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ABSTRACT

With the evolution of imaging technologies and tracers, the applications for nuclear molecular imaging are growing
rapidly. For example, nuclear medicine is increasingly being used to guide surgical resections in complex anatomical
locations. Here, a future workflow is envisioned that uses a combination of pre-operative diagnostics, navigation and
intraoperative guidance. Radioguidance can provide means for pre-operative and intraoperative identification of “hot”
lesions, forming the basis of a virtual data set that can be used for navigation. Luminescence guidance has shown great
potential in the intraoperative setting by providing optical feedback, in some cases even in real time. Both of these
techniques have distinct drawbacks, which include inaccuracy in areas that contain a background signal (radioactivity) or
a limited degree of signal penetration (luminescence). We, and others, have reasoned that hybrid/multimodal approaches
that integrate the use of these complementary modalities may help overcome their individual weaknesses. Ultimately, this
will lead to advancement of the field of interventional molecular imaging/image-guided surgery. In this review, an
overview of clinically applied hybrid surgical guidance technologies is given, whereby the focus is placed on tracers and

hardware.

INTRODUCTION

Nuclear medicine is the routine clinical methodology used
for non-invasive visualization of molecular features in
patients. In order to provide optimal clinical value, nuclear
medicine requires the addition of other modalities that
help place its findings into context. Hence hybrid
approaches provide outcome here; hybrid approaches are
a well-accepted means to overcome the limitations of in-
dividual technologies and to generate a “best of both
worlds” model. A prime example is the hardware-based
fusion of nuclear imaging modalities and radiological
modalities, such as the fusion of single-photon emission
CT (SPECT) or positron emission tomography (PET) with
anatomical information provided by CT or MRIL

In image-guided surgery applications such as sentinel node
(SN) procedures, a similar approach can be applied. Op-
tical imaging via the use of blue dye is often used to
complement nuclear medicine-based  radioguided
surgery,' and optical imaging based on luminescence
imaging can enhance intraoperative visualization. The lat-
ter can also help in the accurate demarcation of superficial

(<1-cm) lesions in real time.* The complementary features
of radionuclear and optical imaging modalities ensure that
neither can replace the other, and a hybrid approach that
combines the two could therefore result in additional in-
formation during the intervention.

Hybrid radionuclear/fluorescence imaging can occur using
two different tracers, but this increases the risk of dis-
crepancies between the individual findings.” This can be
prevented by fully integrating the two techniques through
the use of dedicated tracers and/or modalities, herein hy-
brid tracers need to express two (or more) distinct sig-
natures. When designing hybrid tracers, the contrast
sensitivity (meaning the amount of moles of contrast re-
quired for detection using a specific modality) has to be
taken into account. Unfortunately, this sensitivity can vary
significantly between modalities.”” For example, the con-
trast sensitivity of MRI is around 10~ °mol and of CT is
10> mol. In nuclear medicine, however, PET and SPECT
scanners have a contrast sensitivity that is high enough to
identify quantities as low as 10~ '°~10~ "> mol. The differ-
ence in sensitivity between nuclear medicine and MRI (up
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to 9-orders of magnitude) and CT (up to 12-orders of magnitude)
means that, from a chemical perspective, it is difficult to generate
hybrid tracers that can be detected with both modalities.
Luminescence-based imaging modalities, however, have a sensi-
tivity that is highly similar to the one reported for nuclear
medicine techniques, namely 10~ °~10"'?*mol. Hence, hybrid
tracers that contain both radiolabels and luminescence labels seem
to have most clinical potential. This automatically reflects on the
hardware development, by generating a need for modalities that
can detect both radionuclear and luminescence signals.

In this review, we discuss the underlying physics behind radio-
nuclide and luminescence-based emissions and extrapolate this
to the hybrid surgical guidance concept in the form of hybrid
tracers, the need for preoperative imaging, hybrid modalities for
surgical guidance and the value of luminescence during patho-
logical evaluation of hybrid tracers. Hereby we focus on the
hybrid technologies that have been reported in clinical use, both
for benign and malignant lesions. Since most readers already
have knowledge on nuclear medicine, we also focused on the
added value that luminescence may offer.

Basic physics, radionuclide and luminescence-
based emissions

Radionuclide emissions

Most people active in medical imaging are well aware of the
strengths and shortcomings of radioactive emissions generated by
medical isotopes. In short, during their decay, radioisotopes
spontaneously emit a form of radiation, of which the rate is de-
pendent on their independent half-life (#,,,). Of the standard
radiation emissions, several are used in the clinical setting; namely
alpha-emissions (a), beta-emissions (B" and B7) and gamma-
emissions (y). In general, &~ and B~ emissions have a strong
tissue interaction, a feature that limits their tissue penetration but
allows use in therapeutic settings. For diagnostics, the secondary
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annihilation of 511-keV y-emissions (resulting from a ™ -emis-
sion) or primary y-emissions in the 25-300 keV range are pre-
dominantly used. Although tissue attenuation is energy
dependent, all these emission types allow in-depth detection
(>10cm) in humans (Figure 1).

There are a few examples where B-emissions have been directly
used for surgical guidance applications, but these are scarce
compared with reports using y-emissions. The radionuclides that
have so far been reported for radioguided surgery are: fluorine-18
(*8F), ?P, ’Co, " Ga, *®Ga, ¥7Zr, °°Y, technetium-99m (°*°™Tc),
Hlp, 1237 1247 1250 1317 and 291T] of which ®°™Tc¢ is the most
widely applied radionuclide for this application.® Of course, the
use of radioisotopes implies exposure to radiation for both the
patient and the surgical staff. Although studies have shown that
when **™Tc is used exposure to the radiation does not exceed
legal limits,” there are clear indications that, in particular, the dose
accumulation as a result of using B " -emitters may be limiting for
their use in image-guided surgery applications.®

Detection of gamma emission during surgery generally occurs
using either gamma probes, which enable acoustic tracing of the
radioactive “hot-spot” in real time, or portable gamma-cameras
that need some time for data acquisition but can generate images
of the surgical field.'"” The emission of +y-rays by an isotope
occurs in a random fashion and <360°. Given their limited
tissue attenuation, y-rays coming from different directions may
be detected, making it difficult to differentiate between hot-spots
and background. For example, half of the <y-rays emitted
(<180°) in two dimensions can be detected. Of these <180°
y-rays, only a small portion has originated in a direct line
(approximately 90°) between the hot-spot and detector. Un-
fortunately, it is this fraction that is critical for the accurate
identification of individual hot-spots. Using physical collima-
tion, -y-rays that are emitted under an unwanted angle can be

Figure 1. Emissions and their degree of tissue penetration. (a) A schematic representation on the relative ability of radioactive (a-, B- and
y-emissions) and luminescence emissions (Cerenkov luminescence and fluorescence) to penetrate human tissue. (b) Schematics of
a phantom setup, where (1) represents a gel-phantom with absorbance properties similar to human tissue and (2) represents a diagonally
placed glass rod containing a radioisotope [technetium-99m (°°™Tc)] and a fluorescence dye (Cy5). The underlying graph depicts the
quantified signal intensities along the dotted line as derived from top-view images (data adapted from Oosterom et al®€ published under
the terms of the Creative Common Attribution 4.0 unported license http://creativecommons.org/licenses/by/4.0). The anatomical
image was made using the visual body software package (Human Anatomy Atlas v. 3.0.1; Argosy Publishing, Inc., Newton, MA).
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blocked. Although collimation reduces the sensitivity, the spec-
ificity and spatial resolution can be improved significantly. In
case of annihilation +y-rays, coincidence detection, as used in
PET cameras, is used to overcome the requirement of physical
collimation. In the last example, electronic collimation is,
however, needed to determine the origin of the emission.

Luminescence emissions

Different from radioactive emissions the ins and outs behind
using luminescence emissions in a medical setting are often not
known. For starters, luminescence is the general term for
emission of light by a substance. In the medical setting, fluo-
rescence and Cerenkov luminescence (CL) are the most im-
portant types of luminescence used.

For fluorescence, a molecule has to be “excited” by an external
light source that matches its absorption optimum. Light ab-
sorbance is dependent on the absorbance coefficient, and when
efficient, the molecule can be brought into an (unstable) excited
state. As soon as the molecule falls back to its stable form,
a photon with a wavelength that is longer than that of the
absorbed excitation light is emitted. The speed with which this
decay occurs (luminescence-lifetime) and the efficiency of the
external light conversion (quantum yield) are two additional
denominators for the emitted signal. The absorption coefficient
as well as the absorption and emission maxima (Aeymax and
Aemmax Tespectively) may vary for each individual dye.* When
this process occurs in tissues, there are a number of features that
negatively influence accurate detection of the fluorescence signal,
namely: (i) reflection of excitation light, (ii) scattering of exci-
tation and emitted fluorescence light, (iii) tissue attenuation/
absorbance of both excitation and emitted fluorescence light and
(iv) autofluorescence caused by the excitation of endogenous
fluorophores. Finally, detection of the fluorescence signal with
a light sensitive camera can be hampered by the presence of
ambient light or alternative light sources, meaning that the
camera system has to be equipped with specific light filters and/
or needs to be used under dark conditions. As a result, the signal
penetration in real-time applications varies between 0.5 mm and
1 cm, dependent on the wavelength and signal strength of the
emission (Figure 1). This said, photons that are emitted from
deeper lying structures may still be detected with extended data
acquisition times and significantly reduced spatial resolutions.

Uniquely, the decay of B-emitters can induce an optical emission
called Cerenkov light. Hereby the energy of a B-particle travelling
through a medium induces a weak light emission with a peak in-
tensity in the ultraviolet (<400nm). This emission spectrum is
identical for all B-emitters, but the signal strength increases with
the energy of the [B-particles, a feature that varies between
isotopes.''? Other than with fluorescence, this “spontaneous” type
of luminescence emission does not suffer from the limitations that
are related to the excitation of a fluorescent dye. Unfortunately, the
signal intensity of Cerenkov light is around three orders of mag-
nitude lower than that of fluorescence. Combined with the low
peak maximum of the emission (Aem max < 200 nm), this results in
limited tissue penetration. By increasing the camera’s exposure
time, and thus increasing the acquisition time, enough signal can
be detected to generate an image. The use of cut-off filters during

the data collection process is undesirable in this setting as it will
result in a significant loss of signal. Without filters, however, the
camera will not be able to differentiate between CL and all other
forms of light present in the operating room (e.g. ambient light)
and light from the devices present. Hence, the use of this tech-
nology is best under conditions where the signal of the background
light is low enough to allow specific detection of CL.

Luminescence for surgical guidance

When luminescence was initially introduced in surgical guidance
procedures, it was hypothesized that the fluorescent dyes used
could overcome the need for radioactive tracers, thereby improving
logistics and decreasing the radiation exposure to the surgical
personnel. However, looking at the physical restraints (see Lumi-
nescence section), there simply are some things that luminescence
alone cannot achieve. The most important feature herein is the
generation of in-depth guidance to unknown locations in the body.

In general, fluorophores that emit in the visible range of the light
spectrum (400-650 nm)"? are used in clinical applications. Non-
visual near-infrared (NIR) emissions (750-1000 nm), however,
provide a valuable alternative as they benefit from the tissue
transparency window that is present at these wavelengths.
However, compared with visible and far-red fluorophores, such
as Fluorescein (Aey max: around 515nm) and cyanine 5 (Cy5)
(Aem max: around 670 nm), the quantum yield/signal intensity of
NIR fluorophores such as indocyanine green (ICG) (Aemmax:
around 820 nm) is substantially lower. Since this feature is also
of influence on the tissue penetration, it balances out the
favourable advantages of NIR fluorophores.'*

For detection of luminescence emissions in a clinical setting, a range
of technologies are already commercially available. These range from
technologies that acoustically trace luminescence emissions to
cameras for open and/or endoscopic interventions.'>'> Recently,
even the use of dedicated surgical binocular goggles that allow for
real-time luminescence imaging has been proposed.'®

Hybrid tracers

As said previously, so-called hybrid tracers can be used in an
attempt to integrate radioguidance and fluorescence guidance.
This concept is based on a single tracer that can be detected with
both modalities. Hybrid tracers can be divided in two distinct
classes. The first consists of tracers that contain a fluorescent dye
and a radioisotope. This class of compounds is increasingly
being studied in a pre-clinical setting, but to date only a limited
number of tracers have been successfully translated to the
clinic."> The second class consists of radiotracers that show
B-emissions, which can induce CL emissions. This approach can
be used in combination with already clinically applied beta-
emitting (83" and B ) radiotracers, but clinical use is still limited
owing to technical challenges.'” In the section below, practical
examples regarding the use of both hybrid tracer types in clinical
studies are discussed in more detail.

Combined tracers build-up out of a fluorescent dye
and a radioisotope

The combination of radioisotopes with fluorescent dyes has the
advantage that all components of the tracer (targeting, nuclear
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detection or luminescence imaging) can be optimized in-
dividually. The radioisotope can be tuned for its compatibility
with (surgical) imaging modalities and the dose exposure for
both the patient and the surgical personnel,” whereas the fluo-
rescent dye can be optimized for its signal intensity (10~>-10""
photonss™ ' molecule ') and excitation and emission wave-
lengths (common range 400-900 nm).* A potential downside of
this approach is that integration of the two labels in a single
molecule may yield synthetically complex molecular structures.
In addition, each newly developed hybrid tracer has to be
translated to the clinical setting individually, which results in the
fact that only a few hybrid tracers have been used in patients.
Interestingly, the clinically, most widely used hybrid tracers are
the product of straightforward synthetic procedures wherein
already clinically approved compounds were converted into
hybrid tracer analogues.

In its most simplistic form, a fluorescent dye is functionalized
with a radioisotope. This concept has been reported for a num-
ber of pre-clinically applied dyes; examples are '*'I-Hoechst'®
and '®F-boron-dipyrromethene (BODIPY)."”” More importantly,
this approach has also been used to convert the clinically used dyes
methylene blue (MB) and fluorescein into hybrid tracers.

MB, a dye commonly used for optical visualization of the
lymphatic ducts, has been radioiodinated as early as 1992 by
Blower et al*® using standard iodination methods in combina-
tion with a variety of radioactive-iodine isotopes (‘*’I, '*°I and
1311). Although MB has been predominantly used for the visual
contrast it provides with its blue appearance, this dye was later
also shown to possess fluorescence properties (Ao, = 670 nm and
Aem = 6801m).2" The limited quantum yield (2%) of the
emission generated by MB requires a highly sensitive lumines-
cence camera.* Since suitable fluorescence cameras had yet to be
developed at the time these studies using the hybrid MB ana-
logues were performed, this feature was not explored. Initially,
radioiodination of MB was purely meant to utilize the tissue-
binding properties of MB during radioguidance towards SNs in
breast cancer cases. Here, positive visualization was seen in
11 out of 12 patients.”> Melanoma lesions were visualized in 10 out
of 12 primary lesions,”” and in patients with carcinomia of/lesions
in the parathyroid gland one 1 out of 4 lesions was visualized.*’
Although still unclear, uptake of this particular hybrid tracer is
thought to be driven by the charged/lipophilic structure of MB.
Although some claim that MB binds to the mitochondria, there
is only limited overlap between uptake of MB and the mito-
chondrial radiotracer **™Tc-sestamibi.'”> A further downside of
MB is that the Food and Drug Administration has issued
a warning against its use due toxic side effects.

Radiolabelled fluorescein (**'I-diiodofluoresceine) was already
used in the clinic as early as 1948.%* At that time, fluorescein
provided a clinical tool that enabled assessment of the disruption
of the vascular network in malignant brain tumours. In the areas
where the blood-brain barrier was disrupted, leakage and sub-
sequent accumulation of the tracer was seen in the surrounding
tissue.”>*® Surgical identification of these areas could then be
achieved using highly superficial but visible detection of this
fluorescent dye (Aex max = 488 nm and Aepy max = 515 nm). With
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the introduction of radioisotopes, in-depth detection of the
same dye was also made possible using a Geiger—Miiller tube.
Here, overlap in findings obtained with both modalities was seen
in 11 out of 12 cases.”” Alternatively, the radioactive signature
was shown to provide accurate pre-operative guidance in 200
out of 536 additional patients.””

More recently (2009), a self-assembled hybrid tracer that con-
sists of the clinically approved compounds ICG and
9mT ¢ nanocolloid (ICG-**™Tc-nanocolloid) was introduced in
the clinic.”®*° This purposely developed SN tracer exploits the
nodal retention of **™Tc-nanocolloid as well as the near-infrared
fluorescence properties of ICG (Aexmax=780nm and
Aem max = 820 nm).>! Although this hybrid assembly comprises
different self-assembled components (being one albumin-colloid
and multiple ICG dye molecules), pre-clinical validation as well
as a clinical reproducibility study demonstrated that the nodal
retention behaviour of ICG-°*™Tc-nanocolloid was identical to
the nodal retention behaviour of its parental radiotracer *™Tc-
nanocolloid.”*?’

The ex vivo concurrence of both signals reported in numerous
clinical studies suggests that dissociation of the two components
does not occur in the lymphatics. In contradiction to the other
hybrid tracers mentioned above, the hybrid properties of this
compound have been evaluated in different centres and in
a relatively large and heterogeneous patient population which
covers multiple malignancies (n > 600 patients). Indications that
have been reported are prostate cancer (Figure 2),”"’* penile
cancer,”” melanoma,”>*®?” vulvar cancer,”®”® oral cavity
cancer’”*” and breast cancer.' These combined studies have
shown that the addition of real-time fluorescence imaging to an
otherwise standard radioguidance procedure not only increased
the surgeons confidence that he/she was dissecting the intended
tissue of interest but also proved valuable during the detection of
SNs located close to a high radioactive background source such
as the injection site.*” A direct comparison between the optical
identification enabled by a (non-fluorescent) blue dye and that
provided by the luminescent component of ICG-""™Tc-
nanocolloid indicated that the first detects around 60% of the
SN, whereas the second detects >95% of the SNs.”>®

Since the available clinical data provide a strong argument for
the use of hybrid tracers, it is likely that efforts focused on
applying this concept to tumour biomarker-targeted imaging
approaches will also be translated to the clinic. Overviews de-
scribing the pre-clinical evaluation of biomarker-specific hybrid
tracers have been provided for targeting peptide moieties** and
antibodies.”” Interestingly, the first reports of a hybrid labelled
antibody against CEA were already presented in 1992. Folli
et al** used a fluorescein-labelled carcinoembryonic antigen
(CEA)-targeted tracer (CEA-mAB-FITC) that was also 1251
radioiodinated to identify colorectal carcinoma. Six patients re-
ceived 4.5-9.0 mg of CEA-mAB-FITC, and fluorescence imaging
was evaluated in vivo in one patient. Further fluorescence im-
aging and scintillation counting was performed ex vivo 24h
post-injection. Conjugation with fluorescein reduced the circu-
lation half-life of CEA-mAB; unconjugated antibody showed
a half-life of 52 h, whereas fluorescein labelling reduced this to
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Figure 2. The hybrid surgical guidance concept. The top line displays a schematic setup that illustrates the hybrid surgical guidance
concept. The bottom example depicts the use of indocyanine green-technetium-99m-nanocolloid during robot-assisted SN biopsy
in a patient with prostate cancer: single-photon emission CT (SPECT)/CT imaging followed by intraoperative gamma tracing and
endoscopic fluorescence imaging. The anatomical image was made using the visual body software package (Human Anatomy Atlas

v. 3.0.1; Argosy Publishing, Inc., Newton, MA).

36h (1:10and 1: 11 antibody : fluorescein) or even 24 h (1: 14).4
More recently, '**I-radioiodinated cRGDY-PEG-C dots (Cy5-
containing nanoparticles) were applied in patients.*> In five
patients with metastatic melanoma, 185-MBq '**I-cRGDY-PEG-C
dots were administered, and in two (40%) out of the five patients,
the '**I-cRGDY-PEG-C dots were able to visualize a lesion on
PET/CT. In vivo fluorescence imaging was not reported.

Cerenkov

CL (Aem max < 200 nm), a secondary effect induced by 3-emissions,
was introduced as a biomedical imaging technology in 2009.""'* A
major advantage of CL is that all 3~ and B~ -emitting radio-
isotopes with an energy >0.21 MeV can potentially be used. This
means that existing nuclear medicine applications and imaging
approaches can, in theory, be complemented with optical imaging,
without requiring the introduction of new tracers.

The efficacy with which CL is induced is limited, yielding
a relatively low signal intensity than, e.g. the use of ICG (107 vs

image guided surgery

Radio-

guidance luminescence-guidance

10~ % photons s, respectively).* The intensity of CL emission can
be increased by using high energy emitters; '*F induces 1.4
photons per decay in water, whereas *°Y induces 57 photons under
the same conditions.* Given the minimally invasive nature of
image-guided surgery procedures in CL, there is a clear clinical
preference for radioisotopes that can safely be used for diagnostic
purposes, e.g. Bl 68Ga, 87y, BF (half-life of 8 days, 271 days,
78.4h and 110 min, respectively). Since the amount of 3-emission
is directly related to the dose and decay half-life of the isotopes
used, the time between tracer administration and the initiation of
the surgical guidance process directly influences the intensity of CL
emission. Using highly light sensitive (bioluminescence) cameras,
CL has been explored in multiple pre-clinical settings, using both
existing and newly developed tracers.*’ "'

The first, and seemingly promising, results in humans obtained
with CL on the visualization of superficially located lesions were
reported in 2013. Initially, the thyroid accumulation of a thera-
peutic dose of *'T (550 MBq) was used to allow for proof-of-
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concept CL imaging of the thyroid in a single patient placed in
a darkened room.’*> Following routine '®F-fludeoxyglucose
("*F-FDG) PET/CT imaging (approximately 450 MBq) CL imag-
ing was successfully used to reveal the site of accumulation in PET-
positive lymph nodes in the neck and axilla [four patients with
lymphoma (n =2), lung (n =1) or breast (n=1) cancer].® CL
imaging with '®F-FDG was recently also evaluated in vivo in four
patients with colorectal cancer.>

Pre-operative imaging in the context of hybrid
surgical guidance

The emergence of two-dimensional and three-dimensional (3D)
nuclear molecular imaging techniques, such as scintigraphy,
SPECT and PET, has enabled us to visualize, measure and
characterize biological processes in the human body. All these
techniques make use of a gamma emission that originates from
accumulated radiotracers. As a result of the high sensitivity and
specificity of these radiopharmacological tracers, SPECT and
PET have proven to be valuable diagnostic tools in oncology.
Their value was further strengthened by the integration of these
nuclear imaging methods with CT or even MRI; SPECT/CT,
PET/CT or PET/MRI modalities have provided precise ana-
tomical localization of the visualized radioactive hot-spots.”
This concept has helped create road maps for surgical guidance.
As stated above, integration of nuclear medicine with MRI at the
tracer level does not seem to add value owing to the large dif-
ference in detection sensitivities between the modalities.

A typical example where findings in nuclear medicine are used
to drive surgical excision are procedures where the spread of
disease may be diffuse, e.g. SN procedures. Here, the in-
corporation of SPECT/CT adds a third dimension by in-
corporating anatomical landmarks that can be recognized
intraoperatively.”® SN-imaging has been validated in breast
cancer,”’ melanoma,®® prostate cancer,”’ gynaecological
malignancies®™®" and other solid tumour types. In a series in-
cluding 1508 patients, the drainage basin mismatch between
SPECT/CT and planar imaging varied from 11% in melanoma
to 16.5% in breast cancer and almost 52% in pelvic malignan-
cies.®” Since the detection rate of SPECT/CT was found to be
superior, this led to an adjustment in surgical planning of the SN
procedure of 17% for breast cancer, 37% for melanoma and
almost 66% for patients with pelvic cancer. In the context of
hybrid surgical guidance towards SNs, the use of a 3D imaging
modality seems to be critical for pre-operative imaging. The
value of hybrid tracers in this concept was demonstrated in
a reproducibility study wherein the hybrid tracer ICG-*""Tc-
nanocolloid was compared with the parental *’™Tc-nano-
colloid.”® Subsequently, combined pre-operative lymphatic
mapping using SPECT/CT and intraoperative radioguidance and
fluorescence guidance has been reported for oral cavity cancer
(n=14),% penile cancer (n= 65),> vulvar cancer (n=15),*
prostate cancer (n = 51)>>** and melanoma (n = 104).>

Although applied in a somewhat different setup, Maurer et al®®
recently illustrated that a similar concept using PET/MRI com-
bined with a PET tracer that targets the prostate-specific
membrane antigen (°®Ga-prostate-specific membrane antigen)
could be used to direct radioguided surgery using an '''In-
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labelled derivative of the tracer. One may argue that extension of
this concept with luminescence imaging is a logical next step in
these developments.

Hybrid surgical guidance modalities

At the moment, most hospitals active in research in the field of
image-guided surgery have both gamma-tracing and
fluorescence-tracing modalities available for clinical use. In-
creasingly, these modalities are being applied in parallel. Hence,
there is a growing interest in the development of (hybrid) sur-
gical modalities that can be applied for both radioguidance and
fluorescence guidance. Although published literature examples
are few, most of the initiatives that are out there aim to extend
the applicability of traditional y-ray detection technologies.

The first gamma detectors to be used for radioguided surgery
were handheld gamma probes that instantly convert detected
gamma counts into acoustic signals that guide the probe to a ra-
dioactive hot-spot. The sensitivity of this approach is high, but the
spatial resolution is poor. This is especially problematic in areas
where lesions are located in close proximity to sites with high
background signal such as the injection site. Optical tracing, with
a limited in-depth sensitivity but a higher special resolution, could
provide outcome here. As far as we know, only one clinically used
hybrid device that enables combined radioguidance and fluores-
cence guidance has been reported on, namely a y-ray detection
probe that was enhanced with acoustic ICG fluorescence-tracing
capabilities (the optonuclear probe by EURORAD, Chennevieres/
Marne, France; Figure 3a).'>** The clinical utility of this opto-
nuclear technology was evaluated in combination with the hybrid
tracer ICG-"""Tc-nanocolloid. Ex vivo evaluation of 150 SNs
revealed that the gamma-tracing option of this probe correctly
identified 100% of the samples, and 98.9% of the fluorescent SNs
could be identified with fluorescence tracing. Using optimized
fluorescence settings, in vivo fluorescence tracing allowed for the
accurate identification of 20 SNs in 9 patients.

As an alternative to gamma probes, portable gamma cameras
have been used to provide imaging data during surgery. The
potential benefits of expanding conventional intraoperative
gamma detection to include intraoperative imaging include real-
time access to imaging information, a larger field of view than
a gamma probe can cover and visual assistance in localization
and verification of target tissue resection. On the other hand, the
intraoperative use of these portable devices might lead to exci-
sion of additional SNs.°> Over the years, these portable cameras
have improved significantly; the devices are now able to generate
images with a resolution up to 3 mm within 305.°® In some
cases, a portable gamma camera was even shown to detect
lesions not initially identified with SPECT/CT or lympho-
scintigraphy,®” suggesting that, in theory, such devices can also
be used to improve pre-operative SN visualization.®®

The additional benefit of intraoperative use of a portable gamma
camera was demonstrated in a retrospective study involving
754 patients with breast cancer. Until October 2009, excision of
the SNs was solely guided by a hand-held gamma probe. After
that date, a portable gamma camera was introduced in the op-
erating room. This approach allowed SN identification in 725
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Figure 3. lllustration of hybrid modalities in use for surgical guidance. (a) An optonuclear technology that allows for both gamma
and fluorescence tracing."”® (b) The surgical navigation of a fluorescence laparoscope in pre-operative single-photon emission CT

(SPECT)/CT images.”®
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out of the 754 patients studied (global effectiveness was 96.2%).
Interestingly, there was a significant difference in the SN iden-
tification before and after the incorporation of the portable
gamma camera of 4.6% (95% CI of the difference 2-7.2%,
p=0.0037).°” In patients with melanoma, similar advantages
were seen.”’ Important to note is that in cases where there are
multiple radioactive nodes or when the SN is located near or
directly beside the injection site, the use of portable gamma
cameras may help reduce the surgical time.”"~"*

Given the successful hybrid extension of the gamma probe
technology, one may reason that the same, or a similar ap-
proach, may also be of value for a portable gamma camera.'’
However, as far as we know, such a combination has not yet
been reported in clinical literature. What has been proposed/
evaluated by different groups are gamma cameras equipped with
white light imaging options that help place the radioactive hot-
spots into anatomical context. This approach could aid the le-
sion localization and should hereby help overcome orientation
problems. Such a concept was successfully evaluated using
a Sentinella (Oncovision, Valencia, Spain) platform that was
equipped with an optical module. This study was performed in
a multicentre setup that included 25 patients (12 melanoma, 2
oral cavity and 11 breast cancer) and only showed an error in
optical image co-registration of between 0 and 2.0 cm.”> More
recently, Ng et al’® applied a different concept to a small field-of-
view gamma camera and tested this in a phantom setup. Theo-
retically, a similar system comprising of a fluorescence excitation
source and camera would allow fully integrated gamma and
fluorescence imaging using a single device.

To further advance the y-ray-based radioguided surgery concept,
an intraoperative freehand SPECT technology was introduced
(declipseSPECT®; SurgicEye GmbH, Munich, Germany). The
sensitivity and resolution of this system is restricted by the sur-
gical modality used to generate the freehand SPECT images,
which can either be a gamma probe”” or a gamma camera.”®
Through the use of fiducial markers on the patient and the
gamma-tracing/imaging modality, both can be tracked relative to
each other. This results in a 3D image that can be overlaid on the

patient position (augmented reality) and can be used for the
virtual navigation of surgical tools (Figure 3). The same system
can be used to load pre-operative SPECT/CT images and use these
for navigation purposes.”’

Logically, one may also make use of a virtual nuclear navigation
technology to guide, e.g. a fluorescence camera/endoscope, using
pre-operative imaging information, to the area harbouring
a hybrid tracer.’® Although only a single patient was reported,
the first clinical results underlined that it was possible
to intraoperatively guide the tip of a fluorescence laparoscope to
radioactive hot-spots defined on SPECT/CT, in a setup similar to
the phantom studies.®’ This said, movement artefacts between
pre-operative imaging and the surgical setting proved to be
a limiting factor, something that may be overcome when
intraoperatively acquired freehand SPECT is used as basis for
navigation rather than pre-operative imaging information.*

Pathological examination

Next to providing a valuable addition to surgical guidance
procedures, the hybrid concept also has potential during
(pathological) tissue examination. Here, optical signals can be
used to relate the tracer accumulation to the tumour margins. In
the pre-clinical setting, the concept has been applied for both
fluorescence and CL.*** Given the limited use of hybrid tracers
in a clinical setting, such extensions into (molecular) pathology
are a lot less common in human studies.

Using the hybrid tracer ICG-**"Tc-nanocolloid, sites of tracer
deposition and accumulation in SNs could be demonstrated
(Figure 4). The first feature allowed establishment of the re-
lationship between the site of tracer deposition and the lym-
phatic drainage of prostate cancer.”® The second feature,
accumulation in SN, revealed that there is no clear relationship
between nodal tumour presence and the accumulation of a SN
tracer.”> One may reason that similar to the fluorescence-based
validation work performed preclinically with receptor-targeted
fluorescent imaging agents,®” the same concept can in the future
be used in combination with clinically applied receptor-targeted
hybrid tracers.
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Figure 4. The use of fluorescence in ex vivo/pathological specimens and cells. (a) An example that illustrates how indocyanine
green-technetium-99m-nanocolloid (ICG-°°"Tc-nanocolloid) deposits (in rainbow) are distributed throughout the prostate in

relation to the tumour distribution (dotted line: adapted from Buckle et a

184 with permission form the Society of Nuclear Medicine

and Molecular Imaging Inc.). (b) Microscopic imaging of ICG-2°"Tc-nanocolloid uptake in a sentinel node: fluorescence (green) and
relative to the tumour distribution (black line: adapted from Brouwer et al®® with permission from Elsevier). (c¢) Confocal image of

Cy5-nanocolloid (blue) in human macrophages.

: .

Another emerging application of hybrid tracing in ex vivo sur-
gical specimens is based on Cerenkov imaging. Using a black-
box camera in the operating room, a group from Kings College
London, London, UK, has been able to address the tracer dis-
tribution in ex vivo surgical specimens.®” Such a technology may
in future allow for intraoperative confirmation of tumour-free
surgical margins.

CONCLUSIONS
The emergence of hybrid tracers that facilitate both nuclear and
luminescence imaging has provided a first step in the clinical
integration of these powerful interventional molecular imaging
technologies. Early results indicate that in a hybrid setup, lu-
minescence technologies have the potential to complement
nuclear medicine and can even act in synergy. Some of the most
important features are listed below:

— The use of a hybrid tracer prevents discrepancies between pre-
and intraoperative imaging. Hereby pre-operative imaging
data can be used to facilitate navigation;

— The radioactive component of a hybrid tracer helps to identify
distant and aberrant sites of interest on a macroscopic scale
while the luminescent component allows for more micro-
scopic identification of lesions and their margins, both in vivo
and ex vivo;

— The limited tissue penetration of luminescence signals is
a weakness of the technology but at the same time is of value
when lesions are located close to high background signals (e.g.
injection site);

— Similar to the blue dye, luminescence imaging can be used to
provide real-time, but superficial, surgical guidance.

Early clinical studies have already demonstrated that hybrid
tracers can preserve the more traditional nuclear medicine im-
aging procedures while improving surgical guidance via the use
of luminescence. These initial successes are now also reflecting in
the engineering of hybrid modalities for surgical guidance.
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