injection site.

As a substitute for the **™Tc-based radiotracers, zirkonium-89 (9Zr) labeled nanocolloid
(89Zr-nanocolloid) has been introduced for positron emission tomography (PET)-based SN
mapping in oral cavity carcinoma [50]. Compared to conventional lymphoscintigraphy and
SPECT imaging, it is presumed that the increased sensitivity and resolution of PET imaging,
in combination with CT, or possibly even magnetic resonance (MR) imaging, might be an
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alternative for the **"Tc-based approach. Similar to the small dextran-based colloid this
might also allow for better preoperative detection of SN(s) located near the injection site
[50]. However, surgical SN detection using PET tracers has not yet been well-documented.
Limiting for the wide implementation of PET/CT or PET/MR, or even PET/CT/MR approaches
during SN mapping are the costs associated with production of tracers and the availability
of the tracer at the clinical site.

Overall, comparison studies between the different lymphoscintigraphic tracers are
limited and mainly focus on the evaluation of different particle sizes (in an in vitro setting)
[51,52]. Most SN mapping studies compare the radioguided approach with optical vital
blue dye detection. As such it is, at the moment, difficult to state which of the above-
mentioned radiocolloids is superior. That said, the current used radiocolloids have proven
their value for preoperative SN mapping, suggesting all of them perform to the specific
in-house standards required for high-end patient care.

VITAL BLUE DYES

Vital blue dyes can be optically detected by the surgeons’ eye during the operation due to
absorption of light in the visual wavelength. After intraoperative injection, such a dye
allows the surgeon to meticulously track the blue lymphatic duct(s) running from the
injection site. Afferent tracts running to the SN(s) can be distinguished from efferent tracts
leading to higher-echelon nodes. Literature reports the use of various vital blue dyes such
as indigo carmine [53], patent blue (V) [4,5,25,30,37,54-58], isosulfan blue [20,47,48],
lymphazurin blue [42,59], and methylene blue [59] (Figure 1). These small dyes (mean
diameter <<1 nm) migrate quickly through the lymphatic system, thereby staining the
lymphatic tract(s) and the lymph node blue. Unfortunately this occurs without any form of
active accumulation in the SNs. In contrast to the other vital blue dyes, methylene blue is
thought to be actively taken up by (cancer) cells via targeting the mitochondrial membrane
potential [60]. This suggests that cancer cells present in the lymph node(s) might actively
take up methylene blue, hereby improving the detection of tumor containing SN(s).

FLUORESCENT TRACERS
Although the principle of their use is the same to that of vital blue dyes, fluorescent dyes
can be detected with higher sensitivity. Excitation of a fluorescent dye leads to internal
conversion resulting in the emission of photons of a different, longer, wavelength [61].
Every fluorescent dye has its own particular excitation and emission wavelength [35,62].
Fluorescent dyes emitting in the visual range (400-650 nm) can also be detected by eye,
but generally detection is more sensitive when a dedicated fluorescence camera is used.
Using dedicated band pass filters a light sensitive camera can be used to detect fluorescence
signals (photons) in a manner similar to the way gamma-rays are detected. An example of
fluorescence imaging in the visual range can be found in fluorescein imaging, which
fluoresces in marker-pen-yellow. Clinically fluorescein is used for angiography of the eye
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[63] and has been widely used as a fluorescent alternative for the conventional vital blue
dyes for lymphatic mappingin e.g. non-small cell lung cancer and colorectal cancer [56,64].
However, the use of fluorescent dyes with an emission in the visible range remains limited
to superficial applications, as the tissue penetration of such dyes very limited (mm range).

To improve detection of more deeply situated SNs the use of dyes that emit in the
near-infrared range (750-100 nm) have been opted (tissue penetration <1 cm). The best-
known example of a clinically applied near-infrared dye can be found in ICG. ICG has been
used for vascular perfusion measurements and (lymph-)angiography [65,66]. Currently
ICG is widely applied during SN biopsy procedures in, e.g. breast cancer, melanoma, and
vulvar cancer [65,66].

Methylene blue can, alternatively to optical blue dye-based detection, also be used as
a fluorescent dye. When used at very low concentrations, methylene blue emits in the far-
red range (650-750 nm) and has been used for fluorescence-based ureter [67] and
parathyroid gland [68] visualization. Logically the same concept can be applied during SN
biopsy procedures [69].

Initially it was suggested that the superior signal penetration achieved with a near-
infrared fluorescence dye might replace the need for the radiotracer. However, like the
blue dyes, fluorescent dyes show a fast migration through the lymphatic system and do not
accumulate in the SN. Furthermore, several studies showed that although fluorescence
imaging allowed for intraoperative identification of the SN(s), the limited degree of tissue
penetration did not allow accurate SN mapping prior to surgery.

HYBRID TRACERS

To take advantage of the excellent properties of radiotracers for preoperative SN mapping
and the high detection sensitivity of (near-infrared) fluorescent dyes during the operation,
recently hybrid tracers combining radioactivity and fluorescence in one tracer were
introduced. A great number of preclinically evaluated tracers potentially suited for hybrid
SN mapping have been summarized previously [36]. Although not approved for clinical
use, some of these tracers show great potential. For instance, a study in mice showed the
combined use of *™Tc-Tilmanocept labeled with the near-infrared fluorescence dye Cy7
[70]. Alternatively, fluoride-18 fluoxydeglucose (*¥F-FDG) was shown to allow for SN
mapping [71]. Next to B*-emission, F-FDG also emits Cerenkov signals which can be
detected similar a fashion as fluorescence [71,72]. Iron-based nanoparticles can also be
labeled with fluorescent dyes (and/or and even radiolabels) yielding an alternative class of
hybrid SN tracers that are also suitable for MR imaging [73,74].

The hybrid tracer ICG-**"Tc-nanocolloid is formed via non-covalent self-assembly of
two well-known lymphatic tracers, namely ICG and ®™Tc-nanocolloid. This self-assembly is
driven by the interaction of the dye with e.g. fatty acid binding pockets on albumin. This
interaction is not limited to nanocolloid alone, albumin-based colloids in general can be
coupled to ICG in a similar manner [34,76]. Other studies have shown that that combining

44



ICG with the inorganic ®™Tc-sulfur colloid was not feasible and yielded a significant
decrease in signal intensity of the fluorescence dye [77]. Clinically, ICG-**"Tc-nanocolloid
has, to date, been the most widely used hybrid tracer for SN biopsy. After its introduction
for SN biopsy of prostate cancer [75], its application in head-and-neck melanoma [25,37],
oral cavity carcinoma [26], breast [57], penile [37], and vulvar [55] cancer was shown. In a
recent comparison study it was shown that ICG-**"Tc-nanocolloid shows a similar drainage
pattern as its parental compound **™Tc-nanocolloid [37]. With this tracer it was shown that
preoperative SN mapping could be combined with intraoperative radio- and fluorescence
guidance to the SN via one single injection of tracer.

lodization of the dye methylene blue resulted in the formation of iodine-125
(**1)-methylene blue. This compound has been evaluated in a clinical setting during SN
biopsy for breast cancer [78,79]. Here, *I-methylene blue was intraoperatively
administrated either subareolarly or intratumorally allowing for radiotracing and optical
blue dye detection of the intraoperatively identified SN.

Next to the above-mentioned radioactive and optical tracers for lymphatic mapping,
X-ray contrast [80] and magnetic nanoparticles [81] have been opted. In addition to the
development of tracers that aid the surgical identification of the SN as such to (histo-)
pathologically determine the regional lymph node status, ongoing research focuses on
developing a method to non-invasively determine the regional lymph node status. For
example, ultrasmall supra-paramagnetic iron oxide particles have been proposed for
lymphatic mapping. Here the obtained negative contrast is suspicious of the presence of
lymph node metastasis [82]. (Tumor-targeted) PET tracers might also be used for the
detection of lymph node metastasis. Contrast-enhanced ultrasound and the injection of
microbubbles have also been proposed for SN mapping [83]. From a preclinical point of
view, targeted dendrimers, liposomes and even viral particles have been proposed for
(tumor-targeted) lymph node mapping [84].

HYBRID TRACERS IN CLINICAL
LOGISTICS

Implementation of hybrid tracers into the clinical routine has been shown to be feasible
[37]. In case of ICG-*"Tc-nanocolloid tracer preparation is slightly altered compared to the
use of radiocolloid only. ICG is added to the radiocolloid solution, which is then almost
immediately ready for administration [37]. Consequently use of these tracers does not
lead to important alterations in the preparation procedure.

While the clinical advantages of combining preoperative and intraoperative imaging
are clear, slight alterations in the workflow have to be made to incorporate both
visualization methods simultaneously. Based on the clinical logistics, in the following
section, we discuss the challenges and additional possibilities that arise during different
steps in the clinical process when using a hybrid tracer (Figure 2).
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Figure 2. Schematic overview the concept of the
use of hybrid tracers in a clinical setting. Following
the injection of a hybrid tracer, preoperative
lymphoscintigraphy and SPECT/CT imaging is
performed to determine the number and
anatomical location of the SN(s). An intraoperative
injection with blue dye is given to allow for optical
SN identification. Additionally, to improve the
translation of preoperatively acquired imaging
data into the operating theatre, navigation

technologies can be introduced. Intraoperatively, a

TRACER INJECTION

combination of gamma tracing, gamma imaging
and fluorescence imaging and blue dye detection
is used to identify the SNs. With the introduction of
navigation technologies into the operating theatre,
navigation of e.g. the gamma probe in the acquired
SPECT images can allow for navigation-based
identification of the SN(s). Aem = emission wave-

length of the fluorophore; Aex = excitation wave-

length of the fluorophore; vy gamma signal
coming from the radioisotope ICG = indocyanine

green; SN = sentinel node.

In line with the SN concept, tracer administration must be related to the site of the tumor.
Since the drainage pattern of the various lymphoscintigraphic tracers is dictated by the

lymphatic anatomy present at the injection site, the location of tracer deposition is of great
influence on the observed drainage pattern and the identification of the SN(s). Multiple
injections are administrated around the tumor or excision scar in melanoma or cancer of
the genitalia. For breast cancer, there is somewhat of a controversy and injection strategies
may differ. Some prefer tumor-related (peritumoral or intratumoral) injections, whereas
others prefer injections related to the skin (subdermal or intradermal) or aureolar
(subaureolar or periaureolar). The concept here is that a periaureolar or other superficial
injections will mainly help visualize only axillary lymphatic drainage [85]. In contrast, an
intra- or peritumoral injection not only leads to axillary lymphatic drainage, but often
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results in the visualization of drainage outside the axilla to locations such as the
intramammary, periscapular or even parasternal regions. Hence, the periaureolar tracer
administration approach may not accurately represent the drainage pattern of the tumor.
A recent Multisent study, in patients with multifocal and multicentric breast cancer,
underlined that each individual breast tumor can have its own specific drainage pattern
[54]. Following the identification of the SNs draining from the largest tumor in the breast,
additional drainage from the second or third injected tumor was identified in 64% of
patients. In 56% of these patients, SNs found after this second/third injection were
localized in different basins than those identified after the first injection. In two patients,
isolated tumor cells were found in SNs that were only visualized after the second tumor
had been injected [54]. For this study, the second/third injection was given 4-26 h after the
injection in the largest tumor as such allowing for preoperative discrimination of the SNs
from the different tumors. To improve these logistics, here hybrid tracers, in combination
with the conventional radiocolloids can possibly be used to assess these multifocal and
multicentric tumors via an injection protocol in which the different tumors are injected
simultaneously with either the radiocolloid (largest tumor) or with the hybrid tracer
(second/third tumor). The presence of fluorescence in the SNs during surgery can then be
used to discriminate the different drainage pattern of these tumors.

When performing SN biopsy of e.g. for kidney or prostate cancer, but also for (non-
palpable) breast cancer, tracer administration can be more challenging. For breast cancer,
(non-palpable) tumors are generally injected under ultrasound or stereotaxic guidance.
Tracer injections for abdominal tumors are generally performed under transrectal or
endoscopic ultrasound guidance. Commonly an intratumoral injection, or an injection in
the area most likely to contain tumor, is aimed for. Limiting in the injection accuracy is the
availability of tumor specific needle navigation technologies.

The use of a hybrid tracer does not affect the manner of tracer injection. Like
radiotracers, hybrid tracers can be used to assess the accuracy of tracer injection using the
radioactive signature. By placing a handheld or portable gamma camera over the site of
injection, deposition of the tracer can be checked for [75], and possible leakage into the
bloodstream or bladder can be evaluated.

Where the radioactive component of hybrid tracers can be used during pre- and
intraoperative imaging, the fluorescent component can also be exploited during ex vivo
evaluation of the excised tissue [26, 86]. Not only can the distribution of the tracer in the
SN be evaluated, assessment of the relation between the injection site and the
corresponding drainage pattern can be used to improve the injection procedure.
Assessment of the correlation between the location of the tracer deposits in excised
prostate samples and the number and location of the preoperatively visualized SNs
suggested that the location at which the tracer is deposited influences the lymphatic
drainage pattern [86]. As such we reason that a more tumor directed tracer administration
will likely result in improved identification of the true tumor draining lymph node(s) for
that specific type of cancer.
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PREOPERATIVE SENTINEL NODE MAPPING

Preoperatively, hybrid tracers can be used in an identical manner as the conventional
radiotracers are used. Preoperative SN mapping is generally performed by acquisition of
dynamic lymphoscintigrams immediately after tracer injection followed by static anterior,
lateral and/or posterior lymphoscintigrams. Combined evaluation of these images allows
identification of the SN(s) and higher-echelon nodes. With the introduction of SPECT/CT
localization of these hot spots within their anatomical context became feasible [24]. This
supplementary three-dimensional (3D) information allows the surgeon to plan his/her
approach before the start of the operation. SPECT/CT imaging was found to be of particular
value for the identification of SNs localized in areas with a complex anatomy and close to
the injection site. Moreover, with SPECT/CT being more sensitive that conventional
lymphoscintigraphy, non-visualization on planar lymphoscintigraphy can yield a SN when
performing SPECT/CT imaging [58]. Additionally, SPECT/CT allows the identification of
additional SNs not seen on lymphoscintigrams [58].

The improved resolution and sensitivity of PET/CT may provide a valuable alternative
for SPECT/CT, and may allow for more clear identification of SNs located near the injection
site [50]. However, a full dynamic procedure that also allows the identification of the
lymphatic tract(s) running to the SN is, similar to lymphoscintigraphy, is still lacking for PET
tracers.

The use of a handheld or portable gamma cameras can also be used for preoperative
SN mapping. With their improved resolution compared that of conventional
lymphoscintigraphy, and the ability to position the gamma camera closely to the skin of the
patient, this might allow for the identification of near-injection site SNs [87] (an overview
of available handheld and portable gamma cameras is given in [88]).

INTRAOPERATIVE IMAGING AND TRANSLATION OF PREOPERA-

TIVE IMAGING INTO THE OPERATING THEATRE
Conform the standard procedure, projection of the data generated at nuclear medicine in
the operating theatre, either on-screen [25,26,37,55,75], on an iPad [89] or loading these
data into the da Vinci robot during robot-assisted laparoscopic procedures [90,91] can
provide the surgeons with feedback regarding the location of the SN during the operation.
The most simple way to guide a surgeon to the radioactive hot spots in the patient is
probably gamma tracing using a collimator-based gamma probe. The introduction of
portable gamma camera technologies into the operating theatre provided surgeons with
the ability to generate a pre-incision image of the location of the radioactive hot spots. In
a similar fashion this approach was also found to be of value to confirm the removal of the
SNs. For example, in six patients with head-and-neck malignancies, with the portable
gamma camera nine additional SNs were identified in the wound area after the initial SN
had been excised. One of these additionally excised SNs was found to be tumor-positive
[92].
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Figure 3. Implementation of the hybrid
tracer during robot-assisted laparoscopic
sentinel node biopsy of prostate cancer.
A) 3D volume rendering of fused SPECT
and CT images showing three SNs
(arrows); B) axial fused SPECT and CT
image showing the location of the most
right cranial hot spot in the external iliac
area (red arrow). C) Corresponding CT
slide; D) Fluorescence imaging of the
right most cranial SN using the
fluorescence laparoscope from KARL
STORZ Endoskope GmbH & Co. KG (Image
1 HUB HD); E) Corresponding white light
image of the SN. 3D = three-dimentional;
SPECT =single photon emission computed
tomography; CT = computed tomography;

SN = sentinel node.

Figure 4. Implementation of the hybrid
tracer during SN biopsy for penile cancer.
A) 3D volume rendering of fused SPECT
and CT images showing 4 of the 5
preoperatively defined SNs (arrows); B)
Axial fused SPECT and CT image showing
the location of the most left cranial hot
spot in the inguinal zone (red arrow); C)
Corresponding CT slide; D) Fluorescence
imaging of the right most cranial SN using
the handheld fluorescence camera from
Hamamatsu Photonics K.K. (PhotoDynamic
Eye); E) Corresponding white light image
of the SN. This SN was found to be slightly
blue. 3D = three-dimentional; SPECT =
single  photon emission computed
tomography; CT = computed tomography;

SN = sentinel node.
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Radioguidance might be hampered with an increased time between injection and the
start of surgery, or with SNs being located near the injection site due to signal bleeding.
Hybrid tracers such as ICG-**"Tc-nanocolloid enable intraoperative surgical visualization of
the preoperatively identified SNs using a dedicated near-infrared fluorescence camera
(Figures 3, 4). With the fluorescence signal remaining stable over time, providing its not
being exposed to an excess of light, and the limited penetration depth of the fluorescence
signal in comparison to that of the radioactive signal, the fluorescence signature of the
hybrid tracer can overcome these hurdles. Especially in areas where no vital blue dye is
used, in areas with a complex anatomy or in areas with near-injection site SNs, the value of
fluorescence imaging was found to be prominent [25,26,75]. In addition, the SN
identification rate via the fluorescent signature of the hybrid tracer was found to be
superior to that achieved with vital blue dye alone. For example, in vulvar carcinoma
intraoperatively 96% of SNs could be visualized with fluorescence imaging whereas only
65% of these nodes were stained blue [55].

Obviously, the implementation of additional visualization methods into the clinical
routine affects the surgical workflow. Depending on the type of (handheld) fluorescence
camera used in open surgical procedures, the light in the operating theatre needs to be
dimmed when fluorescence imaging is initiated to allow for better contrast between the
signal in the SN and the background; the light used in the operating theatre contain a fair
amount of near-infrared light and the intensity of this light will prohibit the identification
of the SN via fluorescence imaging. During laparoscopic procedures, this is not a
requirement. This feature is not related to the use of hybrid imaging agents, but to
intraoperative fluorescence imaging in general. Improvements of currently available
(laparoscopic) camera systems might partially overcome this [35].

In our experience implementation of an additional imaging modality, such as an
fluorescence camera, can lead to improved intraoperative detection of the SN. After an
initial adjustment period and proper training of surgeons and scrub-nurses, combined
radiotracing and intraoperative fluorescence imaging can be fully adopted into the existing
surgical routine.

FUTURE APPLICATIONS: INTRODUCTION
OF NAVIGATION TECHNOLOGIES INTO
THE GCLINIC

The introduction of intraoperative navigation can further aid the translation of diagnostic
(nuclear medicine-derived) information in the operating theatre. Very simple, for SN
biopsy of prostate cancer, the use of a portable gamma camera in combination with real-
time on-screen tracking of an '?°l-seed placed on a laparoscopic gamma probe was shown
to result in two-dimensional navigation to SN(s) [93].
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To further improve the intraoperative detection accuracy of the preoperatively defined
SN(s), the concept of intraoperative freehandSPECT was introduced by Wendler et al. [94]
and implemented firstly in the clinic in 2010 in patients with breast cancer [95]. With this
approach, real-time scanning of an area of interest with a gamma probe enables the
generation of an intraoperative 3D SPECT scan. Similar to portable gamma cameras, the
generation of this intraoperative freehandSPECT scan allows planning of the excision of the
SN(s) whereas post-excision scanning of the same area allows confirmation of removal of
the SN(s). In addition, the surgeon can navigate the gamma probe, in augmented-reality, in
this 3D SPECT scan to the lesion of interest thereby possibly “easing” its identification.
Recently this approach was also shown to be feasible for oral cavity carcinoma [96] and
melanoma [97].

More recently, navigation based on reference targetsin combination with preoperatively
acquired nuclear medicine or radiology data was shown [98]. The accuracy of this
technology strongly depends on the accuracy with which the preoperative situation can be
reproduced; organ movement or deformation due to e.g. patient position changes limit
the accuracy [99,100]. These movements are difficult to correct for with internal or
external navigation aids, as placement of these aids can also cause additional placement
errors [99,100]. The combination of navigation with a real-time imaging technology, e.g.
fluorescence imaging, that can determine the navigation accuracy helps the surgeon to
correct for errors. In a recent study by Brouwer et al. the feasibility of this approach was
shown using ICG-**"Tc-nanocolloid [58]. During preoperative SPECT/CT imaging, a
reference target was placed on the patient” body. Repositioning of a sterile reference
target on the exact same location on the patient” body in the operating theater allowed a
mixed-reality integration of the preoperatively acquired SPECT/CT scan and a visual image
of the patient lying on the operating table. Tracking of the fluorescence laparoscope
(Image 1 HUB HD; KARL STORZ Endoskope GmbH & Co. KG, Tuttlingen, Germany) allowed
reality 3D SPECT/CT-based navigation of this surgical tool. With decreasing distance
towards the prostate, the fluorescence signal increased. Hence fluorescence imaging
could be used to compensate for errors created due to patient positioning [98].

CONCLUSION

There lies great promise in combining lymphoscintigraphic agents and fluorescent agents
for SN mapping. The introduction of hybrid tracers, in which fluorescence dyes and
radiotracers are combined, allows for both intraoperative radio- and fluorescence guidance
to the SN via one single injection of tracer whereas the protocol of preoperative SN
mapping using lymphoscintigraphy and SPECT/CT imaging remains unmodified. The
incorporation of fluorescence imaging into the daily used radioguidance technologies
opens a whole new line of research.
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