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Abstract

Noninvasive in vivo imaging of lymphatic vessels and lymphatic nodes is expected to fulfill the
purpose of analyzing lymphatic vessels and their function, understanding molecular mecha-
nisms of lymphangiogenesis and lymphatic spread of tumors, and utilizing lymphatic molecular
markers as a prognostic or diagnostic indicator. In this review, we provide a comprehensive
summary of in vivo imaging modalities for detecting lymphatic vessels, lymphatic drainage, and
lymphatic nodes, which include conventional lymphatic imaging techniques such as dyes and
radionuclide scintigraphy as well as novel techniques for lymphatic imaging such as optical
imaging, computed tomography, magnetic resonance imaging, ultrasound, positron emission
tomography using lymphatic biomarkers, photoacoustic imaging, and combinations of multiple
modalities. The field of lymphatic imaging is ever evolving, and technological advances,
combined with the development of new contrast agents, continue to improve the research of
lymphatic vascular system in health and disease states as well as to improve the accuracy of
diagnosis in the relevant diseases.
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vessels were not discovered until a decade ago [3, 4]. Much

Introduction

he lymphatic system is a complex network of lymphatic

vessels, lymph nodes, and other lymphatic organs,
which are essential for the maintenance of fluid homeostasis
and immunocompetence. Lymphatic vessels are found in
nearly every organ and blood vessel-containing interstitial
tissue and serve as a drainage system for excess fluid and
large molecules or cells that cannot easily find their way
back into venules [1, 2]. Although lymphatic vessels were
first described back in the seventeenth century, the first
growth factors and molecular markers specific for these
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progress has been made in recent years including the
discovery of key molecular pathways regulating lymphan-
giogenesis, the identification of lymphangiogenesis markers,
the isolation of lymphatic endothelial cells, and the develop-
ment of genetically modified animal models to study
lymphangiogenesis [3—12].

The lymphatic vessels contribute to a wide range of
human pathologies, such as cancer metastases [3, 13, 14],
inflammation [15-17], diabetes [18], and obesity [19].
Especially in cancer metastasis, the lymphatic system trans-
ports fluid and cells from the periphery to the circulation.
This system is increasingly appreciated as a conduit for the
metastasis of a variety of human cancers such as breast,
melanoma, and head and neck cancers [3]. Thus, inves-
tigation of the lymphatic contribution to metastasis may lead
to diagnostic or therapeutic strategies to identify or prevent
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tumor dissemination. At present, some new in vivo models
rapidly provide an abundance of information on the
mechanisms underlying lymphatic development and the
progression of diseases associated with lymphatic dysfunc-
tion [9]. Yet, compared with in vivo hemovascular imaging,
lymphatics imaging has been paid much less attention [20].
Although technically challenging, the ability to image lymph
flow, lymph nodes, lymphatic function, and markers of
lymphangiogenesis could have a profound impact on our
understanding of these diseases.

Imaging of the hemovascular system often requires
intravenous administration of contrast agents, while the
routes of introducing contrast agents into the lymphatics
are through interstitial (intradermal or subcutaneous) admin-
istration, direct administration into lymphatic vessel, or
intravenous injection. Small nanoparticles can pool into the
lymph nodes via blood circulation, but can also diffuse into
lymphatic vessels via the gap junctions between the
endothelial cells under a hydrostatic pressure gradient.
Particles between 10 and 100 nm in diameter can extravasate
into the interstitial space, where they are phagocytosed by
macrophages and are then transported to lymph nodes.
Particles larger than 100 nm typically remain trapped in the
interstitium [20, 21]. In the following sections, we will
review various imaging modalities and contrast agents used
for lymphatic imaging with focus on preclinical studies that
have translational potential.

Conventional Lymphatic Imaging

Conventional lymphatic imaging using dyes and radio-
nuclide scintigraphy has a long history. These methods
delineate not only lymphatic vessels and drainage but also
sentinel lymph nodes (SLN). Blue dye staining has been the
principal method of determining blood volume in humans
and animals for almost a century. The commonly used dyes
are isosulfan blue, patent blue V, Evans blue (EB), or
fluorescent dyes (see “Fluorescence Optical Imaging”
section), which provide a visual signal of the draining
lymphatic vessels and lymph nodes [22]. Since these dyes
color living tissues or cells, they are also called vital dyes
[23]. Typically, dye molecules are injected intradermally or
subcutaneously into the interstitial tissue of animals or
human beings, to obtain indirect micro-lymphangiographies
of superficial lymphatic vessels. After injection of blue dyes,
cutaneous lymphatic vessels and lymphatic drainage from
the skin can be macroscopically visualized [19, 22, 24].
Kajiya et al. [25] observed prominent enlargement, func-
tionally impaired and hyperpermeable lymphatic vessels of
the ultraviolet B-induced cutaneous damage, as well as
systemic blockade of VEGF-A inhibited enlargement of
lymphatics by injection of Evans blue dye into the rim of
mouse ears. Harvey et al. [19] showed multiple hypoplastic
and tortuous Evans blue dye-positive lymphatic vessels in
the thoracic cavity in Prox1™~ mice. This phenomenon may
reflect functional inactivation of a single allele of the
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homeobox gene Proxl led to adult-onset obesity due to
abnormal lymph leakage from mis-patterned and ruptured
lymphatic vessels.

Lymphoscintigraphy is a special type of radionuclide
imaging which requires injection of gamma-emitting radio-
nuclides labeled macromolecules or larger colloidal particles
into a local region of tissue in order to evaluate lymph
drainage function by measurement of the removal rate [26].
Lymphoscintigraphy is the most widely used method for
lymphedema quantification. Pereira et al. [27] provided an
easy and rapid lymphatic drainage examination of mammary
glands by intramammary administration of **™Tc-dextran to
female mongrel dogs. Anthony et al. [28] used **™Tc-sulfur
colloid to study lymphatic regeneration in rat unilateral hind
limb autotransplantation models. By gathering quantitative
data, they found rapid regeneration of the subcutaneous
lymphatics following replantation, which can handle the
lymphatic drainage of the limb adequately. This result may
explain why there is no clinical lymphedema in human limb
and other tissue replants.

SLN is the hypothetical first lymph node or group of
nodes reached by metastasizing cancer cells from a primary
tumor. Thus, lymph node imaging can be applied to evaluate
the metastatic status of a tumor. The basis for SLN imaging
is that the contrast agent injected near the primary tumor will
be taken up by the adjacent lymphatic system and trans-
ported to the SLN. Currently, blue dye and radionuclide-
labeled sulfur colloid are the most common imaging agents
for SLN imaging. Alex and Krag [29] reported the first
gamma-probe localization of SLNs utilizing **™Tc-sulfur
colloid in an animal model. Their study demonstrated that
gamma-probe-guided localization could be used to identify
and then surgically remove the first draining lymph nodes in
16 inguinal lymphatic basins of eight cats, and this method
was found to be comparable to an invasive method using a
blue dye. Currently, lymphoscintigraphy has been employed
widely in the detection of SLNs. For example, in patients
with breast cancer, preoperative lymphoscintigraphy identi-
fied SLNs as hot spots 87% of the time, with 20% of the
cases showing draining nodes to other basins in addition to
or independent of the axilla [30]. Recently, a dual mapping
procedure using isotope and dye injections was performed in
60 patients with clinically node-negative breast cancer.
SLNs were identified in 59 of 60 patients (98.3%), with a
node-positive rate of 41.7% and a false-negative rate of
1.7% [31].

The characteristics and the properties of the agents
employed are the major factors governing the efficiency of
lymphoscintigraphy. Although °°™Tc-sulfur colloid has
higher specificity and lower background radioactivity for
lymphatics as compared with **™Tc-dextran, it has lower
solubility in the lymph and requires longer time to obtain
satisfactory lymphatic images. Pereira et al. [27] injected
18.5 MBq *™Tc-dextran into the mammary parenchyma
around the mammary papilla in adult female mongrel dogs,
and their result showed that °*™Tc-dextran mammary
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lymphoscintigraphy provided easy and rapid lymphatic
drainage examination of mammary glands. In addition to
diagnostic imaging, a number of studies have investigated
the biodistribution of drug delivery nanoparticles and drug
transport to lymph nodes through **™Tc labeling in order to
provide evidence for delivering intralymphatic therapy in the
future [32].

Cyclosporine A (CyA) is an important immunosuppres-
sive agent used to prevent allograft rejection in organ and
tissue transplantation. Because of its low solubility, bio-
availability, and harmful reversible side effects, the clinical
treatment is restricted to oral administration. Lymphatic
transport seems to be an alternative to improve the
therapeutic efficacy of CyA and to exclude its side effects
[33, 34]. Kim er al. [35] used CyA-loaded **™Tc-labeled
dextran acetate (DxA) and investigated the biodistribution of
particles by lymphatic delivery in rats in order to evaluate
lymphatic transport effect of CyA. Results indicated that the
CyA-loaded **™Tc-DxA can be well distributed through the
lymph nodes. Solid lipid nanoparticles have been proposed
as carriers for anti-cancer drugs [36]. Videira et al. [37]
investigated the biodistribution of **™Tc-labeled solid lipid
nanoparticles by inhalation for pulmonary delivery to the
lymphatic drainage in lung cancer. The data showed
significant uptake of the radiolabeled nanoparticles into the
lymphatics and high rate of distribution in lymph nodes after
inhalation.

Because of their quantitative sensitivity, inherent bio-
logical safety, and relative ease of use, it is agreed that vital
dyes and lymphoscintigraphy hold enormous potential for
preclinical and clinical applications. However, these meth-
ods have a number of drawbacks. For instance, SLNs need
to be dissected to observe blue dye staining, and lympho-
scintigraphy has radiation exposure and relatively low
resolution. Furthermore, SLN imaging is not applicable to
all tumors as not all tumors drain to a single node, hence this
technique is not universally applicable. Some novel tech-
niques such as computed tomography (CT), positron
emission tomography (PET), ultrasound (US), magnetic
resonance imaging (MRI), photoacoustic imaging, and
multimodality imaging hold promise in overcoming these
drawbacks.

Fluorescence Optical Imaging

Relatively high resolution, no radiation exposure, and ability
to image at molecular level have made optical imaging an
advancing branch of medical imaging [1]. Optical imaging
of the lymphatic system allows for mapping of lymphatic
drainage, localization of SLNs, and visualization of multiple
nodes [38]. For example, indocyanine green (ICG) is an
unconjugated free emissive fluorophore which can be
excited at 780 nm with a significant Stoke's shift, enabling
fluorescence measurement at 830 nm and greater. ICG is the
earliest near-infrared (NIR) dye utilized for the noninvasive
detection of tumors in both animals and patients, and has
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been approved in humans for assessing cardiac and hepatic
function as well as lymphatic flow and SLN imaging [39—
41]. Kwon et al. [42] evaluated propulsive lymph function
using ICG in a rodent model. By fixing regions of interest
(ROIs) in fluorescent lymph channels and calculating the
fluorescence intensity within each ROI, they computed that
lymph flow velocity ranged from 0.28 to 1.35 mm/s. Sharma
et al. [43] also studied the dynamic lymph flow using ICG in
a swine model. Following intradermal administration of 3—
6 nmol of ICG, lymph flow immediately progressed from
the lymphatic plexus, and the lymph vessels and nodes were
stained. Lymph flow propelling frequencies were found to
be between 0.5 and 3.3 pulses/min and velocities between
0.23 and 0.75 cm/s. ICG has been successfully used to guide
SLN biopsy in breast cancer and melanoma by using NIR
camera [44-46]. Hirche et al. [44] compared SLN detection
by ICG optical imaging and by **™Tc-sulfur radiocolloid
scintigraphy in combination with blue dye. Although the
sensitivity and specificity of ICG for SLN detection is
comparable to conventional methods, the main advantage of
this technique is that it allows transcutaneous visualization
of intraoperative lymph node detection without radioisotope.

Other NIR organic fluorophores such as Alexa 705,
IRDye780, Cy7, and Cy5.5 can also be used to detect
lymphatic drainage. These organic fluorophores can also be
conjugated with bioactive molecules such as antibodies,
proteins, and peptides to effectively enter and remain in the
lymphatic system [47]. Hama et al. [48] used Cy5.5 and Cy7
conjugated IgG to map the drainage patterns of lymphatic
basins and to locate SLNs. In their study, Cy5.5-1gG and
Cy7-IgG were injected interstitially into the mammary fat
pad, extremity, and ear in a mouse model. One minute after
injection, the SLNs of mice were visualized with a depth
penetration of approximately 5 mm. The mapping demon-
strated that axillary nodes received input of lymph flow from
the breast and upper extremity, and cervical nodes received
input from the ear and upper extremity.

Most of the organic NIR fluorophores often lack the ideal
properties for generating strong fluorescent signals through
deep tissue sections. The design of high-emission dipole
strength fluorophores is thus necessary for both animal
research and clinical imaging applications [47]. The recent
advance of nanotechnology has led to the development of
quantum dots (Qdots) for use in imaging, detection, and
targeting [49-51]. Qdot are nano-sized semiconductor
crystals ranging between 5 and 20 nm. The size and shape
of Qdots can be fine-tuned to control the emission wave-
lengths of the Qdots, including ones that emit light in the
NIR range [50]. Furthermore, their extreme brightness
provides more depth penetration than organic fluorophores.
Harrell et al. [52] used non-targeted Qdots to demonstrate
that increased lymph flow precedes tumor metastasis in a
melanoma xenograft model. In their studies, Qtracker 705
particles were injected to the dorsal toe of each hindfoot, and
a real-time imaging assay found that tumors can affect
lymph flow through the draining lymphatic system. Mean-
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while, by measuring the fluorescent signal in an ROI over
each popliteal LN, it was found that lymph flow is
specifically increased through tumor-draining LNs. Ballou
et al. [53] also demonstrated that passage from the tumor
through lymphatics to adjacent nodes could be visualized
after Qdot injection. Parungo et al. [54, 55] also applied
Qdots to illustrate the lymph drainage patterns of the
peritoneum by continued flow to mediastinal lymph nodes.
As Qdots can be used to perform multicolor images with
high fluorescence intensity, Hama et al. [48] used two NIR
Qdots with different emission spectra to simultaneously
visualize two separate lymphatic flow drainings and varia-
tions in the drainage patterns. Kosaka et al. [56] used five
visually well-distinguishable carboxyl-Qdots (Qdot 545,
565, 585, 605, and 655) injected subdermally into mice at
five different sites. /n vivo lymphatic images successfully
distinguished all five lymphatic basins with different colors
in real-time (Fig. 1). Kim et al. [57] used QDots to visualize
SLNs in mouse and pig models. In their study, localization
of the SLNs required only 3—4 min, and average detective
depth of the SLN in the pig was approximately 1 cm from
the skin surface. Knapp et al. [58] used NIR Qdots to detect
SLNs in invasive urinary bladder cancer in animal models.
Near-infrared optical imaging shows promise for imaging
superficial lymph drainage. However, poor tissue penetra-
tion and photon scattering limited optical imaging to detect
deep lymphatic drainage basins [59]. Despite of the limited
depth penetration, optical imaging maybe a good comple-
mentary technique for intraoperative detection of nodes that
have been characterized using more conventional imaging
test if dual imaging probes can be developed. For example,
magneto-optical probes could allow MRI characterization
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pre-surgically, and fluorescence-based imaging will lead to
confirmation intra-operatively akin to sentinel node imaging.
More details about multimodality imaging will be elaborated
later.

CT Imaging of Lymph Nodes

As previously mentioned, lymphoscintigraphy and vital blue
dye are the two most common methods to map SLNs. One
of the major concerns of these methods is their low
resolution. CT with appropriate contrast agents, on the other
hand, can easily discern enlarged lymph nodes. Wu et al.
[60] showed in a VX2 carcinoma model that CT-LG was
able to identify 96-100% contrast-enhanced SLNs. Suga et
al. [61] chose a commercially available, water-soluble agent,
iopamidol, to visualize breast lymphatic drainage and map
breast SLNs in normal dogs and healthy human volunteers.
They injected iopamidol into the periareolar skin areas
overlying the mammary gland in animals and volunteers,
and the connection of SLNs and lymphatic vessels draining
from the injection sites can be clearly visualized. Hundred
percent SLNs and 87.5% distant nodes resected had a good
correlation with the locations and sizes measured by the CT
images. In a follow-up study, the same group used CT-LG to
evaluate SLNs in patients with operable breast cancer, and
the localization of SLNs in all patients could be visualized
[62]. Under 3D multidetector-row CT-LG (MDCT-LG)
navigation, the sensitivity, false-negative rate, and accuracy
of SLN biopsy were 92%, 7%, and 98%, respectively [63].
Margel et al. [64, 65] demonstrated that intravenous
injection of synthesized iodinated homopolymeric radio-
paque nanoparticles allowed enhanced visibility of reticu-
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Fig. 1. Afive-color optical lymphatic image of lymphatic drainages from the upper extremity (red), the ear (yellow), and the chin
(green) obtained using five NIR Qdots (Qdots 655, 585, 545, 565, and 605) from day 1 to day 7. There are less marked
reductions in signal, except in the left deep neck lymph node (Qdot 565), and a spectral fluorescence imaging technique is
shown together with a schematic illustration (reproduced from Kosaka et al. [56] with permission).
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loendothelial systems such as lymph nodes, liver, kidneys,
and spleen. Rabin et al. synthesized a polymer-coated Bi,S3
nanoparticle (BPNP) as an injectable CT imaging agent.
Following intravenous administration of BPNP, strong
vascular enhancement was observed with CT imaging, and
the enhancement resulted in clear delineation of the cardiac
ventricles and all major arterial and venous structures. In
addition, regional lymph nodes were clearly contrasted in
mice injected subcutaneously with 50 pul BPNPs [66].

Although the current CT lymphography (CT-LG) is
unable to detect occult metastases, it may serve as a viable
alternative to lymphoscintigraphy and vital blue dye for SLN
identification and guiding SLN biopsies. CT lymphography
provides detailed lymphatic anatomy, which may eliminate
the potential pitfalls of the lymphoscintigraphy and vital
blue dye methods and increase sensitivity and accuracy for
SLN biopsy. However, it is difficult for CT to provide
information on the flow of lymph owing to the spatial
resolution needed and radiation concerns of CT.

MR Imaging of Lymphatic System

Dynamic contrast-enhanced MR imaging (DCE-MRI) is a
technique that acquires serial images following the intra-
venous injection of a contrast agent, and then wash-in and
wash-out curves can be derived from designated ROIs for
direct comparison. This technique has been widely used to
analyze angiogenesis [67, 68]. Ruddell et al. [69] developed
a DCE-MRI assay to measure changes of lymph flow and
lymphatic dysfunction by dynamic mapping of lymphatic
drainage in mice models. In their study, B16-F10 melano-
mas cells were injected into the left hind leg footpad in mice.
MR lymphography was scanned with low molecular weight
gadolinium contrast agent, Gd-DTPA, which was injected
subcutaneously into the dorsal toe of the rear foot to monitor
lymph flow dynamically within 3 weeks after implantation.
In order to obtain a time course of contrast flow, the kinetics
of lymph drainage were examined by taking scans rapidly
and repeatedly after Gd-DTPA injection. Results demon-
strated that tumor growth in the footpad not only enhanced
lymph flow through draining LNs but also enhanced lymph
delivery into the heart and vascular circulation. This finding
was consistent with the previous hypothesis that tumor-
induced lymph flow actively drives metastasis into and
through draining LNs [52]. Subcutaneous injection of the
conventional extracellular gadolinium-based agents also
allows visualization of draining lymph vessels and nodes
[70, 71] (Fig. 2). Compared with intravenous injection, the
main advantage of interstitial injection is that both lymphatic
vessels and lymph nodes can be seen at a lower dose [72].
However, the main problem of these small molecular
contrast media is that only small amount can reach the
lymphatic system, and others diffuse into the blood system.

Lymphotrophic nanoparticle-enhanced MRI offers a
new method for accurate lymph node staging [73]. This
technique employs a new class of MR contrast agents with
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unique biochemical properties including superparamagnetic
iron oxide particles (SPIO), liposomes and micelle-forming
compounds, and polymers and protein-binding compounds
[70, 71, 74]. Ultrasmall superparamagnetic iron oxide
(USPIO) contrast may depict salient features of normal and
cancer-positive lymph nodes. These nanoparticles are 30 to
50 nm in hydrodynamic size and are composed of an active
iron oxide crystalline core and a covering material made of
low molecular weight dextran or starch derivatives, which
can shorten proton relaxation times, giving a signal distinct
from tissue without particles [20, 75]. The small size of the
iron oxide nanoparticles enables them to cross capillary
walls and localize into lymph nodes either though direct
transcapillary passage of the nanoparticles from the venules
to the medullary sinuses of lymph nodes or extravasation
across permeable capillary beds by a nonselective endothe-
lial transcytosis. Once delivered to the lymph node, the
nanoparticles are phagocytosed by macrophages of the
reticuloendothelial system (RES), thus causing nanoparticle
accumulation within the node [76, 77]. Imaging lymph
nodes using USPIO is an indirect way to evaluate macro-
phage function within the lymph nodes. Accumulation of
nanoparticles in benign nodes causes a decrease in signal
intensity on T2-weighted and T2*-weighted MRI scans [78].
The RES in malignant lymph nodes lacking normal macro-
phages cannot phagocytose USPIO and thus retain the bright
signals in MRI scans, which was called “negative enhance-
ment” [79]. One disadvantage of USPIO for imaging lymph
nodes is the slow transport to the lymphatic system, so post-
contrast imaging 24-36 h after contrast media injection is
required [80]. In addition, the rather extended pharmacologic
half-life of the iron oxide nanoparticles also limited the clinical
use [81]. Other disadvantages include the unpredictability of
iron-induced susceptibility artifacts, and the heterogeneous
enhancement profile in normal lymph nodes [82].

Several limitations of these paramagnetic particles might
be overcome with T1-shortening contrast agents. Misselwitz
et al. [83] detected lymph node metastasis using Gd-carrying
liposomes in a guinea pig mode, taking advantage of that,
liposomes can be phagocytosed by lymph node macro-
phages after interstitial injection. Trubetskoy ez al. [84] also
showed that after subcutaneous injection of surface-modified
liposomes containing Gd-DTPA phosphatidylethanolamine
into the paws of rabbits, axillary and subscapular lymph
nodes can be delineated within minutes. Other polymer-
based contrast agents have also been tested to image lymph
node metastases. Kobayashi et al. used different dendrimer-
based MRI contrast agents to visualize the anatomy and
physiology of deep lymphatic vessels and lymph nodes in
mouse models. Among them, PAMAM-GS8 was the best for
visualizing lymphatic vessels, whereas DAB-G5 was better
for visualizing lymph nodes [85—87]. In addition, this group
used PAMAM-G6 as a contrast agent and revealed the
absence of filling in the metastatic foci of affected lymph
nodes. Another dendrimeric agent such as Gadomer-17 was
also used for MR imaging of the lymphatic system in



604

F. Zhang, et al.: Lymphatic Imaging

Fig. 2. MRI lymphography demonstrates before (a) and 15 min after (b) subcutaneous administration of gadoterate meglumine
bilaterally in the dorsal aspect of the forepaw. The following lymph node groups are depicted in axillary node, anterior thoracic
lymph node (arrowheads), parasternal lymph node (curved arrow), and mediastinal lymph node (long solid arrow; reproduced

from Ruehm et al. [70] with permission).

different experimental models [88, 89]. Herborn et al. [74]
used a new blood-pool contrast agent, MS-325, to image
regional lymph nodes. MS-325 is albumin-binding Gd-based
contrast agent, which protein-binding properties may make
this agent large enough to be phagocytosed and lympho-
tropically cleared. After interstitial injection, lymphatic
vessels and tumor-bearing lymph nodes can be detected
clearly.

It is of note that the route of administration can be an
issue for clinical translation. Interstitial and subcutaneous
injections are viable techniques to study lymphatic pathways
but are not suited to image and stage nodes which are better
served with intravenous agent injection and delivery. This is
important when staging needs characterization of nodes in
regional distribution.

Ultrasound Imaging of Lymphatic
System

Since the first description of contrast-enhanced ultrasound
imaging (CEUS) by Gramiak and Shah [90], it has been
widely used in both preclinical experiments and clinical
diagnosis. In general, there are several advantages of CEUS
such as low cost, high spatial resolution (comparable to MRI
or CT and greater than PET or SPECT), and high contrast
sensitivity and signal-to-noise ratio (comparable to PET and
SPECT). These advantages make CEUS a promising
imaging modality for detecting SLNSs.

Microbubbles are the most widely used ultrasound
contrast agents. The microbubble shell can be made with
lipids, denatured albumin, or polymers incorporating poly-
ethylene glycol in order to reduce gas diffusion into the
blood, to reduce recognition by the immune system, and to
enhance stability [91, 92]. Based on the specific acoustic

properties, microbubbles can be sensitively imaged with
regular ultrasound methods. For CEUS imaging of SLNs,
microbubbles were injected directly into tissues of interest.
In animal studies, ultrasound contrast agents have been
shown to accumulate in SLNs but not second-order lymph
nodes. The mechanisms of this passive targeting are poorly
understood but probably related to the avidity of the shell
material for macrophages [93]. Lurie et al. [94] injected
perfluoropropane-filled microbubble contrast medium into
peritumoral tissues in ten dogs with spontaneous head or
neck tumors and compared the results with lymphoscintig-
raphy in which dogs were injected peritumorally with **™Tc-
sulfur colloid. CEUS could identify SLNs and associated
lymphatics, and the results were consistent with lympho-
scintigraphy findings, indicating that CEUS might be an
effective adjunct or alternative to conventional techniques
for SLN detection and localization.

Nielsen et al. investigated whether the distance from the
contrast agent injection site to SLN could affect the
detectability of CEUS in a swine model. The result showed
that the distance did not interfere with SLN detection [95].
In a pilot clinical trial, before surgery, patients with breast
cancer received a periareolar intradermal injection of micro-
bubbles; lymphatic channels were visualized immediately by
ultrasonography and followed to identify putative axillary
SLNs. The sensitivity of SLN detection in this study was
89% [96].

Besides SLN detection, microbubbles have also been
used to differentiate benign and malignant lymph nodes. The
mechanism is probably that microbubbles are phagocytosed
by macrophages or reticuloendothelial cells and appear
bright on an ultrasonogram in benign lymph nodes, and
malignant lymph nodes that lack reticuloendothelial cells
cannot take up the microbubbles and would remain
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hypoechoic. Goldberg er al. demonstrated that the accuracy
of SLN detection by CEUS and lymphoscintigraphy was
90% and 81%, respectively, in a swine model with
melanoma. Compared with histological examination, the
sensitivity, specificity, and accuracy for correctly depicting
metastases in swine SLNs by lymphatic CEUS were 95%,
63%, and 86%, respectively [97].

The main disadvantages of US are its poor spatial
resolution, the large size of the microbubble and hence its
slower rate of uptake, its limited use in the thorax and deep
retroperitoneum, and its dependence on operator experience
[98]. Indeed, microbubble-CEUS of the lymph nodes is
unlikely to reflect either the extravasation of bubbles, with
re-uptake by the lymphatic system, or uptake by macro-
phages and tracking to lymph nodes, due to the size of the
contrast agents and the timing of scanning, respectively [1].

Photoacoustic Imaging of Lymphatic
System

Photoacoustic imaging (PAI), as a hybrid biomedical
imaging modality, is developed based on the photoacoustic
effect. In PAI, non-ionizing laser pulses are delivered into
biological tissues. Some of the delivered energy will be
absorbed and converted into heat, leading to transient
thermoelastic expansion and thus ultrasonic emission. The
generated ultrasonic waves are then detected by ultrasonic
transducers to form images. The advantage of PAI is that it
retains high optical contrast while overcoming the poor
spatial resolution of pure optical imaging and provides good
spatial resolution by detecting ultrasound, which has
relatively low scattering [99, 100].

PAI in combination with different contrast agents is
promising in improved detection of metastases. Song et al.
[101] tried methylene blue as a PAI contrast agent to image
SLNs in rats and were able to detect lesions about 2-3 cm in
depth. Other groups also used a series of nanoparticle-based
contrast agents such as carbon nanotubes, gold nanocages,
gold nanorods, and gold nanobeacons to improve resolution
and allow deep tissue imaging [102—104]. The single-walled
carbon nanotubes (SWNTs) were first applied as a PA
contrast agent by the Stanford group for imaging tumor
integrin expression [102]. Later on, Pramanik et al. [105]
used carbon nanotube-enhanced photoacoustic identification
of SLNs in a rat model. Recently, Pan et al. [104]
demonstrated near-infrared detection of SLN with gold
nanobeacons (GNBs) providing the photoacoustic contrast
in a rodent model. They found that smaller GNBs were
noted trafficking through the lymphatic system and accu-
mulating more efficiently in the lymph nodes in comparison
to the bigger nanoagents. Within 1 h post-injection, the
contrast ratio of the lymph nodes with the surrounding blood
vessels was 9:1 [104] (Fig. 3).

McCormack et al. [106] used photoacoustic method to
detect SLN micrometastasis in a melanoma model nodes. In
their study, HS 936 human melanoma cells were separated
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and injected into the canine lymph nodes. Because mela-
noma cells contain melanin, which can absorb the light and
produce photoacoustic pulses under laser, these photo-
acoustic pulses can be detected by special sensors. Photo-
acoustic responses from a lymph node with as few as 500
melanoma cells can be detected, while normal lymph nodes
showed no response. In addition, recent study on photo-
acoustic detection and photothermal ablation of individual
light-absorbing nanoparticles labeled tumor cells in lymph
nodes in vivo will encourage further explorations of light-
absorbing nanoparticles in biomedical applications, in
particular noninvasive and target-specific lymphatic diag-
nosis and therapy [103].

PET Imaging of Lymphatic System

So far, PET is the most sensitive and specific technique for
imaging molecular pathways in vivo in humans [107]. PET
radiotracers are physiologically and pharmacologically
relevant compounds labeled with positron-emitting radio-
isotopes (such as fluoride-18 or carbon-11). After internal-
ization by injection or inhalation, the tracer reaches the
target, and the location and the quantity are then detected
with a PET scanner. The inherent sensitivity and specificity
of PET is the major strength of this technique. Isotopes can
be detected down to the 100-pM level in the target tissues.
At this low level, the compounds often have little or no
physiological effect on the patient or the test animal, which
permits studying the mechanism of action or biodistribution
independent of any physiological consequences [108, 109].
The spatial resolution of PET down to the millimeter level
permits applications not only to humans for diagnosis and
drug development but also to animals for preclinical studies.
The ability of PET to translate studies from animals to
humans adds to its appeal. 2-deoxy-2-['*F]fluoro-p-glucose
("|F-FDG) is now the most commonly used PET tracer
worldwide. '®F-FDG PET has been used to image meta-
stases and detect metastatic spread of malignant cells to
regional lymph nodes in a wide variety of tumor types [110].
"E_FDG PET is able to detect increased glycolytic rate in
cancer cells compared to normal cells; therefore, PET can
functionally assess lymph nodes and potentially detect
metastases in normal-sized nodes. When PET is combined
with a CT scan (PET—CT), the fused image can demonstrate
increased metabolism with its anatomical location. Besides
FDG, other molecules specifically metabolized in tumor
cells have also been tested to evaluate LN status. Choline is
a molecule that is metabolized into phosphorylcholine and is
incorporated into cellular membranes [111]. It can be labeled
with '®F and ''C. ''C-choline sensitivity and specificity for
LN metastasis in prostate cancer have been studied, which
could detect metastasis with a sensitivity of 80%, a
specificity of 96%, and an accuracy of 93% [112]. However,
one limitation with the use of ''C-choline as a tracer is its
short half-life. In a recent clinical study recruiting 132
patients with prostate cancer, the sensitivity, specificity, and
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5

7 [2omin

In vivo noninvasive photoacoustic imaging of sentinel lymph nodes in rat. Lymph node is not visible in a 60-min post-

injection image of nanobeacons P-GNB g, (d) but SLNs are clearly visible after L-GNBgg injection (10 nm; g; reproduced from

Pan et al. [104] with permission).

positive and negative predictive values of '*F-fluorocholine
PET/CT in the detection of malignant LNs were 45%, 96%,
82%, and 83%, respectively. For LN metastases greater than
or equal to 5 mm in diameter, sensitivity, specificity, and
positive and negative predictive values were 66%, 96%,
82%, and 92%, respectively [113]. ''C-acetate or '*F-acetate
reflects another aspect of lipid metabolism. Fricke et al.
[114] demonstrated that ''C-acetate is better than '*F-FDG
in detecting local recurrences and regional lymph node
metastases of prostate cancer. In addition to the above-
mentioned PET tracers, other positron-emitting molecules
such as anti-1-amino-3-'*F-fluorocyclobutane-1-carboxylic
acid (anti-'*F-FACBC), 16B-'*F-fluoro-5a-dihydrotestoster-
one (‘*F-FDHT), and ''C-methionine have also been used to
detect LN metastasis [115]. However, the anatomical
resolution of PET (approximately 4-8 mm? in clinical and
1-2 mm® in small animal imaging systems) is noticeably
poorer than that achieved by CT or MRI [116]. Due to the
relatively lower resolution of PET as compared to other
anatomical imaging techniques, PET allows for detecting
malignancy in normal-sized nodes but is insufficient for
detecting small nodes, thus preventing its application in
staging tumors like breast, rectum, etc. Indeed, in breast
cancer patients, the sensitivity, specificity, PPV, NPV, and
accuracy of FDG PET/CT was 58%, 92%, 82%, 77%, and
79%, indicating that FDG PET/CT cannot replace invasive
approaches for axillary staging but may extend the indica-
tion for SLNB [117]. Low sensitivity of PET/CT also has
been reported in patients with primary malignant melanoma
[118].

Multi-modal Imaging

Among the above-mentioned imaging techniques, no single
modality is perfect and sufficient to gain all the necessary
information [119, 120]. Therefore, the combination of
multiple imaging techniques can offer synergistic advantages
[121]. Multi-modal imaging can be achieved either through

the combination of imaging hardware such as PET/CT and
SPECT/CT [122], through the combination of different
contrast agents [123], or through co-registration of images
acquired with different modalities. With regard to lymphatic
imaging, this leads to improved accuracy and sensitivity of
lymph nodes detection as well as lymphatic drainage
visualization.

The combination of PET and CT has been matured into
an important clinical diagnostic tool. The underlying
principle of PET/CT systems is the acquisition of two
dedicated imaging procedures, CT and PET, in a single
step followed by image co-registration, which are able to
provide anatomical and functional data sets in a single
session with accurate image co-registration [124]. In this
way, The CT component of the hybrid system is used to
improve anatomical definition of the ROIs for analysis
and to create radiation-attenuation maps to correct for
non-uniform attenuation [125]. Clinical studies have
demonstrated the advantages of PET/CT over separately
performed PET and CT, particularly in the field of
oncology [126]. A number of clinical studies compared
FDG-PET/CT with CT alone for evaluating lymph nodes
for metastatic spread. The results demonstrated that
sensitivity, specificity, positive predictive value, negative
predictive value, and accuracy of lymph node staging
were all significantly improved with FDG-PET/CT [127,
128]. SPECT/CT is based on the similar principles of
PET/CT. Hybrid SPECT/CT lymphoscintigraphic imaging
facilitates the localization of SLNs by showing the
relationships between SLNs and important anatomic
structures, which enables precise SLN localization and
helps to ensure minimal dissection in clinical application
[129].

With the development of microPET or microPET/CT
scanners dedicated to small animal imaging studies, it can
provide a similar in vivo imaging capability in mice, rats,
monkeys, and humans so one can readily transfer knowledge
and molecular measurements between species [130, 131].
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Along with the progress made in several key techniques
including identifying scintillators with adequate magnetic
properties, in developing suitable PET detectors which use
optical fibers to guide the scintillation light away from the
MR magnetic fields or that replace the PMTs by magnetic
field-insensitive avalanche photodiodes (APD) [132], several
research groups have successfully developed small PET/
MRI prototypes for small-animal studies [133, 134] and
even a human-sized prototype design for neurology appli-
cations [135]. With the PET/MRI system, three functional
imaging techniques will be united including PET, fMRI, and
spectroscopy with morphological MRI, offering far more
potential than just tracing biomarkers and displaying
anatomy [134].

Most of the contrast agents for lymphatic imaging
generally have one function and can only be imaged in
monochrome. When radiocolloid and dye are used in
tandem, there is a lower false-negative rate for sentinel node
localization when compared with using either agent alone
[136, 137]. Combination of both radioactive and color
signals into a single dose has also been investigated such
as *’™Tc-dextran-dyes [27], *°™Tc-/'''In-phthalocyanine
tetrasulfonate [138], '**I-methylene blue [139], and **™Tc-
EB [140]. Tsopelas et al. [140] confirmed that both the
soluble *™Tc-EB and *’™Tc-antimony trisulfide colloid
(ATC) discriminated the SLNs up to 50 min after admin-
istration. However, *°™Tc-EB had the advantage of provid-
ing radioactive (gamma probe) and color signals
simultaneously during the operative exposure.

Kobayashi et al. [121] synthesized '''In-labeled radio-
nuclide/five-color NIR optical dualmodal imaging probes
using a polyamidoamine dendrimer (generation-6
PAMAM dendrimer) with an ethylenediamine core as
the platform component. Radionuclide imaging of this
dual modal imaging probe allows increased depth pene-
tration and absolute quantification, whereas multicolor
NIR optical imaging offers excellent real-time spatial
resolution and the ability to distinguish multiple lymphatic
drainages. Both of these methods have a matched high
sensitivity that allows for a minimization of the required
injection dose [121]. Koyama et al. [141] synthesized
MR/NIR optical hybrid contrast agent GdG6-Cy5.5 to
perform anatomic MRL and NIR imaging with one
injection. A number of nanoparticle-based PET/MRI dual
modality or optical/PET/MIR triple modality probes [142—
144] showed promising results in tumor imaging. These
probes may also have the potential to be applied for
multimodality imaging of the lymphatic system. By
combining strong optical contrast and high ultrasonic
resolution in a single modality, photoacoustic tomography
of lymph node demonstrated the potential to be used
clinically for accurate, noninvasive imaging of SLNs for
axillary lymph node staging [145]. With a modified
clinical US imaging system, photoacoustic images of rat
SLNs clearly help visualize methylene blue accumulation,
whereas coregistered photoacoustic/US images depict
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lymph node positions relative to surrounding anatomy
[146].

Active Targeting Biomarkers-Based
Imaging of Lymphatics

Tumor blood vessels express molecular markers that
distinguish them from normal blood vessels [147]. Recent
data indicate that lymphatic endothelial cells are structurally
different from blood endothelial cells and also express
lymphatic system specific marker molecules such as podo-
plainin, Prox-1, LYVE-1, and VEGFR-3 [148—150]. Recent
technical developments in optical imaging and other imaging
modalities, in conjunction with these molecular markers,
help to better understand the mechanisms underlying
lymphangiogenesis and lymphatic metastases of tumor.

McElroy et al. [151] used AlexaFluor-labeled anti-mouse
lymphatic endothelial hyaluronan receptor-1 (LYVE-1)
monoclonal antibody to image mouse lymphatics and real-
time track the movement of tumor cells engineered to
express red-fluorescent protein (RFP) within the green
fluorescently labeled lymphatic vessels in a mouse model.
In their study, they created a ventral skin flap to expose the
inguinal, axillary lymph nodes, and the interconnecting
lymphatics of the anterior abdominal wall, and then injected
AlexaFluor-labeled monoclonal anti-mouse LY VE-1 into the
tissues around the exposed inguinal lymph node. The
draining inguinal lymphatics and the afferent lymphatics of
the receiving axillary lymph nodes were clearly shown after
antibody delivery. After in vivo staining of mouse lymphatic
endothelium, human pancreatic tumor cells expressing RFP
were injected into the inguinal lymph node and surrounding
tissues. Tumor cell trafficked along green labeled lymphatics
could be reliably seen (Fig. 4). This study apparently
improved the understanding on interactions of primary
tumors with lymphatic system and lymphatic dissemination
of cancer cells.

Using in vivo phage display technology, Laakkonen et al.
[150, 152] identified a panel of peptides that home to
lymphatic blood endothelial cells. Among them, a 9-amino-
acid cyclic peptide (CGNKRTRGC) named as LyP-1 indeed
had tumor homing specificity. In their study, intravenous
injection of FITC-LyP-1 led to prominent accumulation in
the tumor tissue 16-20 h after intravenous injection [153].
The extraordinary homing efficiency and ability to recognize
metastatic lesions suggest the potential diagnostic uses for
LyP-1.

The active targeting strategies can also be applied with
ultrasound after attaching antibodies, peptides, or other
molecules to microbubble shell [92]. Examples include lipid
shell microbubbles attached anti-ICAM-1 monoclonal anti-
body for imaging acute cardiac allograft transplant rejection
in rats, microbubbles targeted to vascular endothelial growth
factor receptor type 2 (VEGFR2) for imaging tumor angio-
genesis in two murine tumor models, and microbubbles bear
a covalently bound RGD peptide for targeting thrombosis
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Fig. 4. Fluorescence imaging of in vivo of the inguinal lymph nodes (larger arrow), axillary (small arrow), and the connecting
lymphatics of the anterior abdominal wall after delivery of AlexaFluor-conjugated monoclonal anti-mouse LYVE-1 antibody (a—
c). Neighboring blood vessels did not stain (b, ¢; reproduced from McElroy et al. [151] with permission).

and angiogenesis [154—157]. Li et al. [158] synthesized
LyP-1 ultrasonic microbubbles and demonstrated the poten-
tial of this bubble conjugate for imaging tumor lymphatic
vessels and as a targeted drug delivery vehicle to treat lymph
node metastasis. Hauff ef al. [159] used L-selectin ligand-
specific air-filled microparticles to target peripheral lymph
nodes in normal mice and dogs. In their study, an L-selectin
ligand, MECA-79 antigen, was selected for lymph node

/

Gut & Bladder |
Background

=

targeting. After intravenous administration of MECA-79
antibody conjugated polymer shell microbubbles, all the
cervical, inguinal, axillary, popliteal, and mesenteric lymph
nodes in mice and the popliteal lymph nodes in dogs showed
stimulated acoustic emission (SAE) signals.

Currently, ongoing PET studies are attempting to better
detect micrometastases in lymph nodes using molecular
reporter genes. One of these promising reporters is the

Gallbladder
Background

Inguinal LN

Gut & Bladder
Background

Popliteal LN

Fig. 5. ['®F] FEAU-PET imaging of mice. a A control tumor-bearing mice with saline injection, and (b) mice without tumor
injected with NV1023 had ['®F] FEAU signal levels similar to background. ¢ Positive PET signal was detected in mice with
positive popliteal and inguinal lymph node metastases injected with NV1023 (reproduced from Brader et al. [162] with
permission).
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modified form of the herpes simplex type 1 thymidine kinase
gene (HSVI1-tk): HSV1-sr39tk. The protein sr39tk is a
mutated form of the HSV-tk gene that can phosphorylate
more than ten different substrates including '*F-FHBG and
"8E_.FEAU [160]. When these positron-emitting molecules
are phosphorylated by sr39tk protein, the product is trapped
in the cells and can be detected by PET-CT through its '*F
positron-emitting isotope [161]. Brader ef al. [162] demon-
strated the feasibility of using recombinant human herpes
simplex virus (HSV) vectors to detect nodal metastases in a
human melanoma model by intratumoral injections of HSV
NV1023 and intravenous injection of ['*F]JFEAU (Fig. 5). In
addition to functioning as a PET reporter gene, the gene
encoding the sr39tk reporter also acts as a suicide gene.
Coupling detection and suicide gene therapy would enable
not only the accurate assessment of lymph node status but
also the prospect of preventing metastatic outgrowth and
systemic spread. Gambhir group has developed a two-step
transcriptional amplification (TSTA) system [163] to
increase the accuracy of imaging and the precise location
of nodes. Based on this strategy, they developed several
prostate-specific adenoviral vectors that express imaging
reporter genes under the control of a highly amplified
prostate-specific antigen (PSA) promoter system (TSTA)
[164]. Burton et al injected PSA-TSTA adenovirus in
conjunction with its tracer '*F-FHBG into mouse forepaws
in a LAPC9 prostate tumor xenograft model. Once in the
node, the PSA-TSTA adenovirus can infect prostate tumor
cells present there and activate the prostate restricted
expression of an imaging reporter gene. This genetic
biomarker-based PET was able to decisively seek out lymph
node metastasis in a mouse bearing 2.5-mm lymph node
lesions [164].

Summary

The lymphatic vessel system imaging is an emerging field of
research. It has long been overshadowed by research on
angiogenesis because of the lack of imaging modalities to
visualize and quantitatively assess lymphatic vasculature in
vitro and in vivo. These difficulties were overcome partially
during the past few years based on the discovery of
lymphatic specific molecular markers and improvement of
resolution and sensitivity of imaging modalities. Especially
these new imaging modalities contributed to the rapid
expansion of our knowledge on the mechanisms underlying
lymphatic development and the diseases associated with
lymphatic dysfunction. However, efforts are still needed,
especially on several critical aspects including (1) optimiza-
tion of multimodality probes to take full synergistic
advantage of each single imaging modality and minimize
drawback; (2) combination of imaging probes and therapeu-
tic agents to realize theranostic effect for lymphatic targeted
therapies; (3) identification of novel lymphangiogenic
markers and development of imaging probes with high
affinity and specificity; and (4) development of imaging
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strategies to improve the ability of visualizing micrometa-
stases within lymph nodes.
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