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Introduction

Optical imaging is an integral part of modern research and
healthcare. Besides optical microscopy, a fundamental
fourth-century-old technology that continues to evolve, mac-
roscopic fluorescent methods applied in vivo are emerging as
important adjuncts to theranostic and potentially diagnostic
applications. Surgical use of microscopy dates back to the
beginning of the twentieth century, originally employed to
aid the otolaryngologist. After World War II, ophthalmolo-
gists and vascular and plastic surgeons begun to use lenses to
enlarge objects in the surgical field of view. In the same
period fluorescein was considered as a contrast agent to
enhance contrast in tumor tissue [1] (Fig. 16.1).

The need to advance the imaging technology employed in
operating rooms stems from the limitations of human vision
and touch. The human eye cannot visualize beyond the tissue
surface, and moreover it lacks sensitivity to molecular-based
features. Separating tumor tissue from surrounding healthy
tissue is a challenging task which cannot be optimally car-
ried out by human vision or palpation; the latter also
employed as means to identify tumor tissue based on differ-
ent elasticity characteristics that may be present between
healthy and malignant cell formations.

Although tactile information is considered by many sur-
geons as an important feature in staging, the method is not ideal
for detecting small volumes of disease and clusters of few cells;
the sensitivity, specificity, and diagnostic accuracy of palpation
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in cancer surgery lack currently thorough evaluation and cor-
responding literature. As a result the most accurate method of
evaluating the success of, for example, a surgical oncology pro-
cedure is pathology, which although serving as the gold stan-
dard is typically applied postoperatively in a delayed fashion.
Due to technical limitations good and complete pathological
examinations may take up to 4-7 days. In this case, confirma-
tion on the surgical outcome and importantly a prognosis,
results come while the patient is in recovery, which limits
opportunities for further intervention compared to achieving
such diagnostic capacity immediately during surgery.

In the ideal situation, an imaging modality can assist a
surgeon by giving direct real-time information and feedback
on otherwise invisible disease biomarkers, while it enhances
the detection sensitivity and specificity over palpation of
visual inspection. This information should be available in the
operating room, without requiring post-processing or elabo-
rate data analysis, so that it can directly impact decision
making during intervention. These approaches may improve
surgical outcome, decrease operation time and importantly
might improve the prognosis of the patients.

The emergence of fluorescence-based video-rate methods
that can enhance disease detection in macroscopic inspection
of the field of view available to the surgeon or endoscope
employed promises to revolutionize surgical procedures. The
use of nonspecific fluorescence dyes, such as fluorescein, was
considered for this purpose more than 60 years ago [1]. Since
then different nonspecific dyes but also progress with tar-
geted agents that reveal molecular biomarkers of cancer cells
promise to improve the theranostic ability during surgery.
Porphyrins [2, 3], indocyanine green (ICG) [3], fluorescein-
albumin [4], nontargeted fluorescent nanoparticles [5], and
viral replication [6] strategies have been considered for tumor
margin delineation [2, 5]. In addition lymph node identifica-
tion/staging [7, 8], neuronal activity monitoring [9, 10], nerve
imaging [11], bile duct imaging [12], and vascular mapping
[13] have also been considered. Overall, fluorescence imag-
ing comes with significant advantages over human vision and
possibly over other optical imaging techniques.
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Fig. 16.1 Historical overview of development of optical imaging into
the clinic. The first contrast agents were used by Moore et al. between
1940 and 1950. Other milestones of optical imaging in surgery were the
introduction of a blue dye in localizing the sentinel lymph node in

The use of fluorescence imaging should be considered
together with accurate imaging methods to ensure quanti-
tative fluorescence inspection, in particular methods that
correct for the effect of optical properties on the fluores-
cence signals. In the following chapter, the basic princi-
ples of optical imaging are illuminated, focusing on how
optical imaging relates and fits to the operating room.
Promising directions and applications are also discussed.

Surgical Optical Imaging

Currently, an array of imaging modalities is preoperatively

applied to gain insights on disease staging and to recommend

a combination of chemotherapy, radiotherapy, and surgery

[14-22]. With the advancement of noninvasive radiological

modalities for preoperative tumor staging, such as magnetic

resonance imaging (MRI) [15, 16, 20], computed tomogra-

phy (CT) [23], and positron-emission tomography (PET) [19,

22], the prospects for preoperative staging and therapeutic

decision making have markedly improved in the last decades

and can be used to better define selected patient groups.

Despite their preoperative benefits, established radiologi-
cal modalities are not ideally suited for applications in the
operating room due to the following reasons:

1. Most radiological modalities are of size and weight that
make them impractical for use in confined spaces such as
the area around the operation table.

2. Most radiological modalities do not allow easy access to
the patient since they require that the patient resides
inside the scanners bore for imaging purposes.

1960 1970 1980 1990 2000 2010

breast cancer treatment (1994). The introduction of 5-ALA in brain sur-
gery (1998). The more recently, the use of folate receptor-alpha-FITC
in human ovarian studies (2011)

3. High resolutions achieved by common radiology
modalities (e.g., | mm when using a CT scan) may be
considered as stellar for whole-body imaging, but they
are very low compared to the human vision (50 pm) and
the ability of optical methods (<1 pm) when considering
surgical fields of view.

4. During surgery real-time feedback is needed, and the field
of view should relate to the surgeons vision, none of the
abovementioned modalities are able to give these essen-
tial properties during a surgical procedure.

Despite the engineering of open-bore systems and scan-
ners of smaller dimensions, the above limitations remain for
most radiological systems. In contrast, portable or handheld
systems are more appropriate for imaging applications. In
this area ultrasound, portable high-energy (ionizing) detec-
tors, and optical methods qualify as more practical alterna-
tives for intraoperative imaging. Each of the methods comes
with its own advantages and limitations. Ultrasound can reach
relatively high resolution when considered in specialized
implementations (up to 30 pm or even better) and can see
depths of several millimeters to centimeters depending on the
resolution (frequency) achieved. Conversely, its field of view
is limited, and it further requires contact with tissue, which is
impractical in many surgical applications. Gamma detectors
can be used to detect deep-seated disease and can be very use-
ful to image guidance; however, continuous use of radioiso-
topes may increase the occupational risk for surgeons and
surgical personnel, and the resolution achieved with these
methods does not compare with that of human vision or
optical methods. Optical imaging therefore presents interest-
ing features, such as the use of nonionizing radiation, high
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resolution, portability, and cost efficiency, and an excellent
relation to the human vision. Although depth penetration can-
not practically reach beyond 1-2 cm due to absorption and
scattering of photons through tissue [24], superficial activity
can be detected with high sensitivity. Therefore its use in sur-
gical environments has merit, and certain of its features are
further elaborated in the following.

Basic Principles of Intraoperative
Fluorescence Imaging

The human eye can detect information in the visual spectrum
+400-750 nm (Fig. 16.2) with a resolution of approximately
50 pm. While human vision is unparalleled in detecting and
understanding shapes and architectural features, the human
eye is not a great spectral detector. For example, it is difficult
for the human eye to differentiate objects with similar colors.
For this reason, the army commonly use camouflage closure
to conceal soldiers and structures, while camouflage does not
have the same chemical composition and the identical color
as the surrounding environment it nevertheless results in
misleading the enemy’s eye. It is similarly difficult for the
surgeon to detect discolorations, and it is virtually impossi-
ble to sense biochemical changes between healthy and
malignant tissue with human vision. Molecular changes are
generally invisible to the naked eye. For this reason, benign
scar tissue or tumor margins and locoregional metastasis
cannot be easily visualized during surgery.

Moreover, light in the visible wavelength hardly pene-
trates into tissue. Near-infrared (NIR) light around 750-—
1,000 nm penetrates deeper (Fig. 16.3) because hemoglobin,
the principle absorber of visible light in the visible, water,
and lipids offer lower absorption of light in this spectral
region. Another advantage of NIR fluorescence imaging is
that the autofluorescence of the tissue is low, which can
improve substantially the target to background ratio over
imaging in the visible [25]. A target to background ratio
(TBR), often calculated as the ratio of signal coming from
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the malignant lesion or the lesion of interest over signal from
determined locations considered as background tissue (such
as muscle or skin), is a common metric for calculating the
contrast of an imaging modality. Obviously a diagnostic or
theranostic modality performs better when clear contrast
(high TBR) exists between the target (i.e., tumor, lymph
node, nerve, vessel) and background tissue.

While several optical methods could be considered for
intraoperative imaging, such as confocal microscopy, two-
photon microscopy, or optical coherence tomography (OCT),
fluorescence imaging has important features to be consid-
ered first. The most important is that a sensitive video cam-
era can inspect the entire surgical field and obtain a complete
picture of the tissue and foci of possible malignancy.
Fluorescence is an optical phenomenon in which the molec-
ular absorption of photons (denominated as excitation) at a
certain wavelength or wavelength range triggers the release
of other photons in a different (longer) wavelength range
(denominated as emission).

The source often used for excitation is a light beam, for
example, a filtered white light beam or a laser beam, illumi-
nating the field of view. The light is absorbed by the fluores-
cent probe which is then “activated” to release photons in
a different wavelength that will occur. Fluorescence in this
case is emitted from within the tissue that contains such fluo-
rescent dyes and can be detected by a special camera system.

Camera systems used for intraoperative optical imaging
consist of various components; an example is given in
Fig. 16.4. A system should contain one or two light sources
for excitation of the field of view (color and fluorescence or
only fluorescence). The emitted light from the field of view
is then guided through optics, and it is generally spectrally
separated to color image, a fluorescent image, and possibly
other images of different spectral content. Wavelengths of
interest are separated by dichroic mirrors or filters and guided
to the different cameras. Typically such system will use dif-
ferent types of cameras. For example, a highly sensitive
charged-coupled device (CCD) camera(s) can be used for
fluorescence detection, whereas color cameras are used

400 500 600 700 740 1000 nm
Visual Spectrum Near Infrared
Spectrum
Fig.16.2 The visual spectrum
(400-750 nm) and the
near-infrared spectrum I | | | | [
(750~1,000 nm) highlighted in | | | | | | |
the light spectrum. NIR is not 10 10! 10! 10° 105 107 10°
visible by visual observation X-ray uv Infra Micro Radio
and can only be detected by
sensitive camera systems red wave
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Fig.16.3 Interaction of light 100,
with tissue. The absorption
coefficient of light in tissue is
dependent on wavelength and
results from absorbers such as
hemoglobin, lipids, and water.
The graph is calculated
assuming normally oxygenated
tissue (saturation of 70 %),

a hemoglobin concentration of
50 mM, and a composition of
50 % water and 15 % lipids.
The graph also lists the emission
range of several common
fluorochromes and luciferases
used for imaging. The mouse
images at the bottom show
experimentally measured photon
counts through the body of a
nude mouse at 532 nm (left) and
670 nm (right). The excitation
source was a point illumination
placed on the posterior chest
wall. Signal in the NIR range

is ~4 orders of magnitude
stronger for illumination in the
NIR compared with illumination
with green light under otherwise
identical conditions, illustrating
the advantages for imaging with
NIR photons (Adapted with
permission from Macmillan
Publishers Ltd: Weissleder

and Ntziachristos [25],
copyright (2003))
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for providing the color images. Computer software can then
collect and process this data, potentially correct it for the
effect of optical properties and autofluorescence, and render
it alone or as hybrid images, for example, fluorescence
images/video merged with the color images/video.

An example of a camera system used in clinical studies
[26-29] is shown on Fig. 16.4. The system consists of three
CCD cameras for three different signals, i.e., NIR absorption
(attenuation), NIR emission (fluorescence), and color imag-
ing, collected simultaneously. The use of the absorption
image is a particular feature of this system as it captures spa-
tial variations of excitation light and can be used to correct
the fluorescence image for heterogenous illumination arti-
facts [30, 31]. This is needed since single planar fluorescent
imaging can give images of false negative or false positive if
not corrected for optical attenuation [32].

This is a practical feature for OR or endoscopy systems
that dynamically interact with three-dimensional tissue
structures, often distorting the illumination homogeneity and
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differential light absorption by tissue due to varying
illumination angles, modification of the intensity delivered,
and the spatial heterogeneity of tissue absorption and scatter-
ing. The prototype camera systems are relatively bulky, but
the technique offers to be build in handheld, very compact
systems like laparoscopic and endoscopic instruments.

NIRF Probes (Fig. 16.5)

Nonspecific Fluorescent Probes/
Contrast Agents

In radiology, contrast agents are employed to enhance differ-
ent tissue structures. lodine-based contrast agents for X-ray or
gadolinium-based agents for MRI operated by enhancing tis-
sues based on physiological parameters, such as perfusion and
permeability differences between different organs. The equiv-
alent of such agents for optical imaging includes methylene
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Fig.16.4 Left: multispectral fluorescence camera system in the operat-
ing theater. Right: schematic of a multispectral fluorescence camera
system, capable to capture simultaneously, in real-time three imaging

channels: color reflectance, fluorescence, and intrinsic (excitation). A
halogen light source is used for white light illumination and a diode
laser for fluorescence excitation (From van Dam et al. [29])
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Fluorescence contrast agent

Targeted Probe

Smart activatable probes

Fig. 16.5 Schematic working mechanism of fluorescent probes. Left:
contrast agent, the probe is fluorescent by itself (after illumination);
depending on the place of injection, it will give a contrast to the structure.
For example, when administered to the circulation, it will give fluores-
cent contrast in areas with vascularization. Middle: targeted probe, the
probe is fluorescent by itself (after illumination) and will attach to recep-
tors on the cell surface of interest. For example, folate receptor-alpha

blue, fluorescein, and indocyanine green (ICG) employed to
visualize structural or functional characteristics of tissue, such
as retinal angiography, hepatic clearance, and outline lymph
nodes, and investigate blood perfusion in various organs. By
operating in the near infrared (805 nm ex.; 835 nm em), ICG
is also suitable for deeper tissue applications [25, 33], com-
pared to fluorescein which has maximum absorption at 494
nm and maximum emission at 591 nm. This is because, as

in combination with FITC. Right: smart activatable probe, the probe is
nonfluorescent by itself but will be fluorescent after enzymatic cleavage
(after illumination). These kinds of probes need to be injected intrave-
nously. When the probe passes the region of interest, it will be cleaved
by enzymes, and the probe becomes fluorescent. For example, the com-
mercially available probe MMPSense (PerkinElmer, Massachusetts,
USA) that is activated by matrix metalloproteinases (MMPs)

already explained, near-infrared wavelengths are attenuated
significantly less by tissue compared to visual wavelengths.
Several centimeters of tissue penetration have been achieved
in transillumination mode, for example, more than 10 cm in
breast tissue [33, 34]. However in epi-illumination applica-
tions, as appropriate for interventional imaging, 2-3 cm is a
more realistic depth assuming higher absorbing tissues com-
pared to breast tissue. ICG and FITC are currently approved
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for clinical use by the Food and Drug Administration (FDA)
and the European Medicines Agency (EMEA).

Targeted Probes

Fluorescently labeled antibody, antibody fragments, pep-
tides, and minibody-based probes have a high potential to
improve intraoperative and endoscopic imaging by increas-
ing the sensitivity and specificity over the detection capacity
of human vision. Probes with targeting capacity of disease
biomarkers can enable therefore imaging of otherwise
invisible molecular processes associated with disease forma-
tion and growth. Several new fluorescent probes have been
introduced over the past decade, enabling the capacity to tar-
get major biomarkers in cancer, inflammation [35], neuro-
degenerative diseases [36], cardiovascular diseases [37, 38],
and so on.

Generally the introduction of a new fluorescent tumor-
specific probe for clinical use is challenging and has to
overcome important regulatory and safety concerns. For
this reason clinical translation of such agents, while a potent
strategy, has been slow. However, the clinical translation of a
folate-targeting agent has been achieved, demonstrating sig-
nificant potential for the use of fluorescence molecular imag-
ing in interventional procedures [29] (see also examples in
the following). Overall, theranostic agents can be based on
many different chemistries, including labeling of existing
drugs; in analogy to nuclear-imaging studies labeled beva-
cizumab, for example, an antitumor drug targeting VEGF

Fig.16.6

in several types of cancer has been conjugated to a PET
radionuclide and is used for preoperative visualization of
tumors [39]. Similarly, the conjugation of IRDye® 800CW
(LI-COR® Biosciences) [40] a fluorescent dye was achieved
and demonstrated the ability to visualize tumors in mouse
xenografts with high sensitivity and specificity (Fig. 16.6).
This paradigm can be extended to many possible therapeutic
molecules considered so far.

Overall, a new fluorescent probe needs to achieve favor-
able biodistribution and clearance, no measurable toxicity,
efficient disease targeting, and high target to background
ratio. Utilizing fluorochromes in the near infrared comes with
the added advantage of improved detection sensitivity. Other
optimal characteristics include high quantum efficiency and
sensitivity to physiological parameters, most notably pH.

Activatable Probes

Another class of fluorescent probes with high molecu-
lar specificity is the so-called smart probe concept. The
underlying mechanism is explained in Fig 16.5. Typically,
a macromolecule is loaded with multiple fluorochromes,
attached with linkers that are enzymatic substrates to specific
enzymes. The fluorochromes in this case self-quench due to
proximity [28]. However, after enzymatic cleavage (e.g.,
cathepsins, matrix metalloproteinases (MMPs), elastases,
and proteinases) the probes are detached from the macro-
molecule and are free to fluoresce. Therefore interaction
with specific enzymes leads to “probe activation” which has

Example of a murine breast cancer model. Color imaging and fluorescent overlay 24 h after injection of 800CW-bevacizumab
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the potential to suppress background ‘“nonactivated” probe
distribution. Conversely, free fluorochromes may redistrib-
ute however and reduce TBR.

This example design has many alternatives and can
include small molecules containing a fluorochrome and a
quencher or enzymatic digestion of the macromolecule and
not the linker (enzymatic substrate) between the macromol-
ecule and the fluorochrome.

Intraoperative Optical Imaging,
from Bench to Bedside

The translation of targeted and activatable probes in clini-
cal settings may significantly enhance surgical vision.
Translation is an elaborate process that contains signifi-
cant risk regulatory aspects, administrative procedures
with complicated filing procedures, and is a slow pro-
cess. Despite the barriers to clinical entry, many studies
are geared towards demonstrating the interventional use
of such agents, which may be used as the stepping stone
for providing evidence on the efficacy and safety of a fluo-
rescent agent. Examples are included in the following that
outline the potential of intraoperative fluorescence molec-
ular imaging.

Detection of Positive Resection Margins
in Breast-Conserving Therapy

In order to avoid the mutilating procedure of a complete
mastectomy in breast cancer, modern breast-conserving sur-
gery (BCS) is commonly applied and consists of two steps.
An initial lumpectomy is followed by irradiation of the
breast. To achieve the best balance between optimal cos-
metic results and preservation of negative resection margins,
accurate intraoperative localization of the tumor is essential
for adequate surgical removal in a one-step procedure. In
BCS, positive resection margins are reported in 20—40 % of
all patients [41], ranking up to 65 % [42].

This may lead to additional surgery and even increased
mastectomy procedures at a later stage. Additional surgery
comes with increased risk, psychological distress for the
patient, and a decreased cosmetic result. Several new
imaging techniques have been introduced to reduce the
number of positive resection margins. Pleijhuis et al. [43]
describe the advantages and disadvantages of the follow-
ing imaging techniques in order to obtain a negative resec-
tion margin: MRI for improved staging preoperatively,
(wire) guided localization for small tumors, ultrasound-
guided resection, and a direct postoperative specimen radi-
ography. All these methods assist in localizing of the
tumor but do not give intraoperative real-time feedback on
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the resection margin. Frozen section analysis on the
excised specimen delivers this feedback on resection mar-
gins but is not real time and time consuming, and its reli-
ability on negative margins is questionable due to a high
variance in diagnostic sensitivity [44].

An example of real-time feedback using fluorescence
molecular imaging was described in Refs. [37, 45]. The study
demonstrated intraoperative evaluation of resection margins
in breast cancer by using a fluorescence epi-illumination
imaging (FEI) system. A bioluminescent human breast can-
cer cell line (MDA-MB231.luc., Caliper LS, Hopkinton MA,
USA) was injected in the mammary fat pad of nude mice.
Prior to surgery a fluorescent-labeled non-peptide small mol-
ecule aimed at the a,fs-integrin receptor (IntegriSense-680;
VisEn Medical, Woburn MA, USA) was injected intrave-
nously. After deliberate incomplete resection of 90 % of the
tumor by the surgeon without using fluorescence imaging,
next the cutting surface was evaluated by adding fluores-
cence imaging. Unexpectedly, an extra fluorescent remnant
spot besides the remaining 10 % was still present and thus
unintentionally missed by the surgeon and was not visible
for the naked eye. The spot confirmed to be tumor tissue by
H&E histopathology (Fig. 16.7), consisting of a small layer
of tumor cells. Future clinical studies using targeted fluores-
cent probes may prove this technique beneficial to provide
direct feedback to the surgeon, whereas residual tissue can
be excised directly and inspected continuously using a fluo-
rescent camera system. A similar tumor-targeted approach
can relate to the intraoperative evaluation of the presence of
metastatic tumor cells within the sentinel lymph node (SLN)
and its adjacent draining lymph nodes. Besides identifica-
tion of the location of the node [8, 26-28], ideally a targeted
probe should be able to also identify the presence of malig-
nancy in the node, offering means for real-time pathology.
If the sentinel node contains no tumor tissue and therefore
absence of a fluorescent signal, there would be no need to
perform an axillary lymph node dissection. On the other
hand, if the sentinel lymph node is tumor positive and thus
fluorescent, an axillary dissection can be carried out instantly
and a second operation avoided.

Identification of Important Structures
in Surgical Procedures

The use of contrast agents in surgical procedures might pre-
vent from accidental transection or injury of these structures.
For example, Whitney et al. [11] describe a fluorescently
labeled peptide that binds to nerves. This can be useful in
complex rectal or head and neck surgery. Other groups
describe near-infrared fluorescent detection of ureters [46]
also useful in complex rectal surgery and bile duct imaging
[12]; this can be useful in complex hepatic surgery.
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Fig.16.7 Study on the detection of positive resection margins in breast
cancer. A human breast cancer tumor cell line was injected in the mam-
mary fat pad of a nude mouse. (a) Color image after removal of the
skin. (b) The corresponding fluorescent image. (¢) H&E histopathology
after resection 90 % of the tumor. (d) Color image of the planned resid-

In Vivo Human Studies

First Inhuman Detection of the Sentinel Lymph
Node in Breast and Cervical Cancer (Fig. 16.8)

According to current standard guidelines in breast-conserving
surgery, melanoma, and vulvar cancer, the sentinel lymph
node is evaluated by an injection of radiocolloid 1 day prior
to surgery. Next, a scintigraphy is made for imaging the
SLN. During surgery, patent blue is injected peritumoral for
assisting the surgeon in visual detection of the SLN.
Simultaneously, a handheld gamma probe is used to assist
the surgeon based on counts for orientation. Disadvantages
of the current methodology are injection of a radioactive col-
loid prior to surgery without any sedation, which especially
in the case of vulvar cancer places a physiological and psy-
chological burden and lack of resolution and fusion with the
surgical field of view.

Recently, several groups have investigated the single use
of indocyanine green (ICG) in early gastric cancer and skin
cancer and found similar detection rates as with radiocolloid
[47, 48]. Crane et al. found that due to the penetration depth
of ICG, the sentinel lymph node detection by using ICG in
vulvar cancer patients is applicable in patients with a
BMI<25 [27]. Unless more novel noninvasive imaging

ual (~10 %). (e) Corresponding fluorescent image reveals an additional
spot proximally from the intentionally left behind 10 %; the uninten-
tionally missed spot was not visible in color image d and sampled sepa-
rately. (f) H&E histopathology revealed a small rim of tumor tissue on
top of the pectoral muscle (From Themelis et al. [45])

systems like optoacoustics are being developed with a better
penetration depth compared to epi-illumination methods, it
is anticipated that the use of radiocolloid together with ICG
instead of patent blue will become the new standard.

Targeted Imaging

In most patients with ovarian cancer, the disease is often
diagnosed in a progressive stage, with locoregional metasta-
ses like peritoneal carcinomatosis and/or lymph node metas-
tases. Ovarian cancer is also called “the silent lady killer”
due to late diagnosis. The primary therapy consists of surgi-
cal cytoreductive therapy followed by adjuvant chemother-
apy. The extent of surgical cytoreduction can actively be
influenced by the surgeon, i.e., the chemotherapy is more
effective if relatively small residual disease is left behind,
preferably a complete radical resection.

A highly promising target in ovarian cancer is the folate
receptor-alpha. In 85-95 % of patients with epithelial ovarian
cancer, the expression of folate receptor-alpha is increased. By
using an intravenous injection of folate conjugated to fluores-
cein isothiocyanate (folate-FITC) prior to surgery together
with the multispectral fluorescence imaging system described
above, the first inhuman use of intraoperative tumor-specific
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Fig.16.8 Example of a sentinel lymph node detection in the armpit after an injection of ICG around a breast tumor. (a) Fluorescence signal. (b)
Pseudo color image of (a). (¢) Corresponding color image. (d) Overlay of the pseudo color image on the color image

fluorescence imaging was carried out in patients undergoing
an exploratory laparotomy for suspected ovarian cancer [29].
The results of this study showed that FR-alpha-FITC imag-
ing offers real-time specific and sensitive identification of tumor
tissue during surgery (Fig. 16.9). There was a significant higher
detection of tumor deposits counted for when assisted with fluo-
rescence detection when compared to visual observation alone.

Future Directions

High-Throughput Probe Selection,
Form Cell to Well to Inhuman

Although the first “targeted” inhuman study was aimed
on the folate receptor-alpha (FR-a), many other disease
biomarkers present potential targets for interventional

fluorescence imaging. The folate receptor has advantageous
characteristics that could be used as an example in the selec-
tion of additional biomarkers. The folate receptor is over-
expressed in 85-95 % of the epithelial ovarian cancers and
represents an ideal target for ovarian carcinoma. For other
solid tumors like head and neck cancer, colorectal, or breast
cancer, the folate receptor-alpha could be a target, but on the
basis of tissue microarray studies, expression rates have lim-
ited numbers or even below 5 %, since the expression varies
strongly among different types of cancer. This reduces the
general applicability besides ovarian cancer in solid tumors.

In order to define the most suitable target on the basis
of current research and data, van Oosten et al. [49] devel-
oped a novel target identification method: The TArget
Selection Criteria (TASC) (Fig. 16.10) which assists in the
selection of suitable novel probes. By using this method for
colorectal cancer, seven potential biomarkers were selected:
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Fluorescence

Fig. 16.9 Inhuman imaging of folate receptor-alpha by using folate
receptor-alpha (FR-alpha)- FITC in ovarian cancer. (a) Color image,
peritoneum with small tumor deposits, some spots are hardly visible.
(b) Fluorescence image of the same field of view tumor spots are

Carcinoembryonic antigen (CEA), CXC chemokine receptor
4 (CXCR4), epidermal growth factor receptor (EGFR), epi-
thelial cell adhesion molecule (EpCAM), matrix metallopro-
teinases (MMPs), mucin 1 (Mucl), and vascular endothelial
growth factor-A (VEGF-A).

Most certainly, more (tumor) targeted imaging probes
will be available in clinical grade in the upcoming years.
By selecting the best target based on the tumor biopsies
taken preoperatively in combination with a targeted in
vitro probe selected prior to surgery, individualized ther-
apy can be established using the correct probe for the right
patient.

Multimodality Probes

A recent development in the detection of lymph nodes in sur-
gical oncology is multimodality probes that enable preopera-
tive staging and preoperative visualization. Koyama et al.
[50] tested a single polyamidoamine dendrimer-based hybrid
probe, using gadolinium and the Cy5.5 fluorochrome. This
enables preoperative localization of the sentinel node by

N.J. Harlaar et al.

Overlay

lighten up. (¢) Overlay fluorescence on top of the color image. (d)
Color image, close-up, of four excised specimen, containing tumor tis-
sue and healthy tissue. (e) Fluorescent image of the four excised speci-
men. (f) Overlay of the fluorescence signal on top of the color image

using MR and intraoperative localization of the sentinel
lymph node by near-infrared imaging.

A similar approach published by van Leeuwen et al. [51]
describes the results of an injection of a cocktail containing
albumin radiocolloids (99mTc-NanoColl), patent blue, and
ICG. This enables preoperative lymph node detection by
using SPECT/CT, which can be used for surgical planning
and guidance during surgery by using the gamma probe. The
patent blue gives information on the side of injection since it
is in the visible spectrum and the ICG provides optical guid-
ance during surgery.

Another interesting nontargeted way to provide addi-
tional information for the surgeon has been described by the
same group. They used multimodal marker seeds made of
glass capillaries filled with a nuclear tracer and fluorescent
dyes of different wavelengths. The seeds were injected with
a needle around the tumor by using ultrasound and could be
detected by SPECT/CT, MRI, and ultrasound and preopera-
tively by using a gamma probe and planar fluorescence
imaging. The advantage of this method is that the seeds will
be removed during surgery and that the seeds are “closed”;
the used contrast agents does not have contact with the body.
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Fig.16.10 The TArget Selection Criteria (TASC). The blue flag repre-
sents the selected biomarker. (a) Extracellular localization of the bio-
marker, cell membrane bound or in close proximity of tumor cell. (b)
Diffuse upregulation of the target throughout tumor tissue. (¢) Tumor-
to-normal (T/N) ratio >10. Blue cells represent tumor cells; normal
cells are green. (d) Upregulation of the biomarker in the majority of

In this way new contrast agents that might be toxic can
safely be used in patients.

Image-Guided Histopathology

The evaluation of an excised specimen (after an injection
of a targeted NIR fluorescent dye intravenously) by an
epifluorescent camera system will potentially benefit the
pathologist in almost the same magnitude as it has for the

patients. (e) A biomarker that has previously successfully been used in
in vivo imaging studies. (f) Enzymatic activity facilitating the use of
activatable probes. Shown are cleaving enzymes (yellow) that activate
the imaging agent. (g) Internalization of probe for accumulation of
imaging agent (From van Oosten et al. [49])

surgeon. In most cases, excised specimen are relatively
large, as such standardized and macroscopic samples will
be taken for microscopic evaluation of the resection mar-
gins, with a risk of false negative reports on the status of
the resection margins.

The use of a cryomicrotome in combination with an
adapted multispectral planar imaging system enables a very
precise evaluation of the resection margins and enables a 3D
reconstruction of the samples. Sarantopoulos et al. [52]
described such an ex vivo validation methodology by a
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modality which captures 3D color (anatomical) and
fluorescence volumetric distributions of multiple fluorescent
probes. By using excised fluorescent tumor specimen instead
of small animal, a very precise evaluation of the specimen
will be possible. Even a normal cryosection can be taken for
histopathological evaluation which is considered the gold
standard method. These sections can be used for fluores-
cence microscopy combined with standard immunohisto-
chemistry as well since the signal will still be available. This
all together will make histopathology examination more effi-
cient and less time consuming.

Optoacoustic Imaging and Surgery

Multispectral optoacoustic tomography (MSOT) is a very
powerful modality that can allow for imaging through sev-
eral millimeters to centimeters of tissue with resolutions of
20-100 pm making detection through scattering media fea-
sible and highly reliable [53, 54]. This technique illuminates
the imaging object using a pulsed laser at multiple wave-
lengths, the ultrasonic signal generated in response to the
light absorption of the tissue, and the photoabsorbing probes
are recorded by an acoustic detector. Direct reconstruction
and spectral processing allow the identification of photoab-
sorbing probes, such as fluorochromes or nanoparticles at
video rate [55].

The application of MSOT to cancer delineation may
require the contact with tissue, which limits the field of view
that can be imaged. On the other hand the technique can
yield very high resolution up to 3-5 cm deep in tissue and
can be used in combination with epi-illumination fluores-
cence imaging in order to offer an integrated interventional
imaging solution with optimal performance characteristics.

Summary and Conclusion

Surgery is the cornerstone in the treatment of malignant
tumors. Positive resection margins and residual disease are
problems that need to be solved to minimize mutilating pro-
cedures and increase the quality of life. Since Moore et al.
[1] considered fluorescein as a contrast agent, a range of flu-
orescent dyes has been developed and tested for tumor mar-
gin delineation in a preclinical settings. In addition, targeted
probes have been developed and examined in animal stud-
ies. The use of targeted probes can significantly improve the
sensitivity specificity and diagnostic accuracy of detection,
compared to nonspecific contrast agents like ICG and fluo-
rescein, and so improve the outcome of a surgical procedure.

Optical imaging ties well to the OR culture and proce-
dures, especially since epifluorescence imaging is directly
related to the natural field of view visualized by the surgeon.

N.J. Harlaar et al.

In combination with methods that improve the accuracy of
fluorescence imaging, corrected fluorescence epifluores-
cence imaging can deliver a highly sensitivity and specific
signal. In addition, new generation camera systems offer
appropriate performance leading to video imaging of fluo-
rescence and can be easily integrated in the operation room
at a cost that is significantly lower than specialized CT-,
MRI-, or PET-imaging systems. The technique itself has by
nature a high potential in surgical oncology, e.g., head and
neck cancer, otolaryngology, neuro-oncology, gynecology,
oncology, urology, and thoracic surgery.

The combination of state-of-the-art optical imaging tech-
nologies with sophisticated targeting strategies can shift the
paradigm of surgical oncology, offering the unique opportunity
to intraoperatively detect and quantify tumor growth, metasta-
ses and vital structures like nerves, vessels or bile ducts.
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