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Abstract

Visualization of the lymphatic system is clinically necessary during diagnosis or treatment of
many conditions and diseases; it is used for identifying and monitoring lymphedema, for detecting
metastatic lesions during cancer staging and for locating lymphatic structures so they can be
spared during surgical procedures. Imaging lymphatic anatomy and function also plays an
important role in experimental studies of lymphatic development and function, where spatial
resolution and accessibility are better. Here, we review technologies for visualizing and imaging
the lymphatic system for clinical applications. We then describe the use of lymphatic imaging in
experimental systems as well as some of the emerging technologies for improving these
methodologies.
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Introduction

The lymphatic system is responsible for maintaining proper tissue—fluid balance, organizing
the immune system and absorbing lipids in the gut. It consists of the lymphatic vessels and
lymph nodes through which lymph and immune cells traffic to establish and maintain
immune responses. Therefore, disruption of lymphatic function results in lymph-edema—
fluid accumulation in a tissue due to deficient lymphatic function—and local immuno-
compromise, both of which lead to significant morbidity. The lymphatic system is also
involved in cancer progression, as entry of metastatic cancer cells into the lymphatic system
can result in lymph node metastases. Thus, the lymphatic system is central to a variety of
pathological processes and many techniques have evolved to allow visualization of its
anatomy and function (Rockson, 2003; Sevick-Muraca et al., 2014).

The lymphatic system consists of small lymphatic capillaries— termed initial lymphatics—
that absorb interstitial fluid and cells to create lymph. These initial lymphatics bring lymph
to the collecting lymphatic vessels, which are critical for transporting lymph over long
distances through lymph nodes and eventually to the blood (Schmid-Schénbein, 1990). As
opposed to the blood system, lymph flow is not always present, and is not driven by a
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central pump. This brings the possibilities of pathologies unique to the lymphatic system
that generally manifest as problems with fluid homeostasis and the resulting edema. It also
requires a different set of tools for diagnosis and analysis compared with the cardiovascular
system.

In general, lymphatic vessels are difficult to visualize because they contain few cells,
carrying mainly clear lymph fluid. This makes them difficult to locate and cannulate for
angiographic techniques. Therefore, most visualization techniques rely on the natural ability
of lymphatic vessels to absorb tracers injected into the tissue space. The tracer is then
transported and concentrated into the proximal network, allowing detection by a variety of
imaging modalities.

Imaging the lymphatic system in the clinic for assessment of function and

diagnosis

Lymphography

Traditional lymphography and lymphangiography are natural extensions of angiography, a
common method used to visualize the cardiovascular system by direct injection of a contrast
agent into a vessel. One main difference is that intravascular contrast can be injected at any
point in the cardiovascular system in order to highlight the entire blood vasculature.
However, lymphatic contrast needs to be introduced in the periphery and will only highlight
the lymphatic vessels draining that position. To identify a lymphatic vessel for cannulation,
a contrast agent—such as Direct Blue or Patent Blue—is injected into the dermis where it is
absorbed by initial lymphatics and fills the lymphatic vessels that drain the injection site.
This allows identification of lymphatic channels that can then be cannulated and injected
with an opaque contrast agent for radiographic imaging (Fig. 1A). Originally developed by
Kinmonth (1952) as a guide during surgical procedures, lymphangiography has been
modified and adapted for other diagnostic and experimental applications. The technique,
which requires multiple injections into the tissue and microcannulation of vessels, is
invasive and time consuming (Clement and Luciani, 2004; Halsell et al., 1965; Weissleder
and Thrall, 1989) and has generally been supplanted by newer methods, described below.

Lymphoscintigraphy

Lymphoscintigraphy is a commonly-used imaging method in the clinic (Mihara et al., 2012;
O'Mahony et al., 2004; Sevick-Muraca et al., 2014; Weissleder and Thrall, 1989; Wen et al.,
2014) that relies on a radioactive tracer such as 9°™-technetium (%°™-Tc) being injected in
the tissue (Kim et al., 2004b; Mieog et al., 2011; Ogasawara et al., 2008; Shih et al., 2001).
As it drains through the lymphatic system, it can be imaged using a scintillation camera that
integrates the signal over time to produce a 2D image of the lymphatic network (Fig. 1B).
By repeated imaging of a lymph node over time, lymphatic drainage can be assessed by the
increase in signal intensity over time. However, the poor resolution of this technique does
not allow clear identification of vessel or lymph node location.

3D imaging is also possible with scintigraphy. Single-photon emission computed
tomography (SPECT) uses triangulated information from multiple detectors to reconstruct
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3D images of radioactive tracers (Barrett et al., 2006; Mar et al., 2007; O'Mahony et al.,
2006). It is advantageous to add conventional x-ray CT to this method, to perform
SPECT/CT, which localizes the lymphatic tracer at relatively low resolution (1-2 cm), but in
relation to the high-resolution anatomy provided by the CT scan (Basu and Alavi, 2009;
Tseng et al., 2014; Vermeeren et al., 2009). This method has proven useful in analysis of
lymphatic drainage and sentinel lymph node identification in cases of head and neck
melanoma (Mar et al., 2007), and diagnosis of primary intestinal lymphangiectasia (Wen et
al., 2014), breast cancer (Basu and Alavi, 2009; Cheville et al., 2009; Spanu et al., 2011;
Uren et al., 2012; Vercellino et al., 2014), multiple melanoma (Uren, 2009) and endometrial
cancer (Sawicki et al., 2013).

Although one of the earliest techniques for imaging lymphatics and diagnosing
lymphedema, scintigraphic methods are still used today. Nevertheless, lymphoscintigraphy
carries many disadvantages, including the generally poor spatial resolution, the added
expense when combined with CT, and the exposure to radioactive compounds by the patient
and clinician, which necessitates special protection equipment and waste handling. For these
reasons, other techniques have emerged to replace lymphoscintigraphy for many
applications.

Magnetic resonance lymphography (MRL)

PET/CT

Magnetic resonance imaging relies on variations in T1 or T2 relaxation times when protons
are in different tissue environments. It provides high contrast and good spatial resolution in
soft tissues such as the lymphatic system, especially when extrinsic contrast agents are used
(Fig. 1C). Ultrasmall super-paramagnetic iron oxide (USPIO, <50 nm) is a common contrast
agent that decreases relaxation times in lymph nodes due to its specificity for the
reticuloendothelial system (RES) present in normal nodes, but less prevalent in tumor
containing nodes. This results in the focal, non-enhancing regions in lymph nodes with
metastases (Harisinghani et al., 2005). Due to the negative-contrast nature of the detection,
however, small lesions can be missed. The technique is relatively non-invasive and can be
used to identify anatomic and physiological abnormalities associated with lymphatic
dysfunction in order to determine further treatment strategies (Lohrmann et al., 2009). MRL
has shown promise in imaging the lymphatic system in multiple pathologies including breast
cancer (Lu et al., 2013), lymphedema (Lohrmann et al., 2007; Rane et al., 2013) and diffuse
lymphangiomatosis (Lohrmann et al., 2011). Imaging agents with better sensitivity and
specificity are under development (McDermott et al., 2013) and will improve the ability of
MRL to identify pathologies in the lymphatic system.

The poor spatial resolution and sensitivity are limitations of MRL (Budiharto et al., 2011,
Choi et al., 2006; Heck et al., 2014; Komatsu et al., 2005). Further improvements to the
methodology, including new probes, show promise in increasing spatial resolution and the
utility of this method (Kobayashi et al., 2004).

An important application of lymphography in the clinic involves screening lymph nodes for
metastatic colonies. If large enough, these can be detected as abnormalities in the pattern of
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tracer during lymphography or lymphoscintigraphy. Because smaller lesions are not always
detected, other methods are often used for cancer staging. One such method is positron
emission tomography (PET) (Birim et al., 2005). This takes advantage of the uptake

of 18fluorodeoxyglucose into the metabolically active cancer cells, which accumulate
significant amounts of 18F and can be detected in the nodes, even in low numbers. Again,
however, the spatial resolution of this method is low, and it must be combined with other
imaging modalities to clearly define the anatomy. Thus PET is often combined with CT
scans during lymph node staging (Fig. 1D-F). Some studies have shown benefits of using
PET/CT for lymph node staging (Choi et al., 2006; Mertens et al., 2013; Seo et al., 2014;
Souillac et al., 2012; Takenaka et al., 2012; Uchiyama et al., 2012). However, the majority
of reports conclude that PET/CT is not a reliable method due to false positives from
inflammatory conditions (due to the metabolism of activated macrophage) and false
negatives from limited sensitivity or spatial resolution (Akbulut et al., 2011; Al-Sarraf et al.,
2008; Barranger et al., 2003; Bille et al., 2013; Chae et al., 2009; Cooper et al., 2011;
Lovrics et al., 2004; Takamochi et al., 2005; Wagner et al., 2011; Xu et al., 2014). Because
of these limitations, PET/CT results are normally combined with, or confirmed by, other
methods.

Contrast-enhanced ultrasound (CEUS)

Conventional US creates tomographic images of tissue based on differences in reflection
and diffraction of ultra high frequency sound waves. To be useful for lymphatic imaging,
contrast enhancers—generally microbubbles consisting of gaseous cores enclosed in lipid or
polymer shells—are injected, allowing visualization of lymph nodes as the microbubbles are
disrupted by the applied acoustic waves. Specificity for lymph nodes comes from the fact
that the microbubbles are phagocytosed by macrophages residing in the nodes. CEUS has
shown promise in many studies (Abe et al., 2013; Kebudi et al., 2005; Yasufuku et al., 2006)
and has proven useful in guiding the acquisition of fine-needle biopsies (Eloubeidi et al.,
2005; Fujiwara et al., 2010; Lococo et al., 2012; Wada et al., 2010; Yasufuku et al., 2011).

Near-infrared (NIR) fluorescence imaging

Fluorescence imaging is an optical technique in which incident photons excite molecules in
tissue, which then emit light (usually at a longer wavelength) as the electrons return to the
ground state. Photodiode detectors or cameras attached to imaging systems record the
resulting spatially-resolved signal (Fig. 1G-J). A limitation of optical imaging is the low
penetration depth of light in tissue. This penetration is greatly attenuated as wavelength
decreases, and depends greatly on the variable absorption and scattering properties of
specific wavelengths in various tissues. Photons near the infrared range of the spectrum
penetrate farther than those near the ultraviolet. Thus, with optics and detectors that operate
in the near infrared, it is possible to obtain relatively high resolution images up to a few
millimeters into soft tissues (Weiler et al., 2012). This requires fluorescent tracers that
absorb and emit at near infrared wavelengths, generally in the 750-1000 nm range. ICG
(indocyanine green) is such a fluorophore and has been used in the clinic for more than 50
years. It has significant overlap between absorption and emission bands, with absorption
peak around 780-800 nm and emission at 810-830 nm. Thus, the excitation and detection
system must be constructed to separate the emitted signal from the excitation light. Its
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original applications—cardiac angiography and liver function analysis—often still use ICG
today.

NIR imaging using ICG has recently been adopted for lymphography (Cahill et al., 2011;
Mieog et al., 2011; Rasmussen et al., 2009; Sharma et al., 2008). ICG lymphography has
been able to demonstrate the efficacy of manual lymphatic therapy in increasing lymph flow
(Tan et al., 2011) and to detect early signs of lymphatic dysfunction in breast cancer
survivors (Stout Gergich et al., 2008). Furthermore, ICG has been used to assess the extent
and progression of lymphedema in patients (Aldrich et al., 2012). Studies have also shown
feasibility and superiority of this method for sentinel node detection in breast cancer
(Ogasawara et al., 2008; Polom et al., 2012; Sevick-Muraca et al., 2008; Tagaya et al., 2008;
van der Vorst et al., 2012), vulvar cancer (Crane et al., 2011; Guo et al., 2014; Hutteman et
al., 2012), cervical cancer (Jewell et al., 2014; van der Vorst et al., 2011), non-small cell
lung cancer (Gilmore et al., 2012; Gilmore et al., 2013b), melanoma (Gilmore et al., 2013a;
van der Vorst et al., 2013b), colorectal cancer (Cahill et al., 2011; van der Pas et al., 2013),
and head and neck cancer (van der Vorst et al., 2013a). Even when the lymphatics or LNs
are too deep to image non-invasively, it is possible to use minimally-invasive laparoscopy
with a near IR detections system to perform the procedure (Cahill et al., 2011; Jewell et al.,
2014; van der Pas et al., 2013). The technique does not require radiation exposure, provides
relatively high resolution information in real time, and can be performed with equipment
that is comparatively ergonomic and easily manipulated (Mieog et al., 2011). Currently, the
main limitation is the depth of imaging.

Animal models of lymphatic function, development and metastasis

Many of the same techniques used in the clinic are applied in studies of the lymphatic
system in animal models (Fukumura et al., 2010; Jain et al., 2002). These involve tissue
injection of agents to provide contrast, which are imaged using one of the above
methodologies. In many animal models, however, high resolution optical microscopy is used
to visualize more details of the lymphatic vessels and lymph nodes. This provides valuable
information about how lymphatic vessels form in development, how they drain fluid or
actively pump, and how they convey metastatic or immune cells to lymph nodes. There is a
rich literature using intravital microscopy to study cell trafficking and antigen transport in
the lymph node (Mempel et al., 2004; Miller et al., 2002; Mora et al., 2003; Stoll et al.,
2002; von Andrian, 1996). This impressive work generally focuses on immune cell behavior
rather than lymphatic function, and is beyond the scope of this review. Animal models also
provide platforms for testing new technologies before they are adopted in the clinic to help
establish safety and efficacy (Gashev et al., 2010; Helle et al., 2012; Heuveling et al., 2012).

Development

Intravital microscopy has proved to be an important tool in understanding the development
of the lymphatic system. Although many important steps in lymphatic system development
were worked out in mouse models (Johnson et al., 2008; Srinivasan et al., 2007; Yang and
Oliver, 2014), the use of zebrafish and xenopus models has allowed rapid interrogation of
molecular lymphatic developmental pathways using intravital microscopy in these optically
clear preparations (Ny et al., 2005; Yaniv et al., 2006). Studies by Yaniv et al. (2006) traced
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the origin of cells that eventually constitute the thoracic duct in zebrafish. Studies in
zebrafish and xenopus also show the developmental role of Notch/DIl4, COUP-TFII and
synectin, in the lymphatic system (Fig. 2A-C) (Aranguren et al., 2011; Geudens et al., 2010;
Hermans et al., 2010). These models will continue to build on our understanding of the
molecular control of lymphatic development, particularly as new reporter animals are
generated (Ny et al., 2013).

Analyses of lymph transport and lymphatic pumping

A major function of the lymphatic system is to drain excess fluid from tissue to maintain
fluid homeostasis. Although seemingly straightforward, there is still much controversy over
how lymph transport is achieved and regulated, especially in the context of pathologies such
as cancer and lymphedema where fluid pressures and flows are altered. By imaging
lymphatic vessels in animal models, many studies have addressed fundamental issues of
lymph transport.

A basic question is how fluid pressures and velocities are related in tissues and their
associated lymphatics. Swartz et al. used epifluorescence microscopy to track the movement
of fluorescent tracers in the mouse tail after altering tissue fluid equilibrium by infusing
saline into the tip of the tail. By careful fitting with a mathematical model, they were able to
extract relationships between fluid drainage, tissue hydraulic conductivity and tissue
swelling. They concluded that chronic swelling increases hydraulic conductivity, but the
associated distension of tissue decreases the driving forces for fluid movement (Swartz et
al., 1999).

Using the same mouse tail model with fluorescence lymphangiography, Leu et al. (2000)
showed that sarcomas disrupt lymphatic vasculature and drainage patterns (Fig. 2D and E).
Later, Hagendoorn et al. (2004) measured lymph flow rates after blocking nitric oxide
synthase, and found that, rather than affecting flow in the initial lymphatic network, NOS
activity was restricted to the underlying, collecting lymphatic vessels.

These collecting lymphatics are interesting because in addition to passive drainage, they can
actively contract to drive fluid (Fig. 2F-H). How the contractions are initiated and regulated
is an active area of research. Because these collecting lymphatic vessels lie deeper below the
surface than the initial lymphatic networks, other models are generally required to observe
and study this process. We have used mouse models to perform intravital microscopy of the
afferent collecting lymphatic vessel to the popliteal lymph node in the mouse hindlimb.
After surgically exposing the structures by removing the skin and overlying tissue, tracers
such as FITC-dextran can be injected into the foot pad and visualized as they pass through
the lymphatic vessels to the popliteal lymph node. This method allows for both the
frequency and ejection fraction of lymphatic pumping to be measured (Liao et al., 2011).
We have used this model to study the role of eNOS and iNOS in lymphatic pumping using
mice genetically modified to lack these enzymes. We found that eNOS produced by the
endothelium is necessary for normal lymphatic pumping, and that iNOS produced by Grl+
myeloid cells during inflammation can produce excess NO that interferes with the pumping
mechanism (Liao et al., 2011). Recently, a similar preparation combined with multiphoton
fluorescence recovery after photobleaching techniques has been used to measure lymphatic
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flow and the viscosity of lymph in vivo (Bouta et al., 2014). In conjunction with
fluorescence tracers, multiphoton microscopy allows high resolution optical imaging of
lymphatic structures. This has provided details of how tumor growth can affect lymphatic
valves (Fig. 21 and J) (Hoshida et al., 2006).

Near infrared imaging has also been used to study lymphatic structure and function in
animal models (Guo et al., 2009; Robinson et al., 2013). Using NIR imaging, lymphatic
pumping frequency can be measured (Gogineni et al., 2013; Proulx et al., 2010) as well as
maximum lymphatic pumping pressure and clearance rates (Bouta et al., 2014; Nelson et al.,
2014). NIR imaging has also been used to distinguish phenotypic differences in mouse
models of acute and chronic inflammation based on lymphatic function (Guo et al., 2009;
Zhou et al., 2010) and abnormalities in the lymphatic system of Prox1-deficient mice (Kwon
and Sevick-Muraca, 2011).

When more control over experimental conditions is desired, lymphatic vessels can be
isolated and cannulated ex vivo in order to study the effects of pressure, flow, electrical
stimulation or biochemical agents on the contractile behavior (Davis et al., 2008; Davis et
al., 2012; Fox and von der Weid, 2002; Gashev et al., 2009; McHale and Roddie, 1976;
McHale et al., 1988; Scallan et al., 2013; Zawieja et al., 2012). In general, images are
acquired of the isolated vessel at 24 frames per second or faster, and parameters such as
minimum and maximum diameters, contraction amplitude, contraction frequency and
ejection fraction are measured by image analysis. These studies have established
fundamental pressure/flow relationships in collecting lymphatic vessels and identified
molecular regulators of lymphatic contraction (Davis et al., 2012; Gashev et al., 2002;
Gasheva et al., 2006; von der Weid, 2013; Zawieja, 2009).

Models of lymph node metastasis

Animal models of cancer dissemination can be useful for studying the initial steps of
metastasis. Such studies are most powerful when the cancer cells can be visualized
intravitally over the time course of progression. When combined with existing animal
models of tumor growth, lymphangiography allows studies of cancer-induced changes in the
lymphatic vasculature, which alter the ability of the cancer to spread to lymph nodes.

When non-invasive imaging is not possible, surgical procedures expose or exteriorize
lymphatic beds for visualization of the metastatic processes. Imaging fluorescently-labeled
cancer cells through a skin flap preparation as they trafficked from the footpad of nude mice
using intravital fluorescence, Hayashi et al. (2007) found that pressure applied to the tissue
at the site of tumor growth increases metastasis.

Trauma to the tissue can introduce artifacts into an analysis of lymphatic function, especially
in small animal models. Therefore, non-invasive methods are preferred. In some tissues, the
lymphatic structures are sufficiently near the surface so that they can be studied using
fluorescence microscopy in the visible range. For example, in the mouse ear, lymphatics can
be observed after injection of FITC-dextran into the tip of the ear, revealing the drainage
network through the ear that feeds into a large collecting vessel at the base of the ear and
then the cervical lymph node (Jain et al., 2012). Using this technique after growing a
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sarcoma near the tip of the ear, Hoshida et al. (2006) found that VEGF-C overexpression by
cancer cells causes peritumor lymphatic hyperplasia and enhances lymph drainage from the
ear. This also resulted in dramatic increases in the rates of metastatic cancer cells arriving in
the cervical LN. Using similar methods, we showed that tumors have no functional
lymphatic vessels, but that hyperplastic lymphatic vessels in the tumor margin are sufficient
to increase metastatic spread to lymph nodes. The hyperplasia, induced by VEGF-C, creates
more lymphatic surface area, which facilitates trans-lymphatic invasion from the tumor
margin (Padera et al., 2002), with VEGF-C likely also altering the lymphatic endothelial cell
biology to make them active partners in the metastatic process (Pepper et al., 2003). Later,
we showed that compression of lymphatic vessels by the growing tumor was responsible for
the lack of functional lymphatics within the tumor mass (Padera et al., 2004).

Intravital luminescence reporters can also be valuable tools for tracking cells in
development: using a VEGFR3(EGFPLuc) mouse model, where an EGFP-luciferase fusion
protein, expressed under the endogenous transcriptional control of the VEGFR3 gene,
Martinez-Corral et al. (2012) were able to visualize tumor-induced lymphangiogenesis.

As in clinical analyses, near-infrared fluorescence imaging has advantages for preclinical
studies. NIR imaging does not, in general, require surgical exposure of the lymphatic
system, and has been used as a non-invasive imaging technique to study lymphatics in a
variety of animal models. Using NIR imaging of ICG after injection of melanoma cells into
the hindpaw, Kwon et al. (2013) were able to observe alterations in lymph drainage patterns,
decreased lymphatic contractions and could identify metastases in the draining LNs that
were responsible for these effects. Using a similar system with NIR imaging, Proulx and
coworkers found that lymphatic vessels draining a melanoma grown in the footpad are
dilated but functional, even though contraction rates decrease. Only after metastases
developed in draining lymph nodes was flow disrupted, with lymph and cells redirected to
other nodes (Fig. 2K and L) (Proulx et al., 2013a).

Emerging technologies

OCT/OFDI

Each of the techniques described above has proven useful in some aspect of lymphatic
research or clinical application. However, none is ideal, and recurring issues include poor
spatial resolution, invasive procedures that impact patient comfort or alter lymphatic
physiology, and potential chemical or radiation toxicity. Therefore, efforts continue to
develop new and improved methodologies for imaging lymphatic vessels and lymph nodes.
Some of the emerging technologies include novel contrast agents or probes and improved
imaging techniques such as optical coherence tomography (OCT), optical frequency domain
imaging (OFDI) and multispectral imaging.

Optical frequency domain imaging (OFDI) relies on differences in light scattering properties
of tissue to provide contrast. It can also detect Doppler frequency shifts in moving red blood
cells in order to create vascular maps of the tissue (Vakoc et al., 2009). OFDI has superior
depth penetration, allowing imaging to depths of a few millimeters and does not require
exogenous contrast agents. It provides high resolution in three dimensions, and can be used
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to distinguish many important anatomical features including blood and lymphatic vessels. In
this technique, hypocellularity in the lymph results in low scattering intensity, providing
high-contrast images of the networks. It is possible to detect lymphatic dilation at the
periphery of tumors as well as cellular masses within the lymphatics (Fig. 3A-C).
Furthermore, because no contrast agent is needed, multiple longitudinal observations are
possible during tumor growth (Vakoc et al., 2009).

OCT has been used to follow the process of wound healing (Fig. 3D-G) (Yousefi et al.,
2013), and to assess whole lymph nodes to determine whether they contain metastases (John
et al., 2013). This technique may have clinical application in assessing nodal status of cancer
patients in the operating room. Other techniques based on optical coherence tomography
(OCT) include super-resolution optical microangiography and ultrahigh resolution optical
microangiography. These label-free methods also take advantage of the low scattering of
lymph fluid to produce high contrast images of the lymphatic system. A broadband
supercontinuum light source, providing an axial resolution of 2.3 um and lateral resolution
of 5.8 um, provides sufficient resolution to image the capillary vasculature and lymphatic
vessels innervating microcircula-tory tissue beds (Zhi et al., 2012).

Novel probes/contrast agents

Although ICG has proven useful as a clinical imaging agent for more than 50 years, it has
some disadvantages. For example, it is relatively unstable in solution, is not excluded from
blood vessels, and may have unwanted effects on lymphatic physiology (Gashev et al.,
2010). Thus, recent efforts have focused on improving the contrast agents used for NIR
imaging. One approach to improving stability is to encapsulate ICG within liposomes; it has
been shown that these liposomes can be visualized within lymph nodes and sensitivity is
high enough to detect differences in flow due to the presence of metastases (Proulx et al.,
2010). Another proposed agent for NIR imaging has been constructed by conjugating a
cyclic albumin-binding domain (CABD) peptide to a near-infrared fluorophore
(IRDye800CW). Designated cABD-IRDye800, the agent showed enhanced vascular uptake,
retention, and fluorescence yield compared to ICG (Davies-Venn et al., 2012; Robinson et
al., 2013).

Additional proposed imaging agents with high fluorescence intensity and improved stability
include liposome-coated chlorophyll nanocomposites (Fan et al., 2012), PEG-conjugated IR
probes (Proulx et al., 2013a), NIR-emitting polymer nanoprobes (Noh et al., 2012; Proulx et
al., 2013b), bovine serum albumin conjugated with IRDye 680 (Wu et al., 2012), quantum
dots with IR spectra (Kim et al., 2004a) and Alexa Fluor 680 conjugated to bombesin
(AF680-BBN) (Cai et al., 2013). Other groups are developing probes that can be detected by
multiple imaging modalities such as magnetic iron oxide nanoparticles conjugated with near
infrared fluorophores that can be imaged by both magnetic resonance imaging and NIR
(Zhou et al., 2013).

Another advance in lymphatic visualization is multispectral imaging. Made possible by the
development of cadmium-selenium quantum dots (Qdots) and fluorescence imaging systems
that can detect multiple wavelengths simultaneously, this technique allows, for example,
simultaneous visualization of drainage from multiple lymphatic basins in real time (Kosaka
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et al., 2009) and might be used to predict the route of cancer cell metastasis to the LNs
(Kobayashi et al., 2007).

Conclusions

Our knowledge of the lymphatic system still lags behind that of the cardiovascular system,
even though interest in its roles in normal and pathological processes has grown. Because
fluid is absorbed locally into initial lymphatics that carry it to larger vessels, a single
injection of contrast agent during lymphangiography only enhances a subset of the network,
and signal is low or absent in many segments. Thus, more sensitive contrast agents or
methods that rely on intrinsic contrast are needed. With implementation of new contrast
agents, NIR imaging is poised to become a standard technique in the clinic. Further
development should also allow new imaging techniques such as OCT and OFDI to be
implemented in robust ergonomic imaging devices for non-invasive, contrast agent-free
imaging.
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150 MIN

Fig. 1.
Imaging lymphatic vessels and lymph nodes in the clinic. (A) Lymphogram of a patient with

lymphovenous shunt after surgery for right-sided inguinocrural hernia showing lack of
lymph flow in the inguinocrural region (arrowheads) (Guermazi et al., 2003, reproduced
with permission). (B) Lymphoscintigraphy of bilateral limb swelling. Lymph rerouting
through the skin of right lower limb (solid arrowhead) and the deep lymphatics is apparent.
Several popliteal nodes (open arrowhead) are visible. The left limb appears normal in this
lymphoscintigraph (Burnand et al., 2011, reproduced with permission). (C) Coronal 3D MR
lymphography image of the lower extremities obtained after subcutaneous injection of
contrast material. Abnormal, dilated lymphatic vessels extend from the left calf to the inner
thigh (small arrows). Some lymphatic vessels in the contralateral normal limb appear
discontinuous (small arrows). Veins appear as linear structures with lower intensity (large
arrows) (Lu et al., 2012). (D-F) PET-CT after radical prostatectomy. CT images are in (D),
PET images 60 min after the administration of 18F-choline are in (E) and merged PET-CT
images are in (F). The high intensity spot in the PET scan is a small right inguinal lymph
node with likely metastasis (F: transverse plane; L: saggital plane; A: coronal plane)
(Fortuin et al., 2013). (G-J) Near infrared imaging of healthy lymphatics in normal subjects.
Lymphatic vessels in (G) hand, (H) arm, (1) foot, ankle, and leg, and (J) lower legs. Black
spots are covered injection sites (Rasmussen et al., 2009, reproduced with permission).
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Fig. 2.
Lymphatic imaging in animal models. (A—C) Confocal microscopy of lymphatic

development in the zebrafish. GFP signal comes from vessels in the Flil:eGFPy1 embryo.
Yellow arrowheads indicate normal thoracic duct in control embryos (A), which is absent in
DII4KD (B) and Notch-1bKD (C) embryos (Geudens et al., 2010, reproduced with
permission). (D and E) Lymphatic vessels in a mouse tail imaged by fluorescence
microscopy of FITC-dextran injected at the tip of the tail. Normal vasculature (D) is
disrupted when a sarcoma is grown in the tail (E) (Leu et al., 2000, reproduced with
permission). (F-H) Contraction of a collecting lymphatic vessel afferent to the popliteal
lymph node in a mouse. A single pumping cycle lasting ~1.3 s is shown. The vessel was
visualized by fluorescence microscopy of FITC-dextran injected in the footpad (Liao et al.,
2011, reproduced with permission). (I and J) Lymphatic valve structures imaged using
multiphoton microscopy identifies normal (I) and abnormal valves (J). Valve abnormalities
are common around tumors (Hoshida et al., 2006). (K and L) Visualization of lymph flow
redirection due to tumor growth in the hindlimb of a mouse using NIR imaging. (K) Normal
uptake by collecting vessels and collateral flow (arrows). (L) Flow redirected through
collecting vessel network (yellow arrows) toward the inguinal lymph node. Scale bar: 2 mm
(Proulx et al., 2013a, reproduced with permission).
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Fig. 3.

Er%erging technologies for lymphatic imaging. (A-C) Optical frequency domain imaging of
blood and lymphatic vessels. Lymphatic vessels appear as dark features with resolution
comparable to traditional optical microscopy, but no contrast agent is required; thus, more
vessels are detected by OFDI (A) than traditional lymphangiography (B). Blood vessels
(yellow) and lymphatic vessels (blue) can be visualized in the same tissue with appropriate
processing (C) (Vakoc et al., 2009). (D-G) Wound healing visualized by OCT imaging.
Lymphatic vessels (green) and blood vessels at day 1 (D), day 8 (E), day 15 (F) and day 22
(G) after excision with a biopsy punch. (Yousefi et al., 2013, reproduced with permission).
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