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GENERAL INTRODUCTION

Radiotracers, in combination with positron emission tomography imaging (PET), or single
photon emission computed tomography (SPECT) imaging, provide a very sensitive
technique for the localization of cancer [1, 2]. Combined with anatomical imaging
techniques (such as computed tomography (CT) or magnetic resonance imaging (MRI)),
nuclear medicine has become important for the non-invasive identification of various
cancers and detection of metastasis. More and more the combined technique of SPECT/CT,
PET/CT, and PET/MRI is also used to guide interventions, for example treatment response
measurements and surgical procedures [3, 4].

Surgery, often combined with (neo-adjuvant) chemo-, hormonal- or radiotherapy,
can be considered the main pillar in the management of cancer. However, when
approaching the tumor or lymph nodes that possibly contain metastases, during the
surgical procedure it is not always clear what has to be removed. Here interventional
molecular imaging technologies may provide outcome. Using radio- or fluorescence-
guidance, or a combination of both, may direct the surgeon more accurately to the
lesion(s) of interest.

Ideally, a combination of a radiotracer and a fluorescence tracer is used in order to
allow accurate pre- and intraoperative lesion identification [5, 6]. In this thesis, a hybrid
approach for surgical guidance, based on the clinical use of the hybrid tracer indocyanine
green (ICG)-technetium-99m (**™Tc)-nanocolloid, is presented. Next to the clinical validation
of the technique, extensions towards the use of multispectral imaging, hybrid modalities
and navigation technologies have been exploited.

OUTLINE OF THIS THESIS

Part one of this thesis introduces the reader into the concept of image-guided surgery and
the evolution from fluorescence-based surgical guidance into the hybrid approach for
surgical guidance. Chapter 2 provides the reader with the basics of fluorescence imaging,
after which clinically available tracers for fluorescence imaging in the field of urology as
well as fluorescence imaging hardware requirements are discussed. In chapter 3 the
clinically available radiotracers, blue dyes, fluorescence tracers and hybrid tracers for
sentinel node biopsy are presented.

Part two of this thesis focuses on the clinical evaluation of the hybrid tracer ICG-
%mTe-nanocolloid for sentinel node biopsy of different malignancies. In chapter 4, in
patients that were to undergo sentinel node biopsy for oral cavity carcinoma (n=14), the
value of the fluorescent component of the hybrid tracer was evaluated and compared to
the conventional radioguided approach. In chapter 5 the hybrid tracer was evaluated in a
large cohort of 65 patients with penile cancer. Here optical sentinel node identification via
blue dye was compared to optical sentinel node identification via the fluorescent signature
of the hybrid tracer. In_chapter 6, in 104 patients with melanoma (head-and-neck, trunk or
on an extremity) with drainage to amongst others the neck, axilla and groin, we evaluated
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the value of the hybrid tracer for sentinel node identification. In all cases findings were
compared to the conventional radioguided- and blue dye-based approach.

While the clinical value of the hybrid tracer is evaluated in part two of this thesis, in
part three the main aim was to study if the hybrid approach for surgical guidance could be
further extended via technical improvements made on the hardware side. As a first step
herein, chapter 7 describes the use of a prototype fluorescence camera for open surgery
procedures, (head-and-neck) melanoma oral cavity, and penile carcinoma; n=27) that, in
contrast to many other cameras, works under ambient light conditions and thereby allows
for real-time fluorescence imaging-assisted surgical guidance. In chapter 8, in 40 patients
with prostate cancer that were to undergo robot-assisted laparoscopic sentinel node
biopsy optimization of the hybrid tracer formulation and improvements on the fluorescence
laparoscopic camera were studied. In doing so, the surgical guidance process was further
refined. In chapter 9, we extended the functionalities of the fluorescence laparoscope in
order to allow for the intraoperative detection of multiple fluorescence signatures (ICG-
*mTc-nanocolloid and fluorescein), so-called multispectral imaging.

Next to refining individual modalities, their integration was also explored. In chapter
10 the feasibility and accuracy of 3D navigation of conventional surgical tools to the
lesion(s) of interest is presented in patients with melanoma or Merkel cell carcinoma
(n=5). Alternatively hybrid surgical imaging modalities were explored. In chapter 11 we
describe the evaluation of the first prototype opto-nuclear probe, an imaging modality
that allows for conventional gamma tracing as well as fluorescence tracing (head-and-neck
malignancies and penile caranoma; n=9).

In chapter 12, the outlook of this thesis, steps are described that can extend the
hybrid surgical guidance concept on both the tracer and hardware side.
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FLUORESGCENCE GUIDANCE
IN UROLOGIC SURGERY
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ABSTRACT

Fluorescent tracers can provide anatomical and functional information without
altering the visual surgical field. Despite the advances that are being made in tracer
development, only a few fluorescent tracers are available for urological interventions.
Protoporphyrin IX, hypericin, fluorescein, and indocyanine green were shown to facilitate
surgical resection in various ways. Hybrid imaging agents, combining radio- and fluorescent
labels, have shown improved integration between preoperative and intraoperative imaging.
With the rise of surgical fluorescence guidance, various camera systems have been developed
that are tailored for optimal detection of the fluorochromes of interest. In this review, the
basics of fluorescence-guided surgery, including tracer and hardware requirements are
discussed.
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INTRODUCTION

Surgical performance is partly dependent on functional preoperative imaging, such as
single photon emission computed tomography combined with computed tomography
(SPECT/CT) or positron emission tomography (PET), to identify local areas of interest.
Preoperative imaging may reveal anatomical details on organ orientation, and in some
cases tumor location, but is often poorly translated into the surgical field. Intraoperative
guidance so far is mainly limited to visual anatomical landmarks such as vessels and bones.
Functional imaging information would therefore be a useful addition during surgical
procedures. Intraoperatively, the gamma-ray detection probe (hereafter referred to as
gamma probe) allows for radiotracer detection in for example sentinel nodes (SNs) based
on acoustic tracing, but suffers from a background signal emitted from the injection site
[1]. Moreover, depth perception is hampered due to collimation issues [1]. As such this
technology alone does not allow for detection with a high spatial resolution. Ideally,
functional information would be integrated into a visual image during surgery. Fluorescent
tracers possess several properties that make them interesting candidates for functional
imaging; most importantly they can be imaged in real-time within the surgical field without
contaminating this field. To date, several approaches have been explored to achieve
intraoperative fluorescence guidance. However, the clinical introduction of fluorescent
tracers, and in particular for urological applications, is still in its infancy, though rapidly
emerging. In this review, the basics of fluorescence-guided surgery, including tracer
development and hardware requirements are discussed focusing on the field of urology.

EXOGENOUS FLUORESCENT TRACERS

Fluorescence imaging differs markedly from the visual detection of the more common vital
dyes such as methylene blue and patent blue. Blue dye visualization is a result of light
absorbance, which is maximal in the visual range (400-650 nm) and minimal in the near-
infrared range (700-1000 nm), whereas fluorescence is based on light emission by
fluorochromes. For more in-depth information regarding the basics of fluorescence, please
see supporting information. Despite the advances that are being made in tracer
development, only a few exogenous fluorescent tracers are available for urologic
interventions. Currently only protoporphyrin IX (PpIX) precursors 5-aminolevulinic acid
(5-ALA) and hexylaminolevulinate (HAL), fluorescein and indocyanine green (ICG) have
received approval for clinical use by the Food and Drug Administration (FDA; Table 1,
Figure 1). Several newly developed fluorescent tracers, though not FDA approved yet, have
already been studied in a urological setting, such as hypericin and the hybrid tracer
ICG-*"Tc-nanocolloid (Table 1, Figure 1).
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Table 1. Clinically available exogenous fluorescence tracers

Tracer Excitation and QY Target Urological imaging application
emission peaks

Clinically approved

PplIX Aex max 450 nm; 0.011 Heme biosynthesis pathway; Detection of bladder [2-6,7-11],
Aem max 635 nm accumulation in tumor cells prostate [12-15], and penile

(mainly used for PDD and PDT) lesions [16,17]

Fluorescein Aex max 488 nm; 0.76 Accumulation near/around tumor  Bladder carcinoma [18,19] and

Aem max 530 nm cells renal vasculature and tumor [20]
detection

ICG Aex max 780 nm; 0.0028 Lymphatic and vascular system Ureter [21] and vasculature [22]
Aem max 820-830 nm and urinary tract visualization

Clinically evaluated

Hypericin Aex max 598 nm; <0.02 Tumor cell accumulation Detection of bladder carcinoma
Aem max 649 nm [23-25]

Hypericin-PVP  Aexmax 595 nm; - Tumor cell accumulation Detection of bladder carcinoma
Aem max 651 nm [26]

ICG-*"Tc- Aex max 807 nm; - Lymph nodes SN biopsy procedure prostate

nanocolloid Aem max 822 nm cancer [1,2]

QY = quantum yield; Aex max = excitation maximum; Aem max = emission maximum; PplX = protoporphyrin IX; PDD

= photodynamic diagnosis; PDT = photodynamic therapy; ICG = indocyanine green; Tc = technetium; NADH =

nicotinamide adenine dinucleotide hydrogen; PVP = polyvinylpyrrolidone; SN = sentinel node.

PROTOPORPHYRIN IX

5-ALA (LEVULAN, DUSA Pharmaceuticals Inc., Wilmington, Massachusetts, USA; Figure
1A), a non-fluorescent prodrug, is the first compound in the heme biosynthesis pathway
and is enzymatically converted into the fluorescent PpIX (Figure 1A) and finally into heme
in the mitochondria. After 5-ALA administration, the abundantly produced PpIX cannot be
rapidly converted into heme and will therefore accumulate intracellularly, leading to a
higher signal intensity in proliferative (tumor) tissue [28]. Decreased activity of the enzyme
ferrochelatase, which is responsible for the conversion of PplIX into heme and limited
availability of iron have been shown to contribute to increased PplX accumulation in tumor
cells [28]. Porphyrins, such as PplX, have been well studied for their application as
photosensitizers for photodynamic diagnosis and -therapy (PDD and PDT, respectively) of
cancer [29]. When excited with ultraviolet light, PpIX had a visual red fluorescence
emission (Aex max: 450 nm; Aem max: 635 nm; quantum yield 0.011 in water [29, 30]), which
does not necessarily give the best contrast during urological applications; the tissue
background is generally also reddish. However, on a white background, such as bladder
mucosa, this red fluorescence may provide sufficient contrast for surgical guidance.
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5-ALA can be administered orally, intravenously or can be intravesically instilled into
the bladder. In a prospective randomized comparison of intravesical 5-ALA instillation for
the early detection of small bladder tumors by cystoscopy, Stenzl et al. [10] showed that
although slightly more patients in the 5-ALA arm were diagnosed with bladder lesions, the
recurrence-free and progression-free survival at 12 months did not significantly differ from
the placebo group. These findings are contradictory to earlier data from other groups [2-5]
who reported a benefit of PplX-guided cystoscopy for bladder cancer detection.
Inexperience with fluoroscopy, a low number of carcinoma in situ patients, and more
meticulous inspection in the placebo group were put forward as explanations for a lack of
benefit for fluorescence-guided cystoscopy found in their study [10].

Additionally, 5-ALA has also been used for the detection of penile (Figure 2A) and
prostate cancer. Local application of 5-ALA provided fluorescence guidance for the
identification and resection of penile carcinoma [16,17]. Zaak et al. [15] showed
accumulation of PplX in prostate cancer tumor cells in 16 out of 16 patients following oral
administration of 5-ALA. Moreover, two small multi-institutional phase Il nonrandomized
studies (n=24 and n=39) showed that oral 5-ALA administration (20 mg/kg), 3 h prior to
surgery, might be useful for the intraoperative detection of a positive surgical margin
during prostatectomy [12,14]. In a Japanese study (n=16), the specificity and sensitivity for
detecting a positive margin during prostatectomy were 82 and 69%, respectively [13].

Both the cellular uptake of 5-ALA and the fluorescence quantum yield of PplIX are
limited, which has led to the development of a great number of alternative structures
based on the same principle [29]. Already clinically approved and used is HAL (HEXVIX;
Photocure, Oslo, Norway; Figure 1B), which was obtained by addition of a lipophilic hexyl
moiety to 5-ALA. HAL is considered to be superior to 5-ALA with respect to fluorescence
intensity (a 2-4 times higher intensity was reported using a lower dose and a shorter
incubation time), pharmacokinetic properties, and ease of preparation [11,29]. Recent
studies found a benefit for fluorescence cystoscopy after bladder instillation of HAL over
white light cystoscopy, in detecting carcinoma in situ of the bladder (87 vs. 75%) following
bladder instilled HAL [7], but also for the management of multifocal recurrent non-muscle
invasive bladder cancer [9]. Moreover, Ray et al. [8] showed improved bladder cancer
diagnosis in patients previously treated with bacilli Calmette-Guerin (Figure 2B). A reduced
recurrence rate was reported following HAL fluorescence-guided transurethral resection
of the bladder (TURB) as compared to conventional white light TURB (31 vs. 47%) [6].

For the detection of bladder cancer, especially carcinoma in situ, both 5-ALA and HAL
present superior sensitivity compared to white light cystoscopy, 96, 97, and 73%,
respectively. Nevertheless, the specificity is limited and does not significantly differ from
white light cystoscopy, most likely due to the high false-positive rate [11]. However,
Frimberger et al. [31] showed that with the addition of autofluorescence imaging to 5-ALA-
induced fluorescence endoscopy for the detection of bladder carcinomas, the specificity
increased from 67 to 88%, thereby reducing the false-positive rate.
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HYPERICIN

Hypericin (Planta Natural Products, Vienna, Austria) is a red fluorescing (Aex max: 598 nm;
Aex max: 649 nm) hydroxylated phenanthropyrylene-quinone derivative present in plant of
the genus Hypericum [32] with a very low quantum vyield of less than 0.02 in water [33]
(Table 1, Figure 1C). Hypericin as photosensitizer gives low systemic toxicity and
accumulates usually in malignant tissue (Figure 2C) [26]. However, administration has
been proven difficult due to its water insoluble properties. Recent clinical studies showed
comparable sensitivity (82-94%), but increased specificity (91-94%) for the detection of
bladder carcinoma as compared to 5-ALA and HAL [23-25] when hypericin was dissolved in
ethanol and 1% plasma protein solution. Moreover, Kubin et al. [26] reported water soluble
hypericin following polyvinylpyrrolidone (PVP) binding (Hypericin-PVP; Table 1, Figure 1D)
for the detection of bladder cancer.

FLUORESCEIN

Fluorescein (FLUORESCITE; Alcon Nederland B.V., Gorinchem, The Netherlands; Figure 1E)
is an extremely bright synthetic dye with a quantum yield of 0.76 in water [34] that gives a
visual yellow emission (530 nm) following excitation at 488 nm (Table 1). Although this
emission is less than 700 nm, the yellow signal provides great contrast in the surgical field.
Fluorescein as contrast agent combined with white light cystoscopy during confocal laser
endomicroscopy of the bladder was shown to be able to distinguish normal and benign
bladder epithelium from bladder carcinoma based on microscopic characteristics [18,19].
With fluorescein, which is considered a good imaging agent for angiography of the eye
[35,36], Nguyen et al. [20] showed that the morphology of various intra-abdominal organs
could be studied to distinguish diseased from normal tissue during urological interventions.
Moreover, individual cells could also be visualized when fluorescein diffused into the
interstitial space [20].

INDOCYANINE GREEN

The most widely applied near-infrared tracer is ICG (Pulsion Medical Systems, Munich,
Germany; Figure 1F) with an emission in the 820-830 nm range following excitation at 780
nm (quantum yield 0.0028 in water [37]; Table 1). After intravenous injection, ICG binds
rapidly to the plasma protein albumin (95%), which results in increased fluorescent
properties (quantum yield 0.012 [37]), and a 25 nm red shift of the excitation maximum
[37,38]. The emission signal of ICG is not visible with the naked eye and, therefore, a
pseudo-color needs to be added. This color may significantly influence the contrast
obtained in the surgical field; green provides a better contrast over a bloody background
than red and is, therefore, often chosen. Moreover, in order to visualize the emission
signal, a fluorescence camera system is required. ICG has a favorable safety profile with
anaphylaxis occurring in less than 0.05% of cases.
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Outside the field of urology, ICG is used for near-infrared fluorescence angiography
[39-41]. Within the field of urology, Tanaka et al. [21] showed clear ureter visualization
following retrograde injection of ICG. In addition, renal vasculature and tumors could be
visualized during robot-assisted partial nephrectomy [22]. Tobis et al. [22] showed
improved tumor detection in 11 patients with small renal masses following intravenous
ICG injection. Here the vascular physiology of the tumor provided the diagnostic contrast.
Althoughthe short half-life of ICG (2-5 min) required repetitive injections, the recommended
maximum dose of 2 mg/kg was not exceeded in any of the cases before resection of the
tumor was completed [22]. Furthermore, ICG has found its application in the visualization
of lymph vessels and leakage in patients with lymphedema [42].

ICG has most extensively been studied as an alternative for the more common vital
dyes methylene blue and patent blue during intraoperative SN biopsy procedures in a
variety of tumors such as skin, breast, gastrointestinal, anal, and lung cancer [42,43].
Intratumoral injection of ICG was shown to rapidly migrate to organ-associated lymph
nodes that could be visualized via near-infrared fluorescence imaging [42,43]. The
increased sensitivity obtained with near-infrared fluorescent tracers may allow for
improved identification of lymph nodes at wavelengths not visible by the naked human
eye. Binding of ICG to a protein, for example ICG-human serum albumin (ICG-HSA; Figure
1G) [44], increases the hydrodynamic diameter, and might thereby provide better retention
and improved detection of the complex in the SNs [43]. Conventional preoperative SN
visualization is done by injecting a **"Tc-labeled sulfur- or nanocolloid (HSA aggregate) to
obtain optimal tracer accumulation at the landing sites after (intratumoral) injection. This
enables preoperative planar lymphoscintigraphy and SPECT/CT imaging. Moreover, it
allows for intraoperative localization of the SN using a gamma probe. The combination of
ICG and *™Tc in the form of the hybrid tracer ICG-*"Tc-nanocolloid (Figure 1H) conveyed
the nanocolloid properties to ICG and enabled intraoperative near-infrared imaging of the
SNs in animal models for breast and prostate cancer [27,45]. Non-covalent self-assembly
of ICG-**"Tc-nanocolloid by premixing ICG with ®*™Tc-nanocolloid, but not albumin, resulted
in better accumulation in the (sentinel) lymph nodes, thereby increasing specificity [27,45].
The signal to background ratio was found to be superior over ‘free’ ICG and ICG-HSA.
Recently, ICG-**"Tc-nanocolloid-based SN detection was also shown to be useful in prostate
cancer patients [1]. This hybrid tracer allowed for preoperative detection of the SNs with
SPECT/CT, whereas both the combination of the gamma probe and near-infrared
fluorescence detection of ICG enabled intraoperative localization of the SNs (Figure 2D)
[1]. Interestingly, following preoperative SPECT/CT imaging, four of 27 SNs were identified
outside the extended pelvic lymph node dissection template, all of which were
intraoperatively visualized via near-infrared fluorescence imaging [1]. A strong correlation
was found between the radioactive and fluorescent contents in the excised lymph nodes
indicating that the ICG-**"Tc-nanocolloid complex remained stable in the time period
between injection and dissection of the nodes [1,27]. However, 15% of the SNs could not
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be intraoperatively detected with fluorescence imaging alone due to the limited tissue
penetration of the ICG fluorescent signal [1]. Especially in these instances, guidance to
regions of interest by the radioactive component of the hybrid tracer is still desirable.

In summary, fluorescent tracers with visual emissions (PplX, hypericin, fluorescein)
suffer more from poor tissue penetration as compared to tracers with emissions in the
near-infrared range. Because of its high quantum vyield and therefore bright yellow
emission signal, fluorescein can provide sufficient contrast over a bloody background as
compared to dyes such as PplX and hypericin that give a red fluorescence and have a low
quantum yield. However, even with a low quantum yield, ICG provides good contrast over
a bloody background. Other, the so-called hybrid tracers, may hold two different diagnostic
labels for example a radioactive and a fluorescent label (e.g. ICG-**"Tc-nanocolloid). These
hybrid tracers are not only suitable for intraoperative fluorescence imaging, but also allow
for integration of preoperative imaging using radioactive isotopes. This enables
preoperative planning of the fluorescence-guided interventions.

FLUORESCENT IMAGING HARDWARE

The (human) body holds many other molecules that can also be excited by a light source.
In order to be able to image the exogenous fluorescent tracer optimally, or to image a
more specific endogenous fluorochrome, the excitation light is often tailored to the
excitation maximum of the fluorescent tracer of interest by using light emitting diodes
(LEDs) or lasers that only emit in a small wavelength region or by using specific band pass
filters. Herein it is also important that reflection of the excitation light source does not
contaminate the detected fluorescence signal. Using band pass filters in front of the charge
coupled device (CCD) camera, collection of the emission signal can be limited to a specific
region around the emission maximum of the fluorochrome. Although band pass filters
block many of the background signals, it is seldom optimal. For this reason, most open
clinical camera systems require darkening of the surgical field to prevent contamination by
the surgical lights.

As Table 2 points out, roughly 14 imaging systems have been used in a clinical
(urological) setting. Although hardware and software specifications for the individual
systems vary significantly, most systems are optimized for near-infrared (ICG) imaging
alone (Table 2). Most widely applied are the near-infrared imaging systems for open
surgery. Applications using ICG vary from angiography to tumor resection margin imaging,
SN detection, and visualization of lymphedema [42,43]. The PhotoDynamic Eye (PDE)
system (Hamamatsu Photonics K.K.,, Hamamatsu, Japan), a commercially available
handheld device, provides a black and white image of area of interest following excitation
of the fluorochrome with 36 LEDs at 760 nm [46]. Other available near-infrared detection
systems for open surgery are the SPY open surgery system (Novadaqg Technologies,
Concord, ON, Canada) [41], IC-View (Pulsion Medical Systems, Feldkirchen, Germany) [51],
HyperEye (Mizuho Medical Co Ltd, Tokyo, Japan) [39], (mini-)FLARE (Beth Israel
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Table 2. Clinically available imaging systems

System Working Excitation Detection settings  Overlay FOV  REF
distance settings on visual
image
Open surgery systems
PDE 15-25cm 36 LEDs; 760 nm CCD camera; band pass filter NO NS [46]
>820 nm
SPY open surgery system 30 cm Laser; 806 nm CCD camera; >830 nm NO 56cm?  [41]
HyperEye 30-50 cm LED; 760 nm CCD camera; non-Bayer color YES 76.5cm?  [39]
filters, 380-1200 nm (ICG: cut
on filter >840 nm)
FLARE 45cm  LED; 656-678 nm  CCD camera; band pass filter at YES 3.7-195 [47]
and 745-779 nm 689-725 nm and 800-848 nm cm?
Mini-FLARE 10-32cm  LED; 656-678 nm  CCD camera; band pass filter at YES <108 cm? [48]
and 745-779 nm 689-725 nm and 800-848 nm
FDPM <76.2 cm Laser diode; Notch filters at 785 and 830 nm NO <900 cm? [49]
785£10 nm
SurgOptix 21cm Laser diode; CCD cameras; band pass filter YES 1.5-107 [50]
750 nm 750+10 nm and 795450 nm cm?
IC-View NS Laser; 760 nm CCD camera; >835 nm NO [51]
Laparoscopic systems
D-light NS Xe light source; CCD camera; long wavelength YES NS [52]
band pass filter filter >520nm
380-440nm
Olympus NBI ~3mm Xe light source CCD camera; 415+15nm, YES NS [53]
540410 nm and 600+10 nm
NIR D-light NS Xe light source; NS YES NS [1]
PplX and ICG
settings
NIR fluorescence for da NS Laser; 806nm NS NO NS [22]
Vinci Si surgical system
Microscopy systems
Confocal laser NS Laser; 488 nm CCD camera; band pass filter NS NS [20]
endomicroscopy at 530 nm
Multiphoton microscopy NS  Ti-Sapphire laser; CCD camera; 380-530 nm NS NS [54]

780 nm

FOV = field of view; PDE = Photodynamic Eye; LED = light emitting diode; CCD = charge coupled device; NS = not specified;
FLARE = fluorescence-assisted resection and exploration; FDPM = frequency-domain photon migration;

PpIX = protoporphyrin IX; ICG = indocyanine green; NBI = narrow band imaging; NIR = near-infrared; Xe = xenon;
Hg = mercury; Ti = titanium; and REF = reference.
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Deaconess Hospital, Boston, MA, USA) [47,48], SurgOptix (Technical University Munich/
Helmholtze Zentrum, Munich, Germany together with SurgOptix Inc., Redwood Shores,
CA, USA) [50], and the FDPM system (Texas Medical Center, Houston, TX, USA) [49] (Table
2). SurgOptix and the (mini-)FLARE system also provide white light illumination of the
surgical field. Moreover, by using more than one camera, these systems provide an overlay
of the fluorescence and visual image. The Hyper Eye provides integration of the white light
image with the near-infrared image.

With the rise of minimally invasive urologic interventions, endoscopic and/or
laparoscopic systems will be of potential benefit. Currently, four systems are clinically
available for laparoscopic fluorescence imaging, although development of new laparoscopic
devices is ongoing [55,56]. Storz’ D-light (KARL STORZ Endoskope GmbH & Co. KG,
Tuttlingen, Germany) provides a system for both white light and collection of fluorescence
in the visual emission range [52] and has found wide application for the detection of
bladder cancer lesions following fluorescence imaging [2-11, 23-26, 29]. Moreover, Van
der Poel et al. [1] used the near-infrared customized D-light system (KARL STORZ Endoskope
GmbH & Co. KG) with incorporated near-infrared (ICG) settings for SN detection during
robot-assisted laparoscopic prostatectomy procedures. Recently, Intuitive Surgical Inc.
(Sunnyvale, CA, USA) introduced an integrated near-infrared imaging system for the da
Vinci Si Surgical robot system in collaboration with Novadaqg Technologies [22]. Lastly,
Olympus Corp. introduced narrow band imaging (NBI) endoscopy in which the visual range
emission band pass filters are set very narrow (Table 2). NBI allowed for detailed
visualization of the mucosa surface, thereby distinguishing well-vascularized neoplastic
lesions from normal bladder mucosa during cystoscopy procedures [53,57,58].

Of the near-infrared imaging systems, five imaging systems enable the detection of
fluorochromes at various wavelengths. The customized near-infrared D-light system (KARL
STORZ Endoskope GmbH & Co KG) provides both visual and near-infrared emission
detection. With the (mini-)FLARE, fluorescence tracers can be excited between 656-678
and 745-779 nm after which emission light is collected via band pass filters from 689-725
and 800-848 nm, respectively [47,38]. SurgOptix provides emission collection using various
CCD cameras with band pass filters at 795+50 nm [50]. With the implementation of an
extra band pass filter at 75010 nm, Themelis et al. [50] could perform light-absorption
correction. The FDPM system provides Notch filters at 785 and 830 nm for the collection
of the emission signal from the near-infrared fluorochrome [49].

Summarizing, the clinical availability of camera systems for fluorescent tracer imaging
with emission in the visual range is limited, whereas a lot of research is ongoing in the
development of imaging systems optimized for near-infrared dye imaging. Only a limited
number of camera systems allows for multispectral imaging, among them the customized
near-infrared D-light system (KARL STORZ Endoskope GmbH & Co KG). Although there are
many systems available for open fluorescence-guided surgery, only a few laparoscopic
devices are available for fluorescence imaging within the urological field.
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FUTURE PERSPECTIVES IN FLUORESCENT TRACER
DEVELOPMENT AND IMAGING SYSTEMS

The clinical tracers used to date provide merely the initial steps in fluorescence image-gui-
ded surgery. Targeting specific tumor markers with fluorescent tracers is expected to
improve intraoperative imaging. Various tracers have been developed targeting the
avPs3-integrin receptor which plays an important role in the process of (tumor) angiogene-
sis [59-62]. Moreover, enzyme-activatable tracers [61,63,64] might improve specificity of
surgical guidance by making the contrast provided by the imaging agents dependent on
local enzymatic activity of, for example, matrix metalloproteinases and cathepsins, which
are frequently found to be overexpressed in prostate cancer cells [65]. Although we ack-
nowledge the value of fluorescent tracers, in our opinion, the hybrid tracer approach is
superior and therefore has the highest future potential. It enables the conversion of func-
tional imaging (SPECT/CT and/or PET) data to the surgical theatre. Furthermore, it is possi-
ble to attach a fluorochrome and radioactive label to most targeting peptides, proteins,
and/or antibodies, thereby creating targeted hybrid tracers. Of particular interest would
be hybrid tracers for the most common biomarkers in urology. For example, for prostate
cancer [65], wherein hybrid tracers have been developed preclinically for biomarkers such
as chemokine receptor 4 [66], prostate specific membrane antigen [67], and integrins
[66,68,69]. Nevertheless, for all these new compounds currently under development,
obtaining clinical approval seems to be the biggest hurdle.

With the introduction of targeted and/or activatable (hybrid) tracers, more sophistica-
ted imaging systems are desired to further improve the detectability of the fluorochromes.
To date, most imaging systems are limited to the imaging of only one tracer. However, with
the improvements in tracer development, one might think about developing imaging sys-
tems providing multispectral imaging. In this way, various fluorochromes can be used
during the same procedure, possibly providing more specific imaging of the area of inte-
rest. Another interesting development in the field, and possibly applicable during urologi-
cal interventions, was the introduction of confocal endomicroscopy (Table 2) for cellular
structure visualization and vascularization imaging using fluorescein in order to improve
surgical guidance [18-20]. Fluorescein, similarly to ‘free’ ICG, might also be of additional
value for the detection of the SN following an intratumoral injection (FW.B. van Leeuwen,
unpublished observations). Moreover, multiphoton microscopy (Table 2) has been used to
identify nerve structures based on tissue autofluorescence and might have the potential to
improve the precision of nerve-sparing prostatectomy [54]. Lastly, Brouwer et al. descri-
bed a navigation system for surgical guidance based on preoperative and intraoperatively
acquired imaging data with the hybrid tracer ICG-**"Tc-nanocolloid, thereby potentially
improving the accuracy of fluorescence-guided surgery even further (Figure 3) [70].
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3D navigation
SPECT/CT

Fluorescence

Figure 3. Image navigation towards the target
lesion. Based on the preoperatively acquired
SPECT/CT data (Al and BI), the laparoscope can be
navigated toward the lesion. The navigation system
provides the distance toward the lesion (dotted

lines highlight the fluorescent area) in millimeters

CONCGCLUSION

in the schematic SPECT/CT based overview images,
whereas the fluorescence laparoscope detects the
fluorescent lesions (All and BII). SPECT/CT = single
emission tomography/

photon computed

computed tomography.

Fluorescence image-guided surgery holds promise for intraoperative identification of
anatomical tumor structures within the field of urology. Currently, PpIX precursors 5-ALA
and HAL, fluorescein, and ICG have received clinical FDA approval and are used for the
identification of tumor locations and surgical tumor margins. Moreover, the hybrid tracer
ICG-*"Tc-nanocolloid was used for SN detection during robot-assisted laparoscopic
prostatectomy. Challenges lie in the further optimization of targeted and/or activatable
(hybrid) imaging agents and the integration between imaging agents and camera systems,
thereby enabling more accurate fluorescence image guidance during surgical interventions.
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UPPORTING INFORMATION

PRINCIPLE OF FLUORESCENCE

The process of fluorescence can be divided into three steps: 1) Excitation of the molecule
by photons; 2) Internal conversion; and 3) Emission of photons. This process is graphically
represented in a Jablonski diagram (Figure SI 1A; for more detailed information see Ruggi
et al. [1]). Each fluorochrome has its own particular excitation (Aex max) and emission
maximum (Aem max) (Table 1). However, the excitation and emission signals are often very
broad (Figure SI1B). In fluorescence imaging this means that you need both a light source
matching the excitation maximum of the fluorochrome and a camera system for the
detection of the emission light around the emission maximum peak. In general, emissions
are classified in visual emissions with a wavelength of 400-650 nm, far-red emissions (650-
700 nm), and the by eye invisible near-infrared emissions 700-1000 nm (Figure SI 1C). The
efficacy through which this photon emission occurs for a particular molecule is depicted by

the fluorescence quantum yield (ranging from 0-1) of the fluorochrome.
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Figure SI1. Basics of fluorescence.
A) Jablonski diagram of the process
of fluorescence: 1. Excitation of the
molecule by photons (E); 2. Internal
conversion; and 3. Emission of
photons (F). SO, S1 and S2 depict
the wvarious energy levels; B)
Schematic overview of a general
excitation and emission spectrum of
a fluorochrome where Aex max =
excitation maximum and Aem max =
emission maximum; and C) Light
spectrum with Aex max and Aem max of
various fluorochromes. PpIX =
protoporphyrin  IX; and ICG =

indocyanine green.



Absorption and/or light scatter by tissues limits the penetration of the excitation light
and thus the depth at which fluorochromes can be excited. For the fluorescent emissions,
the surrounding tissues also cause signal attenuation via absorbance and/or scattering.
The major absorbers of visible light are native fluorescent molecules such as oxy- and
deoxyhemoglobin in blood, whereas lipids and water are the major absorbers of infrared
light at wavelengths >1000 nm [2-4]. Scattering may also occur via these molecules, but
tissue architecture and intracellular composition (organelle density) are also of influence
[2, 3]. Combined, the depth at which a fluorescent signal can be detected is limited, even
in the most optimal near-infrared wavelength window. Signal penetration varies from
millimeters (visual emissions 450-650 nm) to centimeters for near-infrared emissions [5,
6]. Moreover, tissue autofluorescence (endogenous fluorescence) may impair the
specificity of detection [6]. In the process of autofluorescence, naturally occurring tissue
fluorophores generally emit light <700 nm when excited by a light source [3]. Throughout
the body, autofluorescence can be caused by various molecules such as nicotinamide
(NAD[H]) and flavins. The extracellular matrix can also contribute to autofluorescence due
to the intrinsic properties of collagen and elastin [2, 7].
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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 =
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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
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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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ABSTRACT

PURPOSE For oral cavity malignancies, sentinel node (SN) mapping is performed by injec-
ting a radiocolloid around the primary tumor followed by lymphoscintigraphy. Surgically SNs
can then be localized using a handheld gamma-ray detection probe. The aim of this study was
to evaluate the added value of intraoperative fluorescence imaging to the conventional radio-
guided procedure. For this we used indocyanine green (ICG)-**"Tc-nanocolloid, a hybrid tracer
that is both radioactive and fluorescent.

METHODS Fourteen patients with oral cavity squamous cell carcinoma were peritumou-
rally injected with ICG-**"Tc-nanocolloid. SNs were preoperatively identified with lymphoscin-
tigraphy followed by single photon emission computed tomography combined with computed
tomography (SPECT/CT) for anatomical localization. During surgery SNs were detected with a
handheld gamma-ray detection probe and a handheld near-infrared fluorescence camera.
Pre-incision and post-excision imaging with a portable gamma camera was performed to con-
firm complete removal of all SNs.

RESULTS SNs were preoperatively identified using the radioactive signature of ICG-*"Tc-
nanocolloid. Intraoperatively, 43 SNs could be localized and excised with combined radio- and
fluorescence guidance. Additionally, in four patients, an SN located close to the primary injec-
tion site (in three patients this SN was located in level 1) could only be intraoperatively localized
using fluorescence imaging. Pathological analysis of the SNs revealed a metastasis in one
patient.

CONCLUSION Combined preoperative SN identification and intraoperative radio- and
fluorescence guidance during SN biopsy for oral cavity cancer proved feasible using ICG-*"Tc-
nanocolloid. The addition of fluorescence imaging was shown to be of particular value when
SNs were located in close proximity to the primary tumor.
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INTRODUCTION

The incidence of lymph node metastases in patients with squamous cell carcinoma of the
oral cavity is 20-30% [1, 2]. By using sentinel node (SN) biopsy to select patients with occult
lymph node metastases, an unnecessary elective neck dissection (END) may be avoided in
70-80% of patients [1, 3]. SN biopsy has several advantages over END: (1) reduced
morbidity [4]; (2) improved identification of so-called skip metastases and aberrant
lymphatic drainage patterns [5-7]; and (3) improved pathological specimen analysis for the
detection of (micro-)metastasis [8, 9]. For SN biopsy, overall sensitivity rates of 91% after
five-year follow-up have been reported [10]. However, for floor of mouth (FOM) tumors,
the sensitivity and the negative predictive values were much lower compared to other
sites, 80 vs. 97% and 88 vs. 98%, respectively [10]. A prospective multi-institutional trial
reported false-negative rates of 25 and 10% for FOM and tongue tumors, respectively,
whereas this was said to be 0% for other types of oral cavity cancers [11]. In oral cavity
malignancies, SNs are often located in close proximity to the primary tumor site, which can
render SN biopsy difficult.

Conventional SN mapping is performed by injecting a radiocolloid (**"Tc-nanocolloid or
®mTe-sulphur colloid) in or around the primary tumor followed by sequential
lymphoscintigraphy to identify the lymph nodes on a direct drainage pathway from the
primary tumor (the SNs) [12]. To provide an overview of the SNs with regard to their
anatomical location, single photon emission computed tomography combined with
computed tomography (SPECT/CT) was introduced. Additionally, with SPECT/CT more SNs
can be visualized compared to conventional lymphoscintigraphy [13]. Intraoperatively, SN
localization is commonly guided by the acoustic signal coming from a handheld gamma-ray
detection probe (hereafter referred to as gamma probe). However, since for oral cavity
cancers SNs are often located in close proximity to the primary tumor site, the high
radioactive background signal coming from the injection site may hamper intraoperative
radioguidance towards these SNs [6, 14]. Recently, the intraoperative use of a portable
gamma camera was shown to improve the localization of SNs near the injection site [15].

Vital blue dyes are generally applied to enable intraoperative visual detection of the
SNs, but have shown to be of limited value in oral cavity tumors as SNs in the head-and-
neck area are less frequently stained blue compared to other primary tumor sites [16-18].
Moreover, the use of blue dye may blur the visibility of intraoral tumor margins [1, 19].

To enable visual detection of SNs without affecting the surgical field, the near-infrared
fluorescence tracer indocyanine green (ICG) was introduced for SN mapping in various
tumor types such as breast, colon and gastric cancers [20, 21]. Recently, Bredell evaluated
the use of ICG for SN mapping in oropharyngeal cancer [22]. ICG is not visible by the naked
eye and does, therefore, not interfere with the visual identification of tumor margins [23].
However, similar to vital blue dyes, ICG rapidly migrates through the lymphatic system
leading to a limited diagnostic window and staining of higher-echelon nodes [24].
To address these migratory limitations of optical dyes, the self-assembled hybrid
radiocolloid ICG-*"Tc-nanocolloid was clinically introduced for selective SN biopsy [25, 26].
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In this complex, ICG adopts the lymphatic migration properties of the radiocolloid, resulting
in a significantly longer retention time in the SNs as compared to ICG alone. With this
hybrid tracer being both radioactive and fluorescent, preoperative surgical planning can be
combined with intraoperative radioguidance towards the SNs. The fluorescent properties
of the hybrid tracer extend the radioguided procedure by providing real-time optical
localization using an near-infrared fluorescence camera. For head-and-neck melanoma it
was shown that with this approach fluorescence-based SN identification was superior over
the use of blue dye [26]. The aim of the current study was to explore the utility of the
hybrid tracer during SN biopsy for squamous cell carcinoma of the oral cavity.

MATERIALS AND METHODS

PATIENTS

Between May 2011 and January 2012, 14 patients with squamous cell carcinoma of the
oral cavity were included in this study after obtaining written informed consent. Patients
were scheduled for surgical removal of the primary tumor followed by SN biopsy. All
patients were staged with T1/2 tumors and were clinically node negative as assessed by
ultrasound and fine-needle aspiration cytology (USFNAC). Further patient characteristics
are listed in Table 1. The study protocol was approved by the Institution’s Medical Ethics
Committee.

TRACER PREPARATION
%mTc-nanocolloid was prepared by adding 1400 MBq pertechnetate in 2 mL saline to a vial
of nanocolloid (GE Healthcare, Eindhoven, The Netherlands). The mixture was then
incubated for 30 min at room temperature after which the excess of reactive elements was
removed. Before adding ICG, a quality check was performed in which the color, clarity and
pH were determined (colourless, clear and pH 6-7, respectively).

ICG was prepared by adding 5 mL sterile water to a vial containing 25 mg ICG (vial
concentration 5 mg/mL; Pulsion Medical Systems, Munich, Germany). Then, 50 uL of ICG
solution was added to the *™Tc-nanocolloid to form ICG-**"Tc-nanocolloid.

All procedures were performed under good manufacturing practice (GMP-z) and under
supervision of the institution’s pharmacist.

TRACER ADMINISTRATION AND PREOPERATIVE IMAGING
A median of 77 MBq (range 67-94 MBq) ICG-**"Tc-nanocolloid was injected in three or four
deposits around the primary tumor (total volume 0.4 mL; Figure 1). To visualize the
lymphatic duct(s) with the subsequent SN(s), anterior and lateral dynamic images were
obtained during the first 10 min after injection using a dual-head gamma camera (Symbia
T, Siemens, Erlangen, Germany). Static planar gamma camera images were acquired 15
min and 2 h post-injection (Figure 2A). The latter was immediately followed by SPECT/CT
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C  1cG-""Tc-nanocolloid injection

B Fluorescence

Figure 1. Hybrid ICG-**"Tc-nanocolloid injection. A)  infrared fluorescence-based visualization of the
Axial diagnostic MRI image showing a tumor on the  injection site and tumor (T). MRI = magnetic
tongue (T); B) Zoom in on the tongue tumor; C-D)  resonance; ICG = indocyanine green; Ex = exitation
ICG-*"Tc-nanocolloid is peritumourally injected in  light; Em = emission light.

three to four deposits; E) Intraoperative, near-

imaging (Symbia T, Siemens, Erlangen, Germany; Figure 2B). SPECT and CT images were
obtained on the basis of 2 mm slices. After tissue attenuation correction for the SPECT,
fused SPECT/CT images were generated. SPECT, CT and fused SPECT/CT images were
simultaneously evaluated using orthogonal multiplanar reconstruction. In addition, three-
dimensional (3D) display using volume rendering was performed in order to im-prove
anatomical neck level recognition (Figure 2C).

SNs were defined as the lymph nodes on a direct lymphatic drainage pathway from the
primary tumor [12]. Early draining lymph nodes in a basin were considered to be the SNs
in case of multiple visualized lymph nodes without visible afferent vessels.

SURGICAL PROCEDURE

SN biopsy started 3-19 h after ICG-*"Tc-nanocolloid administration. In the operating room,
a portable gamma camera (Sentinella equipped with Sentinella suite software version 7.5;
Oncovision, Valencia, Spain) was used to acquire a pre-incision overview image (Figure 3B,
pre-incision) and to determine the location for the incision(s) [15]. Initial SN exploration
was guided by a gamma probe (Neoprobe, Johnson & Johnson Medical, Hamburg,
Germany; Figure 3D). Fluorescence imaging with a dedicated handheld near-infrared
fluorescence camera (PhotoDynamic Eye, Hamamatsu Photonics K.K., Hamamatsu, Japan;
Figure 3E) was performed to optically detect the SNs. After excision of the SN(s), the
portable gamma camera was used to search for remaining radioactive hot spots in the SN
excision area (Figure 3B, post-excision) as was previously described by Vermeeren et al.
[15]. Higher-echelon nodes (defined by preoperative lymphoscintigraphy and SPECT/ CT)
were left in situ.
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Figure 2. Preoperative sentinel node identification.

A) Late planar anterior lymphoscintigram acquired
2 h post-injection showing two SNs on the right
side and one SN on the left side (arrow); B) Axial

SPECT/CT slice showing two level Il SNs (bilateral)
Lymphoscintigraphy

and a level | SN close to the injection site (arrow);
C) The 3D volume-rendered SPECT/CT showing two

SNs on the left side, in level | (arrow) and level Il
(these SNs were not visible as separate hot spots
on the planar lymphoscintgram). 3D = three-

dimensional; SPECT/CT = single photon emission

SPECT/CT

3D volime Teligenng computed tomography/computed tomography.

PATHOLOGY
Harvested SNs were fixed in formalin, bisected, embedded in paraffin, cut at a minimum of
six levels at 50-150 uM intervals and histologically evaluated for the presence of (micro-)
metastases (haematoxylin and eosin (H&E) and anti-cytokeratin (CAM 5.2; Becton
Dickinson, San Jose, CA, USA) staining).

RESULTS

PREOPERATIVE FINDINGS
Distribution of the tumor locations of the 14 included patients was as follows: FOM (n=5),
tongue (n=7), lower lip (n=1) and buccal mucosa (n=1). Further patient characteristics, and
the pre- and intraoperative findings of all 14 patients are outlined in Table 1. A schematic
overview of primary tumor and intraoperative SN location is provided in Figures 4A and B,
respectively.

Lymphatic drainage was visualized in all patients. Bilateral lymphatic drainage was
found in eight patients. In only three of these patients (patients 1, 12 and 14) the tumor
had crossed the midline. Using conventional lymphoscintigraphy, a total of 37 SNs were
visualized. Four additional SNs were only visible on the SPECT/CT images in three patients
(patients 8, 9 and 12) resulting in a total of 41 preoperatively defined SNs (median of 3 SNs
per patient; range 1-5) dispersed over 34 basins (median of two basins per patient; range
1-5 basins per patient) (Table 1). In all 14 patients, the fused SPECT/CT images provided an
accurate anatomical reference point for surgical planning of the SN biopsy procedure,
including the SNs that were found to be located close to the primary injection site (an
example is given in Figure 2).
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Figure 3. Intraoperative sentinel node identification.
A) Schematic overview depicting how detection of an
SN residing close to the primary tumor/injection site
(arrow) can be difficult with radioguidance alone
because of the high background signal coming from
the injection site; B) Intraoperative gamma imaging
with a portable gamma camera is performed before
and after excision of the SN(s) to localize and to
confirm complete removal of all predetermined SNs,
respectively. The “blackout zone” feature of the
portable gamma camera enables masking of the

primary injection site, increasing the signal intensities
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of the weaker radioactive hot spots; C) The
fluorescence signal penetration depth of the near-
infrared fluorescent dye ICG is limited to approximately
0.5-1.0 cm, whereas the penetration depth of the
radioactive signal is much greater depending on the
imaging modality used; D) Intraoperatively, SNs are
acoustically traced with a gamma probe; E) Near-
infrared fluorescence imaging allows for visual
identification and excision of the SN(s). Ex = excitation;
Em = emission; Tc = technetium; ICG = indocyanine

green; SN = sentinel node.
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Table 1. Patient characteristics

Preoperative imaging Intraoperative findings Pathology

Pt Age Sex Tumor Time Total # SN Radio Fluore- Total # Location Tumor-

(years) location  injection- defined location  guidance scence  excised additional positive

surgery (h) SNs guidance SNs  excised SNs nodes

1 61 M FOM midline 4 2 Rlevel lll; Llevel Il 3 3 3 R level 1l 0

2 51 M Tongue R 5 2 R level I, level Il 2 2 2 0

3 58 F FOM L 19 2 L level I, level Ill 3 3 3 L level lll 0

4 62 F Tongue R 5 3 R level I, level II; 3 3 3 0
L level Il

5 59 F Tongue R 4 2 R level I, level Il 1 2 2 1

6 84 F Buccal 19 1 Rlevel Il 1 1 1 0

mucosa R

7 82 M Tongue L 19 3 Llevel ll, 2xlevel 11l -§ -$ 0 -

8 74 M Lower lip L 5 5 R level Il 7 7 7 L 2x level | 0
L 3xlevel |, level Il

9 61 F FOMR 4 4 L2xlevel Ill, level I; 3 4 4 0
R level Il

10 65 M Tongue R 4 4 R level I, level II; 4% 4% 4% R level Il 0
L level lI, level Ill

11 75 M Tongue L 4 1 L level Il 3 3 3 L 2x level Il 0

12 60 M FOM midline 4 4 L level I, level IlI; 5 6 6 R 2x 0

R level lll, level IV level Il

13 71 M Tongue R 3 3 R level II; 3 3 3 0
L level IIl, level V

14 54 F FOM midline 4 5 L level I, level III; 5 6 6 L level | 0
R level I, level II,
level 11l

Total 41 43 47 47 1

% In this patient, the SN procedure was ceased. * In this patient, the L level Il SN was not excised. SN = sentinel

node; LN =

lymph node; M

male; F = female; FOM = floor of mouth; R =
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midline. SN = sentinel node.

INTRAOPERATIVE FINDINGS

The SN biopsy procedure started 3-19 h post-ICG-**"Tc-nanocolloid-injection and could be
completed in all but two patients (patients 7 and 10; Table 1). A total of 47 SNs (median of
three SNs per patient; range 0-7) was intraoperatively detected and excised; 43 SNs could
be intraoperatively localized with the combined radio- and fluorescence guidance approach
(Figure 4B). In four patients (patients 5, 9, 12 and 14), a total of four SNs were found to be
located close to the injection site (level | or II; Table 1, Figure 4B). In these patients, SN
identification with the gamma probe was hampered due to the high background signal
coming from the injection site (Figure 3). Although the portable gamma camera was able
to distinguish these SNs from the injection site after masking the injection site using the
“blackout zone” function (Figure 3B), fluorescence imaging proved to be the most accurate
technology for the identification of these SNs during surgery. To optimize fluorescence-
based SN identification, lights were dimmed in the operating room. The SNs could be
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pointed out or taken hold of with a surgical forceps (Figure 3E). Subsequently, the light was
turned back on and the SN could be excised.

In four patients (patients 3, 8, 10 and 12), a total of 7 additional SNs were identified
with the gamma probe. These SNs were not previously identified as separate hot spots on
the preoperative images (most probably these SNs were part of a cluster of SNs). These
nodes also proved to be fluorescent and were subsequently harvested. Post-excision
control with the portable gamma camera revealed residual radioactivity in the excision
area in three patients (patients 1, 11 and 14). This resulted in the removal of three
additional SNs, again guided by a combination of gamma probe tracing and fluorescence
imaging.

In two patients, the SN biopsy procedure was not completed to prevent possible vital
structure damage. In patient 7 an SN was located medially of the mandible and very close
to the main trunk of the facial nerve (Supporting information Figure SI1). Despite successful
detection with the gamma probe and the portable gamma camera, visualization of this SN
with the near-infrared fluorescence camera was not possible. In patient 10, an SN was
located near branches of the marginal mandibular nerve. This SN could be detected with
the portable gamma camera, but its exact location could not be identified with the gamma
probe. Initial exploration with the near-infrared fluorescence camera also did not reveal
the location of the SN. To reduce the invasiveness of the procedure and to prevent the
possible risk of paresis of the lower lip, it was decided not to proceed with the excision. In
both cases, the lack of a fluorescent signal suggested that the SN left in situ was located
>0.5 cm deeper from the surface imaged; the penetration depth of ICG is limited to 0.5-1.0
cm (Figure 3). Both patients will be closely monitored following the “watch and wait”
protocol.

PATHOLOGICAL FINDINGS

Although the SNs were clearly defined in vivo by fluorescence imaging, it was impossible
to solely dissect the single SN separately in five patients (patients 1, 5, 8, 10 and 13).
Subsequently, in these patients some additional tissue was also excised. This resulted in
the identification of 13 additional lymph nodes in these tissue specimens. All of these
lymph nodes were evaluated as SNs.

Histopathological examination revealed SNs with largest diameters varying from two to
25 mm with a median of 6 mm. In one patient (patient 5) a level lll lymph node metastasis
of 3 mm was found. This patient received a subsequent therapeutic neck dissection in
which 34 additional tumor-negative lymph nodes from level I-V were removed.
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DISCUSSION

The present study shows that a single injection of ICG-*"Tc-nanocolloid enables
preoperative SN mapping and intraoperative radio- and fluorescence-guided identification
of the SNs draining from primary oral cavity cancers. SPECT/CT and the portable gamma
camera allowed for accurate surgical planning, even when SNs were found in close
proximity to the injection site. Intraoperatively, surgeons experienced the optical detection
of the SNs provided by the fluorescent label of the hybrid tracer as valuable, especially in
cases where localization with the gamma probe was impeded by high radioactive
background signals. In FOM tumors, SN biopsy is discouraged due to its low sensitivity [10],
which we reason may partially be a result of the difficulty to intraoperatively localize such
SNs in the vicinity of the injection site. The addition of fluorescence imaging to the
conventional radioguided procedure may be of particular benefit in this patient group. In
this study, a total of four SNs were found in level | in the five patients with FOM tumors.
Three (75%) of these could only be accurately detected with fluorescence imaging.

Contralateral lymph node involvement ranges from 0.9 to 34.7% [27]. Bilateral
lymphatic drainage was observed on the lymphoscintigrams in 54% of patients (n=8), even
though the primary tumor had crossed the midline in only three of these patients. Hence,
by performing an upfront unilateral END, such (potentially tumor-positive) contralateral
draining nodes might be missed.

With the rise of minimally invasive surgery, SN biopsy becomes more favorable over
END procedures. Lymph nodes are generally small (3-4 mm) and are frequently found in
close proximity to each other [18]. These conditions create high demands on the limited
spatial resolution of the gamma probe. In the current study, the high spatial resolution
(down to the micrometer level) provided by fluorescence imaging enabled the detection
and removal of individual SNs as small as 2 mm.

The use of a non-covalent self-assembly approach to generate imaging agents is
appealing as it allows for the formation of hybrid agents by combining “simple” and often
commercially available, clinically approved building blocks [28]. The hybrid tracer ICG-
%mTc-nanocolloid was built from *“™Tc-nanocolloid particles (used for conventional SN
mapping in Europe) and the near-infrared fluorescent dye ICG. Good manufacturing
practice (GMP-z)-based preparation of ICG-*"Tc-nanocolloid only adds one additional step
to the conventional radiocolloid preparation process, namely the addition of 0.25 mg ICG
to a solution of fully prepared *™Tc-nanocolloid. The pH of the **"Tc-nanocolloid solution
is 6-7, and therefore the preparation protocol does not negatively influence the optical
properties of ICG [29]. With this hybrid approach SNs could be accurately visualized using
approximately 100 times lower quantities of ICG compared to the study of Bredell [22].
Although one may reason that non-covalent particles may disintegrate in vivo, a large
degree of signal overlap was found in the lymphatic system in both preclinical models [24,
30, 31] and in patients [25, 26]. In none of our clinical studies performed thus far did we
find nodes that solely contained a fluorescent or a radioactive signal [25, 26].
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The use of ICG alone for SN mapping of oropharyngeal cancer was set to be optimal 5
min post-ICG-injection [22], while in the current study SNs were still fluorescent at 19 h
after ICG-**"Tc-nanocolloid injection. Clearly the retention of the hybrid tracer in the SNs
yields a superior diagnostic window. It therefore does not require additional (intraoperative)
injections which helps to optimize the logistics in daily practice. The limited penetration
depth of fluorescence imaging compared to modalities based on radioactivity may even be
useful, since it can help the surgeon to estimate the depth at which an SN can be localized
in order to decide if further exploration is needed (as described for patients 7 and 10). The
near-infrared fluorescence signal coming from ICG is invisible to the naked eye and can
only be visualized with a dedicated near-infrared fluorescence camera system. As such ICG
does not interfere with primary tumor margin visibility [23] like blue dyes do. This study
demonstrates how optical guidance provided by the hybrid tracer’s fluorescent label offers
an excellent alternative over visual blue dyes and facilitates accurate SN localization, even
when an SN resides in close proximity to the primary tumor.

Supplementing the conventional radioguided SN biopsy procedure with fluorescence
only moderately increases the costs of the procedure as the near-infrared fluorescence
imaging system used in this study is in the same price range as a gamma probe. The costs
of ICG are also not higher than that of the original tracer ®™Tc-nanocolloid and one vial of
ICG can be used for multiple tracer preparations.

CONCGCLUSION

The hybrid tracer ICG-*"Tc-nanocolloid allows for both preoperative lymphatic mapping
and intraoperative SN detection up to 19 h post-injection. The added guidance provided by
fluorescence imaging proved especially valuable for the detection of SNs located close to
the primary tumor site.
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SUPPORTING INFORMATION

Lymphoscintigraphy

./

3D volume rendering

Figure SI1. Preoperative sentinel node mapping
(patient 7). A) Anterior planar lymphoscintigram 2 h
post-injection vaguely showing three SNs; B) 3D
volume-rendered SPECT/CT image confirming the
lymphoscintigraphic findings and adding anatomical

information; C) Axial fused SPECT/CT image showing

SPECT/CT
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the SN located medially of the mandible (arrow) very
close to the main trunk of the facial nerve. D) The
corresponding SN can be distinguished on the CT
image (arrow). SN = sentinel node; 3D = three-
dimensional; SPECT/CT = single photon emission
computed tomography combined with computed

tomography.
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CHAPTER

A HYBRID RADIOACTIVE AND
FLUORESCENT TRACER FOR SENTINEL
NODE BIOPSY IN PENILE CARCINOMA
AS A POTENTIAL REPLACEMENT FOR
BLUE DYE

Adapted from: Brouwer OR*, van den Berg NS*, Mathéron HM, van der Poel HG, van Rhijn
BW, Bex A, Valdés Olmos RA, van Leeuwen FWB, Horenblas S. Eur Urol. 2014;65:600-609.
* = Shared first authorship.



ABSTRACT

BACKGROUND Sentinel node (SN) biopsy in penile cancer is typically performed using
a combination of radiocolloid and blue dye. Recently, the hybrid radioactive and fluorescent
tracer indocyanine green (ICG)-*"Tc-nanocolloid was developed to combine the beneficial
properties of both radio-guidance and fluorescence imaging.

OBJECTIVE To explore the added value of SN biopsy using ICG-*"Tc-nanocolloid in
patients with penile carcinoma.

DESIGN, SETTING, AND PARTICIPANTS

Sixty-five patients with penile squamous cell carcinoma were prospectively included (January
2011 to December 2012). Preoperative SN mapping was performed using lymphoscintigraphy
and single-proton emission computed tomography supplemented with computed tomography
(SPECT/CT) after peritumoural injection of ICG-*"Tc-nanocolloid. During surgery, SNs were
initially approached using a gamma probe, followed by patent blue dye and/or fluorescence
imaging. A portable gamma camera was used to confirm excision of all SNs.

SURGICAL PROCEDURE Patients underwent SN biopsy of the cNO groin and treat-
ment of the primary tumor.

OUTCOME MEASUREMENTS AND STATISTICAL ANALYSIS The
number and location of preoperatively identified SNs were documented. Intraoperative SN
identification rates using radio- and/or fluorescence guidance were assessed and compared
with blue dye. Statistical evaluation was performed using a two-sample test for equality of
proportions with continuity correction.

RESULTS AND LIMITATIONS Preoperative imaging after injection of ICG-*"Tc-
nanocolloid enabled SN identification in all patients (a total of 183 SNs dispersed over 119
groins). Intraoperatively, all SNs identified by preoperative SN mapping were localized using
combined radio-, fluorescence-, and blue dye guidance. Fluorescence imaging enabled visua-
lization of 96.8% of SNs, while only 55.7% was stained by blue dye (p<0.0001). The tissue
penetration of the fluorescent signal, and the rapid flow of blue dye limited the detection
sensitivity. A tumor-positive SN was found in seven patients.

CONCLUSIONS [CG-*"Tc-nanocolloid allows for both preoperative SN mapping and
combined radio- and fluorescence-guided SN biopsy in penile carcinoma patients and signifi-
cantly improves optical SN detection compared with blue dye.
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INTRODUCTION

Penile carcinoma predominantly shows metastatic spread via the lymphatic system. As a
consequence, lymph node staging in penile carcinoma has strong prognostic implications
[1]. Since only 20-25% of patients have regional metastases, performing a complete lymph
node dissection (LND) may be overtreatment, resulting in considerable morbidity [2].
Sentinel node (SN) biopsy is a validated procedure to detect (micro-)metastases in clinically
node-negative groins without the morbidity associated with a complete lymph node
dissection. Yet the reliability of SN biopsy depends on successful pre-, intra-, and
postoperative identification of all (tumor-positive) SNs [3,4].

Generally, SNs are preoperatively identified using lymphoscintigraphy after a
peritumoral injection of a radioactive tracer (**"Tc-nanocolloid is the gold standard in
Europe). With the introduction of single photon emission computed tomography
supplemented with computed tomography (SPECT/CT), it has become possible to detect
the SNs in their anatomic context [5]. This three-dimensional (3D) information can be used
to accurately plan the surgical approach.

The intraoperative procedure traditionally relies on localization of the radioactive
signal using a handheld gamma-ray detection probe (hereafter referred to as gamma
probe) that generates an acoustic readout. A portable gamma camera has been introduced
with the ability to acquire intraoperative overview images of radioactive hot spots.
Unfortunately, the current portable gamma cameras are unable to provide adequate
anatomic information, leaving the radioactive signal depicted against a two-dimensional
black background [6]. To anatomically visualize the SNs within the surgical field, a second
injection with blue dye is usually administered shortly before surgery. However, one of the
disadvantages of blue dye is that preoperatively defined (radioactive) SNs may not always
be stained blue at the time of excision [7]. Moreover, blue dyes stain the injection site,
potentially hindering tumor resection, which is generally performed after SN biopsy.

The use of near-infrared fluorescence imaging has characteristics that can be
advantageous for intraoperative SN detection: an improved tissue penetration compared
to blue dye, and the fluorescent signal is only visible using a dedicated near-infrared
fluorescence camera system, leaving the surgical field unstained [8]. Similar to blue dye,
fluorescence imaging normally also requires an additional injection of, for example, the
clinically approved indocyanine green (ICG). Like blue dye, ICG migrates quickly through
the lymphatic system, resulting in a limited diagnostic window. The larger radioactive *™Tc-
nanocolloid does not have this limitation [9].

To combine the beneficial properties of both radio guidance and fluorescence imaging,
ICG-*"Tc-nanocolloid was developed [9,10]. This hybrid tracer expands the gold standard
radiotracer **"Tc-nanocolloid with a near-infrared fluorescent component (ICG) without
altering the well-validated tracer kinetics of the gold standard [11]. Pilot studies have
demonstrated the feasibility of this hybrid approach in head-and-neck malignancies and
prostate cancer [12-14]. Its added value, however, remains to be assessed in a more
extensive study population. The purpose of this study was to evaluate the added value of
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SN biopsy using ICG-*"Tc-nanocolloid compared with blue dye in a large cohort of patients
with penile carcinoma.

METHODS

PATIENTS
A total of 84 consecutive patients presenting with >T1G2 tumors were prospectively
included. The SN procedure was performed following the European Association of Urology
penile cancer guidelines [15]. The study protocol was approved by the institutions’ medical
ethics committees (NO9DRF, NL 26699.031.09).

Seventeen patients were excluded from the study. Nine patients were previously
included in a reproducibility study [11]. In five patients, excised SNs were only evaluated ex
vivo. In one patient no blue dye was used, one patient presented with a penile melanoma
and another patient presented with a carcinoma of the urethra.

Characteristics of the remaining 65 evaluated patients are listed in Table 1. Only
patients with at least one cNO groin were enrolled. In patients with proven unilateral nodal
involvement (n=10) or with a previous unilateral lymph node dissection (n=1), only the
contralateral cNO groin was included for SN biopsy, resulting in a total of 119 included
groins. Patients were scheduled for SN biopsy or repeat SN biopsy (n=6) in case of a
recurrent tumor, followed by treatment of the primary tumor or for SN biopsy only in case
of previous penile surgery in another center.

Table 1. Patient characteristics

No of included patients 65
Average age (years) 67 (range 34-93, median 66)
Recurrence (repeat SN biopsy), no. 6
Tumor stage

-T1 25
-T2 34
-T3 6
Groins

- cNO (with or without) FNAC 119
- cN1 (tumor + FNAC) 10
- Previous LND 1
Total included groins for SN biopsy 119

SN = sentinel node; FNAC = fine needle aspiration cytology; LND = lymph node dissection.
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TRACER PREPARATION

ICG-*"Tc-nanocolloid was prepared as previously described [11]. Subsequently,
approximately 90 MBqg+10% was subtracted from the vial containing the 1CG-**"Tc-
nanocolloid solution. Saline was then added to reach a total volume of 0.4 mL in the
syringe. All procedures were performed under good manufacturing practice (GMP-z) and
under supervision of the institution’s pharmacist.

PREOPERATIVE PROCEDURE

A schematic overview of the study setup is given in Figure 1. ICG-*"Tc-nanocolloid was
intradermally injected proximally around the tumor in three or four deposits on the same
day or on the day before surgery. No adverse reactions were observed.

Dynamic lymphoscintigraphy was performed during 10 min immediately after injection,
using a dual-head gamma camera (Symbia T; Siemens, Erlangen, Germany). Static planar
gamma camera images were acquired 15 min post-injection (early) and 2 h post-injection
(late), followed by SPECT/CT imaging (Symbia T; Siemens, Erlangen, Germany). Lymph
nodes draining from the site of injection through an own lymphatic vessel or a single
radioactive lymph node in the groin were identified as SNs [16]. SNs were anatomically
localized using multiplanar reconstruction, which enabled comparison of fused SPECT/CT

A | ICG-*"Tc-nanocolloid B | Preoperative imaging
injection

® ®

C Blue dye injection
shortly before surgery

D |Intraoperative procedure|

Gamma tracing Gamma imaging NIR fluorescence Visual blue dye

imaging detection
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Figure 1. Schematic overview of the study setup.
A) After injection of indocyanine green (ICG)-
“mTc-nanocolloid, preoperative imaging of the
sentinel nodes (SNs) is performed using
lymphoscintigraphy  and  B)  single-proton
emission computed tomography supplemented
with computed tomography. C) Shortly before
surgery, blue dye is also administered. D)
Intraoperatively, the radioactive component of
the hybrid tracer allows for radioguided SN
localization using (1) a gamma-ray detection
probe and (2) the portable gamma camera. In
addition, the fluorescent component allows for
SN visualization using (3) a near-infrared
fluorescence camera. (4) Intraoperative SN
identification  rates using radio- and/or
fluorescence guidance were assessed and
compared with blue dye. SN = sentinel node. y =
gamma; Aex = excitation light; Aem = emission

light; NIR = near-infrared.

CHAPTER 5



Figure 2. Sentinel node mapping after indocyanine
green-*"Tc-nanocolloid injection using lymphoscinti
graphy and single proton emission computed

tomography  supplemented  with  computed

tomography (SPECT/CT). A) Early lymphoscintigram
showing drainage to a right inguinal SN (arrow); B)
Late lymphoscintigraphy also reveals drainage to the
left-side SN, as well as higher (iliac) echelon drainage
on the right side (arrows). C) Axial fused SPECT/CT
images depicting both radioactive SNs; D)

Corresponding CT showing the Ilymph nodes
(arrows). E) Drainage in penile cancer and the five
inguinal zones of Daseler: In this study, most of the
SNs (64.2%) were located in the medial superior
zone, 10.1% in the lateral superior zone, and 23.5%
in the central zone, which is concordant with the
expected drainage pattern using *"Tc-nanocolloid

alone [5]. SN = sentinel node; HE = higher-echelon

node; IS = injection site.

images with the concomitant CT. Additionally, 3D SPECT/CT display of SNs in relation to the
anatomic structures was accomplished using volume rendering. Distribution of the SNs on
SPECT/CT was determined by dividing the groin into five different zones, according to Daseler
(Figure 2E).

INTRAOPERATIVE PROCEDURE

Shortly before surgery, approximately 1.0 mL patent blue dye V (Laboratoire Guerbet,
Aulnay-Sous-Bois, France) was intradermally administered in all patients in the same way
as the ICG-*"Tc-nanocolloid injection. A portable gamma camera (Sentinella; OncoVision,
Valencia, Spain) (Figure 3A) was then used to acquire a pre-incision reference image, as
previously described [17]. After incision, SNs were initially pursued with a gamma probe
(Neoprobe; Johnson & Johnson Medical, Hamburg, Germany). During surgical exploration,
alternating attempts were made to optically visualize the SNs via near-infrared fluorescence
imaging using a handheld fluorescence camera (PhotoDynamic Eye; Hamamatsu Photonics
K.K., Hamamatsu, Japan) (Figures 3C and 4) and/or visual detection of the blue dye.
Fluorescence imaging required the lights in the operating room to be dimmed for a brief
period to minimize the background signal. After excision of the SNs, the surgical area was
scanned using the gamma probe and palpated to search for clinically suspicious nodes.
Subsequently, a second image was acquired with the portable gamma camera to verify
complete SN removal.
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Figure 3. Combined intraoperative radio- and
fluorescence-guided sentinel node biopsy. A) The
radioactive signature of the hybrid tracer enables
initial SN detection using a conventional gamma
probe (black arrow) and a portable gamma camera
(orange arrow); B) The portable gamma camera
provides an overview image of the SNs that can be
used to verify complete SN removal after excision
(figure inlay); C) As the SN is approached, the
fluorescent signature of the hybrid tracer enables SN
visualization using a near-infrared fluorescence
camera; D) In some patients, the SN (arrow) and its
afferent lymphatic duct, as well as the injection site,
could be visualized through the intact skin; E-F) A
radioactive, non-blue SN clearly seen via
fluorescence imaging of the hybrid tracer; G-H) The
improved tissue penetration of the fluorescence

signal enables clearer visualization of the SN and its

borders compared to blue dye. SN = sentinel node.

Figure 4. The fluorescent signal is only visible using a  visible when using the fluorescence camera; D)

dedicated near-infrared fluorescence camera system,  Intraoperative blue dye injection; E-F) Blue dye stains
leaving the surgical field unstained. A) Hybrid tracer the surgical field blue, which may be a hindrance

administration; B-C) The injection sites are only during penile surgery.
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If remaining radioactivity was observed at the site of a previously excised SN, it was
considered part of a cluster of multiple SNs close together and, thus, as an additional SN,
which was also harvested. Intraoperative SN identification rates using radio- and/or
fluorescence guidance were assessed and compared with blue dye. Statistical evaluation
of the difference between the number of fluorescent- and blue dye stained nodes was
performed using a two-sample test for equality of proportions with continuity correction.

PATHOLOGY AND EX VIVO ANALYSES
Harvested SNs were bisected, formalin-fixed, paraffin-embedded, and cut at six or more
levels (50-150 um intervals). Paraffin sections were stained with hematoxylin and eosin
and with cytokeratin using an anticytokeratin antibody, clone AE1/AE3 (cat. no. MS-343-P;
Thermo Fisher Scientific Inc., Waltham, MA, USA).

To study the distribution of ICG-**"Tc-nanocolloid in tumor-positive SNs, 5-mm sections
of four tumor-positive SNs (two patients) were cut and deparaffinized with xylene (twice,
10 min) and rehydrated in 100% ethyl alcohol (EtOH) (twice, 10 min), 70% EtOH (twice, 5
min), and water (twice, 5 min). Slides were subsequently air dried for 2 h and scanned on
an Odyssey scanner (LI-COR Biosciences, Lincoln, NE, USA) for the presence of ICG (setting:
800 nm; focus offset: 0 mm; intensity: 10).

RESULTS

PREOPERATIVE RESULTS

An average dose of 79 MBq ICG-**"Tc-nanocolloid was preoperatively injected on the same
day (n=38) or on the day before surgery (n=27). Lymphoscintigraphy and SPECT/CT
visualized at least one SN in all patients (100% visualization rate). Only 89 SNs (48.5%) were
visible on the early planar lymphoscintigrams, whereas 160 SNs (87.4%) were identified on
the late planar lymphoscintigrams. One patient declined to undergo SPECT/CT due to
claustrophobia (four SNs at lymphoscintigraphy). In the remaining 64 patients, SPECT/CT
revealed 26 SNs in 18 patients that were not seen on the lymphoscintigrams. Furthermore,
SPECT/CT helped to define three nodes (in three patients) as iliac higher-echelon nodes
(these were considered as inguinal SNs based on lymphoscintigraphy). In sum, a total of
183 SNs were preoperatively identified dispersed over 119 groins (median: three SNs per
patient; range 1-6) (Table 2).
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Table 2. Results

Preoperative SN results

- Lymphoscintigraphy, early 89
- Lymphoscintigraphy, late 160
- SPECT/CT* 179

Total number of identified SNs

183 (average 2.9; median 3, range 1-6)

Location of SNs, no.

- Medial superior zone 115 (64.2%)
- Lateral superior zone 18 (10.1%)
- Central zone 42 (23.5%)
- Medial inferior zone 3(1.7%)
- Lateral inferior zone 1(0.6%)
Total 179*
Intraoperative SN results

- Traceable with probe (in vivo) 215 (97.3%)
- Radioactive (ex vivo) 220 (99,6%)
- Fluorescent (in vivo) 214 (96.8%)**
- Fluorescent (ex vivo)- 220 (99.6%)
- Blue (+ radioactive/fluorescent) 123 (55.7%)**
- Blue (non-radioactive/non-fluorescent) 1(0.45%)

Total number of excised SNs

221 (average 3.4; median 3, range 1-9)

Pathology

Total number of SNs

221 (average 3.4; median 3, range 1-9)

Total number of lymph nodes

239

Number of tumor-positive SNs

10 (7 patients, 7 groins)

CHAPTER 5

*One patient refused to undergo SPECT/CT. **Statistical significant difference between surgically
visualized fluorescent and blue SNs (p<0.0001). SN = sentinel node; SPECT/CT = single photon
emission computed tomography combined with computed tomography.

87



Bilateral drainage was observed in 52 of the 54 patients (96.3%) with clinically NO
groins. The remaining two patients received tracer re-injection; lymphoscintigraphy 1 h
later showed bilateral drainage in both cases. In seven of the ten patients with a clinically
N1 groin based on ultrasound and fine-needle aspiration cytology, bilateral drainage was
observed. The remaining three patients only showed drainage to the unaffected groin.
One patient who presented with a recurrent tumor already had received a previous
unilateral lymph node dissection and only showed drainage to the contralateral side.

Most of the SNs (64.2%) were located in the medial superior zone of the groin, 10.1%
was located in the lateral superior zone and 23.5% in the central zone (Figure 2E). Drainage
to an inferior quadrant was seen in four patients (2.2%) with a recurrent tumor who had
already received a previous SN biopsy, which may have caused an altered lymphatic
drainage pattern.

INTRAOPERATIVE RESULTS
SN biopsy was started 3-27 h (mean: 13 h; median: 7 h) after injection of ICG-**"Tc-nano-
colloid. All 183 preoperatively defined SNs could be localized using a combination of radio-
and fluorescence guidance. Only one blue node was found during surgery that was neither
radioactive nor fluorescent. This node was also considered a SN and harvested.

Post-excision imaging with the portable gamma camera revealed remaining activity at
the location of the previously excised SN in 22 of 65 patients (33.8%). In these patients, the
area was explored once again, yielding 37 additional SNs. In six of these cases, a remaining
SN was identified using the portable gamma camera after no residual activity was detected
during initial scanning with the gamma probe (Figure 5).

Of the total of 221 excised SNs (Table 2, Figure 6), 97.3% could be roughly localized
using the gamma probe. The remaining 2.7% (in four patients) could not be detected using
the gamma probe because the radioactive signal was too weak due to radioactive decay
(surgery was performed >24 h after tracer injection and relatively low tracer uptake in
these SNs was observed on preoperative images). These nodes were localized using
fluorescence imaging, which does not suffer from decay.

In total, 96.8% of the excised SNs were intraoperatively visualized with the fluorescence
camera during surgery; 55.7% had stained blue at the time of excision. This means that
41.1% more SNs could be optically identified via fluorescence imaging (p<0.0001). In only
22 patients, all of the preoperatively defined radioactive SNs were also stained blue. In
eight patients, no blue SN was found at all, whereas a fluorescent SN could be visualized in
every patient. Fluorescence imaging offered an improved tissue penetration compared
with blue dye, allowing earlier visualization of the SNs. This was exemplified by cases in
which superficially located SNs were visible through the skin (Figure 3).
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Figure 5. Post-excision confirmation of complete
sentinel node removal using a portable gamma
camera. A) Lymphoscintigram showing the
injection site (IS) and three SNs on the right side
and on SN on the left side; B) 3D volume-rendered
SPECT/CT image revealing that the most caudal SN
on the right side is located in an inferior Daseler
zone; C) Initial image acquired with the portable
gamma during surgery mainly depicting the high
radioactive signal coming from the injection site
(IS); D) Blocking the injection site using the
Sentinella suite software visualizes the three SNs
on the right side; E) Post-excision image after
removal of three radioactive and fluorescent
nodes shows that the most caudal SN is still in situ;
F) After excision of the remaining SN, which
proved to be tumor-positive at histopathology,
complete SN removal is verified. SN = sentinel
node; HE = higher-echelon node; BL = blocked
injection site using Sentinella suite software. 3D =

three-dimension, IS = injection site.

Figure 6. Ex vivo sentinel node evaluation.
Excised nodes were radioactive (yellow circle),
fluorescent (green circle) and/or blue (blue
circle). Of the excised SNs, 220 were both
radioactive and fluorescent. Of these SNs 123
were also blue. Only one SN was non-radioactive,

non-fluorescent, but blue. SN = sentinel node.
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HISTOPATHOLOGY FINDINGS AND EX VIVO ANALYSES

Pathologic analyses of the excised SNs revealed metastases in 10 SNs (seven of 65 patients
(19.8%), seven of 119 groins (6%)). Three patients with a tumor-positive SN also had a
tumor-positive node at ultrasound guided fine needle aspiration cytology in the
contralateral groin, for which they received an LND in the same session. All seven patients
with a tumor-positive SN were scheduled for an LND of the affected groin.

The median size of the SN metastases was 8 mm (mean: 7.94 mm; range: 1.5-14 mm).
In one patient, one of the tumor-positive SNs was an additional SN, which was excised after
being identified using the portable gamma camera (Figure 5). While all 10 tumor-positive
SNs were both radioactive and fluorescent only seven stained blue. The single non-
radioactive and non-fluorescent SN that was blue was tumor-negative.

Additional ex vivo examination of four tumor-positive SNs revealed that the fluorescent
signal was mainly present in the unaffected lymphatic tissue of the SN (Figure 7).

Figure 7. Ex vivo examination of the

fluorescent signal in tumor-positive

.
sentinel nodes. A) A SN containing a
micrometastases (black circle); B-C) Ex
vivo fluorescence imaging reveals that
the fluorescent signal is mainly present
in the remaining unaffected lymphatic

tissue of the node; D) A SN containing a

macrometastases (black circle); E-F) Ex

vivo fluorescence imaging.



DISCUSSION

SN biopsy for penile carcinoma, using a radiocolloid (**™Tc-nanocolloid) in combination
with blue dye, is a well-established procedure to accurately stage clinically node-negative
groins [7,15,18]. Here, we demonstrate that the hybrid tracer ICG-*"Tc-nanocolloid
improves optical SN detection in comparison with blue dye. In our series of 65 patients, all
of whom were injected with both the hybrid tracer ICG-**"Tc-nanocolloid and blue dye,
96.8% of the SNs could be intraoperatively visualized using fluorescence imaging, whereas
merely 55.7% of the SNs were stained blue at time of excision (p<0.0001). This statistically
significant difference suggests that optical SN detection using ICG-**"Tc-nanocolloid can
potentially replace blue dye. The low percentage of blue-stained nodes identified in this
study is in line with a recent meta-analysis of 19 studies by Sadeghi et al. that reported a
pooled SN detection rate of 60% for blue dye alone [7].

There are several potential explanations as to why >40% of the SNs that were identified
using ICG-**"Tc-nanocolloid were not stained blue. Consistent with previous reports in
areas with rapid lymphatic drainage (e.g., the head-and-neck region), the blue dye may
already have passed the SN at the time of excision [13,19]. However, lymphatic drainage in
penile carcinoma can also be more delayed, as demonstrated by the limited number of
visualized SNs on early lymphoscintigraphy in this series. Hence, the blue dye may not yet
have reached the SN at the time of excision in some cases. Together these factors limit the
diagnostic window and potentially require timed (re-)injections prior to, or during, the
operation. It is also important to note that only 70% of the tumor-positive SNs identified
with ICG-*"Tc-nanocolloid stained blue, whereas the single SN (0.45%) that was blue, but
did not contain ICG-*"Tc-nanocolloid, was tumor-negative.

SN distribution in this study was similar to a previous anatomic SN mapping study using
SPECT/CT, showing that drainage was mainly directed to the superior and central inguinal
zones [5]. The current study further substantiates results from a previous reproducibility
study showing that ICG-**"Tc-nanocolloid preserves the gold standard in preoperative SN
mapping (lymphoscintigraphy and SPECT/CT) [11]. The addition of the fluorescent moiety
extends the window for optical SN detection using fluorescence imaging up to (or possibly
even beyond) 27 h after tracer injection. This enables the use of ICG-**"Tc-nanocolloid in
both one- and two-day protocols, without the need for additional injections during surgery.

Ex vivo fluorescence imaging confirmed the presence of fluorescence in all radioactive
SNs. Therefore, the 3.2% of SNs that could not be visualized intraoperatively using the
near-infrared fluorescence camera were probably covered with overlying (fatty) tissue so
the fluorescent signal was blocked. This illustrates that while the tissue penetration of
near-infrared fluorescence imaging is superior to blue dye, it is still limited compared with
the radioactive signal. This is further demonstrated by the finding that SNs were only
visible through the skin when located superficially in patients with a low body mass index
(Figure 3), which is in line with a previous report on the use of ICG in patients with vulvar
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cancer [20]. Improvement of near-infrared fluorescence camera systems may help further
expand the applicability of intraoperative fluorescence guidance [21]. For the time being,
the radioactive signature of the hybrid tracer still remains crucial to enable reliable SN
mapping. For example, the ability to acquire an overview image with the portable gamma
camera during surgery allowed the identification of residual SNs that could have been
missed with the gamma probe or near-infrared fluorescence camera (Figure 5), thereby
providing confirmation of complete SN removal in the operating room.

The fluorescent signature of ICG-**"Tc-nanocolloid provides the unique possibility to
study tracer distribution in ex vivo tissue specimens, long after the radioactive signal has
decayed [22]. In this study, ex vivo imaging using a sensitive fluorescence camera confirmed
the presence of a fluorescent signal in all tumor-positive SNs with metastases <14 mm
(Figure 7). Apparently, when unaffected lymphatic tissue is still present, the presence of
tumor tissue in a node does not necessarily cause rerouting of the lymph flow [23].

CONCGCLUSION

ICG-*"Tc-nanocolloid allows for combined radio- and fluorescence-guided SN biopsy in
penile carcinoma patients while retaining the properties of the radiocolloid that are
optimal for preoperative SN identification using lymphoscintigraphy and SPECT/CT. The
fluorescent component significantly improved intraoperative optical SN identification
compared with blue dye, indicating that by using this hybrid approach, blue dye may be
omitted.

SURGERY IN MOTION

The Surgery in Motion video accompanying this article can be found in the online version
at http://dx.doi.org/10.1016/j.eururo.2013.11.014 and via www.europeanurology.com.
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DURING SENTINEL NODE BIOPSY FOR
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ABSTRACT

PURPOSE To evaluate the hybrid approach in a large population of patients with melano-
ma in the head-and-neck, on the trunk, or on an extremity who were scheduled for sentinel
node (SN) biopsy.

MATERIALS AND METHODS This prospective study was approved by the institu-
tional review board. Between March 2010 and March 2013, 104 patients with a melanoma,
including 48 women (average age: 54.3 years; range 18.5-87.4) and 56 men (average age: 55.2
years; range 22.4-77.4) (p=0.76) were enrolled after obtaining written informed consent.

Following intradermal hybrid tracer administration, lymphoscintigraphy and single photon
emission computed tomography combined with computed tomography were performed. Blue
dye was intradermally injected prior to the start of the surgical procedure (not in patients with
a facial melanoma). Intraoperatively, SNs were initially pursued via gamma tracing followed by
fluorescence imaging and, when applicable, blue dye detection. A portable gamma camera
was used to confirm SN removal. Collected data included the number and location of the pre-
andintraoperatively identified SNs, and the intraoperative number of SNs that were radioactive,
fluorescent, and/or blue. A two-sample test for equality of proportions was performed to
evaluate differences in intraoperative SN visualization through fluorescence imaging and blue
dye detection.

RESULTS Preoperative imaging revealed 2.4 SNs (range 1-6) per patient. Intraoperatively,
93.8% (286 of 305) of the SNs were radioactive, 96.7% (295 of 305) of the SNs were fluores-
cent, while only 61.7% (116 of 188) of the SNs stained blue (p<0.0001). Fluorescence imaging
was of value for the identification of near-injection site SNs (two patients), SNs located in
complex anatomic areas (head-and-neck (28 patients)), and SNs that failed to accumulate blue
dye (19 patients).

CONCLUSION The hybrid tracer enables both preoperative SN mapping and intraope-
rative SN identification in melanoma patients. In the setup of this study, optical identification
of the SNs through the fluorescent signature of the hybrid tracer was superior compared with
blue dye-based SN visualization.
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INTRODUCTION

Sentinel node (SN) biopsy has evolved into a routine procedure to determine the presence
of lymph node metastasis, allowing melanoma patients with nodal metastasis to be treated
in a relatively early phase of their disease. Generally, for SN biopsy a combination of
technetium-99m (**"Tc)-labeled colloid and blue dye is used. Where radiolabeled colloids
enable preoperative SN mapping and intraoperative detection of these particular SNs by
using a handheld gamma ray detection probe (hereafter referred to as gamma probe) [1],
intraoperative administration of a blue dye can allow the surgeon to optically identify SNs
by visualizing their afferent lymphatic vessels. Although successful, this approach has
limitations [2]. A deeply located blue lymph vessel may be difficult to find, and its dissection
requires substantial expertise. Occasionally, blue dye causes an allergic reaction and it can
stain the injection site for months [3,4]. Also, SNs do not always take up blue dye,
particularly in the neck. Consequently, the false-negative rate of SN biopsy in melanoma
patients is high, 9-21% [5,6].

For radiologically guided SN identification in the preoperative setting, single photon
emission computed tomography combined with computed tomography (SPECT/CT) was
shown to help place SNs in their anatomic context, enabling better planning of the
operation [7-9]. In the surgical suite, the introduction of a portable gamma camera
complemented the traditional acoustic guidance provided by the gamma probe [10].

The introduction of near-infrared fluorescence imaging of indocyanine green (ICG) was
shown to provide an alternative mode of optical SN identification during the operation
[11-16]. Because the near-infrared window lies beyond the visible spectrum, ICG can only
be visualized by using a dedicated near-infrared fluorescence camera. Consequently, the
use of ICG does not alter the surgical field, nor does it cause tattooing effects of the skin,
as does blue dye. However, similar to blue dye, ICG migrates quickly through the lymphatic
system, resulting in a limited diagnostic detection window [17]. Although the sensitivity of
the signal detection is improved considerably when ICG is used instead of blue dye, the
penetration depth of a near-infrared fluorescence dye (<1.0 cm) still prevents preoperative
SN mapping.

The hybrid tracer ICG-**"Tc-nanocolloid was developed to combine the attractive
migrational properties of a radiolabeled colloid with the favorable optical imaging features
of ICG [17,18]. Because of its long-lasting retention in the SNs, a single injection with this
hybrid tracer allows preoperative SN mapping and intraoperative radioguided SN
identification in a similar fashion as its parental compound **™Tc-nanocolloid [19]. In
addition, it allows fluorescence imaging-based SN visualization of the preoperatively
identified SNs. Previously we demonstrated the feasibility of this hybrid approach in
various pilot studies [19-25]. In our current study, we evaluated the hybrid approach in a
large population of patients with melanoma in the head-and-neck, on the trunk, or on an
extremity that were scheduled for SN biopsy.
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MATERIALS AND METHODS

PATIENTS
The study protocol was approved by the institutional review board of the Dutch Cancer
Institute-Antoni van Leeuwenhoek Hospital (Amsterdam, the Netherlands).

Between March 2010 and March 2013, patients were prospectively included after
obtaining written informed consent. Patient inclusion criteria were as follows: (a) age 18
years or older; (b) histologically proven melanoma in the head-and-neck, on the trunk, or
on an extremity (Breslow thickness of at least 1.0 mm); (c) no tumor-positive lymph nodes
in the regional lymph node basin, as defined by palpation and ultrasonography-guided fine
needle aspiration cytology examination; and (d) scheduled for SN biopsy and repeat
excision of the melanoma site. Exclusion criteria were as follows: (a) pregnant or breast-
feeding woman (in our study no patients were excluded on this basis); (b) patients with a
known allergy to iodine (in our study no patients were excluded on this basis); and (c)
fluorescence imaging was not performed intraoperatively; because of scheduling logistics,
there was no fluorescence camera available in the operating room (in our study 17 patients
were excluded on this basis).

Our population consisted of 104 patients, including 48 women (average age: 54.3
years, range 18.5-87.4) and 56 men (average age: 55.2 years; range 22.4-77.4) (p=0.76),
with an average Breslow thickness of 2.7 mm (range 1.0-10.0 mm). The first 13 patients
were also included in previous feasibility trials [19,21].

TRACER PREPARATION

ICG-*"Tc-nanocolloid (size 10-100 nm) was prepared via non-covalent self-assembly of
%mTc-labeled nanocolloid (GE Healthcare, Eindhoven, the Netherlands) and ICG (Pulsion
Medical Systems, Munich, Germany), as previously described [20].

®mTc-nanocolloid is approved for lymphatic mapping by the European Medicines
Agency, and ICG is used off-label for this application butis U.S. Food and Drug Administration
approved for intravenous use (up to 2.0 mg/kg body weight). In the ICG-**"Tc-nanocolloid
complex, the ratio of ICG to human serum albumin is 18:1 [26]. While the amount of *™Tc-
nanocolloid is identical to that used for radioguided SN biopsy [19], the dose of ICG used
(<0.05 mg) is substantially lower than the amount of ICG allowed for intravenous use.

PREOPERATIVE PROCEDURE
Operating room logistics aided in determining whether the patient was injected with the
hybrid tracer on the day before, or on the morning of, the operation. An average of 78.5
MBq (range 57.4-112.9 MBq) of ICG-**"Tc-nanocolloid was intradermally injected around
the melanoma site (four deposits; total volume, 0.4 mL). This variability is tracer-decay-
dependent and was influenced by the time the volume for injection was extracted from
the vial.
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To visualize the draining lymphatic vessels and the first draining lymph nodes, during
the first 10 min after injection, anterior and lateral dynamic lymphoscintigraphy was
performed by using a dual-head gamma camera (Symbia T; Siemens, Erlangen, Germany).
This step was followed by acquisition of static planar lymphoscintigrams at 15 min after
injection. At 2 h after injection, again static planar lymphoscintigrams were obtained,
followed by SPECT and low-dose CT (40 mAs, 130 kV) (Symbia T, Siemens) acquisitions.
After correction for scatter and tissue attenuation, SPECT and CT images were fused.
Multiplanar reconstruction enabled comparison of fused SPECT/CT images with
concomitant CT images (Osirix medical imaging software; Pixmeo, Geneva, Switzerland).
One author (R.AV.0., with 21 years of experience with SN biopsy for melanoma) and three
other nuclear medicine physicians who are not authors of our study (with 7, 10, and 14
years of experience with SN biopsy) evaluated the acquired imaging data for the number
of SNs visualized, and the basin in which the SN was located. Lymph nodes on a direct
drainage pathway from the site of injection were classified as SNs (hereafter referred to as
preoperative SNs) [27,28].

SURGICAL PROCEDURE

Before the start of the operation, 1.0 mL of blue dye V (Laboratoire Guerbet, Aulnay-Sous-
Bois, France) was injected intradermally around the melanoma site (circular injection) in
the patients with melanoma located outside the facial area (n=69). Operations were
performed by three authors (W.M.CK., AJ.M.B., O.E.N., with 7, 7, and 21 years of
experience with SN biopsy for melanoma, respectively) and others who are not authors of
our study.

Generally, SN biopsy was performed before excision of the melanoma site. However, in
44 patients with a head-and-neck melanoma, the surgeon removed the melanoma site
prior to performing SN biopsy; here, the surgeon reasoned that leaving the melanoma site
in situ would affect radioactivity-based SN identification because of the high background
signal coming from the injected melanoma site.

Preceding the start of SN biopsy, an overview image of the radioactive hot spots was
acquired by using a portable gamma camera (Sentinella; Oncovision, Valencia, Spain) [10].
Preoperative SNs were initially pursued with the gamma probe (Neoprobe; Johnson &
Johnson Medical, Hamburg, Germany), and when possible, attempts were made to
visualize the tumor draining lymphatic vessels via blue dye. Alternating attempts were
then made to optically visualize the preoperative SN through fluorescence imaging by
using a handheld near-infrared fluorescence camera (PhotoDynamic Eye; Hamamatsu
Photonics K.K., Hamamatsu, Japan) and, when applicable, visual detection of blue dye.
Fluorescence imaging required the lights in the operating room to be dimmed to minimize
the background signal.

To verify complete preoperative SN removal, after excision of the preoperative SNs,
another portable gamma camera image was acquired. If residual radioactivity was
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observed at the site of a previously excised SN, the node was considered part of a cluster
of multiple adjacent SNs. Since it is not possible to discriminate between nodes in a cluster,
these nodes were considered to be additional intraoperative SNs and also were harvested
using the above described combination. In case of clustered nodes, after the operation,
the acquired SPECT and CT images were retrospectively evaluated for visibility of these
clusters on the images by three authors (R.AV.0., O.R.B., N.S.v.d.B., with 21, 5, and 3 years
of experience, respectively).

Prior to closing, the wound area was evaluated for non-radioactive non-fluorescent but
blue nodes and palpated for enlarged lymph nodes suspicious for metastasis that were not
radioactive, fluorescent, or blue.

Intraoperatively, SNs were classified for being radioactive (yes or no), fluorescent (yes/
no), or blue (yes/no) by the surgeon (W.M.CK., A.J.M.B., O.E.N., and others who are not
authors of our study. The data were collected by a clinical researcher (N.S.v.d.B., O.R.B,,
B.E.S., H.M.M., with 3 years, 5 years, 3 years, and 1 year of experience with image-guided
SN biopsy, respectively).

HISTOPATHOLOGY AND EX VIVO ANALYSES
Excised SNs were formalin fixed, bisected, and paraffin embedded, and they were cut at a
minimum of six levels at 50-150 um intervals. Histopathological evaluation was performed
by a pathologist (3-20 years of experience) and included staining (hematoxylin and eosin
(5-100, catalog no. Z0311; Dako, Heverlee, Belgium) and MART-1 (catalog no. M7196;
Dako)).

STATISTICAL ANALYSIS
A two-sample test for equality of proportions with continuity correction (R version 3.0.2;
www.r-project.org) was performed to evaluate the difference in average age between
male and female patients and to evaluate differences in the number of fluorescent and
blue nodes in the overall population and for each subgroup. A p-value <0.05 was considered
to indicate a significant difference.
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RESULTS

PREOPERATIVE RESULTS

A total of 246 SNs were preoperatively identified in 104 patients (average 2.4 preoperative
SNs per patient; range 1-6; Table 1). A SPECT/CT scan was acquired in all patients, and in all
but one patient, this scan provided useful anatomic landmarks that facilitated virtual
planning of the surgical procedure. In the remaining patient, the portable gamma camera
was used to locate a pre-auricular SN close to the injection site that was not seen on the
acquired lymphoscintigrams or on the SPECT/ CT images.

Table 1. Preoperative sentinel node mapping results

Overall
Primary melanoma Head-and-Neck Trunk Extremity
location
# Patients 104 53 33 18
Total # SN visualized (av; range) 246 (2.4; 1-6) 137 (2.6; 1-6) 76 (2.3; 1-4) 33(1.8; 1-3)
- Lymphoscintigraphy (% total) 232/246 (94.3%) 127/137 (92.7%) 73/76 (96.1%)  32/33 (97.0%)

- SPECT/CT (% total) 245/246 (99.6%)

136/137 (99.3%)

76/76 (100.0%)

33/33 (100.0%)

- Portable gamma camera (% total) 1/246 (0.4%)

1/137 (0.7%)

Total # basins in which SNs were 183 (1.8; 1-6) 111 (2.1; 1-5) 53 (1.6; 1-4) 19 (1.1; 1-2)
visualized (av; range)

Distribution of SNs visualized according to basins

- Suboccipital 8/183 (4.4%) 8/111 (7.2%) - -
- Temporal 1/183 (0.5%) 1/111 (0.9%) - -
- Parotid gland 8/183 (4.4%) 8/111 (7.2% - -
- Retro- or pre-auricular 18/183 (9.8%) 18/111 (16.2%) - -
- Neck 75/183 (41.0%) 74/111 (66.7%) 1/53 (1.9%) -
- Supraclavicular 4/183 (2.2%) 2/111 (1.8%) 2/53 (3.8%) -
- Scapular 2/183 (1.1%) - 2/53 (3.8%) -
- Pectoral 1/183 (1.1%) - 1/53 (1.9%) -

(

- Epitrochlear 1/183 (1.1%)

1/19 (5.3%)

- Axilla 44/183 (24.0%)

40/53 (75.5%)

4/19 (21.1%)

- Intermediate trunk 1/183 (0.5%)

1/53 (1.9%)

- Groin 20/183 (10.9%)

6/53 (11.3%)

14/19 (73.7%)

# = number; SPECT/CT = single photon emission computed tomography combined with computed

tomography; SN = sentinel node; av = average.
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INTRAOPERATIVE RESULTS

In the one-day protocol, the surgical procedure started, on average, 5 h after injection
(range 3-10 h after injection; 58 patients). In the two-day protocol, the procedure started
approximately 21 h after injection (range 18-27 hours after injection; 46 patients).

All but four preoperatively identified SNs could be intraoperatively localized through
the combined use of gamma tracing, fluorescence imaging, or blue dye guidance. In 33
patients, 59 additional SNs (intraoperatively identified SNs) were excised on the basis of
the combination of gamma detection and fluorescence imaging. Re-analysis of the
respective CT images revealed the presence of clustered nodes located at the location of a
single hot spot on the corresponding SPECT images (Figures SI1-3). Intraoperatively, in
total, 301 SNs were harvested (average 2.9 SNs per patient; range, 1-9(; (Table 2).

Table 2. Intraoperative sentinel node detection

Overall | No blue Blue dye used (69 patients)
.(104 dye used Injection Sentinel node biopsy first
patients ¢ (fj site first (13 (56 patients)
patients, .
patients) Total
Basin Head- Other® Head- Head- Axilla Groin Aberrant*  Other®
and- and- and-
Neck* Neck* Neck*

# Excised SNs 301 112 2 49 18 72 38 6 4 138
# Not-excised 4 3 - - - 1 - - - 1
SNs
Total 305 115 2 49 18 73 38 6 4 139
Intraoperative SN detection
- With 286/305  102/115 2/2 46/49 17/18 71/73 38/38 6/6 4/4  136/139

gamma (93.8%) (88.6%) (100.0%) (93.9%) (94.4%) (97.3%) (100.0%) (100.0%) (100.0%)  (97.8%)

tracing
- With 295/305 111/115 2/2 49/49 16/18 69/73 38/38 6/6 4/4  133/139

fluorescence (96.7%) (96.5%) (100.0%) | (100.0%) (88.9%) (94.5%) (100.0%) (100.0%) (100.0%)  (95.7%)

guidance
- With blue 116/188 - - 19/49 4/18 54/73 35/38 2/6 2/2 97/139

dye (61.7%) (38.8%) (22.2%) (74.0%)  (92.1%) (33.3%) (50.0%) (69.8%)

visualization
p-value® p<0.0001 - - | p<0.0001 p=0.0002 p=0.0008 p=0.24 p=0.14  p=0.41 p<0.0001

* head-and-neck includes subocciptial, temporal, retro- and pre-auricular basins, the parotid gland, and the neck
basins. © Other includes supraclavicular and epitrochlear basins. * Abberant includes intermediate trunk,
pectoral, and scapular basins. * Two-sample test for equality of proportions with continuity correction between
detection by fluorescence imaging and visual blue dye detection. # = number; pts = patients; SN = sentinel node.
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Inthe overall population, 93.8% (286 of 305) of the excised SNs could be intraoperatively
localized with gamma tracing by using the gamma probe. Optical identification of the SNs
with fluorescence imaging identified 96.7% (295 of 305) of the nodes, while only 61.7%
(116 of 188) of the SNs had stained blue at the time of excision (p<0.0001; Table 2).
Intraoperatively, no SNs were found that were solely blue.

To allow continuous drainage after the intraoperative injection of blue dye, SN biopsy
is ideally performed before repeat excision of the melanoma site. Looking more closely at
this specific subset of patients (Table 2, “Blue dye used” columns, “SNB first” column,
“Total” column), merely 69.8% (97 of 139) of the SNs were blue at the time of excision,
whereas fluorescence imaging allowed visualization of 95.7% (133 of 139) of the SNs
(p<0.0001).

In 23 patients with drainage to the head-and-neck and two patients with drainage to
the groin, fluorescence imaging allowed the surgeon to determine the exact location of
the preoperative SNs. Fluorescence imaging was used by the surgeon to pinpoint the
preoperative SNs with a forceps in eight of these 25 patients. In five of these patients,
preoperative SNs were already visualized transcutaneously (Figure 1), allowing the surgeon
to determine the site of incision.

In five patients, fluorescence imaging aided in the localization of the preoperative SN
as radioactivity-based detection of the preoperative SNs was not possible because of the
high background signal coming from the nearby injection site. In four of these five patients,
the preoperative SN was located in the parotid gland (melanoma site, temporal bone (n=3)
or preauricular area (n=1)) and in the other patient, the preoperative SN was located in
level Il (melanoma site, cheek).

Fluorescence imaging confirmed gamma probe-based localization of the preoperative
SNs when no blue dye was used (n=3 patients) but also allowed for optical identification of
preoperative SNs that failed to take up blue dye (n=19 patients; Figures 2, 3). In three
patients, through fluorescence imaging the lymphatic duct running to the preoperative SN
could be visualized (Figures 3, 4).

Pathologic analysis of the excised nodes revealed 36 SN metastases in 25 patients.
Nodal involvement was found in 15.1% (eight of 53), 33.3% (11 of 33), and 33.3% (six of 18)
of patients with head-and-neck melanoma, melanoma of the trunk, or on an extremity,
respectively. In five patients with a melanoma on the trunk, aberrant drainage was seen. In
two of these five patients, the aberrantly located SN was the only tumor-positive node.
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Figure 1. Transcutaneous sentinel node identification
through fluorescence imaging in a 70-year-old
female with melanoma on the head (temporal left;
Breslow thickness 2.0 mm). The patient was
scheduled for re-excision of the melanoma scar and
subsequent SN biopsy. Due to the location of the

melanoma, no blue dye was injected intraoperatively.

Figure 2. Optical sentinel node identification via
fluorescence imaging in a 25-year-old female with a
melanoma of the trunk (on the back, paramedian;
Breslow thickness 1.1 mm). The patient was
scheduled for re-excision of the melanoma scar and

subsequent SN biopsy. Preoperatively two SNs were

Left) 3D SPECT/CT-based volume rendering after
cropping of the skin. The image shows three SNs
(white arrows); Right) Intraoperative fluorescence
imaging visualized the temporal, pre-auricular and
level Il SN already transcutaneously. SN = sentinel
node; SPECT/CT = single photon emission computed

tomography combined with computed tomography.
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visualized (left and right axilla). Directly before the
start of the operation 1.0 mL blue dye was injected.
Left) Axillary tissue harbouring the SN; Right)
Fluorescence imaging-based identification of the SN

which did not stain blue. SN = sentinel node.



Figure 3. Optical sentinel node identification vial
fluorescence imaging in a 20-year-old female with a
melanoma of the trunk (abodomen, paramedian
right; Breslow thickness 1.1 mm). The patient was
scheduled for re-excision of the melanoma scar and
subsequent SN biopsy. Preoperatively three SNs

were visualizd (right and left groin and in the right

Figure 4. Optical sentinel node identification in a
51-year-old female patient with a melanoma of an
extremity (left upper leg; Breslow thickness 2.0 mm).
The patient was scheduled for re-excision of the
melanoma scar and subsequent SN biopsy.

Preoperatively a SN was visualized in the left groin.

axilla). Directly before the start of the operation 1.0
mL blue dye was injection. Left) Identification of a
blue afferent lymphatic duct running to a SN in the
left groin; Right) Fluorescence imaging-based
identification of the SN and its afferent lymphatic

duct. SN = sentinel node.

Directly before the start of the operation 1.0 mL blue
dye was injected. Left) Clear blue dye-based
visualization of the afferent lymphatic duct running
to the blue stained SN; Right) Fluorescence imaging-
based visualization of the same SN and its afferent

lymphatic duct. SN = sentinel node.
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DISCUSSION

Our study in 104 patients with melanoma confirms what previous feasibility studies
suggested, namely that the hybrid approach, making use of ICG-**"Tc-nanocolloid, provides
improved intraoperative guidance toward preoperative SNs; with additional fluorescence
imaging during surgery, 35.1% more SNs could be optically visualized than with blue dye (in
the group of patients in which blue dye was used, fluorescence imaging allowed
visualization of 182 of 188 SNs (96.8%), whereas with blue dye, 116 of 188 SNs (61.7%)
were visualized).

Overall, the percentage of SNs that could be identified during the operation by using
gamma tracing and fluorescence imaging was comparable (93.8% (286 of 305) and 96.7%
(295 of 305), respectively). The finding that SNs were more often fluorescent than blue
(96.7% (295 of 305) vs. 61.7% (116 of 188), respectively; p<0.0001) may imply a superior
optical identification rate for the hybrid tracer in comparison with conventional blue dye.
This advantage was most pronounced in patients with drainage to the head-and-neck.

In our study, we did not solely rely on intraoperative fluorescence imaging to identify
the preoperative SNs; rather, the hybrid approach was taken in which preoperative images
provided a roadmap for initial surgical exploration. Results of recent studies with the use
of ‘free’ ICG further underline the value of preoperative imaging by stating that in-depth
SN identification provided by radiolabeled colloids is superior to that provided by ICG
[13,14]. Namikawa et al. [14] showed that, especially in patients with axillary SNs or
patients with a high body mass index, fluorescence imaging alone was found insufficient.
In addition, preoperative SN mapping also allows the identification of aberrant drainage
profiles, which might be missed when only fluorescence imaging is performed.

The intraoperative detection of additional intraoperative SNs is not uncommon, but it
is striking that, in our overall study population, 19.3% (59 of 305) additional SNs were
intraoperatively identified through the combined use of gamma detection (using a portable
gamma camera and gamma probe) and fluorescence imaging. Previous studies from our
institute showed that, with the conventional approach (gamma probe and blue dye), next
to the preoperatively identified SNs, 8-11.6% additional SNs were harvested [8,29,30].
Because leaving an SN behind constitutes one of the possible causes for false-negative
results, this finding indicates that thorough confirmation of SN removal (e.g. by using a
portable gamma camera) remains of importance. Retrospective analysis suggests that
more careful evaluation of the preoperatively acquired CT and corresponding SPECT
images may have helped to better predict the number of preoperative SNs in that area.

While the particle charge was shown not to affect the migratory behavior of tracers in
the lymphatic system [31], migration is reversely related to the particle size [32]. Logically,
the use of tracers such as ICG (size of ICG <1 nm and 6-7 nm when bound to human serum
albumin) or blue dye (<1 nm) may result in the visualization of more nodes compared with
the use of large colloidal tracers. For example, through the use of ICG, Fujisawa et al. [11]
showed the identification of 24% additional nodes compared with preoperatively identified
SNs by using **"Tc-tin colloid. In addition to their more extensive drainage pattern
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compared with large colloidal tracers, the fast drainage of small tracers limits the effective
time window in which nodes can be detected through fluorescence imaging. It has been
suggested that the optimal time window between injection and visualization of the nodes
is 5-30 min [33,34]. For colloidal tracers such as **"Tc-nanocolloid, retention in the SNs is
at least 24 h, thereby allowing both preoperative lymphatic mapping and intraoperative
gamma tracing. In our study, in which ICG-**"Tc-nanocolloid was formed via non-covalent
self-assembly of ICG and *™Tc-nanocolloid, we were able to detect the SNs with both
gamma tracing and fluorescence imaging up to 27 h after injection. During ex vivo analysis,
we did not observe any SNs that were only fluorescent and not radioactive, suggesting the
stability of our hybrid tracer over time.

In addition to the difference in nodal retention, there is a clear difference in the optical
detection mechanisms for blue dye and near-infrared fluorescence tracers. Blue dye is
visible to the eye when it reflects light [35], which is a very superficial effect. On the other
hand, the generation of a near-infrared fluorescent signal is an active process in which the
fluorescent molecule (in this case ICG) is excited by light of a near-infrared wavelength
(2780 nm). Its subsequent relaxation to the ground state results in the emission of light of
an even higher wavelength (+820 nm). With the excitation and emission both taking place
in the near-infrared window, the near-infrared fluorescence signal can penetrate a tissue
layer up to 1.0 cm [36]. However, it must be noted that the signal becomes very diffuse at
this depth. The use of ICG facilitates superior in-depth optical identification compared with
the use of blue dye; in five patients, near-infrared fluorescence imaging allowed
transcutaneous visualization of the SN. In three patients, we could clearly visualize a
fluorescent lymphatic duct running to the SN. For future studies, it would be interesting to
investigate the hybrid tracer’s potential to follow the afferent lymph vessel in comparison
with blue dye [32].

Literature has shown that only 0.34-0.92% of the injected tracer is retained per SN;
most of the rest of the tracer resides at the injection site [37]. Thus, when an SN is located
near the injected melanoma site, radioactivity-based SN identification may be facilitated
by removing the site of injection (and thus this unwanted background signal) prior to
performing the SN biopsy procedure. Using a hybrid tracer, which combines the fluorescent
and radioactive signature in one compound, may improve logistics in daily clinical practice,
as no additional injections during the operation are required to allow for optical SN
identification (usable in both one- and two-day protocols). This renders the effectiveness
of the hybrid approach independent from the order in which the repeat excision of the
melanoma site and SN biopsy are performed.

In our study population, most patients (n=69) received both the injection with the
hybrid tracer and the injection with the blue dye. This might have led to a bias toward blue
dye but not favorable to fluorescence imaging-based SN visualization. Because blue dye is
visible to the naked eye, a surgeon cannot be blinded to this factor. However, for
visualization of the fluorescent signature of the hybrid tracer, a dedicated fluorescence
camera is required, meaning that the surgeon is initially blinded to it. Moreover, during the
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operation, surgeons approached the preoperative SNs first with the gamma probe and
then blue dye detection. Fluorescence imaging was used last so that its findings could be
compared with the findings of the other techniques. In that order It would have been
unethical to blind them for these routine technologies. To determine the true value of ICG-
%mTc-nanocolloid (particularly the added value of the hybrid approach) in comparison with
the use of a radioactive tracer and blue dye, prospective multicenter randomized studies
have to be initiated in which both methods are compared. The potential advantages also
need to be weighed against the complexity of the implementation of this hybrid approach
into the clinical routine and the associated costs [24]. Fluorescence imaging is rather
intuitive and can be used successfully with minimal training. However, the highest
additional costs lie in obtaining a near-infrared fluorescence camera system, which,
depending on the system chosen (e.g. goggles, handheld, or stand alone), varies from
several thousands to hundreds of thousands of U.S. dollars [38]; the list price of the system
used in our study is approximately $40,000 in U.S. dollars.

CONGCLUSION

ICG-*"Tc-nanocolloid enables both preoperative SN mapping and intraoperative SN
identification in patients with melanoma. In our setup, optical identification of the SNs
through the fluorescent signature of the hybrid tracer was superior compared with SN
identification with blue dye. The fluorescent signature of the hybrid tracer was found to be
of additional value for the detection of SNs close to the injection site (two patients), SNs
located in an area of complex anatomy (head and neck, 28 patients), and SNs that failed to
accumulate blue dye (19 patients).
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SUPPORTING

Figure SI1. Preoperative sentinel node mapping in a 59-year-old
male patient with head-and-neck melanoma (left ear; Breslow
thickness 1.0 mm). The patient was scheduled for re-excision of
the melanoma scar and subsequent SN biopsy. Due to the
location of the melanoma, no patent blue dye was injected
intraoperatively. Conventional lymphoscintigrams (A) and SPECT/
CT images (B) showing SNs in the parotid gland and level Il

i i

Figure SI2. Preoperative sentinel node mapping in 69-year-old
male patient with a melanoma of the trunk (thorax right; Breslow
thickness 4.0 mm). The patient was scheduled for re-excision of
the melanoma scar and subsequent SN biopsy. Directly before
the start of the operation 1.0 mL patent blue dye was injected.
Conventional lymphoscintigrams (A) and SPECT/CT.

(4
Figure SI3. Preoperative sentinel node mapping in a 65-year-old
female patient with melanoma of an extreemity (left medial
knee; Breslow thickness 2.1 mm). The patient was scheduled for
re-excision of the melanoma scar and subsequent SN biopsy.
Directly before the start of the operation 1.0 mL patent blue dye
was injected. Conventional lymphoscintigrams (A) and SPECT/CT

INFORMATION

(marked with arrows). Intraoperatively, additional SNs were from
both locations. Retrospective analysis revealed the SNs in the
parotid gland and level Il being part of clusters (four and two
nodes harvested, respectively; C and D) SN = sentinel node; IS =
injection site; SPECT/CT = single photon emission computed
tomography combined with computed tomography.

images (B) showing two SNs (pectoral and axilla; marked with
arrows) with regard to the injection site (IS). Intraoperatively, four
SNs were removed from the axilla. Retrospective analysis
revealed these SNs being part of a cluster (C and D). SN = sentinel
node; IS = injection site; SPECT/CT = single photon emission
computed tomography combined with computed tomography.

images (B) showing two SNs in the groin (marked with arrows)

with regard to the injection site (IS). Intraoperatively, three SNs
were removed from the groin. Retrospective analysis revealed
these SNs being part of a cluster (C and D). SN = sentinel node; IS
= injection site; SPECT/CT = single photon emission computed

tomography combined with computed tomography.
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(NEAR-INFRARED) FLUORESCENCE
GUIDED SURGERY UNDER AMBIENT
LIGHT CONDITIONS, A NEXT STEP TO
EMBEDMENT OF THE TECHNOLOGY IN
CLINICAL ROUTINE

Adapted from: van den Berg NS, KleinJan GH, Miwa M, Sato T, Maeda Y, van Akkooi ACJ,
Horenblas S, Karakullukgu B, van Leeuwen FBW. Ann Surg Oncol. 2016;23:2586-95.



ABSTRACT

BACKGROUND AND PURPOSE In open surgery procedures, after temporarily
dimming the lights in the operation theatre, the PhotoDynamic Eye (PDE) fluorescence came-
ra has, amongst others, been used for fluorescence-guided sentinel node (SN) biopsy procedu-
res. To improve the clinical utility and logistics of fluorescence-guided surgery, we developed
and evaluated a prototype modified PDE (m-PDE) fluorescence camera system.

METHODS The m-PDE works under ambient light conditions and includes a white light
mode and a pseudo-green-colored fluorescence mode (including a gray-scaled anatomical
background). Twenty-seven patients scheduled for SN biopsy for (head and neck) melanoma
(n=16), oral cavity (n=6), or penile (n=5) cancer were included. The number and location of
SNs were determined following an indocyanine green->*"Tc-nanocolloid injection and preope-
rative imaging. Intraoperatively, fluorescence guidance was used to visualize the SNs. The
m-PDE and conventional PDE were compared head-to-head in a phantom study, and in seven
patients. In the remaining 20 patients, only the m-PDE was evaluated.

RESULTS Phantom study: The m-PDE was superior over the conventional PDE, with a
detection sensitivity of 1.20 x 107 M (vs. 3.08 x 10°M) ICG in human serum albumin. In the
head-to-head clinical comparison (n=7), the m-PDE was also superior: (i) SN visualization: 100
versus 81.4%; (ii) transcutaneous SN visualization: 40.7 versus 22.2%; and (iii) lymphatic duct
visualization: 7.4 versus 0%. Findings were further underlined in the 20 additionally included
patients.

DISCUSSION The m-PDE enhanced fluorescence imaging properties compared with its
predecessor, and provides a next step towards routine integration of real-time fluorescence
guidance in open surgery.
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INTRODUCTION

Different groups have reported that for effective intraoperative (near-infrared) fluorescence
imaging the lights in the operating room have to be dimmed, or switched off, in order to
visualize the fluorescence signal [1,2]. This results in temporary stalling of the surgical
procedure, even when the fluorescence camera itself is equipped with a white light source
[2]. Therefore, in general, the fluorescence guidance technology is primarily used to
provide static confirmatory information regarding the location of lesions [3]. Ideally, during
a surgical procedure the technique would be used to allow the surgeon to excise the lesion
of interest under real-time fluorescence guidance.

Previously, in laparoscopic studies using the hybrid tracer indocyanine green (ICG)-
%mTc-nanocolloid, we showed that the value of real-time fluorescence guidance significantly
increased when the fluorescent signal was displayed within the anatomical context of the
patient [4]. For open surgery procedures, using the PhotoDynamic Eye fluorescence
camera (PDE; Hamamatsu Photonics K.K., Hamamatsu, Japan), we saw that in some cases
the background signal helped provide anatomical context [5-7]. We reasoned that
exploiting this feature further could aid the routine embedment of the technology.
Allowing fluorescence guidance under ambient light conditions would, at the same time,
help simplify clinical logistics. To achieve our goals, we set out to develop a prototype
modified-PDE (m-PDE) fluorescence camera, and evaluated it in both a phantom and
patient study.

MATERIALS AND METHODS

FLUORESCENCE CAMERA SYSTEMS
We evaluated the newly developed prototype m-PDE fluorescence camera and compared
it to the commercially available conventional-PDE (c-PDE) fluorescence camera
(Hamamatsu Photonics K.K.).

The main differences between the c-PDE and the m-PDE are shown in Table 1. Briefly,
the light-emitting diode (LED)-based near-infrared excitation light of the c-PDE works in a
continuous wave mode, while the illumination source of the m-PDE is pulsed in
synchronization with the frame rate of the charge coupled device (CCD). Here, pulsation
means the CCD detector obtains both a fluorescence image containing ambient light
background signal and an image of the ambient light background only. Real-time
subtraction of the two images then allows the m-PDE to obtain a ‘pure’ fluorescence image
(in gray-scale or pseudo-green-color) under ambient light conditions. Second, the m-PDE
also allows real-time mixing of the ‘pure’ pseudo-green-colored fluorescence image with
the gray-scale anatomical context image. As a third improvement, the m-PDE can also
show a white light image in a non-fluorescence imaging setting.
table 1
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Table 1. Characteristics of the conventional-PDE fluorescence camera and the
modified-PDE fluorescence camera

Conventional-PDE Modified-PDE
Excitation light source LED (continuous) LED (pulsed)
Imaging device CCD CCD
Excitation / Emission wavelength 760/ >820nm 760/ >820nm
Handheld Yes Yes
Pulsed fluorescence imaging No Yes
White light imaging No Yes
Focus adjustment No Yes
Effective under ambient light conditions No Yes
Pseudo-coloring No Yes (green)
Fluorescence image presented in Black-and-white 1. Black-and-white

2. Pseudo-colored green on a grey-
scaled anatomical background

LED = light emitting diode; CCD = charge coupled device.

PHANTOM STUDY

A5.0mg/mL(6.45x 107 M) ICG (ICG-Pulsion, 25 mg vial; Pulsion Medical Systems, Munich,
Germany)-human serum albumin (HSA; Albuman 200 g/L; Sanquin, Amsterdam, The
Netherlands) solution was prepared and diluted 1:1 with HSA in 30 steps down to 9.31 ng/
mL (1.20 x 107 M). From each dilution 100 uL was pipetted in a black 96-well plate
(Cellstar; Greiner Bio-One GmbH, Frickenhausen, Germany). The complete dilution range
was then evaluated to determine the detection sensitivity of the m-PDE and c-PDE
fluorescence camera systems. Hereby, the head of the fluorescence cameras was fixed,
perpendicular, at a 14 cm distance from the well-plate surface. This allowed capture of the
whole dilution range in the field of view.

Imaging of the plate was performed under different settings (white light (m-PDE only)
and fluorescence (both systems)), and under various light conditions: (i) all lights in the
operating room turned on (halogen satellite lamps directly lighting the sterile field (angle
of approximately 45° with regard to the plate surface), the plenum and surrounding lights
(both tubular lights)); (ii) satellite lamps directly lighting the sterile field turned off, but the
plenum and surrounding lights on (referred to as ‘ambient light” conditions); and (iii) all
lights in the operating room dimmed. For the m-PDE fluorescence camera system
evaluation, in all experiments the pseudo-colored green setting was used.
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As a reference for the fluorescence intensity measured with the c-PDE and m-PDE
fluorescence camera systems, the ICG-HSA-based dilution range was also measured on
preclinical, cooled, black box, camera systems (IVIS Spectrum, (Xenogen Corporation, San
Francisco, CA, USA) and the Pearl Impulse (LI-COR Biotechnology GmbH, Hombur,
Germany)). The fluorescence image obtained with the IVIS Spectrum was presented in a
pseudo-colored glow scale, whereas for the Pearl Impulse, the fluorescence signal was
presented in a pseudo-colored green scale. For both systems, the fluorescence images
were overlaid onto a black-and-white background image.

For quantification of the fluorescence signal measured with the IVIS Spectrum, in the
acquired fluorescence image, regions of interest were drawn surrounding the wells after
which Living Image 3D analysis software (version 1.0; Xenogen Corporation) was used to
quantify the signal intensity per well.

LIGHT SPECTRA MEASUREMENTS
Light spectra of the different lamps present in the operating room were determined using
a Jobin Yvon VS140 linear array fiber spectrometer (Horiba, Kyoto, Japan) in the 300-1200
nm range, with an integration time of 0.1 ms. The fiber was held at a 2-meter distance
from the lamp from which the light spectra were measured.

ABSORPTION AND EMISSION SPECTRA MEASUREMENTS OF ICG-HSA

The absorption and emission spectrum of ICG-HSA (concentration: 1.5 x 10° M) was
measured using an Ultrospec 3000 UV/Vis spectrophotometer (Pharmacia Biotech/GE
Healthcare Europe GmbH, Eindhoven, The Netherlands) and an LS55 fluorescence
spectrometer (PerkinElmer, Groningen, The Netherlands). Solutions were prepared in a 3
mL quartz cuvet (Hellma GmbH & Co. KG, Mllheim, Germany).

PATIENT STUDY

PATIENTS
Patients with squamous cell carcinoma of the oral cavity (n=6) or penis (n=5), head-and-
neck melanoma (n=11), or melanoma on the trunk or on an extremity (n=5) scheduled for
sentinel node (SN) biopsy with subsequent treatment of the primary tumor/re-excision of
the melanoma scar were prospectively enrolled after obtaining written informed consent.
Allincluded patients were clinically node-negative as defined by palpation and ultrasound-
guided fine needle aspiration cytology. Patient characteristics are shown in Table 2. The
study protocol was conducted in accordance with the Helsinki Declaration and approved
by the Medical Ethical Committee of the Netherlands Cancer Institute-Antoni van
Leeuwenhoek Hospital.
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Table 2. Pre- and intraoperative sentinel node identification findings, and pathology results

Direct camera comparison

Evaluation modified-PDE

system
Conventional-PDE Modified-PDE
Patient characteristics
Patients 7 20
Age, average (range) (years) 64.6 (58-74) 54.4 (34-81)
Male / Female ratio 5/2 14/6
Tumor type + tumor stage
- SCC, oral cavity 4 2
-T1 4 2
- Melanoma (head and neck, trunk, or extremity) 3(1,1,1) 13(10,1,2)
- Breslow thickness, average (range) (mm) 1.6 (1.2-2.1) 2.1 (0.6-4.0)
- Ulceration, yes/no 0/3 3/10
- SCC, penis - 5
-T1 - 2
-T2 - 3

Preoperative sentinel node mapping

Injected dose, average (range) (MBq)

69.6 (62.1-77.1)

80.6 (67.3-156)

Preoperative # SNs identified using SPECT/CT
(average, range)

21(3,2-5)

51 (2.6, 1-6)

# Basins (% total), # SNs (% total)
- Head

- Auricular

- Parotid gland

- Neck (level I-V)

- Axilla

- Supraclavicular

- Scapular

- Groin

16 (100%), 21 (100%)
1(6.3%), 1 (4.8%)
11 (68.8%), 15 (71.4%)
2 (12.5%), 2 (9.5%)
1(6.3%), 1 (4.8%)
1(6.3%), 2 (9.5%

40 (100%), 51 (100%)
5(12.5%), 6 (11.8%)

2(5.0%), 3 (5.9%)
19 (47.5%), 23 (45.1%)
2 (5.0%), 2 (3.9%)
1(2.5%), 1 (2.0%)

11 (27.5%), 16 (31.4%)

Time injection - operation, average (range) (hrs)

5.5 (4.3-6.5)

6.4 (3.5-19.5)

PDE = PhotoDynamic Eye; T = tumor; SCC = squamous cell carcinoma; MBq = Mega Becquerel; SN = sentinel
node; SPECT/CT = single photon emission computed tomography combined with computed tomography.
#In two patients blue dye was used. Here 2 SNs were excised of which 1 was blue at the time of excision.
*In two patients blue dye was used. Here 2 SNs were excised of which were both blue at the time of excision.
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Direct camera comparison

Evaluation modified-PDE

system
Conventional-PDE Modified-PDE
Intraoperative sentinel indentification
Intraoperatively # excised SNs (average, range) 27 (3.9, 2-7) 73(3.7,1-7)
- Radioactive 27 73
- Fluorescent 27 73
- Blue 1 12°

Intraoperatively # fluorescent SNs (% total) (# pts)
- Visibility through skin
# SNs per basin
- Head
- Auricular
- Parotid gland
- Neck (level I-V)
- Axilla
- Supraclavicular
- Scapular
- Groin
- Visibility in vivo (prior to excision)
# SNs per basin
- Head
- Auricular
- Parotid gland
- Neck (level I-V)
- Axilla
- Supraclavicular
- Scapular
- Groin
- Visibility lymphatic duct
# SNs per basin

6 (22.2%) (2 pts)

22 (81.4%) (6 pts)

1

11 (40.7%) (4 pts)

N

1
2
27 (100%) (7 pts)

1

2 (7.4%) (2 pts)

26 (35.6%) (11 pts)

75 (100%) (20 pts)

0 = U

35

2

4

18

33 (45.2%) (13 pts)

- Head - - 2
- Auricular - - 1
- Parotid gland - - 4
- Neck (level I-V) - 2 15
- Axilla - - 2
- Supraclavicular - - 4
- Scapular - - -
- Groin - - 5
Note: determined Note: determined Note: determined under
under dark  under ambient light ambient light conditions
conditions conditions
Pathology
# Tumor-positive SNs (% total) 0/34 4/91 (4.4%)
# Tumor-positive patients (% total) 0/7 4 /20 (20.0%)
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HYBRID TRACER PREPARATION, ADMINISTRATION, PREOPERATIVE SENTINEL
NODE MAPPING AND (HISTO-)PATHOLOGY

Preparation and administration of the hybrid tracer ICG-*"Tc-nanocolloid, preoperative
imaging, and (histo-)pathological specimen analysis for oral cavity cancer [6], penile cancer
[8], and (head-and-neck) melanoma [7] have been previously described.

SURGICAL PROCEDURE

In patients with head-and-neck malignancies, primary tumor removal or re-excision of the

melanoma scar was completed prior to performing SN biopsy. In penile cancer patients
and patients with a melanoma on the trunk or on an extremity, SN biopsy was performed
prior to treatment of the primary tumor site or the melanoma scar. A schematic overview
of the intraoperative SN excision procedure is given in Figure 1.

RESULTS

PHANTOM STUDY
REFERENCE FLUORESCENCE DATA

Figure 2Aillustrates the relation between the ICG-HSA concentration and the fluorescence
intensity measured with the IVIS Spectrum. Under black-box conditions, the lowest
concentration evaluated (1.20 x 10** M ICG-HSA) could be easily detected using this
system (Figure 2B). The Pearl Impulse showed a similar detection range (data not shown).

Figure 1. Workflow for sentinel node localization

and excision. Following preoperative image
analysis by the surgeon to virtually determine the
location of the SNs (1), blue dye can be injected (2).
Prior to incision a portable gamma camera
(Sentinella; Oncovision, Valencia, Spain), a gamma
probe (Neoprobe; Johnson & Johnson Medical,
Hamburg, Germany), and the fluorescence camera
(c-PDE or m-PDE; Hamamatsu Photonics K.K.,
Hamamatsu, Japan) are use to determine the
location of the SNs (3). After incision (4) the SN is
pursued via gamma tracing, after which alternating
attempts were made to visualize the SN via

fluorescence imaging and, when applicable, blue-
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dye visualization (5). After identification of the SN,
the node was excised, after which the wound bed
was checked for the presence of residual
radioactivity/remaining fluorescence activity at the
site of a previously excised SN. Additionally excised
nodes were considered part of a cluster of multiple
adjacent SNs (6). Following completion of SN
biopsy via the combined radio- and fluorescence-
guided (and, when applicable, blue dye) approach,
the wound-bed was palpated for the presence of
suspicious non-radioactive, non-fluorescent and,
when applicable, non-blue-dye-stained lymph
nodes (8). Thereafter the wound bed was closed

(9). SN = sentinel node; PDE = PhotoDynamic Eye.



Re-excision of the head-and-neck
melanoma scar.

Excision of the primary
oral cavity tumor.

1. Preoperatively acquired images were
evaluated by the surgeon and served as
virtual starting point of the operation.

2. Blue dye injection.

* Blue dye was not used in patients witf]

a head and neck malignancy.

3a. Pre-incision portable gamma camera

imaging to generate an overview of the

area harboring the SN(s).

* In patients with a melanoma on the
trunk or on an extremity the
portable gamma camera was not
used

3b. Pre-incision gamma tracing to localize
the radioactive signal emitted by the
hybrid tracer present in the SN(s).

4. Incision.

¢ The location of the incision was
determined based on the
fluorescence signal (in case it was
visible through the skin) or on the
radioactive signal detected by the
gamma probe

3c. Pre-incision near-infrared

fluorescence imaging to evaluate if the

SN(s) could be visualized through the

skin.

e conventional-PDE: lights in the
Op(‘fd[\()ﬂ room were dimmed prior
to fluorescence imaging.

* m-PDE: fluorescence imaging was
performed under ambient light
conditions

5. Intraoperative gamma tracing + near-
infrared fluorescence imaging + blue dye
visualization.

« Afterincision the SN was pursued via
gamma tracing. Thereafter alternating
attempts were made to visualize the
SN via fluorescence imaging, and
when applicable blue dye
visualization

<}

. Sentinel node excision.
If residual radioactivity/remaining
fluorescence activity was observed at
the site of the excised SN, this was
further explored. Additionally excised
nodes were considered part of a
cluster of multiple adjacent SNs

~

. Post-excision wound bed inspection.
After excision of all the SNs via the in
step 7 described approach, the
wound-bed was palpated for the
presence of suspicious non-
radioactive, non-fluorescent, and
when applicable non-blue dye
stained lymph nodes

8. Post-excision portable gamma camera

imaging to confirm excision of all

preoperatively identified SNs.

* In patients with a melanoma on the
trunk or on an extremity the portable
gamma camera was not used.

9. Stitching up the SN biopsy wound.
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Excision of the primary tumor in
patients with penile cancer

Re-excision of the melanoma scar
on the trunk or on an extremity.
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Figure 2. Determination of the sensitivity of the

m-PDE and c-PDE fluorescence camera systems for

ICG-HSA. A) Fluorescence intensity curve of the
various steps of the dilution range measured with
the IVIS Spectrum; B) Visual fluorescence images
obtained with the IVIS Spectrum, c-PDE, and m-PDE
when measured in full darkness, with all lights in the

operating room turned on (satellite lamps, plenum,
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plenum and surrounding lights on; C) Light spectrum
of the lamps present in the operating room. The light
blue area shows the area in which ICG emits its
light; D) Absorption and emission spectrum of
1.50 x 10° M ICG-HSA. ICG = indocyanine green; HSA

=human serum albumin; PDE = PhotoDynamic Eye.



Spectral analysis of the light emissions encountered for the different light settings
evaluated in the operating room (Figure 2C) revealed that the light spectrum of the
(halogen) satellite lamps gives a broad emission spectrum that shows significant overlap
with the spectral area where the ICG emission is collected. The severity with which the
satellite lamps influenced ICG detection depended on the angle under which the satellite
lamp was placed relative to the phantom. Hereby, the sensitivity for ICG was highest when
the satellite lamp was angled so that the reflected satellite lamplight did not align with the
position of the fluorescence camera. The normal surrounding lamps (tubular lights)
displayed an assembly of light peaks, with the most pronounced emission maxima at 545
and 612 nm, which showed a limited degree of spectral overlap with the emission peak of
ICG (Figure 2C, D).

DETECTION SENSITIVITY PDE FLUORESCENCE CAMERA SYSTEMS
Visual inspection of the fluorescence images generated by the m-PDE yielded similar
detection sensitivities as reported for the IVIS Spectrum above (1.20 x 10 M ICG-HSA)
(Figure 2B) when fluorescence imaging was performed in the dark or under ambient light
conditions (surrounding lights and plenum turned on; Figure 2B). With all the lights turned
on, including the satellite lamps, the fluorescence detection sensitivity for the m-PDE
system slightly dropped to 2.40 x 10°1* M ICG-HSA.

With the c-PDE system, a detection sensitivity of 3.08 x 10° M ICG-HSA was found
under dark conditions (Figure 2B). This dropped to 4.92 x 10® M ICG-HSA when all the
lights in the operating room were turned on (Figure 2B). This two-to-three orders of
magnitude difference indicates the m-PDE fluorescence camera system can better cope
with the background light present in an intraoperative setting.

PATIENT STUDIES

CONVENTIONAL-PDE VS. MODIFIED-PDE FLUORESCENGE CAMERA
In the comparison study in seven patients (oral cavity cancer (n=4) and melanoma (n=3)),
a total of 27 SNs were harvested (average 3.9, range 2-7; Table 2). Initial evaluations
performed with the satellite lamps turned on were of limited success and proved to be
highly dependent on the positioning of the lamps. For that reason, in this comparison
study evaluations were performed with either the satellite lamps dimmed or with these
lights turned on, but faced away from the surgical wound bed.

With the m-PDE, under ambient light conditions all SNs evaluated could be easily
visualized (100%). For the c-PDE, with all lights in the operating room dimmed an overall
detection rate of 81.4% was found. The m-PDE system visualized 40.7% of the SNs
transcutaneously (11 SNs, four patients; ambient light conditions), while the c-PDE system
visualized only 22.2% (6 SNs, two patients; dimmed light conditions). In two patients, a
lymphatic duct leading to an SN was visualized with the m-PDE (ambient light conditions),
whereas no lymphatic ducts could be visualized with the c-PDE (dimmed light conditions).

129

CHAPTER 7



Further detailed results can be found in Table 2.

Supporting information Figure SI1 presents the surgical workflow for the c-PDE (Figure
SI1A) and m-PDE (Figure SI1B) fluorescence camera system. When using the c-PDE (Figure
SI1A), lights in the operating room had to be dimmed in order to visualize the SNs. This
temporarily stalled the surgical procedure. Forceps were often placed at the location of the
SN, after which the lights in the operating room were turned back on to visually confirm
the localization of the SN. This was followed by SN excision and fluorescence imaging to
confirm removal of the SN. This process was repeated for each individual SN.

When working with the m-PDE (Figure SI1B), the presence of ambient light, presentation
of the pseudo-colored green fluorescence images on a gray-scaled anatomical background,
and the ability to switch the m-PDE to white light mode, combined, allowed the surgeon to
directly verify the anatomical location of the SNs and proceed with their excision in a
sequential manner. Here, the white light mode allowed us to optimally focus the camera.
Please see Figure 3 for a stepwise illustration on the real-time fluorescence-guided excision
of three SNs in a cluster under ambient light conditions. It is interesting to note that even
with the increased detection sensitivity of the m-PDE fluorescence camera system, excision
of the SNs was not hindered by background signals as a consequence of leakage of tracer
from damaged lymphatic ducts (Figure 3).

EXTENDED CLINICAL EVALUATION OF THE MODIFIED-PDE FLUORESCENCE

CAMERA SYSTEM
The m-PDE fluorescence camera was further evaluated in an additional 20 patients: oral
cavity (n=2) and penile cancer (n=5), and (head-and-neck) melanoma (n=13). From these
patients, 73 SNs were harvested (average 3.7, range 1-7), of which 35.6% (26 SNs; 11
patients) could be visualized transcutaneously (Table 2). Lymphatic ducts draining from the
primary tumor were identified in 13 patients and 33 SNs (45.2%; Table 2). Transcutaneous
SN visualization, as well as visualization of the lymphatic ducts, was most pronounced in
patients with drainage to SNs in the neck (Table 2). Examples of our findings are shown in
Figure 3 and supporting information Figures SI2 and SI3.

130



A Preoperative sentinel node mapping

Figure 3. Fluorescence-guided sentinel node excision in a
patient with a melanoma of the neck. A) Preoperative
imaging. Left: Static lymphoscintigram acquired 2 h after
hybrid tracer injection showing only the IS. Middle:
Following fusion of the acquired SPECT and CT images, a
three dimensional volume rendering was generated
showing the injection site, as well as an SN in level IV
(white arrow) and a supraclavicular SN. Right: Axial fused
SPECT/CT (left) and CT (right) slice showing the SN in level
IV being part of a cluster (indicated because no clear
node could be identified on the CT, only a strand of
tissue); B) After re-excision of the melanoma scar, the SN

cluster in level IV was pursued via fluorescence imaging
using the m-PDE fluorescence camera. The timeline
shows fluorescence-guided excision of this cluster of SNs.
Switching between the fluorescence and white light
image allowed the surgeon to work under continuous
fluorescence guidance. A total of three fluorescent (and
radioactive) SNs were removed from the area where the
hotspot was seen on SPECT/CT imaging. IS = injection
site; SN = sentinel node; SPECT/CT = single photon
emission computed tomography combined with

computed tomography.
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DISCUSSION

In the current study, we evaluated the effect that technical improvements have on the
performance of the fluorescence camera. For this, the ‘new’ prototype m-PDE fluorescence
camera was evaluated in relation to the ‘old’ c-PDE. After evaluation in a phantom set-up,
its value was defined in patients who were to undergo an SN biopsy procedure for (head-
and-neck) melanoma, oral cavity or urological malignancies using the hybrid tracer ICG-
%mTc-nanocollloid. We have previously reported that this hybrid tracer, in combination
with the m-PDE’s predecessor (the c-PDE), allowed superior optical SN visualization
compared to blue dye in, for example, patients with vulvar or penile cancer [8,9] or
melanoma [7] (on average, 60.7 vs. 96.5%, respectively).

The increased sensitivity of the m-PDE compared with the c-PDE, as concluded from
the phantom studies, translated nicely in an improved clinical utility of the m-PDE. In a
comparative series of seven patients, the reported two-to-three orders of magnitude
increase in detection sensitivity resulted in a 14.8% increase in SN visualization. The value
of the m-PDE fluorescence camera system was further underlined in 20 additional patients.
With the m-PDE, 35.6% of the SNs could be visualized transcutaneously and, for 45.2% of
the SNs, lymphatic ducts were visualized. Its utility was further enhanced by (1) the fact
that the fluorescence image of the m-PDE is corrected real-time for the influence of
ambient light, meaning that the lights in the operating theatre did not have to be dimmed
when performing fluorescence imaging; (2) the ability of the m-PDE to show the pseudo-
colored green fluorescence image on a gray-scale anatomical background image; and (3)
its ability to directly switch between the fluorescence light and white light mode. Given the
clear clinical potential of this approach for ICG, which is not a particularly bright dye with a
relatively short luminescence lifetime, this concept may, in the future, be successfully
expanded to other luminescent tracers that have found their way into the clinic [10].

The technological evolutions realized in the m-PDE help minimize the disturbance of
the clinical workflow and help to transform fluorescence imaging from a confirmatory
modality to one that provides real-time ‘on-screen’ guidance during SN excision (as
illustrated in Figures 3, SI1 and SI2). This optimized ‘on-screen’ guidance set-up is
comparable to the type of guidance obtained during (fluorescence-guided) laparoscopic
surgery [4,11]. However, during open surgery procedures, the small overlap of the ICG
light spectrum and the light emitted by the satellite lamp (Figure 2), in combination with
the high intensity of this light source (Figure 2), still meant that the satellite lamps had to
be faced away from the surgical wound bed (or turned off) for optimal guidance. With the
upcoming modernized operating rooms, in which halogen satellite lamps are exchanged
for LED lamps, this effect will likely become less prominent.

In the current study, we evaluated the m-PDE in combination with ICG-*"Tc-
nanocollloid, a hybrid tracer that was specifically designed as an SN tracer [12,13]. The
specificity of this tracer was further confirmed by the minimal leakage from the lymphatic
ducts that we observed with the m-PDE (Figure 3). When compared with other studies
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using ‘free’ ICG where such leakage is more common [11], this outcome underlines the
advantage of using an SN-specific tracer for SN biopsy procedures. From a technical

perspective, the advantages the m-PDE has can, in the future, also provide value in
applications for which ‘free’ ICG is used, e.g. during angiography applications such as free-
flap reconstruction [14] or partial nephrectomy [15], for lymphedema imaging [16],
lymphatic mapping [11] or the identification of postoperative lymphatic leaks [17], or the
for the identification of metastases in the liver [18].

CONCLUSION

The m-PDE fluorescence camera system enhances the fluorescence imaging properties
and simplifies the workflow compared with its predecessor. We thus think it provides a
critical next step in the routine use of fluorescence-guided surgery.
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SUPPORTING INFORMATION

A

Conventional-PDE

Figure SI1. Operation room logistics for the
conventional-PDE  and modified-PDE  fluorescence
camera. A) Workflow when using the conventional-PDE
fluorescence camera: Upon presumed localization of
the SN, the camera is brought into position by the
operating surgeon (i). Thereafter lights in the operation
room are switched off and the surgeon, on-screen,
inspects the wound area for the presence of a
fluorescence hotspot indicating the SN (ii). A black-and-
white fluorescence image is generated by the system (ii,
insert). After pinpointing the SN with a forceps, lights in
the operation room are turned back on and the SN is
excised (iii). Post-excision fluorescence imaging to

confirm SN removal (iv; the insert shows the SN lying on
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the hand of the surgeon); B) Workflow when using the
modified-PDE fluorescence camera: Upon presumed
localization of the SN, the camera is brought into
position by the operating surgeon after which the
assisting scrub-nurse or fellow will hold the camera to
allow for fluorescence-guided SN excision (i).
Fluorescence imaging is performed under ambient light
conditions. Here the fluorescence signal is displayed
on-screen in green on a grey-scaled background. Under
real-time fluorescence imaging conditions, the surgeon
explores the area harboring the SN (ii; the insert shows
the corresponding white light image) and excises it
accordingly (iii). SN = sentinel node; PDE = PhotoDynamic
Eye.
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Figure SI3. Examples of the images acquired with the
modified-PDE system in patients with head-and-neck
malignancies. A) Transcutaneous visualization of a
suboccipital SN together with the ducts running from
the melanoma on the crown of the head to the neck; B)
Corresponding white light image; C) Fluorescence-based
visualization of a suboccipital SN; D) Corresponding
white light image; E) Transcutaneous visualization of the
lymphatic duct running from the injected melanoma site

on the ear to a cluster of SNs in level Il of the neck; F)
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2‘

Figure SI2. Examples of the images acquired
with the modified-PDE system in patients
with penile cancer. A) Transcutaneous
visualization of a SN located in the groin; B)
Corresponding  white light image; C)
Fluorescence-based SN visualization after the
skin  was opened; D) Intraoperative
identification of a non-blue, but radioactive
and fluorescent SN in the groin; E)

Corresponding  white light image; F)
Visualization of the SN in the groin. The left
side of the image also shows the lymphatic
duct(s) draining to this specific SN; G)
Fluorescence-based visualization of lymphatic
ducts over the penis running to SNs in the
groin; H) Visualization of lymphatic ducts
running over the penis to the SN(s) in the
groin. SN =sentinel node; PDE = PhotoDynamic
Eye; SPECT/CT =

computed

single photon emission
tomography combined  with

computed tomography.

Corresponding white light image; G) After opening of
the skin, a clear fluorescence hotspot could be
visualized. During excision here two SNs were visualized
(insert); H) Corresponding white light image; I) Post-
excision visualization of the remaining lymphatic ducts;
J) Corresponding white light image; K) Fluorescence-
based visualization of a deep lying SN in level V in a
patient with a melanoma just below the mandibular in
the neck; L) Corresponding white light image. SN =
sentinel node; PDE = PhotoDynamic Eye.
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OPTIMISATION OF FLUORESCGCENCE
GUIDANCE DURING ROBOT-ASSISTED
LAPAROSCOPIC SENTINEL NODE BIOPSY
FOR PROSTATE CANCER

Adapted from: Kleinjan GH*, van den Berg NS*, Brouwer OR, de Jong J, Acar C, Wit EM,
Vegt E, van der Noort V, Valdés Olmos RA, van Leeuwen FWB, van der Poel HG. Eur Urol.
2014:66(6);991-8. * = Shared first authorship.




ABSTRACT

BACKGROUND The hybrid tracer was introduced to complement intraoperative
radiotracing towards the sentinel nodes (SNs) with fluorescence guidance.

OBJECTIVE Improve in vivo fluorescence-based SN identification for prostate cancer
by optimizing hybrid tracer preparation, injection technique, and fluorescence imaging
hardware.

DESIGN, SETTING, AND PARTICIPANTS Forty patients with a Briganti
nomogram-based risk >5% of lymph node metastases were included. After intraprostatic
tracer injection, SN mapping was performed (lymphoscintigraphy and single photon emission
computed tomography with computed tomography (SPECT/CT)).

In groups 1 and 2, SNs were pursued intraoperatively using a laparoscopic gamma probe
followed by fluorescence imaging. In group 3, SNs were initially located via fluorescence
imaging. Compared with group 1, in groups 2 and 3, a new tracer formulation was introduced
thathad areducedtotalinjected volume (2.0 mLvs. 3.2 mLbutincreased particle concentration.
For groups 1 and 2, the Tricam SLII with D-Light C laparoscopic fluorescence imaging system
was used. In group 3, the laparoscopic fluorescence imaging system was upgraded to an Image
1 HUB HD with D-Light P system.

INTERVENTION Hybrid tracer-based SN biopsy, extended pelvic lymph node dissection,
and robot-assisted radical prostatectomy.

OUTCOME MEASUREMENTS AND STATISTICAL ANALYSIS Number
and location of the preoperatively identified SNs, in vivo fluorescence-based SN identification
rate, tumor status of SNs and lymph nodes, postoperative complications, and biochemical
recurrence (BCR).

RESULTS AND LIMITATIONS Mean fluorescence-based SN identification
improved from 63.7% (group 1) to 85.2% and 93.5% for groups 2 and 3, respectively (p=0.012).
No differences in postoperative complications were found. BCR occurred in three pNO patients.

CONCLUSIONS Stepwise optimization of the hybrid tracer formulation and the
laparoscopic fluorescence imaging system led to a significant improvement in fluorescence-as-
sisted SN identification. Preoperative SPECT/CT remained essential for guiding intraoperative
SN localization.
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INTRODUCTION

Sentinel node (SN) biopsy using a radioactive tracer was introduced for prostate cancer to
minimize the extent of the pelvic lymph node dissection (PLND) while retaining diagnostic
accuracy [1]. The concept behind SN biopsy is to identify the lymph nodes that are most
likely to contain metastatic cells in case migration from the primary prostate tumor has
occurred, the so-called SNs. Visualization of this direct drainage pathway transcends the
anatomic location of the SN. Therefore, this technique also enables the identification of
potential tumor-bearing lymph nodes outside the extended PLND (ePLND) template [2,3]
that would otherwise have been missed. When performing SN biopsy in combination with
an ePLND, improved lymphatic staging can be achieved; pathologists can evaluate the SNs
more extensively, decreasing the possibility of sampling errors, which can result in
improved diagnostic accuracy [4,5].

Since its introduction, the procedure has been subject to various refinements. In the
past 15 years, the surgical technique has shifted from a mainly open procedure to a
laparoscopic and later a robot-assisted procedure. For preoperative SN mapping, following
the injection of a radioactive tracer, lymphoscintigrams are taken. The introduction of
single photon emission computed tomography with computed tomography (SPECT/CT)
resulted in improved anatomic SN localization, allowing better planning of the operation
and reducing operative time [6].

To date, intraoperative SN identification is based primarily on the use of a (laparoscopic)
gamma probe (radioguided approach). The recent introduction of fluorescence imaging
during surgery was shown to aid the surgeon in optical, fluorescence-based, visualization
of the SNs [7,8]. Yet, the limited penetration depth of the near-infrared fluorescent dye
indocyanine green (ICG; <1.0 cm) prohibits preoperative SN mapping, meaning that during
surgery meticulous scanning of, and beyond, the entire ePLND template is required [2,6].
This exploration is extensive and time-consuming and may potentially miss SNs. Hence, the
use of ICG is often combined with radiocolloid-based preoperative SN mapping methods
[8]. To facilitate the integrated use of preoperative imaging with fluorescence guidance, we
introduced the hybrid tracer 1CG-**"Tc-nanocolloid [6]. Being both radioactive and
fluorescent, a single ICG-*"Tc-nanocolloid administration allows for preoperative SN
mapping as well as intraoperative fluorescence guidance to these exact hot spots. In our
previous studies, the hybrid nature of this tracer was shown to complement the radio-
guided approach and outperformed blue dye [9,10].

Following our initial feasibility study in prostate cancer [11], 40 additional prostate
cancer patients were included. In these patients, we systematically evaluated whether
optimization of the tracer formulation and fluorescence imaging hardware improvements
could help increase in vivo fluorescence-based SN identification during robot-assisted
laparoscopic procedures.
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METHODS

PATIENTS

Between December 2010 and July 2013, 40 patients with localized prostate cancer and a
Briganti nomogram-estimated risk >5% of lymph node metastases were included after
informed consent was obtained. Patients were scheduled for robot-assisted radical
prostatectomy (RARP) and SN biopsy followed by an ePLND. The first nine patients were
included under registration of the feasibility study (NO9IGF), and the patient population
was completed through off-label use of the hybrid tracer. Three groups were formed for
statistical analysis. In group 1 (n=11; December 2010-April 2011), the previously described
hybrid tracer preparation [11] and the Tricam SLII with D-Light C laparoscopic fluorescence
imaging system (KARL STORZ Endoskope GmbH & Co. KG, Tuttlingen, Germany) was used.
In group 2 (n=13; April 2011-November 2012), the particle concentration was increased,
and the injected volume decreased. In group 3 (n=16; December 2012-July 2013), the
tracer formulation was identical to that used in group 2, but an upgraded laparoscopic
fluorescence imaging system (Image 1 HUB HD with D-Light P system (KARL STORZ
Endoskope GmbH & Co. KG)) was introduced.

TRACER PREPARATION
Two different tracer formulations were used. In group 1 we prepared the hybrid tracer as
previously described (0.4 mL in the syringe; referred to as the previously described tracer
formulation) [11]. In groups 2 and 3 we used the new tracer formulation.

The new tracer formulation was prepared as follows: ®™Tc-nanocolloid was made by
adding 2.0 mL pertechnetate (approximately 300 MBq) to a vial of nanocolloid (GE
Healthcare, Eindhoven, The Netherlands). ICG-*"Tc-nanocolloid was then formed by
adding 0.05 mL (0.25 mg) of ICG solution (5.0 mg/mL; Pulsion Medical, Feldkirchen,
Germany) to the vial. After in situ formation of ICG-*"Tc-nanocolloid, the tracer was
subtracted from the vial and diluted with saline to a total volume of 2.0 mL in the syringe.
Procedures were performed in accordance with the Dutch guidelines for good
manufacturing practice and with approval of the local pharmacist.

TRACER INJECTION
The hybrid tracer was injected transrectally into the peripheral zone of each quadrant of
the prostate under ultrasound guidance [11]. In group 1, four deposits of 0.1 mL ICG-**"Tc-
nanocolloid were given. After each injection, the needle was flushed with 0.7 mL saline
(total injected volume: 3.2 mL). In groups 2 and 3, patients received four deposits of 0.5 mL
ICG-*"Tc-nanocolloid (total injected volume: 2.0 mL).

PREOPERATIVE SENTINEL NODE MAPPING

Static planar lymphoscintigraphy was performed 15 min and 2 h after injection, followed
by a SPECT and low-dose CT scan (Symbia T; Siemens Healthcare, Erlangen, Germany).
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SPECT and low-dose CT images were fused, and a three-dimensional (3D) SPECT/
CT-based volume-rendering reconstruction was created using OsiriX medical imaging
software (Pixmeo, Geneva, Switzerland). Images were analyzed by an experienced nuclear
medicine physician according to previously described criteria [12].

SURGICAL PROCEDURE
Operations were performed by HGvdP using the da Vinci S Surgical system (Intuitive
Surgical Inc., Sunnyvale, CA, USA). Patients first underwent SN biopsy, followed by ePLND
and RARP.

In the case of a one-sided SN non-visualization following preoperative imaging, an
ePLND was performed on that side. The ePLND comprised all lymph nodes in the internal,
obturator, and external regions proximal of the ureter vessel crossing and distally from the
pubic bone. SNs outside the ePLND template were defined as described by Meinhardt et
al. [13]. Preoperatively acquired SPECT/CT images and the 3D volume-rendered image
were used as a virtual roadmap for the localization of the individual SNs. Intraoperatively,
in groups 1 and 2, SNs were initially pursued using an laparoscopic gamma probe
(Europrobe 2; Eurorad S.A., Eckbolsheim, France) followed by confirmatory fluorescence
imaging. In group 3, SNs were initially localized via fluorescence imaging followed by ex
vivo confirmation via gamma tracing. Real-time fluorescence images were introduced into
the da Vinci S system via the TilePro function [11].

In this study, fluorescence imaging was performed using two generations of
laparoscopic fluorescence imaging systems: the Tricam SLII with D-Light C system (groups
1 and 2) and the Image 1 HUB HD with D-Light P system (group 3) (both KARL STORZ
Endoskope GmbH & Co. KG).

PATHOLOGIC EXAMINATION

Lymph nodes and SNs were formalin fixed, cut at 2 mm, and paraffin embedded. Lymph
nodes sections were stained with haematoxylin and eosin. SNs were cut at three levels
(150 um intervals), and sections were haematoxylin and eosin stained. In addition, on the
second level, an immunohistochemical stain was performed using a CAM5.2 antibody
(catalogue number 345779; Becton Dickinson Biosciences, San Jose, CA, USA).
Prostatectomy specimens were formalin fixed, paraffin embedded, and classified according
to the 2009 TNM classification.

FOLLOW-UP
Postoperative complications (within 90 days after surgery) were scored using the Clavien-
Dindo score [14]. Patients were evaluated for biochemical recurrence (BCR; prostate-
specific antigen >0.1 ng/mL) during follow-up.

STATISTICAL ANALYSIS
For continuous variables, the mean or median and interquartile range (IQR; 25-75%) is
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given. For discrete variables, frequencies and percentages are reported. Study endpoints
were as follows: 1) intraoperative fluorescence-based SN identification rate; defined for
each patient as ((number of SNs intraoperatively visualized via fluorescence imaging)/
(total number of SNs seen on preoperative imaging)) x 100%; 2) postoperative
complications, and 3) BCR.

A one-way analysis of variance was performed for evaluation of the number of
postoperative complications in the three groups. We used the nonparametric Kruskal-
Wallis test for evaluation of between-group differences in intraoperative fluorescence-
based SN identification rate and the number of harvested SNs and lymph nodes. For
BCR-free survival, we performed a log-rank test comparing groups 1 and 2 with group 3. A
chi-square test was performed to evaluate whether there was a difference in pN1 patients
among the three groups. Statistical analysis was performed using SPSS version 20 (IBM
Corp., Armonk, NY, USA).

In general, viewing our 40 patients as a random sample of the entire population, our
null hypothesis is that the unknown distributions of these rates in the population are the
same across the three groups. A p-value <0.05 was considered significant.

RESULTS

PREOPERATIVE IMAGING
Patient characteristics are shown in Table 1. At least one SN was preoperatively identified
in 38 of the 40 patients. Bilateral non-visualization occurred in two patients (5.0%) and
unilateral non-visualization in five patients (12.5%). Lymphoscintigraphy and SPECT/CT
imaging identified a total of 119 SNs (median: 3, IQR 0-2). Results per subgroup are
specified in supplementary information Table SI1.

Changing the hybrid tracer formulation did not yield a significant difference in the
number of preoperatively visualized SNs (Table 2). However, with the new tracer
formulation flushing was no longer necessary between placement of the difference tracer
deposits, thereby reducing injection time and increasing the ease of the procedure.

INTRAOPERATIVE SENTINEL NODE IDENTIFICATION
Six of the preoperatively identified SNs could not be resected because of the risk of injury
or mechanical limitations of the robot (location: pararectal region inside the mesorectal
fascia (n=3), presacral region (n=2), and right iliac region (n=1) Table 3).

In seven patients, 14 additional SNs were removed during surgery based on their
fluorescent and radioactive appearance in the same region as the SNs detected with
preoperative imaging. In retrospect, in six of these seven patients, lumph node clusters
could be visualised on CT (Figure 1). Overall, 127 SNs (median: 3 per patient; IQR: 2-4;
Table 2) were identified during surgery. In 16 patients (40.0%), an SN was located outside
the ePLND template (Figures 2 and 3; Table 3).
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Table 1. Patient characteristics

Total Group 1 Group 2

Group 3

No. patients

40 11 13

16

Age, median (IQR)

64 (60-68)  62(59-69)  64(61-67) 65 (60-70)

Preoperative PSA-level 8.5 12.0 9.0 6.8
(ng/mL), median (IQR) (6.4-13.9) (8.1-17.2) (6.9-15.5) (5.2-9.0)
Clinical T-stage

-1c (%) 7 2 3 2
-2a (%) 3 1 1 1
-2b (%) 10 4 3 4
-2c (%) 9 1 3 4
-3a (%) 9 3 2 4
-3b (%) 2 0 1 1
Biopsy Gleason sum score

-6 (%) 4 4 0 0
-7(%) 30 6 8 16
-8 (%) 5 1 4 0
-9 (%) 1 0 1 0
-10 (%) 0 0 0 0
Pathologic T-stage

-2a (%) 0 0 0 0
-2b (%) 6 2 1 3
-2c (%) 16 3 5 8
-3a (%) 16 5 6 5
-3b (%) 2 1 1 0
Pathologic Gleason sum score

-6 (%) 4 0 2 2
-7 (%) 28 9 6 14
-8(%) 3 1 2 0
-9 (%) 4 0 3 0
-10 (%) 1 1 0 0

IQR = interquartile range; no. = number; PSA = prostate specific antigen.
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Table 2. Intraoperative sentinel node identification and ex vivo measurements

Total (n=38°) Group 1 Group 2 Group 3 p-value

Number of 3 (2-4) 2(2-3) 4(2.5-4) 4(2-4) 0.2°
intraoperatively

detected SNs, per

patient, median (IQR)

In vivo SN identification

- Fluorescence-based SN 72.9% 50.9% 63.8% 93.5% 0.005a
identification ratet in (84.0%%*) (63.7%*) (85.2%*) (93.5%%) (0.012a)
vivo, per patient,mean
% (mean % corrected
for malfunctioning
equipment)

- Radioactivity-based SN 100% 100% 100% NA -
detection in vivo, per
patient, mean %

Ex vivo SN measurements

- Fluorescence-based SN 96.9% 92.6% 97.7% 100.0% -
detection ex-vivo, %

- Radioactivity-based SN 100.0% 100.0% 100.0% 100.0% -
detection ex vivo, %

Time per combined SN, 2:07 (2:00- 2:01 (1:50- 2:04 (2:00- 2:06 (2:02- 0.2°
ePLND and 2:12) 2:01) 2:14) 2:14)

prostatectomy

procedure (h), median

(I1QR)

@ Two patients were excluded due to non-visualization on preoperative images (one patient in group 1,
and one patient in group 2).

# Intraoperative fluorescence-based SN identification rate is defined as: defined for each patient as:
((number of SNs intraoperatively visualized via fluorescence imaging) / (total number of SNs seen on
preoperative imaging)) x 100%.

* Intraoperative fluorescence-based SN identification rate after correction for non-visualization due to

malfunctioning equipment.

@ = Kruskal-Wallis test; ® = ANOVA-test; n = number; NA = not applicable; IQR = interquartile range;

SN = sentinel node; n = number of patients.
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Table 3. Number and location of the intraoperatively identified sentinel nodes

Total Group 1 Group 2 Group 3
SNs removed from ePLND template, no. (% total)
- Left obturator region 19 (15.0%) 4(3.1%) 4(3.1%) 1(8.7%)
- Right obturator region 28 (22.0%) 7 (5.5%) 10 (7.9%) 11 (8.7%)
- Left external region 18 (14.2%) 6 (4.7%) 8 (6.3%) 4(3.1%)
- Right external region 16 (12.6%) 5(3.9%) 5(3.9%) 6 (4.7%)
- Left internal region 9(7.1%) 0 5(3.9%) 4(3.1%)
- Right internal region 7 (5.5%) 0 2 (1.6%) 5(3.9%)
- Left common lliac trunk 10 (7.9%) 3(2.4%) 4(3.1%) 3(2.4%)
- Right common lliac trunk 2 (1.6%) 0 0 2 (1.6%)
Subtotal 109 (85.8%) 25 (19.7%) 38(29.9%) 46 (36.2%)
SN removed outside ePLND template, no. (% total)
- Pararectal (mesorectal 5(3.9%) 1(0.8%) 0 4(3.1%)

fascia) region

- Presacral region 5(3.9%) 1(0.8%) (1.6%) 2 (1.6%)
- Paravesical region 4(3.1%) 0 0 4(3.1%)
- Right umbilical ligament 1(0.8%) 0 1(0.8%) 0
- Left umbilical ligament 1(0.8%) 0 1(0.8%) 0
- Para-aortal region 2 (1.6%) 0 2 (1.6%) 0
Subtotal 18 (14.2%) 2(1.6%) 6 (4.7%) 10 (7.9%)
Total 127 (100.0%) 7(21.3%) 44 (34.6%) 56 (44.1%)
Not removed SN, no.
- Pararectal region 3 1 1 1
- Presacral region 2 0 1 1
- Right iliac region 1 1 0 0
Total 6 2 2 2

SN = sentinel node; ePLND = extended pelvic lymph node dissection; no. = number.
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Figure 1. Clustered lymph nodes as
seen on SPECT/CT imaging. A)
Fused SPECT/CT image showing the
location of a single radioactive
hotspot in the left obturator region;
B) Corresponding CT image; C)
Zoom showing the radioactive
hotspot; D) Multiple lymph nodes
were visualized on the CT image in
the area of the radioactive hotspot.
SPECT/CT = single photon emission
computed tomography combined
with computed tomography; CT =

computed tomography.

Figure 2. Illustration of the localization of sentinel nodes outside the extended

pelvic lymph node dissection template. A) Fused SPECT/CT image showing the

location of a single radioactive hotspot at the aorto-caval level (white arrow); B)

Corresponding CT image; C) three dimensional volume rendering showing the

injection site (yellow arrow), the aorto-caval sentinel node (white arrow) as well as

two sentinel nodes at the external iliac and obturator region (green arrows). A

higher-echelon para-aortic lymph node (blue arrow) was also visualized. SPECT/CT

= single photon emission computed tomography combined with computed

tomography; CT = computed tomography.
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Figure 3. Intraoperative sentinel node location. A)
Sentinel nodes inside extended pelvic lymph node
dissection template; B) Sentinel nodes outside the

extended pelvic lymph node dissection template.

radioguidance (yellow) or radio- and fluorescence
guidance (blue). The schematic images used to
illustrate the location of the detected sentinel nodes

were generated with Visible Body software (Argosy

Intraoperatively, nodes were detected using Publishing Inc, Newton Upper Falls, MA, USA).

The two patients who had non-visualization on preoperative imaging were excluded
from the intraoperative SN detection outcome analysis. With every stepwise modification,
the intraoperative fluorescence-based SN visualization rate increased (Table 2). The mean
optical SN visualization percentage modestly increased from 50.9% (group 1) to 63.8%
(group 2) after the tracer formulation was altered. In these two groups, in five patients
(group 1: two patients; group 2: three patients), none of the SNs could be intraoperatively
visualized via fluorescence imaging for reasons of malfunctioning equipment (damaged
light cable). After excluding these patients, the in vivo fluorescence-based SN visualization
percentage of groups 1 and 2 was found to be 63.7% and 85.2%, respectively. Following
the introduction of the upgraded laparoscopic fluorescence imaging system (group 3), the
mean intraoperative visualization percentage went up to 93.5% (p=0.012). Ex vivo
measurements in the operating room revealed a fluorescent signal in 123 of the 127
excised SNs (96.9%), while all excised SNs were radioactive (100.0%; Table 2).

PATHOLOGIC EXAMINATION
Overall, histopathological analysis of the excised tissues yielded 467 lymph nodes: 160
nodes in the SN specimens and 307 additional nodes resected from the subsequent ePLND
template. In eight patients, a total of 32 tumor-positive nodes were found: 16 SNs and 16
lymph nodes (Table 4; supplementary information Table SI2). In three patients, the SN was
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the only tumor-positive node. In three other patients, next to a tumor-positive SN, a
tumor-positive lymph nodes was also found. Strikingly, in one of these three patients, next
to two tumor-positive SNs, we found 12 tumor-positive lymph nodes (supporting
information Table SI2). In the last two positive patients, SNs were tumor free, but a tumor-
positive lymph nodes was found. In one of these two patients, the positive lymph nodes
was found in the ePLND tissue (false-negative SN biopsy procedure). In the other patient,
a small positive lymph nodes (3 mm) was found in the prostatectomy specimen. This

particular lymph nodes was not seen on preoperative images.

On a per-patient basis, the sensitivity of the SN biopsy procedure was 75.0% (six out of
eight pN1 patients correctly staged with SN biopsy), with a negative predictive value of
94.1%. On a per-tumor-positive node basis, this sensitivity is 50.0% (16 tumor-positive SNs

on a total of 32 positive nodes; Table 4).

Table 4. Pathological node evaluation

Total Group 1 Group 2 Group 3 p-value

No. patients pN1 8 2 3 3 0.9°

SN evaluation

- No. harvested SNs / patient, median 4(2.3-5.0) 3(2.0-3.0) 4(2.5-5.5) 4(3.0-5.8) 0.028°
(IQR)

- Total no. SNs 160 29 57 74

- Total no. tumor-positive SNs 16 1 5 9

LN evaluation

- No. harvested LNs from ePLND/ 8(4.5-11.0) 4(4.0-10.0) 6(4.5-12.0) 9(7.3-11.0) 0.22
patient, median (range)

- Total no. LNs 307 65 95 147

- Total no. tumor-positive LN 16 1 13 2

SN + LN evaluation

- Total no. removed nodes per patient 12 (9.0- 9(6.0-11.0) 11 (8.0- 12 (11.0- 0.026°
(SN + ePLND), median (IQR) 14.8) 15.5) 16.0)

- Total no. harvested SNs + LNs 467 94 152 221

2 = Kruskal-Wallis test; ® = Chi-square test.

no. = number of patients; IQR = interquartile range; No. = number; SN = sentinel node; LN = lymph
node; ePLND = extended pelvic lymph node dissection; pN1 = positive for regional lymph node

metastases.
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FOLLOW-UP
No significant differences in postoperative complications were found among the three
groups (p=0.9; Table 5). Although follow-up was relatively short, in patients without nodal
metastases (pNQ), the Kaplan-Meier curve showed an improvement in BCR-free survival in
group 3 (n=0; total follow-up 25 months) versus men in groups 1 and 2 (n=3; total follow-
up 38 months; p=0.2; Figure 4).

Table 5. Patient follow-up

Total Group 1 Group 2 Group 3
Follow-up months, median (range) 10.5 22 12 8
(3.0-35.0) (5.0-35.0) (8.0-22.0) (3.0-12.0)
Complications
- Clavien-Dindo
- Lymphocele (Clavien-Dindo llla) 2 0 2 0
- Urinary tract infection (Clavien-Dindo II) 2 0 1 1
- Postoperative bowel obstruction 1 1 0 0
(Clavien-Dindo I1)
- Micturition obstruction (Sachse 1 1 0 0
Ureterotomy)
(Clavien -Dindo llIb)
- Postoperative wound infection 1 0 0 1
(Clavien-Dindo 1)
- Hematoma of the ventral abdominal wall 1 0 1 0
(Clavien-Dindo 1)
- Epididymitis (Clavien-Dindo Il) 1 0 0 1
- Hydronephrosis (Clavien-Dindo Illa) 1 1 0 0
Total 10 3 4 3
- Erectile dysfunction 24 5 6 13
- Micturition problems 11 2 4 5

Follow-up in postoperative complications reported within 90 days after the prostatectomy
combined with extended pelvic lymph node dissection and sentinel node procedure.

151

CHAPTER 8



Biochemical recurrence PSA

Patients with NO

1.0 T —y
= Group 2
s =+ -+ =+
0.8 - === Group 3
E
B
c 0.6
™~
o
A
0.4
0.2=
0.0+
T T T T T T T
0 200 400 600 800 1000 1200

Follow up after
surgery (days)

Figure 4. Kaplan Meier curve illustrating the biochemical recurrence. The blue line represents group 1 and 2 in

which three biochemical recurrences were found. The green line represents group 3.

DISCUSSION

This study demonstrates that optimization of the hybrid tracer formulation and injection
technique, as well as upgrading the laparoscopic fluorescence imaging system, improved
in vivo fluorescence-based SN identification during RARP. Without altering the efficacy of
preoperative SN mapping, the new tracer formulation increased the injected amount of
ICG-*"Tc-nanocolloid particles 2.5-fold and reduced the injected volume 1.6-fold. In
combination with initial laparoscopic gamma probe exploration, the in vivo fluorescence
visualization efficiency increased by 21.5% (group 1 vs. group 2). This increase contradicts
our previous findings in breast cancer patients, where a 2-fold increase in the amount of
injected particles did not lead to a change in fluorescence visualization efficiency [15].
Feedback from previous studies has taught us that the SN has to be exposed within mms
of the surface to allow for in vivo fluorescence-based detection [9,10,16]. Hence, an
explanation for this finding may lie in the time taken for the now more routine surgical
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exploration; findings in group 1 turned out lower than the reported 85% in our feasibility
study, which was based on the same approach.

After upgrading the laparoscopic fluorescence imaging system (group 3), the mean
intraoperative fluorescence-based SN visualization percentage increased to 93.5%,
transforming the procedure in a potential driver to improve intraoperative localization of
tumor-positive SNs, even within the standard ePLND template. This improvement may
provide better nodal staging (the “Will Rogers” phenomenon) and help improve the BCR-
free survival rate, as was seen in group 3 [17]. The tailored filter settings allowed
visualization of the near-infrared fluorescence signal (displayed in blue) as an integral part
of the patient anatomy (displayed in “normal” colored view; Figure 5). Despite a slight loss
in sensitivity this continuous exploration of the surgical field via fluorescence imaging
proved extremely valuable for the localization of the SN(s). In combination wit the 3D
information that SPECT/CT provided, this improvement may render initial exploration with
the laparoscopic gamma probe in vivo redundant, provided that the fluorescence-based
SN identification rate equals that of its radioactive counterpart. This is attractive because
fluorescence does not suffer from the shine-through phenomenon from the tracer
deposits in the prostate, as is the case for the radioguided approach [18].

Figure 5. Intraoperative sentinel node (and HUB HD + D-light P system (KARL STORZ Endoskope

lymphatic duct) identification via fluorescence
guidance. A) White light image illustrating the area
that harbors the sentinel node; B) Fluorescence
guidance clearly shows the contours of the sentinel

nodes. The adjusted filter settings of the Image 1

GmbH & Co. KG) allows clear visualization of
anatomical detail in the background; C) Lymphatic
ducts visualized via fluorescence imaging (white

arrows).
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Of the 16 tumor-positive SNs that were resected during the operation, one was located
outside the ePLND template (6.3%). This finding underlines previous reports stating that
metastatic spread may occur beyond the ePLND template [13,19]. In five of the eight
patients with positive nodes, we found positive lymph nodes beyond the resected lumph
nodes; in total 16 additional tumor-positive lymph nodes were recovered from the ePLND
specimens. It must be noted that one patient accounts for 75% of these positive lymph
nodes (supporting information Table SI2). Based on our findings, we believe that SN
identification via the hybrid approach (including SPECT/CT) combined with ePLND provides
the best approach for nodal staging in combination with RARP.

The main limitations of the study are the small patient population, the possibility that
SN identification rates may increase over time because of a learning curve, and the
relatively low number of overall nodes removed. The cost-effectiveness and the
independent use of intraoperative fluorescence guidance remain to be investigated;
currently, an international multicenter study is being initiated to address this question. Still
an important question remains to be answered: What is the best hybrid tracer injection
technique? In our current, ongoing, study (N12IGP) we will evaluate whether the location
of hybrid tracer injection (intraprostatic vs. intratumoral) is relevant for the detection and
localization of tumor-positive SNs.

CONCLUSION

Altering the hybrid tracer formulation and injection technique and upgrading the
laparoscopic fluorescence imaging system significantly improved in vivo fluorescence-
based SN identification. Further improvement of in vivo fluorescence-based SN detection,
reaching rates similar to that of the conventional radio-guided approach, may make
intraoperative laparoscopic gamma tracing redundant. Still, SPECT/CT remains an essential
tool for preoperative SN localization.
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SUPPORTING INFORMATION

Table SI1. Preoperative imaging results

Total Group 1 Group 2 Group 3
No. patients 40 11 13 16
Injected dose (MBq), median (IQR) 217.8 218.2 223.8 209.6
(205.3-228.7)  (205.7-236.7)  (207.8-236.7) (203.8-222.8)
Preoperative imaging results, no. per patient
- SNs on early lymphoscintigrams, 1(0-2) 1(0-2) 1(0-2) 1(0-2)
median (IQR)
- SNs on late lymphoscintigrams, 2 (1-3) 2 (2-3) 2(1-3) 2(2-3)
median (IQR)
- SNs on SPECT/CT, median (IQR) 3(0-6) 2 (2-3) 4 (2-4) 3(2-4)
- Higher-echelon LNs, median (IQR) 0(0-1) 1(0-2) 0(0-1) 0(0-.75)
Time from injection to surgery (h), 5:44 4:34 5:05 4:42
median (IQR) (4.15-5.07) (4:15-5:05) (4:14-5:35) (4:13-5:04)

MBq = Mega Bequerel; IQR = interquartile range; SN = sentinel node; LN = lymph node; n = number of
patients; no. = number; SPECT/CT = single photon emission computed tomography combined with

computed tomography

Table SI2. pN1 pathological findings

Patient No. tumor- Location tumor-positive SNs No. tumor- Total no. tumor-

positive SNs positive LNs from positive SNs + LNs

ePLND from ePLND

1 0/1 - 1/3 1/4

2 1/7 Right external region 0/4 1/13

3 1/12 Right external region 1/7 2/19

4 2/2 Left internal region, Right 12/13 14/15
obturator region

5 3/3 Left external region (2x), Left 0/8 3/11
paravesical region

6 0/3 - 1/12 1/15

7 5/9 Left internal region (4x), Right 0/12 5/21
obturator region

8 4/6  Left external region, Left obturator 1/13 5/19
region, Right internal region, Right
obturator region

Total 16/43 16/72 32/115

SN = sentinel node; LN = lymph node; ePLND = extended pelvic lymph node dissection.
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CHAPTER

MULTISPECTRAL FLUORESCENCE
IMAGING DURING ROBOT-ASSISTED
LAPAROSCOPIC SENTINEL NODE
BIOPSY: A FIRST STEP TOWARDS A
FLUORESCENCGCE-BASED ANATOMIC
ROADMAP

Adapted from: van den Berg NS, Buckle T, KleinJan GH, van der Poel HG, van Leeuwen FWB.
Eur Urol 2016. DOI: 10.1016/j.eururo.2016.06.012.




ABSTRACT

BACKGROUND  During (robot-assisted) sentinel node (SN) biopsy procedures,
intraoperative fluorescence imaging can be used to enhance radioguided SN excision. For this
combined pre- and intraoperative SN identification was realized using the hybrid SN tracer,
indocyanine green-*"Tc-nanocolloid. Combining this dedicated SN tracer with a
lymphangiographic tracer such as fluorescein may further enhance the accuracy of SN biopsy.

OBJECTIVE Clinical evaluation of a multispectral fluorescence guided surgery approach
using the dedicated SN tracer ICG-**"Tc-nanocolloid, the lymphangiographic tracer fluorescein,
and a commercially available fluorescence laparoscope.

DESIGN, SETTING, AND PARTICIPANTS Pilot study in ten patients with
prostate cancer. Following ICG-**"Tc-nanocolloid administration and preoperative
lymphoscintigraphy and single photon emission combined with computed tomography
imaging, the number and location of SNs were determined. Fluorescein was injected
intraprostatically immediately after the patient was anesthetized. A multispectral fluorescence
laparoscope was used intraoperatively to identify both fluorescent signatures.

SURGICAL PROCEDURE Multispectral fluorescence imaging during robot-assisted
radical prostatectomy with extended pelvic lymph node dissection and SN biopsy.

MEASUREMENTS (1) Number and location of preoperatively identified SNs. (2)
Number and location of SNs intraoperatively identified via ICG-**"Tc-nanocolloid imaging. (3)
Rate of intraoperative lymphatic duct identification via fluorescein imaging. (4) Tumor status
of excised (sentinel) lymph node(s). (5) Postoperative complications and follow-up.

RESULTS AND LIMITATIONS Near-infrared fluorescence imaging of ICG-*"Tc-
nanocolloid visualized 85.3% of the SNs. In 8/10 patients, fluorescein imaging allowed bright
and accurate identification of lymphatic ducts, although higher background staining and tracer
washout were observed. The main limitation is the small patient population.

CONCLUSION Our findings indicate that a lymphangiographic tracer can provide
additional information during SN biopsy based on ICG-*"Tc-nanocolloid. The study suggests
that multispectral fluorescence image-guided surgery is clinically feasible.
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INTRODUCTION

Fluorescence imaging is rapidly finding its way into the operating theatre. A wide spectrum
of fluorescent tracers has already been explored in clinical (first-in-human) studies as
either free dye or a dye-functionalized targeting agent [1]. In the field for urology,
fluorescence guidance has amongst others been used for sentinel node (SN) biopsy of
prostate cancer [2, 3]. For this procedure, the near-infrared fluorescent dye indocyanine
green (ICG), especially in the form of the hybrid tracer ICG-**"Tc-nanocolloid was shown to
enhance the more traditional radioguided *™Tc-nanocolloid-based SN biopsy procedure
[4-6].

During the widely applied radioguided SN biopsy procedure of for example melanoma
and breast cancer, intraoperatively blue dye is injected to allow the surgeons to optically
define the lymphatic flow (lymphangiography) of a tumor; lymphangiographic tracers such
as blue dye help to visualize the lymphatic ducts that run from the injection site to the SN
[7, 8]. As alternatives to blue dye, the visible fluorescent dye fluorescein and the near-
infrared fluorescent dye ICG in its ‘free’ form have been used [4,9-11]. While the fluorescent
alternatives provide enhanced detection sensitivity compared to blue dye, their detection
can be complex in combination with ICG-**"Tc-nanocolloid. In this context, the concept of
multi-color, or multispectral, fluorescence imaging can provide a solution.

Multispectral imaging involves concurrent use of multiple fluorescent dyes to highlight
various molecular, physiological, and/or anatomical features [12, 13]. Factors critical in
achieving successful multispectral imaging guidance are: 1) the clinical availability of
fluorescence tracers that do not spectrally overlap (e.g. fluorescein (Aem max = 515 nm)
and ICG (Aem max = 820 nm)); and 2) a (laparoscopic) fluorescence camera capable of
detecting different fluorescence emissions. It should be noted that some of the currently
available near-infrared fluorescence laparoscopes, designed for combined use with ICG,
have evolved from laparoscopes developed for photodynamic diagnostics, which detects
fluorescence emitted in the visual region [14].

In this study we investigated if intraoperative lymphangiography with fluorescein can
provide additional guidance during ICG-*"Tc-nanocolloid-based SN biopsy for prostate
cancer. To this end we required intraoperative multispectral imaging. Hence, the secondary
aim of the study was to prove the clinical feasibility of intraoperative multispectral
fluorescence imaging.
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METHODS

PRECLINICAL EVALUATION OF FLUORESCEIN AS LYMPH-
ANGIOGRAPHIC AGENT

Initial preclinical experiments using fluorescein are described and discussed in the
supporting information.

CLINICAL EVALUATION OF THE MULTISPECTRAL FLUORESCENCE
IMAGING APPROACH

PATIENTS

Between October 2013 and August 2015, ten patients with intermediate or high-risk

prostate cancer with a >5% risk of lymph node metastases as estimated using the Briganti

nomogram [15] were included in a clinical study approved by the local medical ethical

committee (Dutch trial register: NTR4451) after they provided written informed consent.
Patients were scheduled for robot-assisted radical prostatectomy (RARP) and SN biopsy

followed by an extended pelvic lymph node dissection (ePLND). The patient characteristics

are shown in Table 1.

PREOPERATIVE PROCEDURE
A detailed description of ICG-*"Tc-nanocolloid preparation, the injection procedure and
preoperative imaging approach is provided in the supporting information. In brief, ICG-
%mTc-nanocolloid (204.49 MBq, range 191.56-218.20) was injected into the prostate 4.75
h before surgery (range 3.5-5.5) under transrectal ultrasound guidance. Then preoperative
SN mapping using a combination of lymphoscintigraphy and single photon emission
computed tomography combined with computed tomography (SPECT/CT) was performed
to determine the number and location of the SN(s).

SURGICAL PROCEDURE
HARDWARE

Surgical procedures were performed by one surgeon (HvdP) using the da Vinci S(i) surgical
system (Intuitive Surgical Inc., Sunnyvale, CA, US).

Multispectral fluorescence imaging requires multiple dyes that do not overlap
spectrally for sequential excitation and detection. We used the Image 1 HUB HD + D-light
P system (KARL STORZ Endoskope GmbH & Co. KG, Tuttlingen, Germany) with customized
filter settings [5] for sequential visualization of ICG and fluorescein. ICG is excited (780 nm)
and detected (820 nm) in the near-infrared mode (Supplementary Figure 1A, B), whereas
fluorescein is excited (488 nm) and detected (515 nm) in the autofluorescence (AF) mode
(Supplementary Figure 1A, C) [1].
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The fluorescence laparoscope was inserted via the assistant-port. The TilePro function
of the da Vinci S(i) robot was utilized to present the fluorescence imaging data to the
urologist.

INTRAOPERATIVE PROCEDURE
Clinical grade fluorescein (fluorescite, 100 mg/mL) was obtained from Alcon Nederland
B.V. (Gorinchem, the Netherlands). For injection of fluorescein, a total volume of 2.0 mL
(200 mg fluorescein) was extracted from the vial and injected into the prostate similar to
as described for ICG-*"Tc-nanocolloid. The aim was to place the fluorescein deposits at
the same location as for the hybrid tracer. Then the surgical field was sterilized.

Before incision, preoperatively acquired SPECT/CT images and the corresponding
three-dimensional volume-rendered image were used as a virtual roadmap. Better
knowledge of the location of the SN(s) with regard to the patient’s anatomic context was
achieved by scrolling through the images. These images served as the initial starting point
for intraoperative SN localization. After entering the area of interest, the SNs (and the
lymphatic ducts) were visualized via fluorescence imaging of ICG-*"Tc-nanocolloid (near-
infrared mode). The afferent lymphatic ducts (and SNs) were visualized via fluorescence
imaging of fluorescein in the AF mode. As described previously, after excision of the SN(s),
ex vivo gamma tracing was performed to confirm SN removal [5].

Following completion of SN biopsy, ePLND was performed, followed by RARP as
described by KleinJan et al. [5]. In patients in whom preoperative SN mapping did not
reveal a SN on one side, only an ePLND on that side was performed.

SCORING OF THE SENTINEL NODE AND LYMPHANGIOGRAPHIC FINDINGS
Intraoperatively, for each SN it was scored if 1) it could be visualized via ICG-*"Tc-
nanocolloid (yes/no) or fluorescein (yes/no) imaging; and 2) if the afferent lymphatic
duct(s) could via fluorescein (yes/no) or ICG-*"Tc-nanocolloid (yes/no) imaging. The
general distribution of the two tracers in the surgical field was also evaluated.

(HISTO-)PATHOLOGICAL EXAMINATION OF THE TUMOR STATUS
The prostate and the excised nodes were processed and evaluated for the presence and
localization of tumor tissue as previously described [5].

EX VIVO MULTISPECTRAL FLUORESCENCE IMAGING OF THE
INJECTION SITE (PROSTATE) AND NODAL SAMPLES

To confirm the presence of both fluorescent dyes, samples were evaluated ex vivo using
the multispectral fluorescence laparoscope.
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Table 2. Intraoperative imaging findings

Patient  Injection Side #SNs NIR  #SNs with a Location Location SNs  Location SNs
hybrid  that was fluorescent  fluorescein excised to which a not excised
tracer - operated in vivo positive SNs lymphatic duct
start on first (ex vivo) lymphatic was seen
operation L+R ductl +R
(hours)
1 4.5 L 1(1)+2(2) 1+0 L: ext iliac® L: ext iliac L: presacral
R:intiliac, ext R: - R: -
iliac
2 5.5 R 2(2)+3(3) 0+1 L: obt fossa (2) L:- -
R:intiliac, ext R:intiliac
iliac, pararectal
3 3.5 L 1(1)+1(1) 0+0 L:intiliac - -
R:intiliac
4 5.5 L 1(1) +nonvis 1 + nonvis L:intiliac L: intiliac L: presacral
R: -
5 4.5 R 1(2)+2(3) 0+3 L: obtfossa, ext L:- -
iliac  R:obtfossa, int
R: obt fossa, int iliac, common
iliac, common iliac trunk
iliac trunk
6 5 L 1(1)+3(3) 1+2 L:int iliac L:intiliac L: presacral (2)
R:intiliac (2), R:int iliac, ext R: -
extiliac iliac
7 4.5 L 1(3)+0(1) 1+0 L: obt fossa (2), L: ext iliac L:-
extiliac R: - R: common
R:intiliac iliac trunk
8 4.5 L 1(1)+nonvis 0 + nonvis L: obt fossa - -
R:-
9 4.5 R 1(1)+4(4) 0+2 L: common iliac L:- -
trunk  R: obt fossa (2)
R: obt fossa (2),
ext iliac, near
umbiliacal
ligamentum
10 5.5 L 3(3)+1(1) 3+0 L: obt fossa (3) L: obt fossa (3)*
R: obt fossa R: -
Average 4.75 2.9 (3.4) 1.5 3,4 0,5
Total 2R/8L 29 (34) 15 34 5

In patients 2 and 10, 1 and 3 SNs were not evaluated for fluorescein-based visualization of the lymphatic ducts.
*Next to being stained with ICG-*"Tc-nanocolloid, this SN was also fluorescein positive; * Next to being stained
with fluorescein, these lymphatic ducts were also ICG-*"Tc-nanocolloid positive. L = left; R = right; # = number;
SN = sentinel node; NIR = near-infraread; nonvis = non-visualization on preoperative imaging; ext = external;

int = internal; obt = obturator.
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POSTOPERATIVE COMPLICATIONS AND FOLLOW-UP

Postoperative complications (within 90 d after surgery) were scored using the Clavien-
Dindo classification [16, 17]. Patients were also evaluated for biochemical recurrence
(prostate specific antigen > 0.1 ng/mL) at follow-up.

RESULTS

Following intraprostatic ICG-*"Tc-nanocolloid administration, preoperative imaging
revealed 36 SNs in ten patients (mean 3.6; range 1-5; Figure 1 and Table SI1), of which
85.3% were visualized intraoperatively via real-time (video-rate) near-infrared fluorescence
imaging (in 10/10 patients; Table 2, Figure 2). For superficially located SNs, fluorescein
visualized lymphatic ducts to 44.1% of the SNs (in 8/10 patients; Table 2, Figure 2). This
visualization was also in real-time and was achieved with good contrast and high resolution.
In one patient bilateral lymphatic ducts were visualized via fluorescein imaging. In two
patients, no lymphatic ducts could be visualized via fluorescein imaging, which may be a
result of prostate site mismatch for fluorescein and ICG-*"Tc-nanocolloid administration
(Figure 3).

SN1—>

SN1—>

SN1—>@

® < sn2

Figure 1. Preoperative sentinel node
mapping. Following ICG-*"Tc-
nanocolloid administration, lympho-
scintigrams were acquired at A) 15 min
and B) 2 h after injection, followed by
single photon emission computed
tomography (SPECT) and computed
tomography (CT) image acquisition. C)
Following reconstruction, SPECT and CT
images were fused and a three-
dimensional volume rendering was
generated. D) Axial SPECT/CT slices show
the sentinel nodes being located in the
external iliac (left and right) and the

internal iliac (right). SN = sentinel node.

In one patient the lymphatic ducts could be identified via imaging of both fluorescein

and ICG-**"Tc-nanocolloid (Table 2, Figure 2A, B). In another patient fluorescein was also
detected in an SN containing ICG-*"Tc-nanocolloid (Table 2, Figure 2D), which was
confirmed ex vivo in the excised SN specimen (Figure 3).
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White light imaging

Sentinel node

Figure 2. Intraoperative multispectral fluorescence
imaging. Laparoscopic fluorescence imaging was
performed of the areas of interest (left column). A)
Visualization of a lymphatic duct via both near-
infrared fluorescence imaging of the hybrid tracer
(middle column; arrow) and visible fluorescence
imaging of fluorescein (right column; arrow); B) The
lymphatic duct seen under A ended in a sentinel
node visualized via fluorescence imaging of the
hybrid tracer (middle column; asterisk). No
fluorescein was found in the sentinel node here

(right column); C) Example of a sentinel node that

Hybrid tracer imaging
(near-infrared mode)
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Fluorescein imaging
(autofluorescence mode)

Lymphatic duct

Sentinel node

Lymphatic ducts + sentinel nod

could be visualized via fluorescence imaging of the
hybrid tracer (right column; asterisk) whereas via
fluorescein imaging clear lymphatic ducts were
visualized running to this sentinel node (right
column; arrows); D) Clear sentinel node visualization
via both near-infrared fluorescence imaging of the
hybrid = tracer (middle column; asterisk) and
fluorescence imaging of fluorescein (right column;
asterisk). With fluorescein also two clear lymphatic
ducts running to the sentinel node were visualized

(right column; arrows).
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White light imaging

Hybrid tracer imaging
(near-infrared mode)

Fluorescein imaging
(autofluorescence mode)

Figure 3. Ex vivo multispectral fluorescence
imaging of the prostate and a sentinel node. Top
row: White light image showing the prostate (left).
Multispectral fluorescence imaging of the near-
infrared ICG-**"Tc-nanocolloid (shown in blue) to
determine the injected site of the hybrid tracer

(middle). Visible fluorescence imaging in the auto-

fluorescence mode to visualize location where
fluorescein was injected (shown in yellow). Bottom
row: White light imaging of a sentinel node (left).
This sentinel node contained both the hybrid
tracer (middle; shown in blue) and fluorescein

(right; shown in yellow).

For this particular surgical procedure, manipulation of the prostate (injection site)

resulted in release of fluorescein into the surgical field. Moreover, when disconnecting the

prostate from the bladder, fluorescein-containing urine started to leak into the surgical

field. In addition, a strong overall background signal was encountered with fluorescein,

possibly as a result of shunting; in most patients, the injection of a tracer into the prostate

results in some loss into the vascular system. It should be mentioned that this background

signal was not a consequence of autofluorescence, since these signals were not visible in

the AF mode when fluorescein was not present.

Nodal metastases were found in three patients, with a false-negative SN in one man (a
metastatic lymph node was found in the ePLND but no metastases in the concomitant SN)

(Table 1).

Postoperative complications within 90 days after surgery were seen in two patients,

epididymitis and hematoma with a Clavien-Dindo score of Il, and |, respectively (Table 1).
Biochemical recurrence occurred in two patients (Table 1).

DISCUSSION

We present a first-in-human multispectral fluorescence imaging approach in which I1CG-

%mTc-nanocolloid-based SN identification was supported by additional lymphangiographic
guidance provided by fluorescein. We demonstrated that both fluorescent dyes could be

detected efficiently using a commercially available
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Unfortunately, the proof-of-concept nature of this study, with a relatively small number of
patients included, makes it hard to make statements regarding the clinical impact of this
technology.

The small molecule fluorescein was injected directly before the start of the operation
and rapidly drained through the lymphatic system without specific accumulation in the
(sentinel) lymph node(s), but brightly staining the lymphatic duct(s) running to the SN(s).
The number of lymphatic ducts visualized using this technique was higher than the ductal
visualization achieved using ICG-*"Tc-nanocolloid (Table 2, Figure 2). Similar to blue dye,
another small molecule used for lymphangiography, the time-window in which fluorescein
can be detected is limited. Because of this limitation, fluorescein-positive lymphatic ducts
could only be observed at the site where the urologist started his exploration (seven
patients; Table 2). Presumably the signal on contralateral pelvic side had already
disappeared by the time the surgical exploration started. It should also be noted that ‘free’
ICG can be considered a lymphangiographic agent with a relatively short effective time-
window [4]. Another shortcoming is that these lymphangiographic tracers potentially
suffer from spillage as a result of tissue manipulation during the resection process, and can
thus contaminate the surgical field [18]. By contrast, the dedicated SN tracer ICG-*"Tc-
nanocolloid provides specific uptake and remains present in the SN for more than 29 h
after administration [19], providing more logistical freedom. Concomitant use of ICG-**"Tc-
nanocolloid provides a solid basis for fluorescein to add additional value, without suffering
much from its shortcomings, similar to the routine clinical use of blue dye in combination
with ®™Tc-nanocolloid in other malignancies [7, 8].

The hybrid nature of ICG-*"Tc-nanocolloid facilitated preoperative checking of correct
injection of the hybrid tracer into the prostate, which is not possible with fluorescein.
Preoperative imaging also demonstrated that ICG-**"Tc-nanocolloid is hepatically cleared,
as previously reported for ICG [20]. By contrast, fluorescein is cleared renally, so it has been
used as an imaging agent for ureter visualization [21]. This renal clearance of fluorescein
was not considered a limitation during the SN biopsy procedure, but did lead to
contamination of the surgical field during prostatectomy. This could affect the use of future
tumor-receptor targeted tracers, as it indicates that fluorescence guidance towards cancer
in the prostate (or bladder) may suffer from false-positive signals when a renally cleared
tracer is used [18]. Depending on the excitation light and the detection filters used in the
laparoscope, such a signal may also limit the identification of surgical resection margins.

Intraoperative fluorescein detection was straightforward, suggesting that use of a
near-infrared fluorescence tracer is not a perquisite. Of course, searching for an additional
fluorescence signal took additional effort and time, but because the same clinical grade
laparoscope could be used, this process was rather intuitive. In comparison to the
conventional radioguided SN approach, the additional costs of ICG-**"Tc-nanocolloid is
negligible [22], and use of fluorescein involves only minor additional costs [11]. As the
laparoscope used for fluorescence imaging also provides high-definition white light
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imaging, its conversion to multispectral fluorescence imaging can be covered when
upgrading the clinical modalities routinely used for laparoscopic surgery. However, one
limitation is that a multispectral laparoscope is not yet available as part of the robotic
platform.

Although some will be of the opinion that combining a lymphangiographic tracer with
a dedicated SN tracer can lead to further refinement of the SN biopsy procedure, others
may believe that this will make the procedure more complex. However, bearing in mind
the large number of (tumor-receptor) targeted fluorescent tracers with varying fluorescent
signatures that have been applied in clinical studies [1], and the rapid development of new
imaging tracers, the ability to perform multispectral imaging lays a basis for future surgical
guidance applications. Ideally image guidance will facilitate identification not only of
diseased areas but also of distinct anatomic landmarks such as ligaments, vessels, nerves,
and/or ureters. A potential future application of multispectral fluorescence guidance could
be nerve-sparing prostatectomy using tracers targeting prostate-specific membrane
antigen [23] and nerves [24]. A read-out of two (or more) features would allow the
generation of an intraoperative multispectral fluorescence imaging-based roadmap
highlighting different (diseased) anatomic structures in real time. This could help to
improve surgical accuracy and reduce procedure-associated morbidity.

CONCLUSION

Simultaneous use of a dedicated SN tracer and a lymphangiographic tracer during robot-
assisted laparoscopic SN biopsy for prostate cancer is feasible. Ultimately this multispectral
surgical guidance concept will allow the generation of an intraoperative multispectral
fluorescence imaging-based roadmap that can highlight different (diseased) anatomical
structures in real-time.

SURGERY IN MOTION

The Surgery in Motion video accompanying this article can be found in the online version
at http://dx.doi.org/10.1016/j.eururo. 2016.06.012 and via www.europeanurology.com.
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SUPPORTING INFORMATION

METHODS

HYBRID TRACER PREPARATION, INJECTION AND PREOPERATIVE SENTINEL

NODE MAPPING
%mTc-nanocolloid was prepared by adding 2.0 mL pertechnetate (=300 MBq) to a vial of
nanocolloid (GE Healthcare, Eindhoven, the Netherlands). The hybrid tracer was then
formed by adding 0.05 mL (0.25 mg) of ICG solution (5.0m g/mL; Pulsion Medical,
Feldkirchen, Germany) to this vial. After formation of ICG-*"Tc-nanocolloid, the total
volume was subtracted from the vial and diluted with saline to a total volume of 2.0 mL in
the syringe. Procedures were performed in accordance with the Dutch guidelines for good
manufacturing practice and with approval of the local pharmacist.

On average 4.75 h before surgery (range 3.5-5.5) ICG-**"Tc-nanocolloid (average of
204.49 MBq (range 191.56-218.20)) was injected under transrectal ultrasound guidance
into the prostate. Randomization was performed between an intratumoral injection (2
deposits of 1.0 mL on site where the dominant lesion was located) and an intraprostatic
injection (4 deposits of 0.5 mL; 2 on the left site of the gland and 2 on the right site).

Theinjectionwasfollowed by preoperative SN mappingintheformoflymphoscintigraphy
(15 min and 2 h post-hybrid-tracer-injection; 5 min acquisition time per image) and single
photon emission computed tomography combined with computed tomography (SPECT/
CT; approximately 2.5 h post-hybrid-tracer-injection, 25 min acquisition time)) as described
previously [1]. After fusion of the SPECT and CT images, a 3D SPECT/CT-based volume
rendering reconstruction was created using Osirix medical imaging software (Pixmeo,
Geneva, Switzerland). Images were analyzed by an experienced nuclear medicine physician
and for each patient the number and location of visualized SNs was determined (Table SI1).

ABSORPTION AND EMISSION SPECTRA MEASUREMENTS
Absorption and emission spectra of ICG-human serum albumin (concentration: 13.38 uM)
and fluorescein-human serum albumin (concentration: 1.12 uM) were measured using an
Ultrospec 3000 UV/Vis spectrophotometer (Pharmacia Biotech/GE Healthcare Europe
GmbH, Eindhoven, The Netherlands) and an LS55 fluorescence spectrometer (PerkinElmer,
Groningen, The Netherlands). Solutions were prepared in a 3 mL quartz cuvet (Hellma
GmbH & Co. KG, Millheim, Germany).

PRECLINICAL STUDY

Non-tumor bearing male TRAMP mice (n=3) were injected with 10-20 pL of fluorescein
solution (1 mg/mL; Sigma-Aldrich, Zwijndrecht, The Netherlands) into the left lobe of the
prostate of the mouse as previously described [2]. After dye administration, the injection
site was massaged for up to 1 min.

For intraoperative detection of fluorescein dynamic fluorescence imaging was
performed using a self-made fluorescence camera exciting fluorescein (excitation 488 nm;
emission >520 nm). A total of six inguinal lymph node(s) were evaluated.
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RESULTS

ABSORPTION AND EMISSION SPECTRA MEASUREMENTS

The absorption and emission spectra of ICG and fluorescein are given in Figure SI1.
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Figure SI2. Lymphangiography using the visible (A) drainage occurs into the lymphatic vessels (red
fluorescence dye fluorescein. Upon fluorescein arrow). Already at 30 s (B) fluorescein reached the
injection into the mouse prostate (*) real-time lymph node (yellow arrow), which is fully filled
lymphatic mapping was found feasible. Within 10 s roughly 1 min post-injection of fluorescein (C).
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PRECLINICAL STUDY

Fluorescence imaging enabled real-time (at video-rate) intraoperative visualization of the

lymphatic ducts and the inguinal lymph nodes (Figure SI2). In all mice, drainage from the

injection site into the lymphatic ducts could be visualized within 10 s after injection of

fluorescein. Staining of the lymph node(s) occurred immediately thereafter. Washout of

fluorescein from the nodes was seen >2 min post-injection and suggested a quick migrati-
on of the dye trough the lymphatic system comparable to what we previously showed for
ICG [2].

Table SI1. Preoperative imaging findings

Patient Injected dose # SNs # SNs # SNs Location SNs
(MBgq) early LSG late LSG SPECT/CT
L+R L+R L+R

1 224.31 1+0 2+1 2+2 L: ext iliac, presacral

R: ext iliac, int iliac

2 202.08 1+2 1+2 1+3 L: obt fossa

R: obt fossa, int iliac, ext iliac

3 208.91 0+0 0+0 1+1 L: obt fossa

R: obt fossa

4 192.29 1+0 1+0 2+0 L:int iliac, presacral

R:-

5 218.20 1+3 1+3 1+3 L: obt fossa

R: obt fossa (2), paracaval

6 197.07 0+0 1+2 3+2 L:int iliac, presacral (2)

R: obt fossa (2)

7 193.98 2+1 2+1 3+2 L: obt fossa, int iliac, ext iliac

R: obt fossa, bifurcation common

iliac trunk

8 200.19 0+0 0+0 1+0 L: obt fossa

R: -

9 216.35 1+3 1+3 1+3 L: common iliac trunk

R: obt fossa, ext iliac, bifurcation

common iliac trunk

10 191.56 2+0 2+2 2+3 L:int iliac, paravesical

R: obt fossa, bifurcation common

iliac trunk (2)
Average 204.49 1.8 2.3 3.6
Total 18 23 36

MBg = Mega Bequerel; LSG = lymphoscintigraphy; SPECT/CT = single photon emission computed
tomography combined with computed tomography; L = left; R = right; SN = sentinel node; obt =
obturator; int = internal; ext = external.
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ABSTRACT

OBJECTIVE To explore the feasibility of an intraoperative navigation technology based
on preoperatively acquired single photon emission computed tomography combined with
computed tomography (SPECT/CT) images during sentinel node (SN) biopsy in patients with
melanoma or Merkel cell carcinoma.

MATERIALS AND METHODS Patients with a melanoma (n=4) or Merkel cell
carcinoma (n=1) of a lower extremity scheduled for wide re-excision of the primary lesion site
and SN biopsy were studied. Following a *™Tc-nanocolloid injection and lymphoscintigraphy,
SPECT/CT images were acquired with a reference target (ReTp) fixed on the leg or the iliac
spine. Intraoperatively, a sterile ReTp was placed at the same site to enable SPECT/CT-based
mixed-reality navigation of a gamma ray detection probe also containing a reference target
(ReTgp). The accuracy of the navigation procedure was determined in the coronal plane (x,
y-axis) by measuring the discrepancy between standard gamma probe-based SN localization
and mixed-reality-based navigation to the SN. To determine the depth accuracy (z-axis), the
depth estimation provided by the navigation system was compared to the skin surface-to-
node distance measured in the CT component of the SPECT/CT images.

RESULTS In four of five patients, it was possible to navigate towards the preoperatively
defined SN. The average navigational error was 8.0 mm in the sagittal direction and 8.5 mmin
the coronal direction. Intraoperative sterile ReTp positioning and tissue movement during
surgery exerted a distinct influence on the accuracy of navigation.

CONCLUSION Intraoperative navigation during melanoma or Merkel cell carcinoma
surgery is feasible and can provide the surgeon with an interactive three dimensional roadmap
towards the SN or SNs in the groin. However, further technical optimization of the modality is
required before this technology can become routine practice.
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INTRODUCTION

In patients with intermediate-thickness melanoma, sentinel node (SN) biopsy has become
a routine procedure that provides staging and prognostic information, reduces the risk of
nodal recurrence and results in improved melanoma-specific survival when combined with
completion node dissection in patients who are node positive [1]. The procedure typically
entails the injection of a radiocolloid around the melanoma site, followed by two-
dimensional lymphoscintigraphy to outline the lymphatic drainage pattern [2]. Nowadays,
single photon emission computed tomography (SPECT) is combined with computed
tomography (CT) imaging providing three-dimensional (3D) images. As a result, SNs are
depicted within their anatomical context, facilitating the planning of the surgical procedure
[3].

Intraoperatively, most surgeons use a gamma-ray detection probe (hereafter referred
to as a gamma probe) to find the hot node that is depicted on the preoperative images. Yet
a gamma probe only provides an acoustic signal and no visual information or read-out for
the distance to the SN. Moreover, the commonly used blue dye can only be seen when the
SN is already exposed. It would thus be beneficial if the spatial anatomical information
provided by preoperative SPECT/CT imaging can also be used in the operation theatre.
Recently, navigation in a mixed-reality environment using preoperatively acquired SPECT/
CT images has shown potential during SN biopsy procedures for urological malignancies
[4,5]. The current pilot study explores the feasibility of this technology in four patients with
melanoma and one patient with a Merkel cell carcinoma.

MATERIALS AND METHODS

PATIENTS
Five patients (mean age 47.4 years, range 29-65) were enrolled in the current study. Four
of these five patients presented with a melanoma (average Breslow thickness 3 mm, range
1.7-5.3) of a lower extremity (Table 1). The other patient presented with a Merkel cell
carcinoma of a lower extremity (Table 1), which, in our institution, is also indicated for SN
biopsy [6]. All patients were scheduled for wide re-excision of the primary lesion site and
SN biopsy.
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All procedures performed in our study were in accordance with the ethical standards
of our institution and the 1964 Helsinki declaration and its later amendments or comparable

ethical standards. Informed consent was obtained from all patients who participated in the
current study.

Table 1. Patient characteristics, pre- and intraoperative findings, and pathology outcome

Patient  Age Primary  Injected #SNs  Patient Error in Errorin #Excised # Blue #
dose identified target coronal sagittal SNs SNs  Tumor-
(MBq) on location plane plane positive
SPECT/CT (X,Y- (Z-position; nodes
position; mm)
mm)
1 50 Melanoma, 73.5 1 ASIS, R 10 -4 1 0
thigh L
2 54  Melanoma, 67.8 1 ASIS, L 10 -10 2 0
thigh R
3 29 Melanoma, 139.4 1 Thigh,R not >45 mm 1 0
thigh R determined
4 65 Melanoma, 79.7 3 Thigh,R 9 -2 3 0
lower leg R
5 39  Merkel cell 70.4 2 ASIS, L 5 -16 3 0
carcinoma,
lower leg R
Average 47.4 86.2 8.5£2.1 -8.0£5.5
Total 8 10

L = left; R = right; ASIS = anterior superior iliac spine.

PREOPERATIVE PROCEDURE

%mTc-nanocolloid was administered intradermally in four deposits surrounding the primary
lesion site (0.4 mL; average 86.2 MBq, range 68-139). Dynamic lymphoscintigraphy was
performed immediately after tracer injection and was followed by static imaging at 15 min
and 2 h after injection using a dual-head gamma camera (Symbia-T; Siemens, Erlangen,
Germany) (Figure 1A). Following late imaging, a reference target (ReTp) was placed on the
contralateral anterior superior iliac spine in three patients and on the ipsilateral thigh in
two patients. The location of the ReTp was marked on the skin with indelible ink. Thereafter,
SPECT images were acquired with a 128 x 128 matrix and 60 frames at 25 s per view. This
was combined with a low-dose CT (40 mAs, 5 mm slices). Attenuation-corrected SPECT and
CTimages were fused using Osirix medical imaging software (Pixmeo, Geneva, Switzerland).
Orthogonal multiplanar reconstructions and three dimensional volume-rendered images
(Figure 1B) were generated from the fused images. Afterwards, the nuclear medicine
physician determined the number and location of SNs and marked these on the skin with
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indelible ink. An SN was defined as a lymph node on a direct lymphatic drainage pathway

from the primary lesion [7].

A B Cc D
On-screen 3D SPECT/ || On-screen virtual-reality
3D-volume rendered CT-based mixed-reality | 3D SPECT/CT-based
Lymphoscintigram SPECT/CT overlay navigation to the SN
]
1
—_
2
. -4
Distance: 80
¥
3 °
Distance: 44
- 1
4 —> €
-
*
|
5 4

Figure 1. Imaging datasets of the five included
patients. A) Anterior lymphoscintigram taken 2 h after
a radiocolloid injection showing the sentinel node in
the groin (arrow) and the injected site (asterisk); B) 3D
volume-rendered SPECT/CT image showing the
sentinel node in the groin (arrow) and the patient

reference tracer (circle); C) The mixed-reality overlay
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of the preoperatively acquired SPECT/CT and the video
feed of the patient is presented onscreen; D)
On-screen 3D virtual-reality based navigation to the
sentinel node in the groin. 3D = three-dimensional;
SPECT/CT = single photon emission computed
tomography/computed tomography.

CHAPTER 10



NAVIGATION SYSTEM: IMAGE REGISTRATION IN THE
OPERATION THEATRE

The tracked attenuation-corrected SPECT images and the low-dose CT images were loaded
into the navigation system (declipseSPECT; SurgicEye, Munich, Germany) and the location
of the reference target on the patient (ReTp) was automatically segmented from the low-
dose CT.

After sterile prepping and draping, a sterile ReTp was again placed on the patient at the
preoperatively marked position and fixed with Steri-Strips (3M Health Care, St. Paul,
Minnesota, USA). A video camera at the top of the navigation system provided an on-screen
image-feed of the surgical field. This real-time video signal was then combined with the
SPECT/CT information and matched to the location and orientation of the patient ReTp,
which resulted in a (on-screen) mixed-reality representation (Figure 1C). Subsequently, a
second sterile reference target (ReTgp) was placed on the gamma probe (Crystal Photonics,
Des Plaines, lllinois, USA). After calibration, this allowed for navigation of the tip of the
gamma probe in the on-screen in 3D, SPECT/CT-based, virtual-reality view (Figure 1D).

NAVIGATION PROTOCOL IN THE OPERATION THEATRE
To determine the accuracy of the intraoperative navigation in the coronal plane, the
gamma probe was navigated in the on-screen 3D SPECT/CT-based virtual-reality view to
the location of the SN over the intact skin without the acoustic signal. This location was
then marked on the skin with indelible ink. Subsequently, the SN was localized through the
intact skin in the conventional manner using the acoustic signal of the gamma probe
(Neoprobe; Johnson & Johnson Medical, Amersfoort, the Netherlands). The point with the
highest gamma ray count rate was also marked on the skin. The accuracy error of the
SPECT/CT-based virtual-reality view in the coronal plane (x and y position) was then
determined by measuring the distance between the two marks using a caliper.

During the navigation process, the system provided an estimate of the distance
between the center of the SN and the tip of the gamma probe, which enabled determination
of the depth of the node (z position; sagittal plane) for surgical exploration. This estimate
was compared with the depth measured on the corresponding low-dose CT image that
served as the gold standard.

SENTINEL NODE EXCISION AND (HISTO-)PATHOLOGICAL
EVALUATION
After completing the experimental preincision navigation procedure, the SN biopsy
procedure was performed as described previously [8]. Serial sectioning, haematoxylin-
eosin and immunohistochemistry staining of the SNs were performed as described
previously [9].
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RESULTS

Preoperative lymphoscintigraphy and SPECT/CT imaging revealed a total of eight inguinal
SNs (Figure 1A, B). The intraoperative feasibility of the navigation approach was assessed
for one SN in each of the five patients (Table 1).

Intraoperative placement of the sterile ReTp was easy and did not affect the surgical
workflow. Superimposition of the SPECT/CT images onto the patient image provided a
visual confirmation of the ReTp repositioning accuracy. The anterior superior iliac spine
was found to be the most suitable location for ReTp placement as it provided a rigid
orientation point in comparison with the soft tissue of the thigh. Although the latter
location ensured constant visibility of the tracker, in one patient, it yielded a 45 mm error,
which could be attributed to intraoperative abduction and rotation of the leg compared
with the patient position during SPECT/CT acquisition (Figure 1, patient 3). Such an obvious
movement artifact led us to exclude this patient from further analysis, a point that is
addressed further in the discussion section.

In the remaining four patients, the navigation approach could be executed successfully.
The locating error of 3D virtual-reality SPECT/CT-based navigation, compared with
conventional gamma probe localization, in the coronal plane was found to be 8.5 mm on
average (SD 2.1 mm, range 5.0-10.0; Table 1). The average sagittal (in-depth; z-position)
error was found to be 8.0 mm (SD 5.4 mm, range 2.0-16.0; Table 1). Compared with the
low-dose CT measurement, navigation underestimated the depth in all four patients.

After completion of the navigation protocol, a total of ten SNs were excised.
Histopathological evaluation indicated one SN to be tumor-positive.

DISCUSSION

The current pilot study shows the feasibility of on-screen navigation in a mixed-reality
environment using preoperatively acquired SPECT/CT images. Preoperative SPECT/CT
imaging has been shown to make intraoperative SN biopsy procedure in melanoma
patients easier [10,11], with significantly more SNs detected [12] as well as patient benefit
[13]. In this context, intraoperative technologies that exploit the 3D SPECT/CT information
may increase its value even further. The additional information provided by 3D SPECT/
CT-based navigation helped not only to reproduce the anatomical environment as
preoperatively displayed by SPECT/CT, but also has the potential to facilitate intraoperative
SN localization. This can be especially useful in localizing SNs that contain little radioactivity,
SNs deeper inside the body, near the primary lesion or in areas with an intricate anatomy.

It is generally assumed that in soft tissues, registration and motion artefacts limit the
value of navigation technologies [14]. The current proof-of-concept study shows that
on-screen 3D virtual-reality SPECT/CT-based navigation is feasible with reasonable
accuracy. On average, navigation errors were found to be around 8 mm in both the x,y-
direction (coronal) and the z-direction (sagittal). This study also shows the importance of
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correct placement of the patient ReTp as the error was larger when the ReTp was placed
on the thigh (non-rigid anatomy) compared with the anterior superior iliac spine (rigid
anatomy). This indicates that the ReTp should be placed on a rigid reference point rather
than in a non-rigid area that is prone to change during the operation compared with
preoperative image acquisition. This was underlined in one patient, where the ReTp was
placed on the thigh (error >45 mm; Table 1). The deviation in the z-direction may be
explained by the pressure that surgeons intuitively place on the gamma probe to increase
the count rate. Although the navigation errors that we encountered did not limit the
identification of the relatively large lymph nodes in the groin, this could prove a limitation
in the head-and-neck area. The SNs in the latter area are considerably smaller, often in
close proximity to non-SNs, and are surrounded by important structures that the surgeon
should preserve [15].

Our current study clearly indicates that SPECT/CT-based navigation is feasible in this
patient group, but at the same time suggests that this type of navigation is susceptible to
movement-induced errors. Intraoperatively obtained freehandSPECT datasets could help
omit errors as result of patient positioning differences in the preoperative or intraoperative
setting. This alternative approach has shown clinical potential in a number of SN related
studies [16-18]. Nevertheless, compared with the use of preoperative SPECT/CT data sets,
the generation of freehandSPECT data sets is more time consuming, lacks the anatomical
detail provided by the (low-dose) CT image and may have a lower image quality. One could,
however, envision that in the future, intraoperative freehandSPECT could be used to
correct for motion-induced artefacts in the SPECT/CT-based navigation set-up.

Intraoperative guidance modalities that help correct for the navigation-induced error
can be especially beneficial. Here, the conventionally used gamma probe already provides
a means to validate the navigation accuracy because of its real-time acoustic feedback, but
the spatial resolution and in-depth view of the technology is limited. Other disadvantages
of the gamma probe are that it does not provide images and the tracing process can be
time consuming. Alternative to gamma ray-based guidance, blue dye or even fluorescence
guidance may be used to confirm the accuracy of the navigation procedure as they provide
the surgeon with real-time visual feedback in terms of the location of the lymphatic ducts
and/or SNs [4,19]. Incorporation of fluorescence imaging into the navigation approach can
be a particularly interesting technique for further refinement of the navigation procedure.

CONCGCLUSION

Surgical navigation in preoperatively acquired SPECT/CT images in patients with melanoma
or Merkel cell carcinoma of a lower extremity is feasible. For wider implementation, the
accuracy of the procedure needs to be optimized.
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ABSTRACT

PURPOSE

The clinical introduction of the hybrid tracer indocyanine green (ICG)-**"Tc-nanocolloid,
composed of a radioactive and a near-infrared fluorescence component, has created the
need for surgical (imaging) modalities that allow for simultaneous detection of both signals.
This study describes the first-in-human use of a prototype opto-nuclear probe during sentinel
node (SN) biopsy using ICG-**"Tc-nanocolloid.

METHODS

To allow for fluorescence tracing, a derivative of the conventional gamma probe technology
was generated in which two optical fibers were integrated to allow for excitation (785 nm) and
emission signal collection (>810 nm). The ability of this opto-nuclear probe to detect the
fluorescence signal of the hybrid tracer ICG-*"Tc-nanocolloid was firstly determined ex vivo in
(non)SNs samples obtained from 41 patients who underwent hybrid tracer-based SN biopsy in
the head-and-neck or urogenital area. In an in vivo proof-of-concept study in nine of these 41
patients, SNs were localized using combined gamma and fluorescence tracing with the opto-
nuclear probe. Fluorescence tracing was performed in a similar manner as gamma tracing and
under ambient light conditions.

RESULTS

Ex vivo, the gamma tracing option of the opto-nuclear probe correctly identified the SN in all
150 evaluated (non)SN samples. Ex vivo fluorescence tracing in the low-sensitivity mode
correctly identified 71.7% of the samples. This increased to 98.9% when fluorescence tracing
was performed in the high-sensitivity mode. In vivo fluorescence tracing (high-sensitivity
mode) accurately identified the SNs in all nine patients (20 SNs evaluated; 100%).

CONCLUSION

This study demonstrates the first-in-human evaluation of a hybrid modality capable of
detecting both gamma and fluorescence signals during a surgical procedure. Fluorescence
tracing could be performed in ambient light.
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INTRODUCTION

In Europe, sentinel node (SN) biopsy is routinely performed via a radioguided surgery
approach that involves a technetium-99m-labeled colloid (standard in Europe: ®*"Tc-
nanocolloid) [1]. For some indications, radioguidance is accompanied by the intraoperative
use of a blue dye that aids visual identification of the SNs and their draining lymphatic
vessels. Although this procedure can be considered relatively straightforward, e.g. for the
identification of SNs in the axilla, for the identification of SNs in the head-and-neck or in
the pelvic area several issues remain to be resolved: i) the complexity of the anatomy and
the abundance of delicate anatomical structures that surround the SN may complicate
intraoperative SN detection; ii) blue dye is of limited value in these areas and may obscure
resection margins [2]; and iii) detection of an SN located in close proximity to the injection
site may be hampered due to the high radioactive background signal coming from the
injection site [3]. The integrated use of the near-infrared dye indocyanine green (ICG) and
%mTc-nanocolloid in the form of the hybrid tracer ICG-**"Tc-nanocolloid [4] was shown to
extend the conventional radioguided technology. For example, it showed promise in
optical identification of SNs in the parotid gland [S] and near the injection site [5, 6].
Moreover, fluorescence imaging of the hybrid tracer demonstrated improved detection
sensitivity compared to blue dye [7, 8].

It was recently reported that a conventional gamma probe could be modified to allow
for fiber-based illumination and detection of light. This initial modification allowed optical
tracing of patent blue V via light absorption measurements [9]. For the current study, we
modified the optical properties of this set-up in order to excite and detect ICG (laser; Aex:
785 nm and Aem: >810 nm). We evaluated this prototype opto-nuclear probe for gamma
tracing and near-infrared fluorescence tracing during ICG-**"Tc-nanocolloid-based SN
biopsy in patients with head-and-neck, penile, and prostate cancer.

MATERIALS AND METHODS

OPTO-NUCLEAR PROBE

From an engineering perspective, the prototype opto-nuclear probe (Eurorad S.A.,
Eckbolsheim, France) itself is highly similar to the conventional gamma probe. However,
for excitation of ICG, a narrow-band 785 nm laser excitation source was integrated into the
device. In addition, for detection of the fluorescent emission signal of ICG, and to exclude
reflected laser light, a broadband cut-off filter (>810 nm) was placed in front of the
detector. An adjustable photomultiplier tube (PMT; range: 0.7 V (1.0 x 10°; low-sensitivity
mode) to 0.9 V (1.0 x 10°; high-sensitivity mode)) was integrated into the opto-nuclear
probe to fine-tune the sensitivity for fluorescence tracing. The resulting prototype opto
nuclear probe is shown in Figure 1.
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Figure 1. Prototype opto-nuclear probe. A) In the

head of the prototype opto-nuclear probe, next to
the crystal for gamma detection (yellow circle),
two optical fibers are embedded (green circles);
B-C) Traced gamma (B) and near-infrared

fluorescence (C) signals are presented to the

surgeon via an acoustic output; D) Intraoperatively,
to effectively perform near-infrared fluorescence
tracing using the opto-nuclear probe, the location
of the optical fibers is marked on the probe; E)
Intraoperative fluorescence tracing is performed in

a similar way as conventional gamma tracing.

FLUORESCENCE SENSITIVITY MEASUREMENTS IN A
PHANTOM SET-UP

%mTc-nanocolloid was prepared by adding 400 MBq pertechnetate in saline to a vial of
nanocolloid (GE Healthcare, Leiderdorp, The Netherlands). To form the hybrid tracer, 50 uL
of a 5 mg/mL ICG-sterile water for injection solution (ICG-Pulsion, 25 mg vial; Pulsion
Medical Systems, Munich, Germany) was added to the *™Tc-nanocolloid vial.

To obtain an indication for the optimal concentration range wherein fluorescence
tracing can be performed, and to determine the correlation between gamma- and
fluorescence tracing using the opto-nuclear probe, 121.91 MBq of the hybrid tracer ICG-
%mTc-nanocolloid (containing 0.125 mg/mL ICG) was diluted with saline in 11 steps down
to 0.22 MBq (containing 0.061 ng/mL ICG). The dilution range was prepared in Eppendorf
tubes containing a total volume of 0.4 mL. After each dilution step, the amount of
radioactivity present in the Eppendorf tube was counted in a dose calibrator (ClI
radioisotope calibrator CRC®-5, Capintec Inc., Montvale, NJ, USA ). Subsequently, gamma
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tracing was performed by placing the head of the opto-nuclear probe directly in front of
the Eppendorf tube. The 5-s and 2-s count rates were then measured in triplicate.

Thereafter, 10 ulL of each step of the dilution range was pipetted onto a paper towel
and air-dried (in the dark). Fluorescence tracing was performed by placing the tip of the
optonuclear probe on the surface of the paper towel. Both the 5-s and 2-s count rates
were measured with the PMT set at 0.7 and at 0.9 V (low- and high-sensitivity mode,
respectively). Measurements were performed in triplicate. The correlation (r>-value; linear
regression analysis) between the results obtained with the gamma tracing and fluorescence
tracing mode of the opto-nuclear probe was calculated in the linear range of the measured
hybrid tracer dilution range.

To provide a quantitative reference for the fluorescence emission signal, 100 uL of each
step of the hybrid tracer dilution range was transferred into a black 96-well plate (Cellstar,
Greiner Bio-One GmbH, Frickenhausen, Germany), and a fluorescence emission curve was
measured with a PerkinElmer LS 55 fluorescence spectrophotometer (Aex: 760 nm and
Aem: 800 nm; PerkinElmer Health Sciences B.. Groningen, The Netherlands). The
correlation (r?-value; linear regression analysis) between the results obtained with
fluorescence tracing using the opto-nuclear probe and the spectrophotometry results was
calculated in the linear range of the measured hybrid tracer dilution range.

To determine the responsiveness of the opto-nuclear probe to blue dye, a dilution
range of patent blue V dye (Laboratoire Guerbet, Aulnay-Sous-Bois, France) was generated
by diluting 25 mg/mL patent blue V dye with sterile water for injection in 13 steps down to
afinal concentration of 3.1 ng/mL. The dilution range was prepared in a black 96-well plate
(Cellstar), and the fluorescence emission signal was measured with the LS 55 fluorescence
spectrophotometer (Aex: 610 nm and Aem: 670 nm; PerkinElmer). Subsequently, 10 uL of
each step of the dilution range was pipetted onto a paper towel and air-dried (in the dark).
Thereafter, fluorescence tracing was performed as described above.

PATIENTS

Between January 2013 and April 2014, 150 nodal samples from 41 patients who underwent
hybrid tracer-based SN biopsy (head-and-neck (n=13), penile (n=23), and prostate cancer
(n=5)) were collected for ex vivo analysis using the opto-nuclear probe. Of these 41
patients, the opto-nuclear probe was evaluated in vivo in nine patients (head-and-neck
(n=2) or penile cancer (n=7)).

The study protocol was approved by the local medical ethical committee, and written
informed consent was obtained from all patients in whom the opto-nuclear probe was
evaluated intraoperatively. All procedures performed were in accordance with the ethical
standards of our institution and with the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards.
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fluorescence signal in the lesion). With the newly
proposed approach, one modality is used that
allows both gamma tracing and near-infrared
fluorescence tracing (D). The opto-nuclear probe
can be used both in vivo and ex vivo and (E) to

evaluate the gamma and near-infrared

fluorescence signal. SPECT/CT single photon

emission computed tomography combined with

computed tomography. SN sentinel node.

Aem = emission wavelength of the fluorophore;

Aex = excitation wavelength of the fluorophore; y =

gamma signal coming from the radioisotope




CLINICAL TRACER PREPARATION AND SENTINEL NODE
BIOPSY PROCEDURE
For illustration, a schematic overview of the pre- and intraoperative SN biopsy procedure
is provided in Figure 2. ICG-**"Tc-nanocolloid preparation, administration, preoperative SN
mapping, routine surgical guidance (gamma tracing and fluorescence imaging) and (histo-)
pathological evaluation for head-and-neck [5, 6], penile [7], and prostate [10] cancer were
performed as previously described.
In patients with penile cancer, an injection with patent blue V dye was given
intraoperatively [7]. In patients with head-and-neck or prostate cancer, no patent blue V
dye was used [5, 6, 10].

EX VIVO SENTINEL NODE MEASUREMENTS
Similar to our previous studies, during the operation, nodal samples were evaluated by the
surgeon as being radioactive (yes/no), fluorescent (yes/no) and, in patients in whom blue
dye was used, blue (yes or no) [5-7, 10].

To determine the sensitivity of the opto-nuclear probe on human tissue, after excision,
nodal samples were evaluated using the opto-nuclear probe. Firstly, gamma tracing was
performed with 5-s count rates measured. After switching the settings to the fluorescence
mode, fluorescence tracing was performed with the PMT set at 0.7 V (low-sensitivity
mode). In the case that a node positive with gamma tracing could not be fluorescence-
traced, the PMT was increased to 0.9 V (high-sensitivity mode) and measurements were
repeated. All measurements were performed in triplicate. The results were compared to
those obtained with our conventional approach (gamma tracing (Neoprobe; Johnson &
Johnson Medical B.V., Amersfoort, The Netherlands, or Europrobe; Eurorad S.A.) and
fluorescence imaging (PDE; Hamamatsu Photonics K.K., Hamamatsu, Japan)) and scored
for correct or incorrect prediction by the opto-nuclear probe.

In all experiments, fluorescence tracing with the opto-nuclear probe was performed in
ambient light.

INTRADPERATIVE SENTINEL NODE IDENTIFICATION USING
THE OPTO-NUCLEAR PROBE

The opto-nuclear probe was evaluated intraoperatively in nine patients scheduled for SN
biopsy (Table 1). Operations were performed by six different surgeons.
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Table 1. Characteristics of the patients included for intraoperative opto-nuclear probe

evaluation
Opto-nuclear probe
Patient Age Sex Primary Time  #SNs evaluated Location Gamma Fluorescence tracing Blue  Pathology:
tumor injection with ONP / of the tracing with ONP dye SN +or -
—surgery total # ONP- with
(hours) preoperatively  evaluated OoMP
defined SNs SNs
0.9Volt 0.7 Volt
1 73 M SCC penis 7.25 3/3 L: 2x 3 3 1 2 Negative
groin
R: groin
2 65 M SCC penis 5.25 2/3 L: 2x 2 2 0 2 Negative
groin
3 71 M SCC penis 6.25 1/2 L: groin 1 1 0 1 Negative
4 53 M SCC penis 4 2/2 L: groin 2 2 1 2 Negative
R: groin
5 59 M  SCCpenis 22.75 4/4 L: 2x 4 4 2 - Negative
groin
R: 2x
groin
6 63 M SCC penis 18 2/2 L: groin 2 2 2 - Negative
R: 2x
groin
7 66 M SCC 4 2/4 L: level 2 2 1 - Positive
tongue L IA, 1B (2x)
8 54 F Merkel cell 4.5 1/1  L:level Il 1 1 0 - Negative
cheek L
9 64 M  SCCpenis 20.5 3/3 L: 2x 3 3 0 3 Negative
groin
R: groin
Average 64 9.75
Total 20/24 20/20 20/20 7/20 10/11

(100%) (100%)  (35.0%) (90.9%)

SN = sentinel node; ONP = opto-nuclear probe; SN + = tumor-positive sentinel node; SN - = tumor-negative
sentinel node; SCC = squamous cell carcinoma; L = left; R = right.
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During the operation, the SN was first pursued with the gamma tracing option of the
opto-nuclear probe. After localization of the node, the opto-nuclear probe was switched to
the fluorescence tracing mode. Here, the PMT was initially set at 0.9 V (high-sensitivity
mode). When a signal was obtained, the PMT voltage was reduced to 0.7 V (low-sensitivity
mode). Fluorescence tracing with the opto-nuclear probe was performed in ambient light.

Validation of the in vivo fluorescence signalwas performed using a handheld
fluorescence camera (PDE; Hamamatsu Photonics K.K.). For the detection of the
fluorescence signal using the fluorescence camera, the lights in the operation theatre had
to be dimmed. Obtained results were scored for correct or incorrect prediction by the
opto-nuclear probe.

After excision of the SN(s), ex vivo SN measurements were performed as described in
the ‘Ex vivo sentinel node measurements’ section above.

RESULTS

Since gamma tracing of radiolabeled colloids (e.g. the hybrid tracer ICG-**"Tc-nanocolloid)
is already a well-known and thoroughly proven surgical guidance method, the current
study focused on the evaluation and validation of the novel fluorescence tracing mode of
the opto-nuclear probe. Initially, the system was evaluated in a phantom set-up. These
findings provided the basis for the evaluation of the opto-nuclear probe technology on
resected nodal samples. As a last step, we evaluated the technology in an image-guided
surgery set-up during SN biopsy.

SENSITIVITY MEASUREMENTS IN A PHANTOM SET-UP

In the phantom experiments, where a dilution range of ICG-*"Tc-nanocolloid was
measured using the opto-nuclear probe, a strong correlation was found between gamma-
and fluorescence tracing intensities (Figure 3A and B, respectively). With the PMT set at
0.7 V (low-sensitivity mode), r’-values of 0.73 and 0.91 were found for the measured 5-s
and 2-s count rates, respectively (Figure 3C). At 0.9 V (high- sensitivity mode), however,
continuous oversaturation of the opto-nuclear probe prevented us from obtaining an
r’-value.
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Figure 3. Phantom experiments evaluating the opto-
nuclear probe. A) A dilution range of the hybrid tracer ICG-
“mTc-nanocolloid was prepared (x-axis), after which
gamma tracing using the opto-nuclear probe was
performed. The 2-s and 5-s count rates were measured
during performance of opto-nuclear probe-based gamma
tracing (y-axis) of the hybrid tracer; B) A dilution range of
the hybrid tracer ICG-**"Tc-nanocolloid was prepared
(x-axis), after which near-infrared fluorescence tracing
using the opto-nuclear probe was performed. For near-
infrared fluorescence tracing, 2-s and 5-s count rates were
measured with the PMT set at 0.7 V (low-sensitivity) and
0.9V (high-sensitivity) (y-axis); C) The correlation between
the counts measured via gamma tracing (x-axis) and near-
infrared fluorescence tracing (y-axis) was calculated; D)
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The hybrid tracer dilution range (x-axis; concentration
hybrid tracer) was also measured on a fluorescence
spectrophotometer (y-axis, fluorescence intensity in a.u.);
E) Correlation between opto-nuclear probe-based near-
infrared fluorescence tracing (x-axis) and measurements
of the fluorescence spectrophotometer (y-axis) when
evaluating the hybrid tracer dilution range; F) Opto-
nuclear probe-based near-infrared fluorescence tracing of
a dilution range of patent blue V dye (x-axis) with the PMT
set at 0.9 V (high-sensitivity mode). 5-s count rates were
measured (y-axis). In the low-sensitivity mode (PMT set at
0.7 V), no fluorescence signal was detected with the opto-
nuclear probe. ICG = indocyanine green; ONP = opto-
nuclear probe; a.u. = arbitrary units; sec = seconds; CR =
count rate; PMT = photomultiplier tube.



A comparison between the fluorescence count rates obtained with the opto-nuclear
probe (Figure 3A) and the signal intensities measured with a fluorescence
spectrophotometer (the standard method for fluorescence intensity quantification)
(Figure 3D) gave an r’-value of 0.74 at a 5-s count rate, which increased to 0.93 at the 2-s
count rate (Figure 3E). Again the r*-value could not be calculated at 0.9 V (high-sensitivity
mode) due to signal oversaturation. The fluorescence spectrophotometer measurements
showed that the fluorescence peak intensity was highest at the concentration range 7.0-
30.0 pg/mL ICG-**"Tc-nanocolloid (Figure 3E).

With the PMT set at 0.7 V (low-sensitivity mode) the presence of patent blue V dye in
the samples did not interfere with fluorescence tracing. However, when the PMT was set
to 0.9V (high-sensitivity mode), a continuous number of background counts was measured
atvarious concentrations of blue dye (ranging 25 mg/mL- 3.1 ng/mL; Figure 3F). Surprisingly
the fluorescence spectrophotometer did not record any additional fluorescence signal for
patent blue V dye.

EX Vivo SAMPLE EVALUATION

A total of 150 nodal samples from 41 patients were analyzed ex vivo. All SNs (n=131) were
radioactive and fluorescent. The 19 additionally excised samples (referred to as nonSNs)
were not radioactive and not fluorescent and functioned as negative control. During ex
vivo evaluation (Figure 4A, B), all radioactivity-containing nodes were able to be gamma
traced with the opto-nuclear probe. The fluorescence tracing efficacy, however, was
dependent on the PMT settings. With the PMT set at 0.7 V (low-sensitivity mode), merely
70.7% of the evaluated nodes could be correctly staged for their fluorescent content
(Figure 4C).

A strong increase in detection sensitivity to 98.9% was achieved by adjusting the PMT
voltage to 0.9 V (high-sensitivity mode; Figure 4C). Most of the nodal samples contained
some additional dissected tissue (see Figure 4B for an example), which influenced the
fluorescence tracing efficacy. For example, in contrast to the above-described phantom
measurements, the influence of the tissue in the nodal samples resulted in a poor
correlation between the signal intensities measured using gamma and fluorescence tracing
(Figure 4D). The presence of patent blue V dye in the nodal samples did not influence the
fluorescence tracing.
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INTRAOPERATIVE SENTINEL NODE IDENTIFICATION USING
THE OPTO-NUCLEAR PROBE

We then set out to evaluate the potential of the modality to provide in vivo guidance in the
form of gamma and fluorescence tracing in nine patients scheduled for SN biopsy. Findings
are specified in Table 1.

Intraoperatively, 20 SNs were evaluated with the opto-nuclear probe (Figure 1). Similar
to the results of the ex vivo situation, the gamma tracing option of the opto-nuclear probe
allowed localization of 100% of the SNs, and fluorescence tracing of all of these SNs (100%)
was possible when the PMT was set to 0.9 V (high-sensitivity mode). At low-sensitivity
mode (0.7 V), however, accurate fluorescence tracing with the opto-nuclear probe was
achieved for only seven of the 20 evaluated nodes (35.0%). This detection percentage is
markedly lower than that obtained at these settings in the above-described ex vivo
measurements. In contrast to the findings in the phantom set-up, in vivo, the presence of
patent blue V dye did not lead to false-positive results at 0.9 V (high-sensitivity mode).

The surgeons found the use of the fluorescence tracing option of the opto-nuclear
probe to be intuitive. Handling, the method of fluorescence tracing, and acoustic read-out
(Figure 1) were similar to that of the conventional gamma probe that is routinely used for
SN identification. To improve the ease of probe placement during the operation, the
location of the optical fibers was marked on the opto-nuclear probe with a marker pen
(Figure 1D). Making circularly rotating movements while performing fluorescence tracing
allowed scanning of a larger area and easier detection of the fluorescence signal. This
effect was strengthened in the high-sensitivity mode (PMT set at 0.9 V). Importantly, the
fact that the technology was effective in ambient light conditions had a minimal influence
on surgical logistics. The ability to get a quantitative feel of the fluorescence signal intensity
(counts) in relation to the gamma tracing findings was considered advantageous.
Nevertheless, the inability to visualize the SNs was considered a disadvantage by some
surgeons.

DISCUSSION

To the best of our knowledge, this is the first clinical study reporting on a hybrid modality
that allows for combined gamma and near-infrared fluorescence tracing during a surgical
procedure. Following the positive results of the initial phantom and ex vivo evaluation
experiments, our first-in-human study in nine patients nicely illustrated the clinical
feasibility of this technology. The integration of the fluorescence tracing option into an
existing modality saves both additional investment and valuable space in the operation
theatre. Though it should be apparent that larger clinical evaluation studies are needed to
determine the true clinical potential of this technology.

203

CHAPTER 11



Interestingly, the different experiments performed illustrated a small discrepancy in
findings among the phantom, ex vivo, and in vivo setting. For example, at 0.9 V (high-
sensitivity mode), the phantom experiments indicated that detection of the fluorescent
signal was oversaturated, making 0.7 V (low-sensitivity mode) the preferred setting for the
fluorescence tracing measurements. Moreover, at 0.9 V the presence of patent blue V dye
induced a background signal during fluorescence tracing. Ex vivo, though, we found that
the fluorescence tracing ability was improved when switching from low-sensitivity (PMT
set at 0.7 V) to high-sensitivity (0.9 V) mode (from 70.7% to 98.9%, respectively), and no
influence of patent blue V dye was observed at either setting. During the in vivo evaluation,
this effect was even more profound, resulting in an improvement of detection, from 35 to
100% (0.7 and 0.9 V, respectively). Evidently, the attenuation of the fluorescence signal in
the nodal sample tissue influences the detection of the fluorescence signal with the
optonuclear probe. Moreover, the limited penetration depth of the fluorescence signal as
a result of tissue attenuation also influenced the correlation between the signal intensities
obtained in the ex vivo set-up. In the phantom experiments, a strong correlation was found
between gamma and fluorescence tracing, underscoring the utility of the technology,
while measurements in clinical samples yielded a poor correlation. Distribution of the
tracer through the node, and thus the degree of tissue attenuation at different points of
measurement, may also vary; earlier histopathological evaluation of fluorescent SNs also
indicated that the tracer is not homogeneously distributed through the node [7]. This
result supports previous findings indicating that tissue attenuation of the fluorescent
emission signal [11] severely limits the ability to acquire a quantitative read-out in tissue
specimens.

Existing, routinely used clinical procedures such as the SN biopsy procedure provide
advantages for the valorization of new techniques. Initially, we demonstrated the value of
this concept by the evolution of the radiotracer **™Tc-nanocolloid into the hybrid tracer
ICG-**"Tc-nanocolloid that allows for both radio- and fluorescence-based SN detection [4].
In the current study, we showed that the extension of a gamma probe with fluorescence
tracing capabilities resulted in a unique hybrid surgical guidance modality, which could also
be rapidly evaluated in a clinical trial. Because the opto-nuclear probe is directly derived
from the existing gamma probe technology, its use was considered intuitive for surgeons
with experience in SN biopsy. Implementation of this hybrid tracing technology in clinical
routine may therefore have a short learning curve. Since the read-out is acoustic rather
than visual, the technology can easily be used in combination with fluorescence imaging.
For the detection of gamma photons, a combination of acoustic (gamma tracing) and
visible (gamma imaging using portable camera systems) feedback has already proven its
value [12, 13].

Importantly, with the opto-nuclear technology, fluorescence tracing can be performed
in ambient light, which is a significant improvement to the application of the current
generation of surgical (near-infrared) fluorescence cameras that require the lights in the
operating theatre to be dimmed or switched off completely [14-16]. This means that with
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the opto-nuclear probe technology, the impact that fluorescence detection has on
operation theatre logistics is minimized.

Although we specifically focused on the combined use of a hybrid tracer and opto-
nuclear tracing technology, use of the latter is not confined to ICG-*"Tc-nanocolloid. The
probe settings can easily be switched between gamma and fluorescence tracing, thus
allowing for the use of tracers other than the hybrid tracer, e.g. other **"Tc-labeled colloids
[1], or separately administered ICG. This makes it a versatile technology that is easy
implemented. For future purposes, one may also want to apply the fluorescence tracing
technology during ICG perfusion measurements (e.g. kidney ischemia [17]), ICG-based
tumor tracing (e.g. exploring the liver for the presence of colorectal metastasis [18]), or
even in combination with tumor receptor targeting tracers functionalized with a
fluorescence dye like ICG [19] or alternative near-infrared dyes such as Cy7 (Aex: 750 nm;
Aem: 773 nm; Luminoprobe GmbH, Hannover, Germany), CW800 (Aex: 778 nm; Aem: 794
nm; LI-COR Biosciences, Lincoln, NE, USA), or ZW800 (Aex: 772 nm; Aem: 788 nm [20]). Here
it should be noted that using optical tracing alone will severely limit the surgical guidance
provided to superficial structures with a known location, due to the limited penetration
depth of the fluorescent dye [11].

CONCLUSION

This proof-of-concept study demonstrated the first clinical evaluation of a hybrid surgical
modality capable of detecting both gamma and near-infrared fluorescence signals. Because
near-infrared fluorescence tracing is performed in a similar manner as conventional
gamma tracing, the technology could be easily adopted by surgeons.
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ABSTRACT

To provide surgeons with optimal guidance during interventions, it is crucial that the molecular
imaging data generated at the diagnostic departments finds its way to the operating room.
Sentinel node (SN) biopsy provides a textbook example in which molecular imaging data
acquired in the department of nuclear medicine guides the surgical management of patients.
For prostate cancer, in which SNs are generally located deep in the pelvis, procedures are
preferably performed via a (robot-assisted) laparoscopic approach. Unfortunately, in the
laparoscopic setting the senses of the surgeon are reduced. This topical review discusses
technologic innovations that can help improve surgical guidance during SN biopsy procedures.
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INTRODUCTION

Metastasis in pelvic lymph nodes is considered an important prognostic factor in prostate
cancer. Prostate-specific antigen levels, pathologic stage, and Gleason score are predictors
for lymph nodes involvement; the higher these factors are, the greater is the chance of
nodal involvement. Postoperative (histo-)pathologic examination of tissue samples
obtained during (extended) pelvic lymphadenectomy is considered the gold standard in
assessing metastatic spread. With an increasing lymph nodes dissection template, the
prognosis of both NO and N1 groups increases (“Will Rogers” phenomenon). Unfortunately,
(extended) pelvic lymphadenectomy also increases the chance of postoperative
complications such as lymphoceles, injuries to the obturator nerve or the ureter, and
lymphedema of the lower extremity. Such complications can lead to a decrease in the
patient’s quality of life.

Sentinel node (SN) biopsy focuses on the identification, subsequent minimally invasive
excision, and pathologic and histopathologic evaluation of the lymph nodes that drain
directly from the primary tumor. Assuming the orderly spread of tumor cells through the
lymphatic system, SN biopsy can be used for lymph nodes staging. After staging, therapeutic
follow-up can be decided on.

The potential of SN biopsy for detecting lymph nodes metastasis has been validated in
several studies. The Augsburg group validated the SN biopsy procedure in more than 2,000
patients with prostate cancer and reported a high sensitivity and an overall false-negative
rate of 5.9% [1]. Moreover, SN biopsy allows the identification of SNs outside the pelvic
lymphadenectomy field [2-4]. Recently, Joniau et al. showed that 44% of SNs were located
outside the extended pelvic lymphadenectomy field; in 6% of patients, a positive lymph
nodes was located exclusively in the presacral or para-aortic region [2].

Ideally, a surgeon is able to identify and excise the preoperatively identified SNs in a
minimally invasive manner, with a high sensitivity and specificity. This topical review
discusses technologic improvements that may help improve the different aspects involved
in (robot-assisted) laparoscopic SN biopsy for prostate cancer; SN biopsy for the prostate is
often performed in combination with laparoscopic radical prostatectomy. Potential
improvements can be found in (hybrid) tracers that are radioactive and fluorescent, the
injection procedure, preoperative SN identification and planning of the surgical procedure,
translation of the preoperatively acquired imaging data to the operating room (e.g. via
navigation), and intraoperative imaging for SN identification. A schematic overview of
these points is given in Figure 1. Similar technologies are also expected to help improve
guidance for other SN indications and in the future may even help enable tumor-specific
resections.

213

CHAPTER 12



1. (Hybrid)
tracer

2. Injection
procedure

Figure 1. Schematic overview of the integrated
hybrid
presentation of the patient, a hybrid SN tracer (1) is

sentinel node biopsy procedure. On
injected into the prostate (2). Preoperative imaging
is performed to identify the SNs (3). Preoperatively
acquired images can be directly translated to

operating room - for example, via augmented-

3.Preoperative
imaging

4. Translation of the
imaging data
to the operating theatre
and fluorescence-based surgical guidance toward
SNs (5). SN = sentinel node; FLU = fluorescence
imaging; Aem = emission wavelength of the
fluorophore; Aex = excitation wavelength of the
fluorophore; y = gamma signal coming from the
radioisotope; RA = radioactivity-based detection

(i.e., gamma imaging or -tracing).

5. Intraoperative
imaging

reality-based navigation (4) - to provide both radio-

(HYBRID) TRACERS

Despite the success of radioguided surgery, to provide optical guidance blue dyes are often
injected before the start of the operation. However, for prostate cancer, in which SNs are
generally localized deep within the tissue, blue dye is of little value. An alternative optical
detection technology can be found in near-infrared fluorescence imaging, which allows for
real-time optical detection of lesions less than 10 mm deep [5]. The requirement of
preoperative SN mapping data for surgical planning, however, dictates that fluorescence
guidance has to be used in combination with the more common radioguided procedures.

Conventional SN mapping is performed using 20-600 nm radiocolloids. Because of
their size, these exogenous compounds are recognized by the immune system, leading to
accumulation in the SN [6]. We found that premixing of the clinically approved near-
infrared dye indocyanine green (ICG) and an albumin-based radiocolloid (*™Tc-nanocolloid)
yields the non-covalent ICG-**"Tc-nanocolloid complex. This complex has migratory
properties similar to the parental **"Tc-nanocolloid [7]. Other hybrid nanoparticles also
have the potential to guide SN biopsy [8]. A recent preclinical example of a hybrid SN tracer
can be found in #"Tc-Tilmanocept labeled with the near-infrared dye Cy7 [9]. Alternatively,
Cerenkov imaging of positron-emitting radionuclides has been proposed as a hybrid
imaging technology; Thorek et al. demonstrated that lymph nodes could be detected after
a subdermal injection of 8F-FDG in the tail of a mouse [10].

Ideally, for more accurate lymph nodes staging, direct identification of nodal metastases
would be preferred. Research is now focusing on the introduction of hybrid tracers that
specifically target tumor tissue [11,12]: for example, by targeting prostate specific
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biomarkers such as prostate specific membrane antigen or the gastrin-releasing peptide
receptor. In this light, a hybrid prostate-specific membrane anti gentracer, labeled with
indium-111 and the near-infrared dye CW800, was shown to facilitate radioactivity- and
fluorescence-based detection of prostate specific membrane antigen-overexpressing
tumors in mice [13].

INJECTION PROCEDURE

Before SN biopsy, transrectal ultrasound guidance is used to direct the tracer deposition
toward the peripheral zone of the prostate (Figure 2A). Nevertheless, a recent study
showed that in only 53% of patients was the tracer actually deposited in this area [14].
Interestingly, the same study also suggested that the location of tracer deposition
influences the lymphatic drainage pattern. The main question is whether, in order to
identify the true tumor-draining SNs, the tracer should be injected randomly in the
peripheral zone of the prostate. It might be better to aim for peri- or intratumoral tracer
deposition as is common in, for example, breast cancer and melanoma.

Multiparametric magnetic resonance (MR) imaging (T2-weighted, contrast-enhanced,
and diffusion weighted) was shown to be promising in the identification of localized
prostate cancer [15]. Integrating such MR imaging information with real-time acquired
contrast-enhanced transrectal ultrasound may allow MR imaging-based navigation of
injection needles toward the intraprostatic tumor foci.

PREOPERATIVE SENTINEL NODE IDENTIFICATION
AND PLANNING OF THE SURGICAL PROCEDURE

After tracer injection, obtaining sequential anterior (Figure 2B) and posterior
lymphoscintigraphic images is recommended in order to differentiate early draining SNs
from higher-echelon nodes [16]. Via the introduction of single photon emission computed
tomography imaging combined with computed tomography (SPECT/CT) imaging, the
three-dimensional (3D) distribution of the radiocolloid can be directly placed in the
anatomic context provided by the CT component (Figure 2C, D). Moreover, with SPECT/CT
imaging, SNs not seen on lymphoscintigraphic images, such as those in the presacral
region, can be identified [17]. As such, preoperative identification of the lymphatic drainage
patterns allows surgeons to decide beforehand on the optimal and least invasive surgical
approach.

Position emission tomography (PET)/CT, PET/MR imaging, or multiparametric MR imaging
may, in the future, also be of value in planning surgical procedures. For example, lymph
nodes mapping can be performed using radiocolloids suitable for PET imaging, via the
direct identification of lymph nodes metastasis using targeted PET tracers or using
ultrasmall superparamagnetic iron oxide particles or targeted dendrimers suitable for MR
imaging.
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Figure 2. Preoperative Sentinel node mapping. After
tracer injection in the peripheral zone of prostate (A),
planar lymphoscintigraphic images are acquired to
identify the SNs (B). SPECT/CT imaging allows
identification of the anatomic location of the SNs and,
in some cases, identification of SNs outside extended
pelvic lymphadenectomy field; here, a paravesical SN
(white arrow) not clearly detectable on the
lymphoscintigraphic image was identified after SPECT/
CT imaging (C-D). In this patient, five SNs were
detected, with two being located outside extended
pelvic lymphadenectomy field (white and pink arrows).
SN = sentinel node; SPECT/CT = single photon emission
computed tomography combined with computed
tomography; 3D-VR = three-dimensional volume

rendering.

Figure 3. Intraoperative sentinel node identification.
Via patient and tool tracking (yellow square and circle,
respectively) (A), preoperatively acquired images can
be translated into the operating room via 3D virtual
reality navigation (B). A portable gamma camera allows
visualization of the radioactive hot spots in 2D whereby
aiodine-125 seed placed on the tip of the laparoscopic
gamma probe (white circle) can be used for navigation
(C). Hybrid tracers allow SNs to be acoustically traced
using a gamma probe (D) and optically detected via
fluorescence imaging (E). SN = sentinel node; 3D =

three-dimentional; 2D = two-dimentional; RARP

robot-assisted radical prostatectomy.



TRANSLATION OF THE PREOPERATIVELY ACQUIRED
IMAGING DATA TO THE OPERATION ROOM

Ideally, preoperatively acquired two-dimensional (2D) and 3D imaging data can be directly
translated into the operating room to help navigate the surgeon to the areas of interest.
Improvement is especially desired in localization of SNs near vital structures. Most
straightforward is 2D navigation provided by a portable gamma camera [18]. By placing a
iodine-125 seed on a laparoscopic gamma probe and performing dual-isotope gamma
imaging, it is possible to surgically navigate a laparoscopic gamma probe toward the SNs
(Figure 3C) [18].

The freehandSPECT technology, which is based on real-time tracking of both the
patient and a gamma probe, enables the generation of intraoperative 3D SPECT data that
can be viewed in augmented- or virtual-reality (i.e. mixed-reality) as an improvement over
2D imaging [19]. Alternatively, virtual-reality images can be generated using segmentation
of SPECT scans (Figure 3B), CT scans [20] or using transrectal ultrasound images [21]. For
robot-assisted procedures, one can load virtual-reality images and/or the preoperatively
acquired 3D images into the TilePro function of the da Vinci robot (Intuitive Surgical Inc.).
By attaching a 3D motion controller, it even becomes possible to manually manipulate
these images [22].

For mixed-reality-based navigation in soft tissue, organ deformation and movement of
organs or the cameras can be a serious problem. Hence, one must compensate for such
movements by placing internal [20] or external [23] navigation aids (Figure 3A). A
disadvantage of that approach is that it is difficult to correct for motion and organ
deformation.

The fluorescence signature of a hybrid tracer, in combination with the tracking of a
fluorescence laparoscope, can potentially be used to compensate for navigation errors of
less than 10 mm [23].

INTRAOPERATIVE SENTINEL NODE
IDENTIFICATION

Intraoperative SN identification is traditionally facilitated via acoustic gamma tracing
(Figure 3D). With the introduction of robot-assisted laparoscopic procedures, not only are
the senses of the surgeon reduced but also new challenges are faced for intraoperative
gamma tracing. For example, the reduction in the movement of the gamma probe reduces
the spatial accuracy of this technology even further. This is particularly problematic in
areas near the injection site, where the high background signal hinders SN identification.
With regard to a two dimensional protocol, the natural decay of the radioactive signal over
time can reduce the detection sensitivity, which is already relatively low for the prostate.
Hybrid tracers such as ICG-**"Tc-nanocolloid can be used to extend the conventional
radioguided surgical procedure with the benefits that near-infrared fluorescence imaging

217

CHAPTER 12



has to offer [24]. With this tracer, gamma tracing can be used to obtain a rough localization
of the SN while the increased spatial resolution provided by the fluorescent signature
enables accurate delineation of the SN (Figure 3E). An excellent example of the spatial
information that fluorescence imaging provides during laparoscopic surgery was
demonstrated by Jeschke et al., who showed lymphatic tracts draining from the prostate
to the SN, as well as the SN itself [25].

PATIENT BENEFIT

We envision that symbiosis between the above-mentioned surgical guidance technologies
may, in the future, provide patient benefit. Diagnostic images may help surgeons to select
the least invasive surgical approach. Such planning should result in minimization of the
exploration time. A one-to-one correlation between pre and intraoperatively generated
images helps validate complete excision of lesions. Finally, more accurate surgical
identification of diseased and anatomic structures may result in further reduction of
complications associated with nodal dissection.

CONCLUSION

Optimal use of interventional molecular imaging techniques is expected to lead to new
surgical treatment paradigms for indications such as the SN biopsy procedure for prostate
cancer. One of the major challenges in the wide implementation of such technologies is
their clinical translation. The first proof-of-concept studies, however, can provide a clinical
basis for further improvements in this research field.
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SUMMARY







The work described in this thesis shows how intraoperative lesion identification can be
improved via the introduction of (hybrid) tracers and optimized (hybrid) imaging modalities
capable of detecting these tracers. In part one of this thesis, the reader is introduced to
the concept of fluorescence image-guided surgery and the evolution thereof. Furthermore,
the hybrid approach for image-guided surgical guidance is presented. Part two of this
thesis describes the clinical evaluation of the hybrid approach using the hybrid indocyanine
green (ICG)-technetium-99m (**™Tc)-nanocolloid. To further refine the hybrid approach for
surgical guidance, part three of this thesis describes the development and evaluation of
different types of (hybrid) imaging modalities.

PART ONE

In chapter 2, the concept of fluorescence image guidance is introduced by describing the
various fluorescence tracers and detection modalities used within the field of urology.
Although both visible and near-infrared fluorescence tracers are commonly used for e.g.
cancer diagnosis (e.g. protoporphyrin IX precursors 5-ALA or HAL), (lymph-)angiography
(e.g. fluorescein or ICG), ureter visualization (fluorescein) and sentinel node mapping (ICG-
%mTc-nanocolloid), the majority of (commercially) available fluorescence cameras can only
detect the near-infrared fluorescence signal of ICG.

Chapter 3 provides an overview of the clinically available tracers for sentinel node
biopsy, a routine clinical procedure in staging of patients with early stage cancer.
Radiotracers (e.g. **™Tc-nanocolloid) have proven to be of great value in this setting as they
allow for non-invasive preoperative sentinel node mapping, as well as providing
intraoperative radioguidance. To allow for intraoperative optical detection of the sentinel
node(s), generally blue dye(s) or the near-infrared fluorescence tracer (ICG) are used as a
separate entity. With the introduction of hybrid tracers, e.g. ICG-*"Tc-nanocolloid,
integration of the pre- and the intraoperative approach was facilitated allowing direct
translation of preoperative imaging information in the operation theatre. Furthermore in
this chapter, using the hybrid tracer the hybrid approach for sentinel node biopsy is
introduced and put into perspective with respect to the conventional radioguided and blue
dye-based approach.

PART TwO
Part two of this thesis focuses on the evaluation of the hybrid tracer ICG-**"Tc-nanocolloid
for various indications of sentinel node biopsy as such to determine its clinical value. In
chapter 4, the technology was evaluated in 14 patients with oral cavity carcinoma. In this
setting the fluorescence signature of the hybrid tracer proved to be of particular value for
the identification of near-injection site sentinel nodes. Chapter 5 evaluated the feasibility
of the hybrid tracer-based sentinel node biopsy procedure in a large cohort of penile
cancer patients (n=65; 119 groins). Here the fluorescent signature of the hybrid tracer
allowed optical identification of 96.8% of the sentinel nodes, while using blue dye merely
55.7% of the sentinel nodes could be visualized (p<0.0001). Compared to blue dye,
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fluorescence imaging provided improved tissue penetration resulting in the visualization of
sentinel nodes through the intact skin in some patients. Ex vivo evaluation of four tumor-
positive sentinel nodes also revealed that the hybrid tracer was mainly present in the
unaffected lymphatic tissue of the sentinel node.

In chapter 6, the hybrid tracer approach was evaluated in 104 patients with melanoma
(in the head-and-neck, on the trunk or on an extremity), with drainage to, amongst others,
the neck, axilla and groin. Here radioguidance alone allowed the identification of 93.8% of
the sentinel nodes, while the fluorescent signature of the same tracer gave an intraoperative
detection rate of 96.7%. In contrast, with blue dye only 61.7% of the sentinel nodes could
be visualized. Fluorescence imaging provided welcome guidance when no blue dye was
used or when sentinel nodes failed to take up blue dye (n=12 patients), or in case the SNs
could not be detected using gamma tracing (n=5 patients).

From part two it can be concluded that there is a definite value in using the hybrid
tracer for sentinel node biopsy in comparison to the conventional radio- and blue dye-
guidance. Moreover the results from the above-described studies illustrate that this value
seems to be biggest when sentinel nodes reside in close proximity to the injection site and/
or at a location of complex anatomy (e.g. the parotid gland).

PART THREE
To accommodate routine clinical embedment of the hybrid tracer, further improvements
in the surgical imaging modalities are required. Part three of this thesis focuses on refining
currently clinical grade imaging hardware, as well as on the introduction of a novel hybrid
imaging modality. In chapter 7 a prototype handheld open surgery fluorescence camera
that allows fluorescence guidance under ambient light conditions is presented. In seven
patients, in a direct comparison to its predecessor, this prototype fluorescence camera
identified a higher number of sentinel nodes intraoperatively (100% vs. 81.4%), more
transcutaneous sentinel node visualization (40.7% vs. 22.2%) as well as lymphatic duct
visualization (7.4% vs. 0%). In an additional 20 patients, the value of the technical
improvements made was further underlined; in some patients real-time fluorescence-
guided sentinel node excision was possible where previously fluorescence imaging was
mainly used to confirm localization of the sentinel node(s) (part two). Chapter 8 is aimed
at improving laparoscopic fluorescence imaging during sentinel node identification in
patients with prostate cancer that were to undergo robot-assisted laparoscopic sentinel
node biopsy (n=40). Here, optimization of the hybrid tracer formulation and injection
resulted in an improvement of intraoperative sentinel node identification from 63.7% to
85.2%, which further increased to 93.5% after improving the fluorescence imaging
laparoscope. Similarly as described in chapter 7, improvements eventually resulted in
enabling real-time fluorescence guidance. In chapter 9 this same fluorescence laparoscope
was further refined to allow for the intraoperative detection of two complementary
fluorescence signatures (ICG-**"Tc-nanocolloid and fluorescein) via a so-called multispectral
fluorescence imaging approach. In a pilot study in ten patients the hybrid tracer could be
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used for sentinel node visualization, whereas the visible dye fluorescein could be used as
a lymphangiographic agent highlighting the ducts running to the hybrid tracer-stained
sentinel node(s). Results from this study showed that intraoperative multispectral imaging
is clinically feasible.

Alternative to optimization of the fluorescence imaging technologies, optimization of
gamma imaging modalities can be explored. In chapter 10 the introduction of a navigation
technology for surgical guidance is presented. With this navigation technology, using
augmented- and virtual-reality, preoperative imaging information is made directly available
to the surgeon in the operation theatre. Using this set-up, an average error of 8.0+2.1 and
8.5£5.4 mm in the coronal and saggital/axial plane was found when navigating the
conventional gamma probe in 3D preoperative SPECT/CT images to the sentinel node in
the groin (n=5 patients).

Hybrid imaging modalities capable of detecting both signatures may further enhance
the clinical application of hybrid tracers. Chapter 11 describes the evaluation of a modality
that allows combined radio- and fluorescence tracing. The feasibility of the prototype
opto-nuclear probe for combined radio- and fluorescence-guided sentinel node
identification was demonstrated ex vivo in clinical (non)sentinel node samples (n=150),
and in a pilot study in patients with head-and-neck malignancies or penile cancer (n=9). Of
the 20 sentinel nodes that were intraoperatively evaluated, the prototype opto-nuclear
probe detected the radio- and fluorescence signal in all nodes. Fluorescence tracing could
be performed under ambient light conditions.

The general conclusion from part three of this thesis is that the introduction of novel
imaging modalities, or the improvement of current existing hardware, required for radio-
and/or fluorescence-guided surgery has the potential to further refine currently existing
surgical procedures. The above-described studies all present pilot studies though, of which
the results will have to be validated in larger, preferably multicenter, studies.

OUTLOOK

In the outlook, chapter 12, we describe how we envision the hybrid approach for sentinel
node biopsy of prostate cancer in the near future. Although this chapter is focused on
sentinel node biopsy for prostate cancer, the same approach can easily be translated to
other malignancies and targets, e.g. nerves. Via the introduction of navigation technologies,
in the hybrid guidance concept the preoperative imaging information can be directly linked
to the findings in the operation theatre. Additionally, the introduction of (novel) gamma
and fluorescence imaging technologies can help to further optimize intraoperative sentinel
node identification. When reaching beyond proof-of-principal studies, integrated use of
the proposed technologies (part three) in combination with (hybrid) tracers (part one and
two) can result in new surgical treatment paradigms.
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Dit proefschrift beschrijft hoe de identificatie van laesies tijdens een operatie verbeterd
kan worden door de introductie van (hybride) speurstoffen en geoptimaliseerde (hybride)
beeldvormingsmodaliteiten die deze speurstoffen kunnen detecteren. In deel één van dit
proefschrift maakt de lezer kennis met het concept van fluorescentie-geleide chirurgie en
de evolutie die daarin plaatsgevonden heeft. Tevens wordt de hybride benadering voor
beeldgeleide chirurgie gepresenteerd. Deel twee beschrijft de klinische evaluatie van de
hybride benadering gebruikmakend van de speurstof indocyanine groen (ICG)-technetium-
99m (*™Tc)-nanocolloid. In deel drie wordt de ontwikkeling en optimalisatie van
verschillende (hybride) beeldvormingsmodaliteiten besproken teneinde de hybride
benadering verder te vervolmaken.

DEEL EEN

Hoofdstuk 2 introduceert het concept van fluorescentie-geleide chirurgie aan de hand van
de verschillende klinisch gebruikte fluorescente speurstoffen en detectiesystemen binnen
het terrein van de urologie. Waar zowel visuele als nabij-infrarode fluorescente speurstoffen
gebruikt worden voor onder andere de diagnose van kanker (protoporfyrine IX voorlopers
5-ALA of HAL), (lymfe-)angiografie (fluoresceine of ICG), visualisatie van de urineleiders
(fluoresceine) of de schildwachtklierbeeldvorming (ICG-*"Tc-nanocolloid), zijn de meeste
commercieel beschikbare fluorescentie camera’s alleen geschikt voor de detectie van de
nabij-infrarode fluorescente speurstof ICG.

In hoofdstuk 3 wordt een overzicht gegeven van de klinisch beschikbare speurstoffen
voor de schildwachtklierprocedure, een routine procedure voor stadiéring van patiénten
met een vroeg stadium kanker. Radioactieve speurstoffen (bijvoorbeeld *™Tc-nanocolloid)
zijn van grote waarde bij deze procedure omdat ze, na injectie rondom de tumor, de
mogelijkheid bieden om op een niet-invasieve manier de schildwachtklieren op te laten
lichten. Tijdens de operatie kunnen deze schildwachtklieren dan door middel van
radiogeleiding geidentificeerd worden. Om de schildwachtklieren zichtbaar te maken
tijdens de operatie wordt vaak ook nog een blauwe kleurstof of een fluorescente speurstof
rondom de tumor toegediend. Met de introductie van hybride speurstoffen, bijvoorbeeld
ICG-*"Tc-nanocolloid, kan integratie van de pre- en intraoperatieve benadering bereikt
worden waarbij de preoperatief verkregen informatie direct naar de operatiekamer
vertaald kan worden. De hybride benadering voor de schildwachtlierprocedure wordt in
dit hoofdstuk geintroduceerd en vergeleken met de conventionele radiogeleide en blauwe
kleurstof-gebaseerde benadering.

DEEL TWEE
Deel twee richt zich op de evaluatie van ICG-*"Tc-nanocolloid voor de
schildwachtklierprocedure bij patiénten met verschillende soorten vroeg stadium kanker
teneinde de klinische waarde te bepalen. Hoofdstuk 4 beschrijft de evaluatie van de
hybride speurstof in 14 patiénten die de schildwachtklierprocedure ondergingen vanwege
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mondholte kanker. De fluorescente handtekening was met name van belang voor de
identificatie van schildwachtklieren die zich naast de injectieplaats bevonden. In hoofdstuk
5 wordt de hybride speurstof geévalueerd in 65 patiénten met penis kanker (119 liezen).
Visuele identificatie van de schildwachtklier met behulp van fluorescentie beeldvorming
was aantoonbaar beter ten opzichte van de blauwe kleurstof-gebaseerde methode: 96,8%
vs. 55,7% (p<0,001). In sommige patiénten werd met fluorescentie beeldvorming de
schildwachtklier al door de intacte huid heen waargenomen terwijl dit met de blauwe
kleurstof niet mogelijk was. Ex vivo evaluatie van tumor-positieve schildwachtklieren
leerde ons ook dat de hybride speurstof zich met name in het gezonde lymfeklierweefsel
bevond.

Het belang van de hybride benadering voor de schildwachtklierprocedure in patiénten
met een melanoom wordt geévalueerd in hoofdstuk 6. In 104 patiénten met een hoofd-
hals melanoom, een melanoom op de romp of op een arm of been werd lymfatische
drainage gezien naar schildwachtklieren in, onder andere, de hals, oksel en lies. Waar
tijdens de operatie 93,8% van de schildwachtklieren opgespoord kon worden via
radiogeleiding, kon door middel van fluorescentie beeldvorming 96,7% van de
schildwachtklieren zichtbaar gemaakt worden. In vergelijking, met blauwe kleurstof werd
slechts 61,7% van de schildwachtklieren gevisualiseerd. Fluorescentie beeldvorming was
met name van waarde wanneer de blauwe kleurstof niet gebruikt werd, wanneer de
schildwachtklieren geen blauwe kleurstof hadden opgenomen (22 patiénten), of wanneer
de schildwachtklier niet gedetecteerd kon worden via radiogeleiding (5 patiénten).

Deel twee concludeert dat, in vergelijking met de conventionele radio- en blauwe
kleurstof-geleide schildwachtklierprocedure er een duidelijk belang is voor het gebruik van
de hybride speurstof voor deze procedure. De waarde van de hybride speurstof werd het
grootste gevonden voor de identificatie van schildwachtklieren die zich vlakbij de
injectieplek bevonden en op plaatsen met een lastige anatomie, bijvoorbeeld in het parotis
gebied.

DEEL DRIE
Om de hybride speurstof in de klinische routine opgenomen te krijgen is verbetering van
de huidige beeldvormingsmodaliteiten gewenst. Deel drie van dit proefschrift richt zich op
hetverbeterenvandehuidigeklinischbeschikbarefluorescentie beeldvormingsmodaliteiten
en tevens op de introductie van een nieuwe hybride beeldvormingsmodaliteit. Hoofdstuk
7 beschrijft een prototype draagbare fluorescentie camera voor open chirurgie welke
werkt onder normale licht omstandigheden. Deze camera werd vergeleken met zijn
voorganger in zeven patiénten die een schildwachtklierprocedure ondergingen
gebruikmakend van de hybride speurstof. De prototype camera visualiseerde meer
schildwachtklieren en lymfebanen tijdens de operatie, respectievelijk 100% en 7,4% vs.
81,4% en 0%. Ook werden de schildwachtklieren vaker door de intacte huid heen gezien
(40,7% vs. 22,2%). In 20 additioneel geincludeerde patiénten werd het belang van deze
technische verbeteringen verder versterkt. In sommige patiénten was real-time
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fluorescentie-geleide schildwachtklier-identificatie en -excisie mogelijk waar de techniek
eerder vooral werd gebruikt ter bevestiging van de lokalisatie van de schildwachtklier(en)
(deel twee).

Hoofdstuk 8 beschrijft de optimalisatie van laparoscopische fluorescentiebeeldvorming
in patiénten met prostaatkanker welke een robot-geassisteerde laparoscopische
schildwachtklierprocedure ondergingen (40 patiénten). Optimalisatie van de samenstelling
van de hybride speurstof leidde tot een verbetering in schildwachtklieridentificatie van
63,7% naar 85,2%. Dit verbeterde verder naar 93,5% na de introductie van een verbeterde
laparoscopische fluorescentiecamera. Vergelijkbaar aan het uiteengezette in hoofdstuk 7,
hebben deze verbeteringen er ook toe geleid dat real-time fluorescentiegeleide
schildwachtklier-identificatie en -excisie mogelijk werd. Door deze fluorescentiecamera
geschikt te maken voor de detectie van meerdere fluorescente signalen, werd
intraoperatieve multispectrale fluorescentie beeldvorming mogelijk (beschreven in
hoofdstuk 9). In een haalbaarheidsstudie in tien patiénten werd deze multispectrale
fluorescentiebeeldvormingsbenadering geévalueerd gebruikmakend van de lymfe-
angiografische kleurstof fluoresceine (visuele fluorescentie) en de hybride, nabij-infrarode,
schildwachtklier speurstof ICG-*"Tc-nancolloid. Waar de eerste de naar de
schildwachtklieren lopende lymfebanen deed oplichten, konden met de hybride tracer
ICG-*"Tc-nanocolloid de schildwachtklieren gevisualiseerd worden.

Alternatief aan de optimalisatie van fluorescentie beeldvormingsmodaliteiten, hebben
we ook gekeken naar optimalisatie van gamma imaging modaliteiten. Hoofdstuk 10
beschrijft de introductie van een navigatie systeem voor intraoperatieve geleiding.
Gebruikmakend van deze navigatie technologie hebben we in vijf patiénten aangetoond
dat preoperatieve beeldvorming direct beschikbaar gemaakt kon worden voor de chirurg
in de operatiekamer. Een afwijking van 8,5+2,1 en 8,045,4 mm in het coronale en saggitale/
axiale vlak werd gevonden wanneer de conventionele gamma probe in augmented- en
virtual-reality in 3D preoperatieve SPECT/CT beeldvorming genavigeerd werd in naar de
schildwachtklier(en).

In_hoofdstuk 11 wordt een hybride modaliteit beschreven die zowel radioactiviteit als
fluorescentie kan detecteren. Na een ex vivo haalbaarheidsstudie waarin 150
schildwachtklierweefsels werden geévalueerd werd een klinische pilot studie uitgevoerd in
9 patiénten die een schildwachtklierprocedure ondergingen gebruikmakend van de
hybride speurstof. Tijdens de operatie werden 20 schildwachtklieren met de opto-nuclear
probe gemeten waarbij in alle gevallen zowel het radioactieve, als het fluorescentie signaal
in de klier gemeten kon worden. Fluorescentie geleiding was hierbij mogelijk onder
normale licht omstandigheden.

Concluderend, chirurgische procedures kunnen mogelijk verbeterd worden door
optimalisatie van de bestaande beeldvormingsmodaliteiten en/of de introductie van
nieuwe hybride modaliteiten zoals beschreven in deel drie. Dit kan mogelijk leiden tot
opname van deze technieken in de klinische routine. Echter, de hierboven beschreven
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studies betreffen allemaal haalbaarheidsstudies waarvan de resultaten eerst nog verder
gevalideerd moeten worden in grotere, bij voorkeur multicenter, studies.

PERSPECTIEF
In het perspectief, hoofdstuk 12, van dit proefschrift, beschrijven we hoe wij in de nabije
toekomst de hybride benadering voor de schildwachtklierprocedure bij prostaatkanker
voor ons zien. Ondanks het feit dat dit hoofdstuk zich richt op de schildwachtklierprocedure
voor prostaatkanker kan deze benadering ook eenvoudig vertaald worden naar andere
maligniteiten en anatomische structuren, bijvoorbeeld zenuwen. We laten zien dat, door
gebruik te maken van navigatietechnieken, in combinatie met de hybride benadering,
directe vertaling van preoperatieve beeldvormingsinformatie in de operatiekamer mogelijk
wordt. De introductie van radio- en fluorescentie detectietechnieken kan hierbij gebruikt
worden om schildwachtklier identificatie verder te verbeteren. Hierbij geldt, dat als we
voorbij proof-of-principle studies komen, geintegreerd gebruik van de hierboven
beschreven beeldvormingstechnieken (deel drie) in combinatie met hybride speurstoffen
(deel één entwee) mogelijk kan leiden tot (nieuwe) verbeterde chirurgische behandelingen.
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RESUMEN







El trabajo descrito en esta tesis muestra cémo la identificacion intraoperatoria de lesiones
puede ser mejorada a través de la introduccidn de trazadores (hibridos) y de técnicas
(hibridas) optimizadas de imagen capaces de detectarlos. En la primera parte de esta
tesis, se introduce al lector en el concepto de la cirugia guiada por la fluorescencia vy la
evolucién de la misma para efectuarla. Al mismo tiempo, se presenta el enfoque hibrido de
la cirugia guiada por la imagen. En |la segunda parte de esta tesis se describe la evaluacion
clinica del trazador hibrido verde de indocianina (ICG)-tecnecio-99m (**™Tc)-nanocoloide.
En la tercera parte de esta tesis se describe el desarrollo y la evaluacion de diferentes tipos
de modalidades de formacion de imagenes hibridas para perfeccionar la cirugia
radioguiada.

PRIMERA PARTE

En el capitulo 2, el concepto de guia por imagenes de fluorescencia se introduce mediante
la descripcion de los diferentes trazadores de fluorescencia y las modalidades de deteccion
utilizadas en el campo de la urologia. Aunque tanto los trazadores de fluorescencia visible
como los de infrarrojo cercano se utilizan cominmente para el diagnéstico de cancer (por
ejemplo, precursores de protoporfirina IX (5-ALA o HAL), la (linfa)angiografia (fluoresceina
01CG), la visualizacion del uréter (fluoresceina) y el mapeo del ganglio centinela (ICG-**"Tc-
nanocoloides), la mayoria de las cdmaras de fluorescencia (comercialmente) disponibles
sélo pueden detectar la sefial de fluorescencia de infrarrojo cercano del ICG.

El capitulo 3 proporciona una panoramica general de los trazadores clinicamente
disponibles para biopsia del ganglio centinela, un procedimiento clinico de rutina en la
estadificacion de los pacientes con cancer en fase temprana. Los radiotrazadores (por
ejemplo el ®*™Tc-nanocoloide) han demostrado ser de gran valor para permitir tanto el
mapeo del ganglio centinela preoperatorio en forma no invasiva, asi como la cirugia
radioguiada. Para permitir la deteccion Optica intraoperatoria de los ganglio centinelas, en
general, colorantes vitales como el azul o compuestos fluorescentes del infrarrojo cercano
(ICG), se utilizan como entidades separadas. Con la introduccién de trazadores hibridos,
como por ejemplo el ICG-**"Tc-nanocoloide, la integracién de los componentes pre- e
intraoperatorio ha sido facilitada permitiendo la transferencia directa de la informacién de
las imagenes preoperatorias al teatro de operaciones. Ademads en este capitulo, sobre la
base del ICG-**"Tc-nanocoloide se introduce el procedimiento hibrido para la biopsia del
ganglio centinela y se lo coloca en perspectiva con respecto a la cirugia radioguiada
convencional basada en la utilizacion del azul.

SEGUDA PARTE
La segunda parte de esta tesis se centra en la evaluacion del trazador hibrido ICG-**"Tc-
nanocoloide en la determinacion de su valor clinico para varias indicaciones de la biopsia
del ganglio centinela. En el capitulo 4, la tecnologia se evalUa en 14 pacientes con carcinoma
de cavidad oral. Para este objetivo el componente fluorescente del trazador hibrido
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demostrd ser de particular valor para la identificacion de ganglios centinelas préximos al
sitio de inyeccidén. En el capitulo 5 se evalua la factibilidad del procedimiento de la biopsia
del ganglio centinela basado en el trazador hibrido en un gran cohorte de pacientes con
cancer de pene (n=65; 119 ingles). EI componente fluorescente del trazador hibrido
permitié intraoperatoriamente la identificacion dptica del 96,8% de los ganglios centinela,
mientras que con el colorante azul sélo un 55,7% de los ganglios centinela pudo ser
visualizado (p <0,0001). En comparacién con el azul la fluorescencia permitio en el pabellon
de operaciones una mayor visualizacion de ganglios centinela a través de la piel intacta en
algunos pacientes debido a su mejor penetracion en el tejido. La evaluacién ex vivo de
cuatro ganglios centinela con infiltracion tumoral positiva también reveld que el trazador
hibrido estaba presente principalmente en la parte no afectada del tejido linfatico del
ganglio centinela.

En el capitulo 6 se evalla el procedimiento con el trazador hibrido en 104 pacientes
con melanoma (localizado en cabeza/cuello, tronco o extremidades), con drenaje cervical,
axilar e inguinal. En el quiréfano el componente radioguiado permitié solo la identificacién
de un 93,8% de los ganglios centinela, mientras que con la fluorescencia del mismo
trazador se llegd a una tasa de deteccion del 96,7%. Contrastando con esto, el colorante
azul solo pudo visualizar un 61,7% de los ganglios centinela. Las imagenes de fluorescencia
pudieron proporcionar una orientacién muy Util cuando no se utilizé colorante azul o
cuando los ganglios centinela no se tifieron de azul (n=12 pacientes), o en caso que los
ganglios centinela no pudieron ser localizados utilizando la deteccidon de rayos gamma
(n=5 pacientes).

A partir de lo expuesto en la segunda parte, se puede concluir que existe un valor
agregado concreto del trazador hibrido en la biopsia del ganglio centinela en comparacién
con la deteccion ya sea convencionalmente radioguiada o basada exclusivamente en el
colorante azul. Ademas, los resultados de los estudios descritos anteriormente ilustran
que este valor parece ser mayor cuando los ganglios centinela estan ubicados en la
proximidad de la zona de inyeccién y/o en lugares de anatomia compleja (como por
ejemplo la regién de la glandula pardtida).

TERCERA PARTE
Para lograr la incorporacion definitiva del trazador hibrido a la practica clinica habitual se
requiere mejorar su visualizacion en el pabellén quirurgico. La tercera parte de esta tesis
se centra en cémo refinar los equipos actuales de generacién de imagenes clinicas
intraoperatorias asi como en la introduccion de una nueva modalidad de imagen hibrida.
En el capitulo 7 se presenta el prototipo de una nueva cdmara, para el uso manual en
cirugia abierta, que permite visualizar la fluorescencia bajo condiciones de luz ambiental.
En una comparacién intraoperatoria directa con su predecesora en 7 pacientes este
prototipo de camara de fluorescencia logré identificar un mayor niumero de ganglios
centinela (100% versus 81,4%), visualizar mas ganglios centinela transcutaneamente
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(40,7% vs. 22,2%), asi como mas ductos linfaticos (7,4% vs. 0%). En otros 20 pacientes, el
valor de las mejoras técnicas realizadas se acentud; en algunos pacientes la exéresis del
ganglio centinela guiada por la fluorescencia fue posible en tiempo real cuando antes las
imagenes de fluorescencia se utilizaban principalmente para confirmar la localizacién del
ganglio centinela (ver segunda parte).

En el capitulo 8 se discute como la imagen de fluorescencia laparoscopica mejora la

identificacion del ganglio centinela en pacientes con cancer de prostata planificados para
la biopsia del ganglio centinela mediante laparoscopia asistida por robot (n = 40). En esto,
la optimizacién de la formulacién tanto del trazador hibrido como de su inyeccidn resultd
en un mejoramiento de la identificacion del ganglio centinela intraoperatorio de 63,7% a
85,2%, aumentando al 93,5% cuando se mejord el laparoscopio para las imagenes de
fluorescencia. De manera similar a como se describe en el capitulo 7, estas mejoras dieron
lugar a permitir la utilizacion de la fluorescencia para la escision del ganglio centinela en
tiempo real.
En el capitulo 9 este mismo laparoscopio fue perfeccionado para permitir la deteccidon
intraoperatoria de dos sefiales de fluorescencia complementarias (la de ICG del ICG-*"Tc-
nanocoloide y la de la fluoresceina) mediante un método de visualizacion multiespectral.
En un estudio piloto incluyendo 10 pacientes el trazador hibrido pudo ser utilizado para
visualizar el ganglio centinela, mientras que la fluoresceina fue utilizada para delinear los
ductos linfaticos que afluyen hacia el ganglio centinela. Los resultados de este estudio
mostraron que las imagenes multiespectrales intraoperatorias por fluorescencia son
clinicamente factibles.

Como alternativa o complemento de la optimizacion de las tecnologias de imagenes de
fluorescencia, el mejoramiento de las técnicas de imagen gamma también puede ser
explorado. En el capitulo 10 se presenta la introduccion de una tecnologia de navegacién
como instrumento de guia quirdrgica. Con esta tecnologia de navegacién, utilizando un
modelo de realidad virtual aumentada y mixta, lainformacién de las imagenes tomograficas
preoperatorias se coloca directamente a disposicion del cirujano en el quiréfano. Utilizando
este método, errores promedios de 8,0+2,1 mmy 8,5£5,4 mm en el plano coronal y sagital/
axial fueron encontrados al navegar con la sonda gamma convencional en un entorno 3D
obtenido con la SPECT/CT preoperatoria en la busqueda de ganglios centinela en la ingle
(n=5 pacientes).

Las modalidades de imagenes hibridas capaces de detectar ambos componentes del
ICG-*"Tc-nanocoloide pueden mejorar aun mas la aplicacion clinica de los trazadores
hibridos. El capitulo 11 describe la evaluacion de una modalidad que permite el rastreo
combinado de las sefiales radioactivas y fluorescentes. La factibilidad de un prototipo de
sonda opto-nuclear para la identificacién combinada del ganglio centinela tanto
radioactivamente como guiada por fluorescencia fue demostrada ex vivo en muestras
clinicas de ganglios linfaticos (no)centinela (n=150) y en un estudio piloto incluyendo
pacientes con tumores malignos de cabeza y cuello o cancer de pene (n=9). En este ultimo
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estudio, de los 20 ganglios centinela que fueron evaluados durante la operacion, la sonda
prototipo opto-nuclear detectd la sefial de loscomponentes radioactivos y fluorescencentes
en todos ellos. El rastreo de la fluorescencia pudo realizarse en condiciones de luz
ambiental.

La conclusion general de la tercera parte de esta tesis es que tanto la introduccion de
nuevas modalidades de imagen como el mejoramiento de los equipos existentes en la
actualidad requeridos para la cirugia radioguiada y/o guiada por fluorescencia tiene el
potencial para perfeccionar los procedimientos quirurgicos existentes en la actualidad. Los
estudios anteriormente descritos representan muestras piloto por lo que los resultados
tendran que ser validados en estudios mayores preferentemente multicéntricos.

PERSPECTIVAS

En el capitulo 12 se entregan las perspectivas de esta tesis, describiéndose como
visualizamos el enfoque hibrido para la biopsia del ganglio centinela en cancer de prostata
en un futuro proximo. Aunque este capitulo se centra en la biopsia del ganglio centinela
para el cancer de prostata, el mismo enfoque puede ser facilmente extrapolado a otros
tumores malignos y de aplicacion con otros fines, como por ejemplo, nervios. A través de
la introduccion de las tecnologias de navegacién en el concepto de orientacion hibrida la
informacion de las imagenes preoperatorias puede ser directamente relacionado con los
hallazgos en la sala de operaciones. Adicionalmente, la introduccién de nuevas tecnologias
para generar imagenes gammagraficas y de fluorescencia puede ayudar a optimizar aun
mas la identificacién intraoperatoria del ganglio centinela. Cuando se pase de los estudios
de validacién metodoldgica a los multicéntricos, el uso integrado de las tecnologias
propuestas (tercera parte) en combinacién con los trazadores hibridos (parte uno y dos)
puede llevar a nuevos paradigmas de tratamiento quirurgico.
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GEARFETTING







Dit proefskrift beskriuwt hoe’t de identifikaasje fan laesies (inder in operaasje ferbettere
wurde kin troch de ynfiering fan (hybride) speurmiddels en optimalisearre (hybride)
byldfoarmingsmodaliteiten dy’t dy speurmiddels opspoare kinne. Yn diel ien fan dit
proefskrift komt de |ézer yn de kunde mei it konsept fan fluoressinsje-stjoerde sjirurgy en
de evolusje dérfan binnen dy sjirurgy. Fierder wurdt it hybride oanpakken foar byldstjoerde
sjirurgy presentearre. Diel twa fan dit proefskrift beskriuwt de klinyske evaluaasje fan de
hybride oanpak mei help fan it speurmiddel indocyanine grien (ICG)-technetium-99m
(*™Tc) -nanocolloid. Om de hybride oanpak by sjirurgyske begelieding fierder te
ferbetterjen, beskriuwt diel trije fan dit proefskrift de Gntwikkeling en optimalisaasje fan
ferskillende soarten (hybride) byldfoarmingsmodaliteiten.

DIEL IEN
Haadstik 2 yntrodusearret it konsept fan fluoressinsje-stjoerde sjirurgy oan de han fan de
ferskate klinysk brikte fluoressinte middels en de wizen fan opspoaren dy’t brikt wurde
binnen it méd fan urology. Weér't likegoed fisuele as tichteby-ynfrareade fluoressinte
middels brikt wurde foar bygelyks de diagnoaze fan kanker (bygelyks protoporphyrin IX
foarrinners 5-ALA of HAL), (lymph-)angiografy (bygelyks fluoresceine of ICG), fisualisaasje
fan de urinelieders (fluoresceine) of de byldfoarming fan de skyldwachtklier (ICG-**"Tc-
nanocolloid), binne de measte fan de (kommersjeel) beskikbere fluoressinsje kamera’s
allinnich geskikt om it tichteby-ynfrareade fluoressinte middel ICG op te spoaren.
Haadstik 3 jout in oersjoch fan de klinysk beskikbere speurmiddels foar de
skyldwachtklierproseduere, in rltineproseduere foar it bepalen fan yn hokker fase
pasjinten ferkeare yn in ier stadium fan kanker. Radioaktive speurmiddels (bygelyks *™Tc-
nanocolloid) binne fan grutte wearde om’t hja, nei ynjeksje om de tumor hinne, de
mooglikheid biede om op in net ynvasive wize de skyldwachtklier opljochtsje te litten.
Under de operaasje kinne dy skyldwachtklieren dan troch middel fan radiolieding
identifisearre wurde. Om de skyldwachtklieren sichtber te meitsjen (inder de operaasje
wurdt fakentiid ek noch in blauwe kleurstof of in fluoressint middel jiin om de tumor hinne.
Mei de yntroduksje fan hybride speurmiddels, bygelyks IGC-*"Tc-nanocolloid, kin
yntegraasje fan de pre- en ynteroperative oanpak berikt wurde, wérby’t de preoperatyf
krigen ynformaasje fuortendaliks nei de operaasjekeamer oerset wurde kin. De hybride
oanpak foar de skyldwachtklierproseduere wurdt in dit haadstik yntrodusearre en ferlike
mei de konvensjonele radiolate en blauwe kleurstof-basearre oanpak.

DIE TWA
Diel twa fan dit proefskrift rjochtet him op de evaluaasje fan it hybride speurmiddel ICG-
%®mTc-nanocolloid foar de skyldwachtproseduere by pasjinten mei ferskate soarten fan
kanker yn in betiid stadium, mei as doel de klinyske wearde te bepalen. Haadstik 4
beskriuwt de evaluaasje fan it hybride speurmiddel in 14 pasjinten dy’'t de
skyldwachtklierproseduere (ndergongen fanwegen kanker yn de muleholte. De
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fluoressinte hantekening wie benammen fan belang foar de identifikaasje fan
skyldwachtklieren dy’t njonken it ynjeksjeplak sieten. Yn haadstik 5 wurdt it hybride
speurmiddel evaluearre yn 65 pasjinten mei peniskanker (119 ljisken). Fisuele identifikaasje
van de skyldwachtklier mei help fan fluoressinte byldfoarming wie oantoanber better dan
de methoade fan de blauwe kleurstof: 96,8% vs. 55,7% (p <0,0001). Yn guon pasjinten
waard mei de fluoressinte byldfoarming de skyldwachtklier al troch de yntakte hd hinne
waarnommen, wylst dat mei de blauwe kleurstof net mooglik wie. Ex vivo evaluaasje fan
tumor-positive skyldwachtklieren learde Us ek dat it hybride speurmiddel benammen
oanweézich wie yn it stine lymfeklierweefsel.

It belang fan de hybride oanpak foar de skyldwachtklierproseduere yn pasjinten mei in
melanoom wurdt evaluearre yn haadstik 6. Yn 104 pasjinten mei in holle-halsmelanoom,
in melanoom op de romp of op in earm of in foet waard lymfatyske 6fwettering sjoen nei
skyldwachtklieren yn (nder oare de hals, de earmsholte en de ljisk. Wér’t Gnder de
operaasje 93,8% fan de skyldwachtklieren opspoard wurde koe fia radiolieding, koe mei
fluoressinte byldfoarming 96,7% fan de skylwachtklieren sichtber makke wurde. Dér
neffens, mei blauwe kleurstof waard mar 61,7% fan de skyldwachtklieren sichtber.
Fluoressinte byldfoarming wie benammen fan wearde as de blauwe kleurstof net brikt
waard, wannear’t de skyldwachtklieren gjin blauwe kleurstof opnommen hiene (22
pasjinten) of yn it gefal dat de skyldwachtklier net fiin wurde koe fia radiolieding (5
pasjinten).

Diel twa konkludearret dat der neffens de konvinsjonele radio- en blauwe kleurstoflate
skyldwachtklierproseduere in dudlik belang is foar it briken fan it hybride speurmiddel fan
dy proseduere. De wearde fan it hybride speurmiddel waard it grutste fin foar de
identifikaasje fan skyldwachtklieren tichteby it ynjeksjeplak en op plakken mei in minne
anatomy, bygelyks yn it parotis gebiet.

DIEL TRIJE

Om it hybride speurmiddel yn de klinyske rtine opnommen te krijen is in ferbettering fan
de hjoeddeiske byldfoarmingsmodaliteiten winsklik. Diel trije fan dit proefskrift rjochtet
him op it ferbetterjen fan de hjoeddeiske klinysk beskikbere fluoressinsje
byldfoarmingsmodaliteiten en ek op de yntroduksje fan in nije hybride
byldfoarmingsmodaliteit. Haadstik 7 beskriuwt in prototype draagbere fluoressinsje
kamera foar iepen sjirurgy, dy’t wurket (inder normale ljochtomstannichheden. Dy kamera
waard ferliken mei syn foarrinner yn san pasjinten dy’t in skyldwachtklierproseduere
Gndergongen dér’t it hybride speurmiddel by brikt waard. De prototype kamera
fisualisearre mear skyldwachtklieren en lymfebanen (nder de operaasje, respektivelijk
100% en 7,4% vs. 81,4% en 0%). De skyldwachtklieren waarden ek faker troch de yntakte
héd hinne sjoen (40,7% vs. 22,2%). Yn 20 ekstra pasjinten waard it belang fan dy technyske
ferbetterings fierder Gnderstreke. Yn guon pasjinten wie direkte fluoressinsjestjoerde
skyldwachtklieridentifikaasje mooglik wér’t de technyk earder benammen brikt waard om
de lokalisaasje fan de skylwachtklier(en) te beféstigjen (diel twa).
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Haadstik 8 beskriuwt it optimalisearjen fan laparoskopyske fluoressinsjebyldfoarming
yn pasjinten mei prostaatkanker, dy’t in robot-bystiene laparoskopyske
skyldwachtklierproseduere (ndergongen (40 pasjinten). It optimalisearjen fan de
gearstalling fan it hybride speurmiddel resultearre yn in ferbettering yn
skyldwachtklieridentifikaasje fan 63,7% nei 85,2%. Dat ferbettere fierder nei 93.5% nei de
yntroduksje fan in ferbettere laparoskopyske fluoressinsjekamera. Omtrint lykas beskreaun
yn haadstik 7, ha dy ferbetterings der uteinlik ek yn resultearre dat direkte
fluoressinsjestjoerde  skyldwachtklieridentifikaasje ~ mooglik  waard. Troch dy
fluoressinjekamera geschikt te meitsjen foar de deteksje fan meardere fluoressinte
sinjalen, waard ynteroperative multispektrale fluoressinsje byldfoarming mooglik
(beskreaun yn haadstik 9). Yn in helberheidsstudzje yn tsien pasjinten waard dy
multispektrale fluoressinsjebyldfoarmingsbeneiering evaluearre mei gebrik fan de lymfe-
angiografyske kleurstof fluoresceine (fisuele fluoressinsje) en it hybride, tichteby-
ynfrareade skyldwachtklier speurmiddel ICG-**"Tc-nanocolloid. Dér’t de earste de nei de
skyldwachtklieren rinnende lymfebanen opljochtsjen die, koene mei it hybride speurmiddel
ICG-*"Tc-nanocolloid de skyldwachtklieren sichtber makke wurde.

Alternatyf oan it optimalisearjen fan fluoressinsje byldfoarmingsmodaliteiten hawwe
wy ek sjoen nei it optimalisearjen fan gamma byldfoarmingsmodaliteiten. Haadstik 10
beskriuwt de ynfiering fan in navigaasje systeem foar ynteroperative lieding. Mei dy
navigaasje technology hawwe wy yn fiif pasjinten oantoand dat preoperative byldfoarming
fuortendaliks beskikber makke wurde koe foar de sjirurg yn de operaasjekeamer. In
ofwiking fan 8,0 £ 2,1 en 8,5 + 5,4 mm yn it koronale en saggitale/aksiale flak waard fin
wannear’t de konvinsjonele gamma probe yn augmented- en virtual-reality yn 3D
preoperative SPECT/CT byldfoarming navigearre waard nei de skyldwachtklier(en).

Yn haadstik 11 wurdt in hybride modaliteit beskreaun dy’t likegoed radioaktiviteit as
fluoressinsje opspoarekin. Neiin exvivo helberensstudzje dér’'t 150 skyldwachtklierweefsels
evaluearre waarden, waard in klinyske pilotstidzje utfierd yn njoggen pasjinten dy’t in
skyldwachtklierproseduere indergongen mei gebrik fan it hybride speurmiddel. Under de
operaasje waarden 20 skyldwachtklieren mei de opto-nuclear probe mjitten, wérby’t yn
alle gefallen likegoed it radioaktive as it fluoressinsje sinjaal yn de klier mjitten wurde koe.
Fluoressinsje lieding wie dérby mooglik Gnder normale ljochtomstannichheden.

Konkludearjend, sjirurgyske prosedueres kinne mooglik ferbettere wurde troch it
optimalisearjen fan de besteande byldfoarmingsmodaliteiten en/of de yntroduksje fan nije
hybride modaliteiten lykas beskreaun yn diel trije. Dat kin mooglik liede ta it opnimmen
fan dy techniken yn de klinyske r(tine. Mar, de hjir boppe beskreaune stludzjes binne
allegear helberheidsstudzjes wérfan’t de resultaten earst noch fierder validearre wurde
moatte yn gruttere, by foarkar multicenter, studzjes.
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FOARUTSICHTEN

Yn haadstik 12, de foarutsicht fan dit proefskrift, beskriuwe wy hoe’t wy de hybride oanpak
foar de skyldwachtklierproseduere by prostaatkanker foar eagen ha yn de takomst deunby.
Hoewol’t dit haadstik rjochte is op de skyldwachtklierproseduere foar prostaatkanker, kin
deselde oanpak ek maklik oerset wurde nei oare maligniteiten en anatomyske struktueren,
bygelyks de senuwen. Wy litte sjen dat, troch gebrik te meitsjen fan navigaasje techniken
yn kombinaasje mei de hybride oanpak, direkte oersetting fan preoperative
byldfoarmingsynformaasje yn de operaasjekeamer mooglik wurdt. De yntroduksje fan
radio- en fluoressinsje opspoaringstechniken kin dér by brikt wurde om
skyldwachtklieridentifikaasje fierder te ferbetterjen. Dérby jildt, dat as we fierder komme
as proof-of-principle studzjes, yntegrearre gebr(k fan de hjir boppe beskreaune
byldfoarmingstechniken (diel trije) yn kombinaasje mei hybride speurmiddels (diel ien en
twa) mooglik liede kin ta (nije) ferbettere sjirurgyske behannelingen.
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