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Learning Objectives

e To describe the radiopharmaceuticals; iodine-based
CT contrast agents; contrast agents for MR, MRL,
and PET/MRI; contrast-enhanced ultrasound imag-
ing; optical imaging agents; and multimodal
tracers

e To understand the basic concepts behind the radio-
pharmaceuticals and instrumentations used for lym-
phoscintigraphy and radioguided surgery
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To outline the most recent advances in radiophar-
maceuticals and instrumentations

To explain the working principles of handheld
gamma probes and their most significant parame-
ters, including sensitivity, spatial resolution, energy
resolution, and signal-to-noise ratio

To review the available handheld gamma probes
and portable imaging devices and their clinical
implementation

To describe the basic concepts and the equipment
for the use of indocyanine green fluorescence tech-
nique in surgery

3.1

Introduction

Exploration of lymphatic circulation with radiopharmaceuti-
cals constitutes one of the earliest applications of nuclear
medicine, dating back to the early 1950s and steadily grow-
ing throughout the 1960s. A potent impetus to further growth
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in the clinical applications of lymphoscintigraphy derived
from the introduction of agents for lymphatic mapping
labeled with technetium-99m (*"Tc). Up until the early
1990s, the predominant applications of lymphoscintigraphy
were for assessing lymphatic circulation in patients with
peripheral edema (to discriminate edema caused by insuffi-
ciency of venous drainage from edema caused by insuffi-
ciency of lymphatic drainage) and for assessing the lymph
node tumor status in patients with cancer (based on absent
lymph node visualization along a certain lymphatic basin in
case of massive lymph node metastasis).

Starting in 1992-1993, a real revolution occurred with
the use of lymphoscintigraphy for sentinel lymph node
(SLN) mapping, initially in patients with cutaneous mela-
noma or with breast cancer, but soon expanding to include a
variety of other solid epithelial cancers. SLN mapping com-
bined with radioguided sentinel lymph node biopsy (SLNB)
currently constitutes the standard of care for patients with
melanoma, breast cancer, penile cancer, head and neck
squamous cell cancers, and gynecological malignancies
(primarily vulvar cancer and cervical cancer), while numer-
ous clinical trials for validation of this approach are under
way in patients with prostate cancer and, among others, can-
cers of the gastrointestinal tract. Thus, SLN mapping is by
far the most common application worldwide of lymphoscin-
tigraphy. On the other hand, peripheral lymphoscintigraphy
in patients with edema or with intracavitary effusions main-
tains a well-established role in the clinical workup of these
conditions—whereas the original use of lymphoscintigra-
phy per se for assessing the tumor status of lymph nodes in
patients with cancers has completely vanished.

Advances in the design of novel radiopharmaceuticals for
lymphatic mapping have gone in parallel with technological
advances in instrumentations, both for external imaging and for
intraoperative use during radioguided surgery. Technological
advances also favor the development of hybrid imaging agents
with multiple signatures (radioactive, optical, X-ray, or MR
contrast) to take maximum advantage from the synergistic
combination of different agents with different biological and
physical properties—to the final best clinical benefit to patients.

This chapter reviews the status of the art of lymphatic
mapping with regard to both the imaging agents employed
and the instrumentations used for these investigations.

3.2 Radiopharmaceuticals for Lymphatic
Mapping
3.2.1 Radiocolloids and Other Agents for SLN

Mapping

Deposition of radioactive colloids in regional lymph nodes
(LNs) was first observed by Walker after subcutaneous injec-

tion of colloidal gold (**®Au) [1]. Since a significant fraction
of the activity remained at the injection site after subcutane-
ous administration of colloidal '*®Au (a radionuclide with a
significant component of beta decay), radiation burden at the
injection site limited the activity that could be safely admin-
istered. This led to search for agents with more favorable
physical characteristics.

Au was soon replaced with particulate materials
labeled with the most widely employed radionuclide for
routine diagnostic procedures, i.e., *™Tc¢ (T, = 6 h, exclu-
sive 140 keV gamma radiation, available locally through a
generator). The agents developed to this purpose include,
among others, *™Tc-sulfur colloids, *™Tc-rhenium sulfide,
PmTc-nano- and micro-aggregated albumin, and *™Tc-anti-
mony sulfide [2-14]. Neither ***Tc-antimony sulfide nor
PmTc-human serum albumin is currently commercially
available in the United States. *™Tc-albumin nanocolloid
(Nanocoll®) and *™Tc-rhenium sulfide colloids are used in
Europe [15-18]. Filtered *™Tc-sulfur colloid (to limit par-
ticle size to about <200 nm or about <100 nm—depending
on the pore size of the Millipore filter used) is one of the
most commonly employed radiopharmaceuticals for lym-
phoscintigraphy in the United States. In addition, other
radiocolloids such as *™Tc-stannous phytate [3], denatured
PmTc-collagen colloid, and *™Tc-stannous fluoride can be
used. #Tc-labeled Dextran 70, a sucrose polymer of high
molecule weight, is another radiopharmaceutical option that
can be used for SLN detection [19]; although it is not a true
colloid, this compound behaves in a similar fashion as
radiocolloids following interstitial injection. Table 3.1 lists
the main features of radiopharmaceuticals that have been
employed for lymphoscintigraphy, while Figs. 3.1 and 3.2
show the considerable variability in particle size among dif-
ferent preparations.

Generally, the labeling procedure consists of the adsorp-
tion of ™Tc on the particle’s surface at nonspecific sites.
Colloid quantity, and hence the available adsorption surface,

Table 3.1 Colloidal radiotracers and their particle size (modified from
Bergqvist et al. [5])

Radiocolloid Particle size References

198 Au-colloid 5 nm; 9-15 nm [4, 20]

9mTc-rhenium colloid (TCK-1)  10-40 nm; [14,21]
50-500 nm

“mTc-rhenium colloid (TCK-17) 50-200 nm; 45 nm;  [14, 22]
3-15 nm

PmTe-antimony sulfur colloid 2—15 nm; 40 nm [14, 23]

9mTe-sulfur colloid (unfiltered)  100-1000 nm [24]

9mTe-sulfur colloid (filtered) 38 nm (mean) [25]

9mTe-stannous sulfur colloid 20-60 nm [26]

#mTc-albumin nanocolloid <80 nm [27]

(Nanocoll)

“mTc-microaggregated albumin 10 nm [14]

(Microlite)
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must be used in large excess. In other cases, the labeling pro-
cedure is carried out as a coprecipitation process of *™Tc
(Fig. 3.3).

Many factors influence transport of molecules from the
interstitium to the lymphatic vessels. Since solutes must
interact and cross over with components of the extracellular
matrix to enter the lymphatic circulation, extracellular matrix
composition and solute properties have significant influence
on their ability to move through the interstitium into the lym-
phatics [28]. The most important properties of molecules in
this regard are weight, size, shape, and charge [29-31].

Although molecules are transported both by convection
and by diffusion, their size has a major impact on which
mechanism predominates [32, 33]. Small molecules are pri-
marily transported by diffusion, which is a slow process over
longer distances. The slower transport of the largest mole-
cules is explained by mechanical interaction with the extra-
cellular matrix components, a mechanism that slows down
movements of the molecules.

HSA Microcolloid
Rhenium sulfide

Stannous fluoride

Sulfur colloid (unfiltered)

Sulfur colloid (prefiltered)
HSA Nanocolloid

Antimony sulfide

— Dextran

1 10 100 1000 10000
Ranges of Particle Sizes, nm

Fig.3.1 Schematic representation of the ranges of particle sizes in nm
in the main radiopharmaceuticals employed for lymphoscintigraphy.
HSA human serum albumin

99mTc-Antimony

Uptake and retention of radiocolloids in lymph nodes
greatly depend on the fact that they undergo phagocytosis
once they have entered into the lymphatic circulation and are
transported to the lymph nodes. The lymph node is a highly
complex structure that contains lymphocytes, plasma cells,
and macrophages in a collagen sheath. One fraction of the
colloid remains inside the lymph node, where phagocytosis
by macrophages occurs. The remaining portion, especially
the smaller size fraction, proceeds through the efferent lymph
vessels toward the next lymph node(s).

Colloids enter and exit the lymphatic circulation with dif-
ferent speeds depending on their sizes. Their migration
through the lymphatic system is also inversely related to par-
ticle size. Particles smaller than a few nanometers usually
leak into blood capillaries, whereas larger particles (up to
about 100 nm) can enter the lymphatic capillaries and be
transported to lymph nodes, where phagocytosis takes place
[34]. Very small particles (<30 nm) migrate rapidly, with a

Fig. 3.3 Radiolabeling of nanocolloids with *“™Tc (reproduced with
permission from Buckle T, van Leeuwen AC, Chin PT, Janssen H,
Muller SH, Jonkers J, et al. A self-assembled multimodal complex for
combined pre- and intraoperative imaging of the SLN. Nanotechnology.
2010;21(35):355101)

99mTc-Rhenium
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Fig. 3.2 Comparison of transmission electron microscopy (TEM),
photon correlation spectroscopy (PCS), and membrane filtration (MF)
to characterize size distribution of " Tc-antimony trisulfide colloid and
9mTc-rhenium sulfide colloid (adapted from Tsopelas C. Particle size

analysis of *™Tc-labeled and unlabeled antimony trisulfide and rhe-
nium sulfide colloids intended for lymphoscintigraphic application. J
Nucl Med. 2001;42:460—466)
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small proportion remaining in the first lymph node encoun-
tered, therefore resulting in the visualization of additional
nodes along the same lymphatic path. Larger particles
(>100 nm) are trapped in the interstitial compartment for a
relatively long period of time [12]. The fraction of tracer that
is phagocytized locally or in lymph nodes increases with
increasing size [35]. The smaller the molecule, the less con-
vection influences its transport. Convection of dextrans of
similar form, shape, and charge has been found to be signifi-
cantly faster at a molecular weight of 71 kDa than lighter (3
and 40 kDa) and heavier (2 MDa) dextrans [36]. Albumin is
convected three times slower than dextran of similar weight
(71 kDa), thus suggesting that both the shape and the uneven
distribution of charges in the albumin molecule have a rele-
vant impact on its ability to move through the extracellular
matrix.

Thus, similar size molecules can vary in their transport
properties. In particular, negatively charged dextrans convect
faster than neutrally charged dextran of similar size and
shape, demonstrating that negatively charged molecules
move more easily through the extracellular matrix. This fea-
ture is explained by the fixed negative charge of the glycos-
aminoglycans in the extracellular matrix. The repelling
forces between the negatively charged molecules and the
negatively charged extracellular matrix components might
reduce mechanical interaction, and thus lower the resistance
against convection.

Differences in surface characteristics of the colloids
may account for differences in lymph node uptakes [31].
Early studies with liposomes have shown that specific sur-
face properties (such as charge, hydrophobicity, and pres-
ence of targeting ligands) can influence both the rate of
particle drainage from a subcutaneous injection site and
the distribution within the lymphatic system. In rats, for
instance, small, negatively charged liposomes localize in
lymph nodes more effectively than positively charged ves-
icles when administered subcutaneously into the dorsal
surface of the footpad [37].

These considerations are the main determinants for the
selection of the suitable molecules both for peripheral
lymphoscintigraphy and for SLN mapping. In fact, when
peripheral lymphoscintigraphy is performed to assess and
quantify tracer retention in local lymph nodes, the radio-
pharmaceutical should be characterized by high retention
in the lymph nodes, i.e., should have a molecular size that
promotes phagocytosis. Conversely, if depot washout tech-
niques are used, smaller tracers that mimic in vivo trans-
port of plasma proteins in the lymphatics (with faster
interstitial and lymphatic transport and less local reten-
tion) are needed to produce faster and more reliable clear-
ance data [38].

In the case of SLN mapping, the use of small particle
size may cause problems to the surgeon in distinguishing

between the true SLNs and other radioactive sites. The use
of large particles reduces considerably the number of lymph
nodes detected along a certain lymphatic pathway. It has
been estimated that for a colloid size between 20 and
1000 nm, an average 1.3 lymph nodes are detected, whereas
particles with size less than 80 nm show an average 1.7
lymph nodes [39-44]. However, the trend of larger mole-
cules to remain at the injection site and their failure to enter
in the lymphatic system may result in delayed or even no
visualization of lymph nodes [45]. Therefore, the optimal
colloidal size for lymphoscintigraphy is believed to be at
least 80 nm and ideally around 200 nm [46].

There are significant advantages of using filtered *™Tc-
sulfur colloid, including its low cost, excellent safety profile,
and demonstrated clinical value. Nevertheless, this agent has
several disadvantages, including minimal absorption from
the injection site (typically <5% is absorbed), especially fol-
lowing subcutaneous administration, whereas intradermal
administration is associated with faster absorption and visu-
alization of the cutaneous lymphatics often within 1 min
after radiocolloid injection. Even in the absence of beta radi-
ation, the conversion electrons from *™Tc¢ result in a radia-
tion dose of 1-5 rads/injection site (depending on the volume
of the injectate and activity administered).

The slow transit into the lymphatic system requires pro-
longed imaging times. Furthermore, the unpredictable nature
of the absorption and transit can make it very difficult to reli-
ably calculate tracer disappearance rates. **Tc-sulfur col-
loid also requires an acidic pH to retain its stability, which
often causes the patient to experience burning pain at the
injection site [38]. The large particle size of *™Tc-sulfur col-
loid (30-1000 nm) [25] contributes to the minimal absorp-
tion and slow transit. An attempt to circumvent these
difficulties led to the evaluation of filtered sulfur colloid for
lymphoscintigraphy [25]. Utilization of a 0.1 pm filter
yielded sulfur colloid with a stable particle size <50 nm. The
properties of this filtered colloid are similar to those of anti-
mony trisulfide colloid.

Albumin nanocolloid (Nanocoll®) has a reproducible col-
loid size distribution (95% of the particles being <80 nm)
and ease of labeling. Its rapid clearance from the injection
site makes it suitable for quantitative studies, and injections
are reportedly painless. Thus, *"Tc-albumin nanocolloid
may be more suitable for quantitative studies than *™Tc-
sulfur colloid.

In addition to radiocolloids, a novel tracer with a reten-
tion mechanism in lymph nodes different from that of col-
loidal particles has recently been approved, both in the
United States and in Europe, specifically for SLN mapping.
PmTc-mannosyl-DTPA-dextran  (or  **™Tc-tilmanocept,
available commercially as Lymphoseek®) is a small-sized
macromolecule with an average diameter equivalent to
about 7.1 nm, which consists of a dextran backbone with
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multiple units of DTPA and of mannose covalently conju-
gated with the dextran backbone. The DTPA molecules
serve for labeling with *™Tc, while the mannose residues
determine the binding of *™Tc-tilmanocept to CD206 man-
nose receptors that are abundantly expressed on the surface
of macrophages lining the lymph node sinusoid spaces.
Advantages of *™Tc-tilmanocept versus the radiocolloid
tracers commonly employed for SLN mapping include
faster clearance from the site of interstitial injection (due to
the small size of the agent), and higher retention in the SLN
(due to an avid, specific ligand-receptor binding mecha-
nism, which minimizes further migration of the agent to
higher tier lymph nodes along the same lymphatic drainage
pathway) [47].

Radioactive nanocolloids can also be used for PET, for
example nanocolloidal albumin labeled with zirconium-89
(®Zr, with physical decay half-life of 78 h) (Table 3.2) [48].
For the synthesis of this radiopharmaceutical, the precursor
from the kit for labeling colloidal HSA with *™Tc was pre-
modified with p-isothiocyanatobenzyl-desferrioxamine B
(Df-Bz-NCS) and labeled with ¥Zr (Fig. 3.4).

To obtain Df-Bz-NCS-nanocolloidal albumin,
polysorbate-citrate buffer (950 pL, pH 6.5) is added to the
vial of nanocolloidal albumin (0.5 mg) followed by 45 pL of
0.1 M Na,CO; to reach pH 9, and 167 nmol of Df-Bz-NCS in
20 pL of dimethyl sulfoxide (in 4-5 pL steps). After 30-min
incubation at 37 °C, nonconjugated Df-Bz-NCS is removed
by size-exclusion chromatography using a PD10 column and

Table 3.2 Radiopharmaceuticals for PET imaging of the lymphatic
pathways

Radiotracer Half-life Ref
87 r-albumin nanocolloid (Nanocoll) 78.4h [48]
%Ga-NEB 67 min [49]
['*F]AIF-NEB 110 min [50]

polysorbate-citrate buffer at pH 6.5 as the eluent. Then,
200 pL of Zr-oxalate (20-25 MBq) is added to a wobbling
reaction vial followed by 90 pL of 2 M Na,CO;. After 3 min,
the following solutions are added: 300 pL of 0.5 M N-(2-
hydroxyethyl)piperazine-N9-(2-ethanesulfonic acid) buffer,
pH 7.0; 710 pL of Df-Bz-NCS-nanocolloidal albumin
(0.18 mg); and 700 pL of 0.5 M N-(2-hydroxyethyl)
piperazine-N9-(2-ethanesulfonic acid) buffer, pH 7.0. The
solution is incubated for 60 min at room temperature and
then reaction mixture is purified through a PD10 column
(eluent: polysorbate-citrate buffer, pH 6.5). No differences
were observed between Zr- and *"Tc-nanocolloidal albu-
min regarding particle size and uptake in the regional lymph
nodes, thus indicating that coupling with *Zr does not alter
the physic-chemical properties of nanocolloidal albumin.

3.2.2 Injected Volume and Activity

for Lymphatic Mapping

The effects of varying concentrations of the particles and the
influence of injected volume and activity parameters on the
outcome of lymphoscintigraphy are still unclear. Bourgeois
has investigated the effect of variable concentration (0.02 mg
versus 0.2 mg) and volume (0.2 mL versus 1.0 mL) of *™Tc-
HSA nanocolloids injected subcutaneously in the foot on
lymph node uptake after 1 h during peripheral lymphoscin-
tigraphy. He found that inguinal activity was highest using
the highest quantity in the lowest volume [51].

Improvement in the SLN identification rate from 83 to
94% has been demonstrated with a 50% increase of injected
activity [52]. Regarding volume of the injectate, because of
the non-physiologic increase in interstitial pressure the
administration of a large volume of injectate may lead to
drainage toward both homoregional non-SLNs and to addi-
tional drainage regions [53].

511 keV photons

89Zr

Fig.3.4 Radiolabeling of compounds for lymphatic mapping with different positron-emitting radionuclides. (a) Df-Bz-NCS complex with ¥Zr*.

(b) Radiolabeling of modified nanocolloids with %Zr
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3.2.3 Factors Affecting Radiocolloid Uptake H,N SOzH
During Lymphatic Mapping HO O
Mechanical massage over the radiocolloid injection site N O
enhances the uptake and weakens the inverse correlation HN O O N SO4H
(6]

between particle size and speed of lymphatic drainage.
Besides the influence of particle surface properties on radio-
colloid uptake [31], an increase in venous pressure decreases
concentration of macromolecules and leukocytes in the lymph
[54]. Particle uptake by the lymphatic system is also tempera-
ture dependent. In this regard, protein transport across the
canine lymphatic endothelium is enhanced with increasing
temperature [55]. In addition to temperature, the pH of lymph
or interstitial fluid may also alter lymph or particle uptake/
transport. The colloid osmotic pressure of body fluids
increases as pH increases (2.1 mmHg per pH-unit) [56].
Whether pH differences in interstitial or lymphatic fluid affect
particle uptake in vivo, however, remains to be investigated.

Studies on prenodal collecting lymphatics of the lower
extremities have shown that exercise indeed increases lymph
flow [57, 58]. The type and intensity of the exercise have an
important effect on the lymphatic function, and therefore on
the outcome of a lymphoscintigraphic examination (see
Chap. 4 for specific stress protocols).

Key Learning Points

* Following the pioneer studies on lymphatic circula-
tion performed with colloidal '“®Au, the most
widely employed agents for lymphatic mapping are
colloidal particles labeled with *™Tc.

e The feasibility of lymphatic mapping with *F or
897r labeling is also being explored.

* Injected volume and activity affect migration of the
lymphatic mapping agents from the site of intersti-
tial administration and their migration through the
lymphatic circulation.

* Other physicochemical and biological factors affect
radiocolloid uptake.

3.2.4 Other PET Radiopharmaceuticals
for Lymphatic Mapping

PET lymphography has been investigated with intradermal
administration of [®F]FDG for combined diagnostic and
intraoperative visualization of LNs [59]. Within 30 min after
tracer injection, lymphatic vessels and LNs can be clearly
revealed by PET in an animal modal. However, the clinical
application of [®*F]FDG PET lymphography is challenged
by the fast migration of the small molecules into blood circu-
lation and it has never been translated into humans.

M: [AI'8F1?* or Ga®*

Fig. 3.5 Structure of ®Ga-NEB or AI'*F-NEB

Recent developments of PET radiopharmaceuticals
(Table 3.2) include a truncated form of the azo dye Evans
blue (EB) after conjugation via a 1,4,7-triazacyclononane-
N,N’,N”-triacetic acid (NOTA) linker (NEB) [60] labeled
with either fluorine-18 by the formation of [**F]aluminum
fluoride complex ([¥FJAIF-NEB) or gallium-68
(*Ga-NEB) (Fig. 3.5). The EB dye has high affinity for
serum albumin and has been used clinically to determine
blood volume [61]. Although recently discontinued in clin-
ical practice, EB is still used as a sensitive marker of pro-
tein leakage from the vascular lumen in a variety of tissues
during inflammation and traumatic injury [62]. After intra-
venous injection, ["F]JAIF-NEB complexed with serum
albumin quickly, and thus most of the radioactivity
remained in the blood circulation. ['*F]AIF-NEB has been
successfully applied to evaluate cardiac function in a myo-
cardial infarction model and vascular permeability in
inflammatory and tumor models [50]; more recent studies
have investigated ['*F]AIF-NEB along with the EB dye for
lymphatic imaging after interstitial injection. **Ga-NEB
synthesis consists of a mixture of %Ga freshly eluted from
a %Ge/*®*Ga generator using HC1 0.05 M and mixed with
NaOAc 0.4 M to adjust pH to 4.5, to a vial containing the
NEB, shaking, and incubation in a heating block at 95 °C
for 10 min. Then, the product requires a passage through a
C18 cartridge, elution with 2 mL of 80% ethanol/water,
dilution in sterile saline solution, and filtration on a
0.22 pm aseptic filtration membrane. Quality control is
performed with HPLC or ITLC, using CH;0H:NH,OAc
(v/v 1:1) as eluent [50].

After a mean injected dose of 139.5 = 10.36 MBq
(3.77 £ 0.28 mCi), PET images acquired at 30 min after
intravenous administration showed cardiac ventricles, major
arteries, and veins. The liver, spleen, and kidneys are also
visible, with relatively low activity, whereas the bladder
showed high activity, increasing over time. Although the
blood vessels in the brain showed high radioactivity, the nor-
mal brain tissue had negligible accumulation of %Ga-NEB,
indicating that the tracer does not cross the blood—brain bar-
rier. The mean absorbed radiation doses based on multiple-
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Fig. 3.6 Multiple-time-point ~ whole-body = maximum-intensity-
projection PET images of a healthy woman at 5, 10, 15, 30, 45, 60, 75,
and 90 min after intravenous administration of ®*Ga-NEB (reproduced
with permission from ref: [63])

45 min

60 min 75 min

time-point PET revealed that the organs receiving relatively
high doses were the kidneys, liver, spleen, and heart wall.
The bladder wall also received high exposure due to renal
excretion of the radioactivity (0.0683 = 0.0090 mSv/MBq).
The whole-body absorbed dose was 0.0151 + 0.0001 mSv/
MBgq, with an effective dose of 0.0179 + 0.0003 mSv/MBq.
Upon PET/CT imaging, the LNs and lymphatic vessels as
well as other desired tissues can be visualized, as shown in
Fig. 3.6 [63].

After local administration, NEB forms a complex with
albumin in the interstitial fluid and travels through the lym-
phatic system. Therefore, for the study of patients with
lymphedema subcutaneous injection can be performed (see
Chap. 4 for specific protocols).

Key Learning Points

e Newer perspectives for PET imaging of lymphatic
circulation are based on the use of new radiophar-
maceuticals including a truncated form of the azo
dye Evans blue (EB) to be labeled with %Ga or °F,
after conjugation via a 1,4,7-triazacyclononane-
N,N’,N”-triacetic acid (NOTA) linker (NEB).

e The synthesis of ®®Ga-NEB and ['®F]AIF-NEB has
been validated.

 Initial studies describe the biodistribution of NEB
derivates in animal models as well as in humans, as
evaluated by PET imaging.

3.3 lodine-Based CT Contrast Agents

for Lymphatic Mapping

In order to achieve higher levels of X-ray attenuation than
those observed for biological tissue, elements of higher
atomic number (Z) are incorporated into the contrast agent
molecule. Iodine (Z = 53; M = 127) has historically been the
atom of choice for CT imaging applications [64]. Sodium and
lithium iodide were among the first water-soluble imaging
agents. However, due to the associated toxicity at the iodine
concentrations necessary for imaging they are not suitable for
most clinical applications. Consequently, covalently bound
iodine provides a better option in contrast media design.

Small-molecule iodinated contrast agents can be classi-
fied into two main categories: the “ionic” and “nonionic”
molecules. Most ionic iodinated contrast agents studied to
date are negatively charged species. Although widely used in
the clinical routine, these ionic iodinated imaging agents
possess several inherent disadvantages compared to nonionic
contrast media.

Currently used contrast media exhibit high water solubil-
ity, low binding to biological receptors, low toxicity, and
high bio-tolerability. A number of such contrast agents (both
ionic and nonionic, and mono- and two-ring structures) are
approved for medical use and clinically used worldwide
(Table 3.3 and Fig. 3.7).

After i.v. injection, a contrast medium travels to the right
heart, the pulmonary circulation, and the left heart before
reaching the central arterial system. Contrast medium rap-
idly redistributes from the vascular to the interstitial spaces
of the organs. Since iodinated contrast media consist of rela-
tively small molecules that are highly diffusible, the trans-
port of contrast media is predominantly “flow limited” and
far less “diffusion limited.” In a flow-limited process, the
delivery of contrast medium through the circulatory system
to an organ is a crucial determinant of contrast enhancement
[65]. Well-perfused organs such as the kidney, the spleen,
and the liver show high contrast enhancement during the ini-
tial circulation (first pass) of contrast medium to the organs.
Contrast material-enhanced blood recirculates (normal recir-
culation may range in 15-40 s) and may contribute to the
overall pattern of contrast enhancement achieved at CT
imaging acquisition. For relatively long i.v. infusions, recir-

Table 3.3 Some common commercially available small-molecule
iodinated contrast agents and their indicated clinical uses [64]

Common name Commercial name Manufacturer

Iohexol Omnipaque™ GE Healthcare
Topromide Ultravist™ Bayer Healthcare
Iodixanol Visipaque™ GE Healthcare
Toxaglate Hexabrix™ Mallinckrodt Imaging
Tothalamate Cysto-Conray 1™ Mallinckrodt Imaging
Topamidol Isovue™ Bracco Imaging
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Fig. 3.7 Common iodinated a OH
contrast agents: (a) iohexol;
(b) iopromide; (c) iodixanol;
(d) ioxaglate; (e) iothalamate;
(f) iopamidol
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culation can even occur during the infusion of the contrast
material [66].

Contrast enhancement at CT is affected by numerous inter-
acting factors: patient (i.e., patient body size, cardiovascular
circulation time, age, sex, venous access, renal function,
hepatic disease), type and modality of contrast medium admin-
istration (i.e., duration of injection, injection rate, shape of
injection bolus shape, contrast medium volume, concentra-
tion, physicochemical properties, use of a saline flush), and
CT scanning. Contrast medium pharmacokinetics and contrast
enhancement are determined solely by the patient and contrast
medium factors and are independent from the CT scanning
technique. Nevertheless, CT scanning factors play a critical
role by allowing us to acquire contrast-enhanced images at a
specific time point of contrast enhancement.

While current clinically approved small-molecule iodin-
ated CT contrast agents offer safety and imaging efficacy,
they do suffer from several drawbacks, which prevent them
from being used for all applications:

* Nonspecific biodistribution.

* As small-molecular-weight molecules,
undergo rapid renal clearance.

e High osmolality and/or high viscosity of the contrast
media formulations can lead to renal toxicity [67—69]
and/or adverse physiological effects [70-72].

e High “per-dose” concentrations are required.

they tend to

Ho\“

e High rates of extravasation and equilibration between
intravascular and extravascular compartments at the cap-
illary level often make it difficult to obtain meaningful
and clear CT images [73-75].

Contrast agents can access the lymphatic system by three
different routes: intravenous, intralymphatic (direct lymphatic
injection), or interstitial. Contrast agents for direct intralym-
phatic injection are not being developed due to the inherent
difficulties in finding and cannulating the lymphatic vessels.
Thus, the newer contrast agents tend to follow the other two
routes. Methods developed for cancer imaging may well have
application in other diseases affecting the lymphatics.

An iodized oil-in-water emulsion in which lipiodol was
emulsified by a surfactant mixture (Tween 80 as the main sur-
factant and TPGS, Kollidon 12 PF, or Span 85 as the co-
surfactant) was investigated in a preclinical study, showing
that all the three types of emulsions formulated with different
co-surfactants exhibited similar mean particle sizes (approxi-
mately 120-130 nm), and they were all effectively taken up in
the targeted lymph node without significant differences in the
mean values of peak Hounsfield units (HU), time to peak HU,
and sustained enhancement duration. Lymph nodes showed
peak enhancement 4-8 h after injection with sustained con-
trast enhancement, which means that the time window for CT
can be expanded, in comparison with CT lymphography,
using iopamidol. In addition, the compound was completely
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eliminated on delayed CT imaging, in contrast with lipiodol.
CT lymphography using lipiodol showed continuously
increased attenuation values even after 1 week [76].

In dogs, at lower injection volumes (0.1-0.5 mL), uptake of
contrast material in target lymph nodes appeared incomplete,
although the node was still well visualized. When larger vol-
umes (2-4 mL) of contrast material were injected, marked
opacification of target nodes occurred with good definition of
lymph node margins. The dose response to iodinated particles
injected subcutaneously or submucosally is predictable in terms
of total iodine uptake and as measured by attenuation (HU) or
iodine concentration in normal lymph nodes. Within the imag-
ing time range evaluated, peak enhancement of lymph nodes
appears to occur between 12 and 24 h after injection of contrast
material. In cancerous lymph nodes, although nodes with
greater than 25% tumor replacement were larger and had a
higher total iodine uptake per node, node opacification (as
expressed in HU or milligrams of iodine per cubic centimeter of
lymph node tissue) was less than that in normal nodes and in
lymph nodes with 25% or less tumor replacement. In addition,
characteristic architectural alterations, including changes in the
cortex, medulla, and cortico-medullary junction that resulted
from the presence of tumor deposits, were useful in distinguish-
ing between normal and cancerous lymph nodes [77]. In patients
with breast cancer, 2 mL of iopamidol was administered into the
two skin areas (the border between the upper medial and lateral
quadrants, and the border between the lower medial and quad-
rants) overlying the left mammary gland, dividing the volume
equally to identity SLNs. The exact mechanism(s) of iopamidol
uptake and transport in the lymphatic system is still unknown.
This agent appears to penetrate easily into the lymphatics
through the clefts in the terminal lymphangioles of the intersti-
tial space, as with other water-soluble, low-molecular-weight
solutes. The relatively long duration of the nodal enhancement
may be related to slow transit and sequestration of iopamidol in
the lymph node sinusoid spaces.

Key Learning Points

e lodine-based CT contrast agents can be classified
into two main categories: the “ionic”” molecules and
the “nonionic”” molecules.

e Biodistribution of iodinated contrast agents varies
according to various factors that affect their binding
to plasma proteins and/or to other endogenous
compounds.

e High-viscosity iodinated contrast agents are being
investigated as to their ability to explore the lym-
phatic structures and circulation.

e There are well-known drawbacks in the use of
iodinated contrast media that should always be con-
sidered before administration to patients.

34 MR, MRL, and PET/MRI Contrast

Agents for Lymphatic Mapping

The MRI signal arises from the excitation of low-energy
nuclear spins, which occur in a permanent magnetic field by
applying radiofrequency pulses followed by measurement of
the spin relaxation processes (i.e., T1 recovery or T2 decay).
Different chemical environments as well as water concentra-
tion result in different signal strengths and therefore provide
contrast between fat, tissue, and bones. Paramagnetic com-
pounds can be used to enhance the contrast of MR images by
promoting relaxation of water near the compound. MRI con-
trast agents are classified as either T1 (i.e., positive) or T2
(i.e., negative).

The contrast agents in clinical use are low-molecular-
weight Gd**-based complexes (0.5-1 kDa) with one mol-
ecule of water in the inner sphere [78] and relaxivity
ranging from 3 to 5 mM/s at 1.5 or 3 T (clinical magnetic
fields).

The macromolecular contrast agent albumin—gadolin-
ium diethylenetriamine penta-acetic acid (albumin-Gd-
DTPA) consists of human serum albumin to which
paramagnetic properties are conferred by covalent binding
from 9 to 18 Gd-DTPA-chelates per protein molecule.
Whereas Gd-DTPA distributes from the intravascular to
the extravascular space and is rapidly cleared from the
body through renal excretion [79], making it unfavorable
as a blood pool agent, albumin-Gd-DTPA shows high
relaxivity and remains largely confined to intravascular
spaces [80, 81]. This compound has been used to quantify
delivery, transport rates, and volumes of macromolecular
fluid flow through the interstitial-lymphatic continuum in
tumors [82].

Intracutaneous injection of extracellular, paramagnetic
contrast agents has recently been proposed for identifying
abnormal lymphatic pathways by MR lymphography (MRL)
[83-85]. These agents include Gd-labeled dendrimers [86,
87], macrocyclic Gd complexes [83], and Gd-labeled dex-
tran [88] (Table 3.4 and Fig. 3.8).

Table 3.4 Main features of Gd-based contrast agents with potential
use of MR lymphography

Enhancement and physicochemical

Contrast agent  effect References
Gd-DOTA Positive-ionic-macrocyclic [78, 89]
Gd-DTPA Positive-ionic-linear [78,90]
Gd-DTPA-BMA Positive-ionic-linear [91]
Gd-HP-DO3A Positive-ionic-macrocyclic [92]
Gd-DTPA- Positive-ionic-linear [93]
BMEA

Gd-DO3A- Positive-ionic-macrocyclic [78]

butrol

Gd-BOPTA Positive-ionic-linear [78]
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@ = Gd(lll) complex

Fig. 3.8 Most common Gd complexes used as MRI contrast-enhancement agents. (a) Gd-labeled dendrimers. (b) Macrocyclic Gd complexes. (¢)
Gd-labeled dextran (reproduced with permission from ref. [78])
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3.4.1 Dendrimers for Lymphatic Mapping

This definition identifies a family of synthetic monodis-
persed polymers that can be produced at predefined and
chemically identical sizes. Two forms of dendrimers are
commercially available: poly-amidoamine (PAMAM) and
diaminobutane-core poly-propylimine (DAB or PPI).
Different generations (sizes) of dendrimers have been inves-
tigated as MRL macromolecular contrast agents. Kobayashi
et al. used interstitially injected generation-6 (G6) PAMAM
dendrimers to image the lymphatic system and SLNs in nor-
mal mice and in mice with xenografted breast tumors [94].
G6 was injected directly into the mammary gland or peritu-
morally, and three-dimensional reconstruction was used to
aid anatomical localization. The same group used a similar
contrast agent in a mouse lymphoma model [95]. They were
able to differentiate normal and abnormal lymphatics and to
distinguish intralymphatic from extra-lymphatic disease.
Kobayashi et al. also compared MRL with either PAMAM
dendrimers of different generations or less hydrophilic DAB
generations in murine models [86]. PAMAM-G8 was
retained in the fine lymphatic vessels without major leakage,
thus resulting in excellent imaging of the lymphatic chan-
nels. However, PAMAM-G4 provided a better contrast of
lymph nodes that were close to the liver, due to a reduced
background signal. DAB dendrimers are expected to clear
more rapidly from the circulation due to their uptake and
excretion by the liver and kidneys. Indeed, DAB-G5 was
cleared more rapidly from the lymphatic vessels, but retained
in the lymph nodes. Therefore, PAMAM dendrimers may
perform better for imaging the lymphatics, while DAB den-
drimers are more optimal for lymph node imaging.

Another interesting advance in lymph node imaging is
the use of dual-modality contrast agents. Talanov et al.
synthesized a PAMAM G6 dendrimer conjugated to gado-
linium for MRL and to the cyanine derivative Cy5.5 for
optical imaging [96]. The agent was injected into the
mammary fat pad of mice and SLNs were successfully
imaged on MRI, followed by similarly successful optical
imaging.

3.4.2 Superparamagnetic Iron Oxide
Particles (SPIONs and USPIOs)
for Lymphatic Mapping

Superparamagnetic iron oxide nanoparticles (SPIONs) [97]
are single-domain magnetic iron oxide particles with hydro-
dynamic diameters ranging from single nanometers to
>100 nm [98-100]. SPIONs are typically classified into
three categories based on their hydrodynamic diameter: (1)
oral (large) SPIONs at 300 nm-3.5 pm, (2) standard (regu-
lar) SPION (SSPIO) nanoparticles at 50-150 nm, and (3)

ultrasmall SPIO (USPIOs) nanoparticles less than 50 nm
[99, 100].

Larger SPIONSs exhibit higher nonspecific uptake by the
mononuclear phagocyte system or reticuloendothelial sys-
tem than smaller USPIOs, which indicates a higher percent-
age of passive uptake of larger particles for tissues rich in
macrophages, such as the liver, spleen, lymph nodes, or bone
marrow [99]. Faster biodegradation rates in the liver and
spleen have been recently reported for monodisperse 5 nm
iron oxide cores in comparison with 15 and 30 nm iron oxide
cores coated with the same coating molecules [101].

SPIONs can be monodisperse and coated with biologi-
cally compatible ligands, are chemically and biologically
stable [102], and are generally nontoxic in vivo [103].
However, commercially available SPION contrast agents
are composed of polydisperse inorganic cores ranging from
~16 to ~200 nm. Generally, large SPIONs function as T2
contrast agents, whereas small SPIOs have limited T2 activ-
ity and therefore are potential T1 contrast agents. In addi-
tion, the large size of existing SPIONs [104] prevents their
efficient renal clearance after i.v. administration, thus
greatly differing from GBCA as to their clearance pathways.
As aresult, large HD SPIONSs predominantly accumulate in
the body [105] and can cause a persistent negative contrast
over several weeks or months, which prevents repeated
imaging studies and limits the clinical management of
patients. Furthermore, current SPION formulations are
almost quantitatively metabolized and absorbed into the
iron pool, thus potentially causing clinical side effects due
to iron overload [105].

USPIOs are macromolecular MR contrast agents with a
long serum half-life that can be utilized for systemic lymph
node imaging. Following intravenous injection, they are
phagocytosed by circulating macrophages and transported to
the lymph nodes. Clustering of the iron oxide particles within
these phagocytic cells produces local field inhomogeneities
and results in decreased signal intensity on T2- and T2x-
weighted images [106]. The pharmacodynamics of USPIO
dictates that the optimal time for imaging is 24-36 h after
administration. Anzai et al. have shown that the dose of
USPIO administered affects the degree of signal reduction
[107]. They injected dose ranges of 0.3—1.7 mg Fe/kg in five
healthy volunteers. The 1.7 dose produced the greatest signal
decrease on T2x-weighted imaging. Further studies have
suggested that a higher dose of 2.6 mg Fe/kg performs even
better. However, the higher concentrations of iron within the
lymph node may mask small intranodal tumor cell foci [108].
The translation of these macromolecules into clinical appli-
cation is restricted by delayed renal clearance and uptake
into the reticuloendothelial system. Furthermore, interstitial
MRL with commercially available extracellular Gd chelates
is markedly limited by nonspecific distribution. In fact, the
contrast agents circulate and then freely distribute in the
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extracellular space. Extracellular fluid agents are mainly
eliminated by renal excretion. Gadolinium enters the liver
through the hepatic artery and portal vein, and is freely redis-
tributed into the interstitial space. In contrast to iodine mol-
ecules, which are imaged by CT, the effect of gadolinium is
assessed by MR imaging rather than by imaging the mole-
cule itself. Gadolinium exhibits an amplification effect,
because several adjacent water protons surrounding a gado-
linium atom are relaxed.

Despite the promise of MMCMs for use in MRL, USPIOs
are the only agents that have been investigated in humans.
Iron oxide-based contrast agents seem ideally suited to
lymph node imaging when used for staging purposes.
However, for SLN mapping, interstitial injection of Gd-based
macromolecules, such as dendrimers, seems to be a superior
choice.

Key Learning Points

* Contrast agents for MR imaging, MR lymphogra-
phy, and PET/MRI are described in this section.

* Gadolinium contrast agents for MRI include Gd-
labeled dendrimers, macrocyclic Gd complexes,
and Gd-labeled dextran.

e The use and biodistribution of superparamagnetic
iron nanoparticles as MR contrast agents are
described in this section.

Contrast-Enhanced Ultrasound
Imaging for Lymphatic Mapping

3.5

Contrast-enhanced ultrasound (CEUS) using microbubbles
has been widely used both in preclinical experiments and in
the clinical setting [109—116]. Microbubbles are gas-filled
particles with an average diameter of several micrometers
(Fig. 3.9). Microbubbles larger than red blood cells (RBCs)
would be trapped in the capillaries, and submicron-size
microbubbles scatter ultrasound poorly and have insufficient
stability. During ultrasonography, the energy pulses gener-
ated by the transducer array cause rapid variations of pres-
sure (up to several megapascals) in tissues. Therefore,
microbubbles in blood undergo volume oscillations at clini-
cal diagnostic ultrasound imaging frequencies (1-15 MHz).
Microbubbles vibrate, resonate, and re-emit sound, and
resulting backscatter ultrasound signal is detected. The re-
emitted ultrasound contains signal at harmonic frequencies
[118]. Sensitive microbubble detection relies on the ability
of the imaging system to differentiate bubble backscatter sig-
nal from tissue background. Modern ultrasound imaging
techniques can depict individual bubbles with particle mass
less than 1 pg [119]; hence the required mass of ultrasound
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Fig. 3.9 General structure of microbubbles (reproduced with permis-
sion from ref [117])

contrast material is low, comparable with the dose of some
nuclear medicine agents. For clinical enhancement of the
blood pool, a microbubble contrast aqueous dispersion vol-
ume of 0.1-5 mL (concentration ~109 bubbles/mL) is rou-
tinely injected or infused i.v.

Once administered i.v., micron-size bubbles circulate in
the bloodstream for minutes [120]. The bubble clearance
mechanism is different from clearance of other types of mic-
roparticles and nanoparticles, in that gas is cleared through
gas exchange via expiration by the lungs. For example,
within 6 min after i.v. administration of perflutren (Optison),
99.9% of C;Fs is exhaled. Residual microbubble shell mate-
rial and some intact bubbles are cleared by phagocytosis (the
rate of this process depends on the bubble shell material and
PEG coat) [121]. The major sites for microbubble accumula-
tion are the liver (Kupffer cells) and spleen (macrophages)
[122, 123].

Ultrasound contrast agents are generally considered safe,
since serious adverse events have been reported very rarely
[124]. In 2007, the U.S. Food and Drug Administration
(FDA) introduced a “black box” warning for microbubble
use owing to the risk of serious cardiopulmonary reactions in
some patients. The warning was later relaxed because it was
recognized that the rate of adverse reactions of microbubbles
is comparable to or lower than that of other types of contrast
agents [125], and use of microbubbles does not affect mor-
tality in an undesired way [126].

In preclinical studies, microbubbles have been shown to
accumulate in SLNs but not in second-tier lymph nodes,
probably due to the avidity of macrophages for the shell
material [127, 128]. In a pilot clinical trial, patients with
breast cancer received a periareolar intradermal injection of
microbubbles preoperatively, lymphatic channels were visu-
alized immediately by ultrasonography, and putative axillary
SLNs were identified. The sensitivity of SLN detection in
this study was 89% [129]. Similar to MRI, differentiation of
benign and malignant lymph nodes can be achieved with
CEUS because of the different accumulation of microbub-
bles in normal and metastatic LNs [130]. Several limitations
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of CEUS prevent broad application of this technique for SLN
mapping, such as poor spatial resolution, slow migration of
the microbubble, inaccessibility to ultrasound exploration of
the thorax and deep retroperitoneum, as well as its depen-
dence on operator experience [131].

Photoacoustic imaging (PAI) is a hybrid imaging modal-
ity based on the detection of the ultrasonic waves generated
by pulse laser-induced transient thermoelastic expansion
within biological tissues [132—135]. In combination with dif-
ferent contrast agents including methylene blue, carbon
nanotubes, gold nanocages, gold nanorods, and gold nano-
beacons [136-139], PAI showed potential for improved
detection of metastases in preclinical models. However, no
clinical application has been reported so far, possibly due to
the lack of bedside imaging system. In addition, the still lim-
ited signal penetration and challenges in control of the surgi-
cal field with conductive gel currently constitute serious
drawbacks of this imaging technique.

Key Learning Points

e Microbubbles used for contrast-enhanced ultra-
sound imaging are described in this section.

e The biodistribution of microbubbles used for
contrast-enhanced ultrasound imaging is described
in this section.

* Microbubbles for contrast-enhanced ultrasound
imaging are being employed in preclinical and clin-
ical trials as lymphatic mapping agents.

3.6 Optical Imaging Agents for Lymphatic

Mapping

Optical imaging is a rapidly advancing branch of medical
imaging. The method does not imply radiation exposure,
although the main advantage of optical imaging lies in its
high resolution and its ability to image at a molecular level.

Substances that absorb light energy change to an unsta-
ble excitation state from the ground state and then revert
back to the ground state after energy transition. This energy
transition includes vibrational energy, heat energy, and
light energy (fluorescence). A substance that selectively
absorbs light of a certain wavelength is called a chromo-
phore. When it emits fluorescence after absorption of exci-
tation light, it is called a fluorophore. In most cases,
fluorescent light has lower energy and a longer wavelength
than the excitation light, since fluorophores release a cer-
tain amount of energy in the form of vibrational relaxation
before photoemission. Some fluorophores can be adminis-
tered into the body to act as a kind of imaging contrast
medium; these fluorophores are called exogenous fluoro-
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Fig.3.10 Chemical structure of indocyanine green (ICG)

phores. The body intrinsically emits fluorescence, as many
components of the body exhibit weak fluorescence (auto-
fluorescence); these components are called endogenous
fluorophores. Organic fluorophores include fluoresceins,
rhodamines, and most cyanines. Among the many kinds of
fluorophores, fluorescence tracers for biological applica-
tion are limited to biomolecules that emit near-infrared
(NIR) spectrum wavelengths to minimize autofluorescence
and improve signal-to-background ratios. Hemoglobin,
muscle, and fat are least absorbent in this light range, thus
allowing deeper tissue penetration of photons [140].

Currently, the U.S. FDA-approved fluorescent contrasts
include only fluorescein and indocyanine green (ICG)
(Fig. 3.10). Newer organic fluorophores, including sulfo-
nated indocyanine dyes (e.g., Cy 7), sulfonated carbocyanine
dyes (e.g., Alexa Fluor 750), and sulfonated rhodamine dye
(e.g., Alexa Fluor 633), are synthetic fluorescent dyes with
better optical characteristics and are more photostable and
brighter than the preexisting original dyes [141]. Fluorescent
probes are safe and they can be conjugated to antibodies,
peptides, or proteins as optimal lymphatic tracers due to their
small size. Since the conjugations of fluorophore and macro-
molecules may have a toxicity profile different from its origi-
nal components separately, their toxicity must be validated
before clinical application. Furthermore, the optimal fluores-
cent signals are still insufficient to provide adequate image
quality as compared to inorganic fluorophores, although
their fluorescence is more intense than fluorescein or
ICG. The main disadvantage remains the poor depth sensi-
tivity of the technique, since penetration beyond 1-2 cm is
currently unrealistic; this factor mainly limits its use to ani-
mal studies or to human applications that require only super-
ficial imaging (e.g., SLN imaging).

ICG is an amphiphilic, tricarbocyanine iodide dye
(mass = 751.4 Da) that is reconstituted in aqueous solution
of pH 6.5 for intravenous injection. ICG was introduced as
a blood pool agent to measure cardiac output and was
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granted FDA approval in 1959 [142]. Intravascularly, the
compound binds to plasma proteins that confine most of the
bolus to the intravascular space until hepatic uptake and
excretion into bile (with clearance rate of 18-24% per min-
ute by the liver) [143]. The plasma proteins, notably serum
albumin and o- and B-lipoproteins, bind to the lipophilic
component of ICG by the hydrophobic regions of the pro-
teins [144]. This interaction does not alter the protein struc-
ture but produces a nontoxic interface and decreases
extravasation of the dye [145]. Plasma proteins compete
with the tendency of the dye to aggregate in the blood; pro-
tein binding leads to the formation of ICG monomers from
aggregates in an attempt to establish equilibrium [145]. Of
the injected ICG, 98% is bound to plasma proteins while
the remaining 2% is free in the serum. Free ICG is then
excreted into the bile by glutathione S-transferase, while
bound ICG remains within the intravascular space for a
longer period [146].

While occupying the intravascular space, the continuing
decomposition reaction of ICG releases singlet oxygen
molecules that bind to the breakdown products and ther-
mally decompose into carbonyl compounds of low toxicity.
Since the singlet oxygen remains within the ICG system,
the dye has an LDs, (50% lethal dose) of 50-80 mg/kg.
With a standard dose of less than 2 mg/kg, ICG is virtually
nontoxic, provided that the patient does not suffer from
allergy to iodide. The quick clearance rate allows the dye to
be used for multiple injections during a procedure, thus
being advantageous over other similar substances such as
the clinical dye bromsulfthalein [147]. In general, ICG is
regarded as safe; however, caution should be adopted in
patients with renal failure [148]. Although ICG appears
dark green under natural light, it appears more fluorescent
than green once injected into the human body in amounts
<20 mg [149]. The molecule is generally excited between
750 and 800 nm, and fluorescence is viewed around the
maximum peak of 832 nm [143].

Although ICG interacts with plasma proteins, its ten-
dency toward aggregation must be considered to set appro-
priate parameters for its application. For intravenous

Fig.3.11 Schematic
representation of the structure
and chemico-physical
properties of a quantum dot
(QD) (reproduced with
permission from ref [150])
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injection, water is the desired solvent as the sulfate group
of ICG promotes its solubility, while saline solution pro-
motes aggregation of the molecule. The concentration of
the dye must be kept below 15 mg/L in the body when used
for fluorescent studies, because at higher concentrations it
begins to aggregate as a result of van der Waals attractions
[144]. In addition to aggregation properties, ICG is rela-
tively unstable before injection and is weakly fluorescent
compared with alternative agents. The aqueous solution
for injection has limited stability, especially when exposed
to light, and must be used within 6-10 h after dilution
[143]. As a result, ICG is produced and distributed as a
powder for medical applications to reduce its decomposi-
tion before use.

Recent advances of nanotechnology have led to the
development of quantum dots (QDs). A QD is a nano-sized
crystal composed of semiconductor materials (Fig. 3.11).
When QDs absorb enough light energy to cause an electron
to leave the valence band and to enter the conduction band,
an electron-hole pair is produced. During the recombina-
tion process between the electron and the hole, light is
emitted [19, 28]. The emission wavelength is closely asso-
ciated with both the composition and size of the QD. As a
consequence, the wavelength is dependent on the particle
size when the material that makes up QDs is the same.
Therefore, by changing the size of QDs, various emission
wavelengths can be simultaneously produced by a single-
excitation light pulse, a property which enables multiplexed
biological imaging. Advantages of QD over conventional
fluorophores include a wider excitation range, a sharp and
nearly symmetrical emission peak, higher quantum yields,
greater penetration depth, longer photostability, and resis-
tance to photobleaching (due to their inorganic composi-
tion) [151, 152].

An in vivo multicolor lymphatic imaging technique with QD
has been successfully employed in animal models [153]. Kim
et al. used type II QD, coated with polydentate phosphine to
allow solubility and serum stability in mouse and pig models
[154]. A 400 pm concentration of quantum dots was injected
intradermally for SLN imaging. This method of SLN lymphog-

QD core/shell
Ligands
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raphy was then shown to be equivalent to the traditional “blue
dye” method, showing lymph nodes up to 1 cm deep, along with
the lymphatic vessels. This technique may also allow more accu-
rate fluorescence analysis of SLNB specimens.

A critical limitation of QD technology is its potential toxic-
ity, since many of the current-generation QDs are based on a
cadmium-selenium core. However, newer, more biocompati-
ble high-yield fluorescent nanoparticles are being developed
[155]. The size of QDs makes them ideal candidates for imag-
ing the lymphatic system following interstitial injection. Hama
et al. have shown the ability of fluorescence lymphangiogra-
phy using two NIR QDs with different emission spectra to
visualize two separate lymphatic flows that drain into a com-
mon nodal basin [153]. Two QDs with emission peaks of 705
and 800 nm were injected simultaneously into the mouse
mammary fat pad and the middle phalanx of the upper extrem-
ity, respectively. The lymphatics were successfully imaged as
they drained into the axillary lymph nodes. This technique
could offer SLN detection while concurrently predicting the
likelihood, or potential avoidance, of lymphedema following
subsequent treatment. Padera et al. have demonstrated the use
of multiphoton laser scanning microscopy (MPLSM) to obtain
images of deep lymphatic vessels [156]. MPLSM uses a solid-
state laser to produce photons in pulses, and a computer-con-
trolled scanning mirror for detection. The light produced is in
the infrared spectrum; thus the photons are of a longer wave-
length than confocal laser scanning microscopes, and are,
therefore, less damaging to tissues and able to achieve greater
depth penetration. Padera et al. showed an increased ability to
quantify lymphatic size and were able to accurately calculate
the density of angiogenic vessels. Leu et al. have shown the
reliability of optical imaging techniques in humans. They
compared 16 patients with systemic sclerosis with 16 age-
matched controls. Imaging of the fingers demonstrated evi-
dence of lymphatic microangiopathy in the affected skin of
systemic sclerosis patients [157]. The advances summarized
above, along with the development of newer biocompatible
fluorescent markers, might in the future allow optical tech-
niques to be more widely used in patients.

Key Learning Points

e Indocyanine green (ICG) and quantum dots (QD)
are used as optical imaging agents.

e Upon intravenous administration, ICG interacts
with plasma proteins in a variety of ways.

e Upon interstitial administration, ICG can be used
for optical guidance during lymphatic mapping for
SLNB.

e The physicochemical properties of quantum dots
and their applications for lymphatic mapping are
described in this section.

3.7  Multimodal Tracers for Lymphatic

Mapping

The recent development of nanotechnology has enabled to
produce new multimodality functional imaging probes. PET/
optical dual-functional imaging probes are imaging agents
which combine both a PET tracer and fluorescent tracer,
allowing the convenient use of the combined system with
single injection [158]. Fluorescence and gamma-emitting
agents can also be conjugated for preoperative imaging and
for intraoperative guidance [149]. In fact, the radionuclide
provides deep-tissue imaging of the whole body, while opti-
cal imaging enables a longitudinal study even after radionu-
clide decay. Moreover, optical and PET or SPECT imaging
can be cross-validated with dual-function probes, since
replacing isotopes with fluorescent markers may affect the
biodistribution of a tracer [159]. For example, Evans blue
(EB), a dye molecule binding with plasma proteins, has been
labeled with *™Tc (*™Tc-EB, Fig. 3.12) for SLN mapping.
“mTc-EB combines both radioactive and optical signals and
can be administered as a single injection for SLN identifica-
tion [160]. A hybrid fluorescent-radioactive tracer has also
been applied for SLN mapping by mixing ICG with *"Tc-
labeled albumin nanocolloid (Fig. 3.13) [161]. The lym-
phatic drainage pattern of ICG/**™Tc-nanocolloid is identical
to that of ™ Tc-nanocolloid in the clinical setting and all pre-
operatively identified SLNs could be localized using com-
bined radio- and fluorescence guidance intraoperatively.
Similarly, NIR/MR dual probes for lymphatic imaging
have also been developed [162]. With these probes, both NIR
and MR imaging can be obtained following a single injec-
tion. Most of the PET/MR and SPECT/MR bimodal imaging
probes are nanoparticles or nano-sized structures, because it
is difficult for small molecules to carry two or more imaging
reporters and even targeting groups as a single entity due to
their limited loading capacity (Table 3.5). The advantage of
nano-sized structures is that they allow for carrying multi-
modal imaging reporters and targeting biomolecules.
Approaches for the development of novel multimodal PET/
SPECT-MR probes are mainly through surface modifica-
tions, by conjugating an MR imaging reporter such as para-
magnetic Gd* or superparamagnetic iron oxides (SPIOs),
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Fig.3.12 Chemical structure of *™Tc-labeled Evans blue (*"Tc-EB),
with two *"Tc atoms conjugated with a single EB molecule
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Fig.3.13 Schematic process
of ICG conjugation with
9mTc-albumin nanocolloid. y
denotes radiation emitted
from the radionuclide *™Tc,
while A denotes frequency of
lights exciting ICG and, in
turn, emitted by ICG
(reproduced with permission
from ref [89]: Buckle T, van
Leeuwen AC, Chin PT,
Janssen H, Muller SH,
Jonkers J, et al. A self-
assembled multimodal
complex for combined

pre- and intraoperative
imaging of the SLN.
Nanotechnology.
2010;21(35):355101)

99mTc-NanoColl

Table 3.5 Bimodal agents for imaging lymph nodes (LNs), including
SLN mapping

PET or
SPECT
Probe reporter MR reporter Applications References
I2-SA- A MnFe,04 Axillary and [163]
MnMEIO brachial LNs
imaging
%Ga-NOTA-IO- “Ga SPIO LN imaging [164]
Man
%Cu-DTCBP-  “Cu SPION LN mapping [165]
SPION
#mTc-SPIONs  #™Tc SPION SLN [166]
mapping
“Ge-SPION “Ge SPION SLN [167]
mapping
87r-ferumoxytol *Zr Ferumoxytol SLN [168]
mapping

and by incorporating a PET/SPECT radionuclide together
with other functionalities.

SPIOs with a composition of MnFe,O, (MnMEIO) coated
with serum albumin were used to radiolabel the protein with
29T (1*1-SA-MnMEIO) as a bimodal imaging probe to image
SLNs in vivo [163]. *[-SA-MnMEIO can be directly radio-
labeled by conjugation of '**I with the ortho position of tyro-
sine residue in albumin using Iodo-Beads. The '**I ion from
Todo-Beads in solution will be oxidized to form a reactive
124IC1 species, which reacts with the ortho position of tyro-
sine. Two different LNs, brachial and axillary LNs, could be
clearly identified and localized with PET/MR fusion imag-
ing; however, axillary LN was unambiguously spotted when
MRI single modality was used only due to its location far

)"Ex
+ n
ICG

}"Em

Non-covalent

—>

Multimodal complex
ICG- 99MTc-NanoColl

from the injection site compared with brachial LN. A dual-
PET/MR imaging probe, ®*Ga-NOTA-IO-MAN, was synthe-
sized using a new methodology for targeting LNs [164]. A
different strategy was developed to radiolabel clinically
approved SPIOs such as Endorem/Feridex. A bifunctional
chelator dithiocarbamate bisphosphonate (DTCBP) was
conjugated with Endorem with high affinity for both the
metallic radionuclide *Cu and dextran-coated SPIO nanopar-
ticles to facilitate the radiolabeling in high yields, providing
a highly stable bimodal probe both in vitro and in vivo [165].
PET/MR imaging studies confirmed the dual probe’s poten-
tial for imaging SLN in a non-tumor model. SPIOs radiola-
beled with *"Tc were reported as a dual-SPECT/MR probes
feasible for imaging SLNs [166]. Both SPECT and MR
images showed the accumulation of *™Tc-SPIONs in LNs
after subcutaneous injection in rats. The high uptake of
#mTc-SPIONs found in SLN from biodistribution studies
indicated that *™Tc-SPIONs could have future applications
in breast cancer and malignant melanoma. Inspired by the
technology that the parent %Ge radionuclide in the %Ge/%*Ga
generator is bound to metal oxide TiO,, the SPIONs were
labeled with ®°Ge in the absence of a chelator, as a PET/MR
probe. Incorporating PET radionuclides such as “Ge and
Fe into SPIOs without a chelator during the nanoparticle
synthesis is one of the new synthetic approaches to generat-
ing multimodal nanoparticles. For example, a dual-PET/MR
probe ®Ge-SPION@PEG was prepared by incorporating
“Ge, which was generated by “Ga(p,n)*Ge from a cyclo-
tron, into SPIOs for SLN imaging. The hydrophilic coating
poly(acrylic acid) (PAA) of SPION was PEGylated to
increase the in vivo stability. Uptake of “Ge-SPION@PEG
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Table 3.6 Trimodal agents for imaging lymph nodes (LNs), including SLNs
PET (SPECT) MR
Probe reporter reporter Third imaging reporter Applications References
124-TCL-SPIONs 2 SPION 14T Cherenkov radiation as  SLN imaging [169]
optical
%Ga-SPION %Ga SPION %Ga Cherenkov optical SLN imaging [170]
%Ga[MNPSiO2(NIR797)] %8Ga CoFe204  NIR797 fluorescence SLN imaging [171]
%Cu-DOTA-MSN-Gd-DTTA- %Cu Gd-DTTA  FTIC fluorescence SLN mapping and tumor [172]
FTIC metastases
“Cu-ZW800-Gd3-MSN %“Cu Gd3-MSN  ZW800 fluorescence SLNs [173]

in normal BALB/c mice in the popliteal LN from in vivo
PET images and contrast enhancement in MR images dem-
onstrated its possible application in LN mapping [167].

Another PET/MRI multimodal nanoparticle,
$97r-ferumoxytol, has been tested in preclinical disease mod-
els, the results demonstrating that the particles can be used
for high-resolution tomographic studies of lymphatic drain-
age [168].

Even more complex, trimodal imaging has emerged as a
novel imaging strategy for translational research, which
combines three different modalities together such as PET/
SPECT-MR-Optical to provide complementary information
and achieve synergistic advantages over any single modality
alone (Table 3.6). The main challenge of trimodal imaging
lies in developing an efficient platform that incorporates var-
ious imaging modality reporters without disturbing each
other while maintaining the entity intact.

A very interesting approach for the preparation of a PET/
MR/optical trimodal imaging probe is based on '**I conjuga-
tion with SPIO nanoparticles. Clearly, the trimodal nanopar-
ticles are characterized by the long physical emission half-life
of I (4.2 days). Their emission of high-energy positron
decay with a p* mean energy of 819 keV led to strong
Cherenkov radiation as an optical imaging reporter in which
no fluorescent dye is needed, unlike in the case of previously
described trimodal imaging reporter probes. SPION with
cross-linked polymer coating layers containing PEG (TCL-
SPION) was selected as an MR imaging reporter [169].
Consistent results were also found in the ex vivo optical and
micro-PET images of the dissected LNs. Similar to '*1, ¥Ga
enables Cherenkov radiation that can be used as an optical
imaging reporter [170] MNP-SiO,(NIR797), a magnetic sil-
ica nanoparticle encapsulating the NIRF dye in a silica shell,
was reported as a trimodal PET-MR-NIRF probe for in vivo
SLN imaging in mice. Nanoparticles with particle size of
45 + 6 nm were selected for SLN mapping, as they were opti-
mal for entering the lymphatic vessels and retaining in the
capillary vessels within the lymphatics. The trimodal tracer
was injected into the forepaw of mice for SLN mapping using
PET,MR, and NIRF. When 100 pg of *Ga-MNPSiO,(NIR797)
was subcutaneously injected, PET images of axillary and bra-
chial LNs and clear signals of NIRF in axillary and brachial

LNs could be obtained; however, MR imaging of axillary
LNs was possible only at doses higher than 200 pg of
8Ga-MNPSiO,(NIR797) [171]. When radiolabeling with
[*®F]fluoride or **Cu/*™Tc-bisphosphonate (BP) conjugates
to Fe;0,@NaYF4 core/shell nanoparticles with different cat-
ion dopants in the shell or core, the inorganic core-shell
nanoparticles were applied as trimodal probes for SLN imag-
ing. In vivo LN imaging studies showed obvious advantages
of combining different imaging modalities. When combined
with highly sensitive PET, but not MRI alone, the in vivo
imaging studies offered improved presurgical mapping of
iliac and popliteal LN locations and provided more details to
interpret SLN imaging that are relevant to the pathology of
LNs and tumor metastasis in humans. Fluorescence could
offer additional information of anatomical and functional
changes during surgery and subsequently during pathological
examination of excised tissues [172]. A mesoporous silica-
based triple-modal imaging nanoprobe (MSN-probe) pos-
sesses the long-term imaging ability to track tumor metastatic
SLNs. In this system, three imaging tags including the NIR
dye ZW800, T1 contrast agent Gd**, and positron-emitting
radionuclide %Cu were integrated into MSNs by different
conjugation strategies. Due to their high stability and long
intracellular retention time, signals from tumor draining
SLNs are detectable up to 3 weeks. These examples demon-
strate the advantages of using a PET/SPECT-MR bimodal
probe for SLN mapping, which can be used to further evalu-
ate the metastatic status of a tumor [173].

Key Learning Points

e Hybrid multimodal agents include *™Tc-Evans
blue, ICG conjugated with *™Tc-albumin nanocol-
loid, Gd*, or superparamagnetic iron oxides
(SPIOs) by incorporating a PET/SPECT radionu-
clide with its associated functionalities, such as
2I-SA-MnMEIO, ®Ga-NOTA-IO-MAN, %"Tc-
SPIONs, %“Ge-SPION@PEG, ¥Zr-ferumoxytol,
MNP-SiO2(NIR797), %Ga-MNPSiO2(NIR797),
and *Cu- or *™Tc-bisphosphonate conjugates to
Fe304@NaYF4 core/shell nanoparticles.
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3.8 Instrumentations for Lymphatic

Mapping

Conventional SLN mapping is based on the combined use of
blue dye and lymphoscintigraphy, or on lymphoscintigraphy
alone, with the perspective of using PET/CT or PET/MR
imaging sometimes in the future [174]. To increase the per-
formance of the SLN procedure over conventional imaging
with large field-of-view gamma cameras, intraoperative por-
table gamma cameras have recently been developed to obtain
preoperative imaging of the SLN. The following sections
provide a review of the available intraoperative probes and
portable imaging devices, their working principle, and clini-
cal implementation.

3.8.1 Intraoperative Probes for Radioguided

Surgery

The working principle of the intraoperative probes for SLN
detection (also called gamma probes) is the conversion of the
140 keV photons emitted by ***Tc into electrons by photoelec-
tric effect or Compton scattering and the production of a signal
processed by a custom readout electronics [175]. Indeed, most
commercially available handheld gamma detection probes are
generally designed for detecting radioisotopes of gamma-ray
energies in the low-energy emission range (up to 150 keV) and
medium-energy emission range (150-400 keV), which enable
to detect radioisotopes such as *"Tc (140 keV), !!'In (171 keV
and 247 keV), "I (159 keV), and '>I (35 keV).

The intraoperative probes for SLN detection can be
divided into two main categories: the first one includes
probes based on scintillation detectors (both crystal and plas-
tic types), while the second group includes the semiconductor-
based probes [176-184]. The typical configuration for
intraoperative probes, both for scintillator or semiconductor,
is shown in Fig. 3.14.

scintillating crystal
or
semiconductor

yrays
shield

/’

cable to
console

handle

electronics:
PMT or amplifier

Fig. 3.14 General design of a handheld intraoperative gamma probe
for intraoperative search of the target tissue (SLN or tumor) to be
resected during surgery, with schematic representation of its main
components

The most significant parameters defining the perfor-
mances of gamma probes are (1) overall sensitivity (effi-
ciency), (2) spatial resolution (radial and lateral), (3) energy
resolution, and (4) signal-to-noise ratio.

Sensitivity is the detected count rate per unit of activity
and it is determined at the tip of the probe. Radial resolution
is the width of the measurement cone where the radiation is
detected at a defined distance. With a wider cone, background
signal may overcome the signal generated at the target source.
With a narrower cone, background is reduced and detection
of the target source is more accurate. Lateral spatial resolu-
tion is the capability to accurately localize the position of a
target source and to separate two adjacent sources. Energy
resolution is the capacity of the gamma detection system to
discriminate between radiations of different energies. This
property is essential to distinguish between two simultane-
ously administered radionuclides that have different energies
and to discriminate scattered from primary photons. The lat-
ter property relates to the ability of the probe to discriminate
the signal from the target with respect to the noise represented
by the background radiation within the surrounding tissue.

The scintillator absorbs the radiation and emits a number
of visible photons proportional to the energy absorbed; in
turn, visible light is measured by using a photon detector,
usually a photomultiplier (PMT). The crystals used for scin-
tillator detector probes include thallium-activated sodium
iodide (Nal[Tl]), thallium-activated cesium iodide (CsI[T1]),
cerium-activated lutetium orthosilicate (LSO[Ce]), bismuth
germanate (BGO), and cerium-doped gadolinium orthosili-
cate (GSOICel)).

The high penetration power of gamma rays means that
background events could come from parts of the patient out-
side the target volume of interest. Although a fraction of
these events is attenuated within the patient body, in order to
further reduce the background the gamma probes are
equipped with a shield (material such as lead, tungsten, gold,
or platinum), and collimators (designed with different
lengths and apertures for different field of views, FOV) that
prevent attenuated radiation from nontarget locations (i.e.,
scattered radiation) from accessing the detector head and
thus producing spurious counts. Side- and back-shielding
can be important when there is a localized radiation source
(the injection site of the *™Tc-labeled agent for radioguided
SLNB) in close proximity with the target (the SLN).
Collimation of the detector head results in better spatial reso-
lution and higher signal-to-noise ratio as compared to radia-
tion emitted from surrounding tissues. However, when
collimation is too pronounced it reduces sensitivity of the
probes, by decreasing the detection aperture and lengthening
the distance to the actual source position. Furthermore, a
thicker shielding or a longer collimator is needed when
detecting higher energy gammas, but this increases the over-
all weight and size of the gamma probe.
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The final elements in the system are the electronics and
the readout. Since the scintillator detector provides a signal
proportional to the deposited energy, it is possible to make
spectroscopy and to set the sensitive energy range of the
probe to select the desired gamma energy and eliminate part
of the scattered radiation. The count rate of the probe is then
fed to a ratemeter, which also drives an audio output. An
increase in loudness or frequency indicates to the surgeon
proximity of the probe to the target tissue.

Semiconductors are a valid alternative to scintillators as
detector material for the intraoperative probes. When radia-
tion is absorbed in a solid-state detector, ionization occurs by
promoting electrons out of the valence band to the conduc-
tion band where electrons can flow in the crystal lattice.
When the electron moves to the conduction band, a positive
charge (hole) in the lattice is created which is free to move in
the valence band. If an electric field is applied across the
sensitive volume of the detector, the excess of charge (both
electrons and holes) is collected by the opposite electrodes,
thus providing a signal which is proportional to the energy
released in the detector. Crystalline materials that are used in
such detectors are cadmium telluride (CdTe), cadmium zinc
telluride (CdZnTe), and mercuric iodide (Hgl,).

Scintillation-based detection systems present both pros and
cons with respect to semiconductor-based systems. On the one
hand, scintillator-based detectors have a higher sensitivity
(because of the higher density and atomic number they are
better suited for medium-to-high gamma energy detection),
but a poorer energy resolution and scatter rejection due to the
indirect mechanism of the radiation detection (the primary
gamma converts in the scintillator, then the light should be
conveyed to the PMT, and the signal finally converted from
optical to electrical). Furthermore, scintillation-based detec-
tors tend to have a much bulkier probe head profile and weight.
On the other hand, semiconductor-based probes are direct
detectors (the energy released in the material by radiation is
directly converted into a charge signal) and thus they have a
higher energy resolution and scatter rejection capability.
Likewise, semiconductor-based probes tend to have a much
more compact probe head design; they can be manufactured in
small size and they can have a very thin entrance window that
enables to count low-energy beta and gamma rays.

To improve SLN localization using a gamma probe dur-
ing surgery, a novel technological possibility is the so-called
freehand SPECT device that combines a positioning system
attached to the conventional gamma probe with a tracking
system on the patient’s body and permits virtual reconstruc-
tion of the position of a radioactive source in a 3-D environ-
ment. In particular, the system combines acoustic signals
with 3-D imaging for the localization of areas with focal
radioactivity accumulation in the operating room. The sys-
tem consists of a spatial localization system and two tracking
targets that are fixed on the gamma probe and on the patient,

respectively [185]. The localization system consists of an
optical camera and an infrared localization device. The 3-D
images generated with the freehand SPECT probe are visual-
ized on the screen. The images can be displayed in real time
so that information on the depth of a lymph node (or of other
radiolabeled target tissue of interest, e.g., a hyperfunctioning
parathyroid adenoma upon administration of ?™Tc-
sestamibi) is available (Fig. 3.15).

After the development of PET lymphoscintigraphy tech-
niques (described in Chap. 4), handheld gamma detection
probes specifically designed for detecting the high-energy
511 keV photon emissions generated by the electron-positron
annihilation process, characteristic of radionuclides such as '8F
or %Ga, have recently become available. These probes have
been designated as “PET” probes. The overall weight and size
of these probes are generally dependent on the thickness of side-
and back-shielding (typically in lead, tungsten, gold, or plati-
num) and the length of the collimator [186]. To improve the
current “PET” probe design (increase of side/back-shielding, or
collimation length, or crystal diameter/thickness) without result-
ing in configurations that are too large in size, too heavy, and of
greater cost, novel “PET” probe designs are being developed in
which the efficacy is not dependent upon side- and back-shield-
ing, collimation, or crystal diameter/thickness. Examples of
such probes are secondary K-alpha X-ray fluorescence [187,
188], active electronic collimation [188], and other crystal
geometry designs using multiple small crystals with specific
novel geometric configurations for optimizing and maximizing
background rejection capabilities [188].

Many commercial intraoperative gamma probes are avail-
able; an example of a gamma probe with its console (control
unit) is presented in Fig. 3.16 [189].

Several factors determine the choice of a particular intra-
operative probe. From the point of view of the surgeon, there
are many desirable design features of detection probe sys-
tems that are important [175, 182]. Gamma probes for
radioguided SLNB require high spatial resolution to allow
for a more precise localization of small lymph nodes.

Other features such as the shape, weight, and ergonomical
design of an intraoperative probe are critical. The audible
signal and digital display of the detector control unit are also
important for providing critical output information to the
surgeon, enabling quick and accurate localization of the
radionuclide without distraction from the overall activity in
the surgical field. Flexibility and adaptability of the system
are also functional to different clinical issues, such as remov-
able side-shielding, interchangeable collimators, inter-
changeable detector probes, and user-adjustable energy
windows for different radionuclides. Finally, the recent
development of handheld self-contained gamma detection
probes based on wireless Bluetooth technology eliminates
the need for cables that normally connect the probe to the
control unit [190, 191].
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Fig. 3.15 Freehand SPECT device used for radioguided surgery in a
patient with non-palpable breast cancer. (a) Overlay of freehand SPECT
3-D image on the video display shows high retention of radiocolloid at
the intratumoral injection site. (b) After tumor removal, the absence of

Key Learning Points

Main kinds of handheld gamma probes for intraop-
erative use during radioguided surgery have been
developed, depending on specific clinical use.
Gamma probes for SLN detection can be divided
into two categories: probes based on scintillation
detectors (both crystal and plastic types) and probes
based on semiconductor detectors.

The physical principles most commonly used in
gamma probes are the scintillation in an organic or

radioactivity accumulation in the surgical field confirms complete exci-
sion of the tumor. (¢, d) A similar approach is used to guide the surgeon
for complete removal of SLNs (red arrows) (reproduced with permis-
sion from ref [185])

inorganic material, and the production of electron-
hole pairs in a semiconductor.

Different materials are used for either scintillation
or semiconductor gamma probes.

Compact, ergonomical, flexible gamma probes for
radioguided biopsy of the SLN with high spatial
resolution have been developed.
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Fig.3.16 Commercial
gamma probe (upper left
panel), with diagram of the
detector’s structure (right
panel), and control unit (lower
left panel)
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3.8.2 Portable Gamma Cameras
for Lymphatic Mapping

Although non-imaging intraoperative probes are still the
standard equipment for detection of the radiolabeled tissue
in the operating room, they cannot provide further details on
source configuration. The exact localization of a source can
only be performed if the tip is under direct contact with the
tissue after the surgical incision.

In this regard, intraoperative real-time imaging with por-
table gamma cameras provides an overview of all radioac-
tive hot spots in the whole surgical field [180, 192]. For
instance, its position can be adjusted to also show SLNs
near the injection area, which can easily be overlooked by
using the non-imaging probe. Discriminating a SLN from
an upper-tier node is based on the amount of counts simul-
taneously recorded with the camera, which can be corre-
lated to the preoperative scintigraphic images. The gamma
camera can also be used in conjunction with the gamma
probes.

Imaging devices must meet several requirements to be
employed for the intraoperative use. Among them are a por-
table and stable design, no delay between image acquisition
and display (real-time imaging), and possibility for continu-
ous monitoring, spatial orientation on screen, real-time
quantification, and display of the counts recorded. Finally,
they should also have an adequate spatial resolution, sensi-
tivity, and field of view.

Examples of such cameras are shown in Fig. 3.17. While
the first devices were quite heavy and bulky handheld
devices, new-generation portable gamma cameras are lighter
and/or equipped with stable support systems.

Eetector Thickness
t
i

Collimator

End View

Among the instruments available on the market, we men-
tion only few that implement these requirements with differ-
ent approaches in the radiation detector. One of the most
widely used devices is the Sentinella S102 (from Oncovision,
Valencia, Spain) [193] that is equipped with a CsI(NA) con-
tinuous scintillating crystal readout by PSPMTs and differ-
ent collimators (pinhole collimators, 2.5 and 4 mm in
diameters, and divergent) (Fig. 3.17a). The pinhole collima-
tor enables visualization of the whole surgical filed depend-
ing on the distance between the camera and the source. The
field of view is 4 x 4 cm at 3 cm from the source, and
20 x 20 cm at 15 cm from the source. This device has been
integrated in a mobile and ergonomic support that is easily
adjustable. The imaging head is located on one arm that
allows positioning on the specific area. Another approach is
based on the use of the CZT as radiation detector. For
instance in the Anzai eZ-SCOPE Handheld Gamma Camera
[194], the detector is made of a single tile of CdZnTe, pat-
terned in an array of 16 x 16 pixels at a pitch of 2 mm. The
head is equipped with a series on interchangeable
parallel-hole collimators to achieve different performances
in terms of spatial resolution and/or sensitivity. The field of
view is 3.2 x 3.2 cm and weight is 800 g (Fig. 3.17b).

A further development of the intraoperative gamma cam-
era is the LumaGEM from Gamma Medica Ideas [195]. It is
based on the CZT pixel technology and was originally devel-
oped for breast gamma imaging. The field of view is
13 x 13 cm and the intrinsic spatial resolution is 2 mm. This
camera is also equipped with exchangeable parallel hole col-
limator and it is integrated in a work-stand articulated arm.

Recent technological advances lead to speculate that,
in the near future, the PMT-based systems will be
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Fig. 3.17 Examples of portable gamma cameras for intraoperative
use: (a) Recent-generation portable gamma camera with improved
ergonomical details and adequate support system for intraoperative use

replaced with cameras based on scintillators coupled
with solid-state photodetectors. In these systems the pho-
todetector will be an array of photodiodes (more likely
silicon photomultipliers, the so-called SiPM) coupled to
a slab or a matrix of crystals designed to be coupled one
to one to the photosensors [196]. In such a way, the thick-
ness of the detector (including crystal, photodiodes, and
electronics) coupled to a shallow collimator could be less
than 5 cm, so that it would be compact enough to be
brought into a surgery room as an intraoperative imaging
probe.

Most beta probes commercially available are non-
imaging systems and therefore suffer from the lack of
ancillary information of the tissue area to be explored. A
novel, handheld digital imaging beta probe (IBP), suitable
for use during surgery in conjunction with beta-emitting
radiopharmaceuticals such as [®F]JFDG, for real-time

(model Sentinella S102, manufactured by Oncovision, Valencia, Spain).
(b) Portable gamma camera with a weight <1 kg but without support
system (eZ-Scope, manufactured by Anzai Medical, Tokyo, Japan)

imaging of a surveyed area with higher spatial resolution
and sensitivity, lower sensitivity to background radiation,
and greater ease of operation than existing instruments, is
shown in Fig. 3.18 [197]. This is a visual mapping device to
locate and confirm excision of ['®F]FDG-avid primary
tumors and metastases. The proposed handheld IBP
includes a 140 pm thick microstructured CsI: Tl film opti-
cally coupled to a highly sensitive electron-multiplying
charge-coupled device (EMCCD) via a flexible fiber-optic
(FO) conduit. The microcolumnar structure of the CsI:Tl
scintillator minimizes the spread of scintillation light to
typically less than 100 pm, and allows for the detection of
beta radiation with high spatial resolution. The EMCCD is
a back-thinned, thermoelectrically cooled (=35 °C),
512 x 512-pixel CCD optically bonded to a 1:1 fiber-optic
(FO) window. The EMCCD has 16 x 16 pm pixels, and an
effective imaging area of approximately 8.2 x 8.2 mm. The
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Fig. 3.18 (a) Prototype of the handheld Imaging Beta Probe™ (IBP™),

duced with permission from ref. [197])

advantage of the EMCCD is that it internally amplifies the
signal with a user-selectable gain and minimizes the noise
associated with the CCD readout amplifier by the same
gain factor. In order to increase its active imaging area, a
2:1 or 3:1 FO taper is coupled to the IBP’s FO conduit,
resulting in an effective imaging area of 16.4 x 16.4 mm or
24.6 x 24.6 mm, respectively. An index matching fluid is
used for the optical coupling of each of the three interfaces
between the FO faceplate, 3:1 FO taper, FO bundle, and
EMCCD. A 24 pm thick aluminum foil (negligible attenu-
ation of p-radiation) is placed in front of a CsI(Tl) film to
shield the IBP from ambient light. Due to its high density
and high average atomic number the CsI: Tl film, while only
~140 pm thick, completely absorbed and enabled the detec-
tion of every incident beta particle, while being highly
insensitive to gamma background. Furthermore, the high
light output of CsI(T1) (56,000 ph/MeV) and high sensitiv-
ity of the EMCCD photodetector increased overall IBP sen-
sitivity and effectiveness.

Key Learning Points

e Handheld gamma probes for radioguided surgery
have been developed for a wide variety of applica-
tions and are commercially available.

* With the development of PET lymphoscintigraphy
techniques, dedicated “PET” probes specifically
designed for detecting resultant high-energy
511 keV gamma emissions have become
available.

FO conduit

fwith latex protectives

Sheath)

(b) Close-up view of the probe head, covered by a latex sheath (repro-

3.9 Near-Infrared (NIR) Imaging

for Lymphatic Mapping

An impressive surge of interest has recently occurred for
fluorescence-guided surgery, which has led to a steady
demand for new commercial fluorescence imaging devices.
For the greatest clinical impact, an imaging system must pro-
vide a solution to the immediate clinical goal with important
new information that affects the patient outcome in a way
that seamlessly blends into current clinical workflow. There
are several new fluorescence imagers that have been cleared
for commercial use by the 510(k) process at the U.S. FDA
for open-surgical use with ICG (Table 3.6) [198].
Near-infrared (NIR) imaging using for example ICG has
been developed for functional imaging of location and
patency of vascular structures in neuro-, ophthalmologic,
and vascular surgeries since the 1980s. The wavelength of
NIR light is approximately 700-1000 nm. This range is the
least absorbed by blood or water; thus, this “optical window”
has been regarded as the best wavelength of imaging to pro-
vide the deepest penetration of the signal. Subsequently, ICG
NIR imaging has been applied to various procedures in gen-
eral surgery, providing functional information of the perfu-
sion of the organs, visualization of the biliary tract and
hepatic tumors, and margins of the anatomic segments of the
liver. NIR imaging systems are composed of excitation light
sources and special filters and cameras optimized for the
NIR wavelength of light. ICG is excited at 700-800 nm, and
the emitted maximal signal is 800-840 nm [199, 200]. For
ICG fluorescent imaging (FI), the fluorescent dye ICG is
intravenously administered through a peripheral venous line
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and the tissue in the region of interest is illuminated with
near-infrared light at a wavelength of 785 nm with a total
output of 80 mW in a field of view of 10 cm in diameter
(I mW/cm?) operating at a distance of approximately 20 cm
above the tissue. The fluorescence emission of the excited
dye is detected by an infrared-sensitive charge-coupled
device (CCD) camera system. The camera is equipped with
a band-pass filter for the selective transmission of light at the
emission maximum of ICG (830 nm) (Fig. 3.19). The fluo-
rescent imaging images are then displayed and recorded in
real time on a computer monitor. The laser has an excellent
safety profile for both patient and operating staff. Because of

Camera

filter

Fluorescence
light

Monitor

e T

Circulating blood volume

Fig. 3.19 Indocyanine green fluorescent imaging (IDG-FI): After
intravenous injection, the region of interest is illuminated with near-
infrared light (785 nm). The fluorescence emission of the excited dye is
detected by an infrared-sensitive charge-coupled device camera system
(dynamic range 54 dB) equipped with a band-pass filter for the selective
transmission of light at the emission maximum of ICG (830 nm) (repro-
duced with permission from ref. [201])

Quest
Spectrum

PerkinElmer
Solaris

Novadaq
SPY-Elite

Fig.3.20 Current leading fluorescence-based guidance systems. From
left to right: Solaris™ Open-Air Fluorescence Imaging System (printed
with permission, 2015-2016 PerkinElmer, Inc., all rights reserved);
NOVADAQ Spy-Elite™ (copyright 2016 Novadaq Technologies Inc.);
Quest Spectrum™ (copyright Quest Medical Imaging); Fluobeam®,
Hamamatsu PDE-Neo™ (copyright 2016 Fluoptics); Lab-FLARE®

the low power density of the emitted laser energy, there is no
tissue warming. Although ICG-FI has turned to be a more
and more common technique to evaluate intraoperative organ
perfusion, only few studies tried to quantitatively validate the
technique for visceral perfusion assessment [201].

Figure 3.20 and Table 3.7 summarize the current leading
fluorescence guidance systems. The PerkinElmer Solaris,
Curadel ResVet LabFlare, and SurgVision Explorer Air are
not 510(k) cleared for human use, while the others are for
ICG procedures. All of them can image ICG in surgical tri-
als, with differing levels of sensitivity and with different fea-
tures [198].

Key Learning Points

e With the recent development of fluorescence-
guided surgery, new fluorescence imaging devices
have become commercially available.

e Among near-infrared techniques, indocyanine
green fluorescence is the most commonly used for
functional imaging of vascular structures in neuro-,
ophthalmologic, and vascular surgeries.

Curadel ResVet
LAB-Flare

Visionsense
Iridium

SurgVision
prototype

Model R1 (copyright CURADEL); Visionsense Iridium™ (copyright
Visionsense); SurgVision Explorer Air prototype (image courtesy of
SurgVision) (reproduced with permission from ref. [24]: DSouza AV,
Lin H, Henderson ER, Samkoe KS, Pogue BW. Review of fluorescence
guided surgery systems: identification of key performance capabilities
beyond indocyanine green imaging. J Biomed Opt. 2016;21(8):80901)
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Table 3.7 ICG fluorescence imaging systems approved through FDA clearance based on the 510(k) process, after demonstration of the device
being safe and effective, with substantial equivalence to a predicate device [198]

Fluorescence imaging Year approved/510(k)
Company system cleared
Novadaq SPY imaging system 2005
Technologies, Inc.
Novadaq SPY imaging system 2007
Technologies, Inc. ~ SP2000
Novadaq SPY fluorescent imaging 2008
Technologies, Inc.  system SP2001
Novadaq SPY fluorescent imaging 2008
Technologies, Inc.  system SP2001
Novadaq SPY intraoperative 2011
Technologies, Inc.  imaging system
Hamamatsu PDE photodynamic eye 2012
Photonics K.K.
Hamamatsu PDE Neo 2014
Photonics K.K.
Fluoptics Fluobeam 800 clinical 2014
imaging device
Quest Medical Artemis light engine 2015
Imaging
Quest Medical Artemis handheld imaging 2015
system
VisionSense Ltd. VS3-IR-MMS system 2015
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