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Abstract: Breast-cancer-acquired lymphedema is routinely diagnosed from the appearance of
irreversible swelling that occurs as a result of lymphatic dysfunction. Yet in head and neck cancer
survivors, lymphatic dysfunction may not always result in clinically overt swelling, but instead
contribute to debilitating functional outcomes. In this review, we describe how cancer metastasis,
lymph node dissection, and radiation therapy alter lymphatic function, as visualized by near-infrared
fluorescence lymphatic imaging. Using custom gallium arsenide (GaAs)-intensified systems capable
of detecting trace amounts of indocyanine green administered repeatedly as lymphatic contrast for
longitudinal clinical imaging, we show that lymphatic dysfunction occurs with cancer progression and
treatment and is an early, sub-clinical indicator of cancer-acquired lymphedema. We show that early
treatment of lymphedema can restore lymphatic function in breast cancer and head and neck cancer
patients and survivors. The compilation of these studies provides insights to the critical role that the
lymphatics and the immune system play in the etiology of lymphedema and associated co-morbidities.

Keywords: lymphedema; lymphatic imaging; near-infrared fluorescence imaging; indocyanine green;
breast cancer-related lymphedema; head and neck cancer

1. Introduction

The immune system is well known to play significant roles in cancer progression and
treatment. Many cancers metastasize through the lymphatics to regional draining lymph nodes
(LNs), where immune priming against cancer can be interrupted and/or immune tolerance to cancer can
be established-both resulting in immunological hijacking that facilitates metastatic spread [1]. Radiation
treatment (RT) causes tumor cell death and release of damage-associated molecular patterns (DAMPs),
which initiates innate immune responses that require functional lymphatics for regionally resolution [2].
Ironically, cancer staging frequently involves LN dissection prior to RT, potentially removing the
very sites needed for resolution of innate immune responses (Figure 1). The pro-inflammatory
conditions created by RT can also adversely limit lymphatic function, further exacerbating lymphatic
insufficiencies caused by LN dissections [3,4]. Metastasizing cancer cells can “block” lymphatic
flow, causing lymphatic remodeling and edema [5-7]. Consequently, the processes involved in
metastatic spread and RT themselves cause adverse lymphatic remodeling that impacts regional
lymphatic watersheds.
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Figure 1. Innate and adaptive immune responses to cancer radiation treatment in which innate
immune response results in cell debris, damage-associated molecular patterns (DAMPs), and tumor
antigens that activate (i) macrophages to create a pro-inflammatory environment and (ii) dendritic cells
(antigen presenting cells) for antigen uptake. Cell debris, cytokines, and dendritic cells are taken up
by initial lymphatics and the dendritic cells mature as they travel through the lymphatics to tumor
draining lymph nodes (LNs) to educate and activate T cells for tumor immunity. T cells proliferate in
LNs, leave through efferent lymphatics and enter blood circulatory system where they home to the
tumor microenvironment.

Within the past decade, paradigm-changing discoveries have dramatically revised how we
view the role of lymphatics in health and an array of chronic conditions, including cancer-acquired
lymphedema (LE). In 2010, Levick and Michel showed that capillary filtrate carrying oxygen and
nutrients to interstitial tissues is returned along with cellular waste products primarily through the
lymphatics, not through the venules as predicted by Starling’s principle of 1896 [8]. The ramifications are
that up to eight liters per day of capillary filtrate/interstitial fluid are picked up by the initial lymphatics
that line all organs and are returned by the unidirectional lymphatics to the blood circulatory system at
the level of the subclavian vein (Figure 2) [9]. Thus, disruption of lymphatics will cause edema and
regional accumulation of cellular waste products that could promote inflammatory immune responses.

To maintain immunity and fluid homeostasis, recovery of lymphatic function during and after
cancer treatment is essential to health. In this review, we focus on changes in lymphatics due to
cancer progression and treatments as visualized by near-infrared fluorescence lymphatic imaging
(NIRF-LI). Using this technology, lymphatic responses in cancer patients and in preclinical animal
models can be longitudinally monitored to understand the functional lymphatic changes that precede
clinical symptoms of LE. Finally, by visualizing changes in lymphatic function with LE treatment,
more effective strategies to treat, manage, and possibly cure cancer-acquired LE could result. Herein,
we first introduce the basic fundamentals of indocyanine green (ICG) lymphography or the custom
near-infrared fluorescence lymphatic imaging (NIRF-LI) used in our studies. We show how trace
administration of ICG can provide longitudinal information about lymphatic dysfunction. We next
describe the lymphatic anatomy in upper and lower extremities, as well as in the head and neck region,
before showing NIRF-LI images and videos that reveal changes in lymphatics with cancer progression,
cancer treatment, and onset of LE. We also present results showing how NIRF-LI can direct treatment
of LE and describe unexplored research and advances that are needed to eliminate the burden of
cancer-acquired LE and its co-morbidities.
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Figure 2. The open, unidirectional lymphatic system wherein entry into the lymphatics occurs at the

initial lymphatics that lie beneath the epidermis and surround all internal organs. Once in the initial
lymphatics, lymph is transited through collecting and conducting vessels through lymphangions and
LNs before return to the subclavian vein (adapted from [10], O’'Donnell, T.F,, et al. 2017).

1.1. Near-Infrared Fluorescence Lymphatic Imaging (NIRF-LI)

Routine lymphatic imaging in peripheral watersheds is conducted with the off-label intradermal
administration of 0.1 cc of 0.25 mg/ml indocyanine green (ICG), illumination of tissues with dim,
785 nm near-infrared light, and collection of the near-infrared (NIR) fluorescence (>830 nm) emanating
from tissues (Figure 3a). Taken up by the initial lymphatics beneath the epidermis (Figure 3b),
ICG injections can be made anywhere on the body, enabling visualization of functional lymphatic
drainage to major LNs as deep as 3—4 centimeters beneath the tissue surface [11]. Because conventional
silicon (Si)-based charge-coupled device (CCD) and complementary metal oxide semiconductor
(CMOS) detectors are relatively insensitive to NIR light, our team has built and deployed gallium
arsenide (GaAs)-intensified CCD and CMOS systems for rapid, millisecond-based imaging with
NIRF-LI that allows dynamic imaging of lymph movement within a watershed to draining LNs.
When comparing device performance to other Si-based devices through traceable standards, we have
shown NIRF-LI outperforms Si-based systems with superior contrast and signal-to-noise ratio that
allows for detection [12]. This comparison includes recent devices used in lymphovascular surgeries
(Figure 3c). In addition, while recent advances in indium (In)GaAs array detectors can detect the
short-wave infrared fluorescence (>1064 nm) that can result from 785 nm excitation of ICG, we have
shown that GaAs-intensified Si-based detection of NIRF light (~830 nm) remains the most sensitive [13].
There are similar approaches, termed ICG lymphography, that use different device designs using
higher doses of ICG for imaging lymphatic anatomy. Herein, we review our experiences with breast
and head and neck cancer patients using NIRF-LI systems.
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Figure 4 (plus associated video) depicts NIRF-LI of normal lymphatic function and anatomy
in the upper and lower extremities. In contrast to the radioactive contrast used in conventional
lymphoscintigraphy, ICG does not need to be injected into the interdigital web spaces, as intradermal
injections in the dorsal aspects of hands and feet are effective for visualizing major lymphatic watersheds.
Under normal healthy conditions, ICG does not radially spread interstitially directly from the injection
site, but rather ICG-laden lymph enters into conducting vessels and is pumped sequentially across
a series of lymphangions, which are segmented lymphatic vessel structures bounded by valves and
surrounded by smooth muscle. The frequency of lymphangion pumping in healthy control arms
and legs is generally between 0.8 + 0.4 pulses/minute and 0.9 + 0.7 pulses/minute, respectively [14].
The frequency of contractile activity does not appear to be related to heartbeat or respiration, but can be
enhanced by motion or, anecdotally, through deep breathing exercises. The mechanisms that mediate
the contractile activity of lymphangions are termed extrinsic/passive and intrinsic/active and are under
ongoing investigation. It is suspected that the autonomic nervous system may be responsible for
lymphatic pumping [15].

ICG lymphangiography provides similar imaging to NIRF-LI, most often with greater ICG
dosage and reduced performance as shown in Figure 3c and elsewhere [12,16]. The low dose of
ICG allows NIRF-LI visualization of the contractile activity that can be “swamped” by fluorescent
signals with higher doses. Thus, the sensitivity of NIRF-LI affords the ability to image dynamic
lymphatic function with timescales on the order of 10s—-100s of milliseconds to provide quantitation
of contractile activity and visualization of lymphatic “reflux” not possible in conventional radiology
procedures. Additionally, the intradermal depot of ICG provides a source of contrast for several hours.
Conventional imaging of the lymphatics with lymphoscintigraphy (conducted with radionuclide
administration) or lymphangiography (conducted with administration of Gadolinium or iodinated
contrast for magnetic resonance (MR) or computed tomography (CT) detection) provide static imaging
and cannot be easily repeated in longitudinal studies. However, neither ICG lymphangiography nor
NIRF-LI are capable of imaging the thoracic duct or deep truncal lymphatics, as can be probed with MR
or CT lymphangiography in syndromic conditions. Readers are referred to reviews of medical imaging
of the lymphatics for more details on these techniques [17-20]. As a non-radioactive, non-ionizing
imaging technique, NIRF-LI lends itself well to “point-of-care” use for repeated, longitudinal imaging,
as shown below. Photoacoustic imaging is another emerging optical technique that likewise uses ICG
lymphatic contrast to generate superficial 3D images of lymphatic vessels, but can be limited by the
need to perform time-consuming, pulsed laser scanning that is unable to provide dynamic functional
imaging [21]. Finally, while ICG is a dim fluorophore with a small Stoke’s shift and fluorescent yield
that can limit detection, it clears through the hepatobiliary system within two minutes after reaching
the blood vasculature. As a result, the exceptional safety record of ICG in the clinic makes it unlikely
that it will be replaced by better-performing fluorescent imaging agents with greater Stoke’s shifts and
higher fluorescent yields [22]. When ICG is used as an investigational contrast agent administered
off-label, either intradermally or intramucosally for lymphatic imaging, a common exclusion criterion
is an allergy to iodine, typically indicated by an existing shellfish allergy. Inclusion criteria include
appropriate cancer or lymphedema diagnosis, appropriate cancer treatment, absence of interfering
tattoos, ambulation, and ability to lie supine for imaging. Exclusion criteria include weight over
300 pounds and pregnancy or trying to become pregnant.
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Figure 3. (a) Schematic of the imaging device and the typical lymphatic drainage patterns in humans.
(b) Schematic of the dermal lymphatic vasculature and its relationship to the blood vasculature as well
as the indirect delivery of contrast agent to the lymphatic plexus via intradermal injection. (c) Plot
of the signal-to-noise ratio and contrast of the custom near-infrared fluorescence lymphatic imaging
(NIRF-LI) device and a Hamamatsu PDE Neo II commercially available device.

1.2. Anatomy and Function of Upper and Lower Extremity Lymphatics

The medial lymphatics that drain the breast empty into the axillary, infraclavicular,
and intermammary LNs. The axillary LNs also receive lymph from the ipsilateral arm, starting
from the distal, dense network of lymphatics in the hand (Figure 4a). From there, lymph is actively
pumped to the dorsal aspect of hand through the dorsal (Figure 4b) and volar (Figure 4c) lymphatics
in the wrist and to the medial lymphatic bundles that wrap from the posterior to anterior upper
arm (Figure 4d) into the axillary lymph nodes (Figure 4e) and infraclavicular lymph nodes [23,24].
Video S1 shows lymphatic pumping in a normal healthy arm. In the lower extremities, the dense
network in the foot drains to the dorsal aspect of the foot (Figure 4f) and lymph is propelled through
lymphangions into the superficial lateral bundles (Figure 4g,h) accompanying the saphenous veins,
as well as the posterior tibial and peroneal lymphatics, before draining into the inguinal LNs (Figure 4i).
From the inguinal LNs, lymph is transited to the external and internal iliac, preaortic, and aortic LNs
that may be removed as part of treatment in melanoma, genitourinary, and gynecological cancers.
Intradermal injections on the dorsal hand or foot result in ICG drainage that enables imaging of axillary
or inguinal LNs.

Figure 4. Cont.
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Figure 4. Typical NIRF-LI images of normal lymphatics in the upper and lower extremities including

the (a) dorsum of the hand, (b) dorsal and (c) volar forearms, (d) medial arm, (e) axillary nodes,
(f) dorsum of the feet, (g) medial ankle, (h) medial calf and knee, and (i) inguinal basin. Injection sites
are covered with round bandages and/or black vinyl tape. The brightness and contrast of the images
have been adjusted to facilitate the visualization of the 16-bit imaging depth.

1.3. Anatomy and Function of Cranial/Cervical Lymphatics

The head and neck region contains one third of the body’s LNs and extensive lymphatic networks
that serve as the lymphatic watershed draining the cranium. In adults, the nearly 600 cc of cerebrospinal
fluid (CSF) that is produced each day is thought to clear through this network. While the venous
arachnoid granulations in the subarachnoid space have been traditionally credited for its clearance,
the low transmural pressure suggests little, if any, venous reabsorption occurs [25]. Instead, intrathecal
injections of Gd-contrast in humans and of ICG in animals show that cervical lymphatics are the major
conduits of CSF outflow [26,27]. In humans, the possible neurological consequences of Gd deposits in
the brain limit its use for assessing CSF outflow [28]. While intrathecal ICG administration has not been
cleared by the FDA, we have conducted off-label administration of ICG into the mucosal lymphatics
of the palatine tonsils under FDA clearance [27,29]. This administration enables imaging of the
ipsilateral lympho-jugular lymphatic chain that drains into the cervical (Figure 5a) and supraclavicular
LNs (Figure 5b) when subjects are sitting upright. The mucosal lymphatics that line the throat are
impacted in head and neck cancer treatments and are commonly referred to as “internal lymphatics,”
as they drain near the internal jugular vein [30]. Their dysfunction after cancer treatment may be
responsible for swelling of the throat and base of tongue as well as for impairing speaking, breathing,
and swallowing in head and neck cancer survivors. Impairment of CSF outflow due to congestion of
downstream LN basins could also be responsible for reduced clearance of waste products from the
brain and is a topic of active investigation. Indeed, impaired CSF outflow into the lymphatics may
be responsible for the accumulation of cytokines and extracellular proteins that characterize aging,
neuroinflammation, and neurodegenerative diseases [31-35], although there has been no studies to
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discern whether survivors with head and neck LE are at increased risks for neurodegenerative diseases
such as Alzheimer’s Disease.

(b) (c)

Figure 5. Typical NIRF-LI images of the lympho-jugular lymphatics draining to the (a) cervical and
(b) supraclavicular lymph nodes following the injection of contrast agent into the palatine tonsils and
(c) the external lymphatics draining to the supraclavicular lymph nodes following facial intradermal
injections (adapted from [29], Rasmussen, JC, et al. 2018). Injection sites are covered with round
bandages and/or black vinyl tape. The brightness and contrast of the images have been adjusted to
facilitate the visualization of the 16-bit imaging depth.

In contrast to ICG intramucosally injected in the oral cavity, ICG intradermally administered on
the face, generally fore and aft of the ear, chin, cheek, lateral forehead, and along the jawline, drains
through the superficial or “external lymphatics” (Figure 5¢). These external lymphatics include the
submental nodes that drain the skin of the chin, lower lip, floor of the mouth, and anterior portion of
the tongue; the supra- and sub-mandibular nodes that drain the skin and mucosa of the cheeks, upper
and lower lips, and floor of the mouth; the posterior nodes that drain lateral and posterior neck and
the nasopharynx, oropharynx, and thyroid; and the superficial and deep cervical nodes that receive
drainage from above [30]. These lymphatics may become compromised with surgical incision and
RT, resulting in swelling of lips, under the chin, along the jawline, cheeks, and eyelids, commonly
recognized as head and neck LE. It is noteworthy that both external and internal lymphatic pathways
reach the supraclavicular LNs. Head and neck cancer (HNC) LE is estimated to impact 75% of all HNC
patients and is underdiagnosed due to the lack of objective measures [36].

1.4. NIRF-LI Taxonomy of Lymphatic Dysfunction

Lymphatic dysfunction is a harbinger of cancer-acquired LE, but it is also a harbinger of several
other common chronic conditions (as discussed in Section 4). One of the most discernable and
earliest-appearing features of lymphatic insufficiency observed with NIRF-LI is dermal backflow
(Figure 6a,b). Dermal backflow occurs when lymph flows from conducting vessels backward toward
the collecting and initial lymphatics, indicative of upstream obstruction or insufficient lymphangion
pumping pressures to maintain distal-to-proximal flow toward the trunk of the body. In our studies,
regions of dermal backflow connected by dilated and/or tortuous, semi-functional lymphatic vessels
(Figure 6b) provide an early, subclinical sign of lymphatic dysfunction that precedes swelling. Dilated
vessels may fill with ICG, but active contractile function is often missing or reduced. With onset of
edema, the degree of coverage of dermal backflow increases (Figure 6c), and dermal backflow can result
in extravascular leakage of lymph into the epidermis, as shown in the distinctive pattern in Figure 6d.
In cases in which there is impaired uptake into the initial lymphatics, NIRF-LI shows radial spread
of ICG accumulation at the site of intradermal injection (Figure 6e). Video S2 exhibits dysfunctional
lymph flow as shown with NIRF-LI in LE-affected feet. Retrograde flow occurs when lymph flows
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proximal-to-distal, as shown in the hand in Figure 6a; when retrograde flow occurs intermittently with
distal flow within the collecting vessels, the phenotype is termed “lymphatic reflux” (Figure 6f). In all
of these stages, lymph is not moved efficiently in a proximal direction toward the trunk of the body for
return to blood vasculature at the subclavian vein. Edema, adipose deposition, and ultimately fibrosis
results from lymphatic insufficiency, along with the inability to resolve innate or mount adaptive
immune responses within the respective lymphatic watershed. These NIRF-LI features of dysfunction
are shared not only in persons with cancer-related with LE and congenital LE [14,37-42], but with other
chronic immune conditions that involve lymphatic dysfunction. ICG lymphography has provided
“still” images similar to those seen in images and videos with NIRF-LI, and other groups have adopted
classification and staging systems for LE [43-50].

\
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(d)

Figure 6. Typical NIRF-LI images of lymphatic dysfunction. The retrograde movement of contrast
agent into the dermal lymphatics, known as dermal backflow, is the most common sign of dysfunction
and is shown here (a) around the injections in the wrist and into the hand and fingers. (b) Dermal
backflow and tortuous lymphatic vessels present in the affected arm of a subject but not the contralateral
asymptomatic arm. (c) Extensive dermal backflow in both lower legs of a subject. (d) Extravascular dye
is sometimes observed in the interstitial space in some subjects. (e) Radial movement of dye around
the injection sites is also observed in some subjects and is often one of the first anatomical signs of
dysfunction. (f) Lymphatic reflux is observed, indicating that lymphatic valve dysfunction may occur,
in some subjects (adapted from [14], Rasmussen JC, et al., 2010). Injection sites are covered with round
bandages and/or black vinyl tape. The brightness and contrast of the images have been adjusted to
facilitate the visualization of the 16-bit imaging depth.
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2. Lymphatic Responses to Cancer Progression and Cancer Treatment

2.1. The Effects of Metastasis and Cancer Progression on Lymphatic Function

While much attention is given to hematological transit of cancer cells, and most chemotherapy is
delivered intravenously, metastatic spread is most often initiated through tumor-draining lymphatics to
regional draining LNs before draining into and disseminating through the blood circulation. Expanded
peritumoral lymphangiogenesis is frequently observed as part of cancer progression and correlates with
increased LN metastasis and poorer survival [51,52], further evidencing that the lymphatics provide a
highway for system dissemination. However, before cancer cells metastasize through these peritumoral
lymphatics, tumor antigens (tAgs) and mature, activated dendritic cells presenting tAgs migrate
through the peritumoral lymphatics to regional LNs to set up anti-tumor immune responses (Figure 1).
Indeed, lymphangiogenesis and drainage to regional LNs may improve anti-tumor immune responses,
as recently demonstrated by enhanced melanoma and breast cancer growth rates in preclinical models
in which regional draining lymphatics were ablated [53].

On the other hand, pro-lymphangiogenic factor VEGF-C secreted by tumor cells and
proinflammatory cytokines that are expressed by activated immune cells in the tumor microenvironment
act to dilate lymphatic vessels, impair lymphatic pumping [54,55], and can potentially limit anti-tumor
immune responses. Immunosuppression can occur from co-inhibitory checkpoint signaling in
tumor-draining LNs that prevents the maturation and proliferation of T cells against tAgs. Even if T
cells are successfully activated against tAgs, proliferate, and leave LNs for systemic dissemination,
upon their exit through efferent lymphatic vessels, they can be “tolerized” by the binding of programmed
death 1 (PD-1) receptor upregulated on activated T cells, with its ligand (PD-L1) expressed on lymphatic
endothelial cells (LECs) [56-58]. In manners that are not yet completely characterized, LECs can variably
express signaling machinery for Ag presentation and co-inhibitory signaling to “tolerize” cells [59-62].
As a consequence, the lymphatics, typically a site for initiating anti-tumor immune responses, can also
be a site for initiating immune tolerance to cancer. Once tolerance or immunosuppression in regional
lymphatics is established, chemotaxis-driven migration of cancer cells into the lymphatics occurs [63],
and in-transit lymph vessel or LN metastases can obstruct downstream lymphatics. Consequently,
the lymphatics may have a profound effect upon cancer progression and/or arrest of metastasis and
may be a target of emerging immunotherapies. Of note, a particularly treatment-resistant form of
breast cancer, inflammatory breast cancer, is characterized by direct invasion of tumor emboli that
obstruct draining lymphatics [64,65].

NIRF-LI may detect the influence of cancer progression on lymphatics. For example, in advanced
breast cancer patients undergoing neoadjuvant chemotherapy, lymphatic vessels are dilated, and regions
of dermal backflow in lymphatics draining toward the affected nodal basin may be present, as shown
in Figure 7. Such lymphatic dysfunction can occur prior to treatments of surgical dissection and/or RT,
suggesting that cancer progression, particularly LN metastasis, contributes to lymphatic dysfunction
in cancer patients prior to surgery and RT. While there is evidence that chemotherapy may potentially
contribute to the development of cancer-acquired LE [66-69], further longitudinal studies are needed
to understand all the contributing factors that can cause lymphatic dysfunction. Nonetheless, recent
results in Figure 7 confirm the results of other studies showing subclinical edema measured with
bioimpedance of water content in the arms in breast cancer patients prior to first-line treatment [70,71].

Genetic predisposition for breast-cancer-related LE (BCRL) could also be a contributing factor for
the condition. Investigators hypothesize that cancer treatment serves as a “second-hit” in patients
with germline mutations associated with pathways associated with lymphangiogenesis [72-74].
Using NIRF-LI, we have phenotyped families with rare, non-syndromic congenital LE [38,39,41],
and have found occult lymphatic dysfunction in family members who are carriers of rare mutations
but are not symptomatic for congenital LE. While these family members were not cancer survivors,
and our studies were focused upon rare mutations not found in the general population, the hypothesis
of a less-rare, genetic predisposition for cancer-acquired LE that could be phenotyped by NIRF-LI is



Cancers 2020, 12, 2280 10 of 25

highly probable. However, determining whether genetics increase risk of LE will need large studies
and biological confirmation. Alternatively, imaging lymphatic dysfunction prior to treatment could
help prognose risk for developing LE.

Figure 7. NIRF-LI images of (a) dilated lymphatics and (b) dermal backflow in the ipsilateral arms

of two advanced breast cancer patients who had undergone neo-adjuvant chemotherapy prior to
imaging but no surgical or radiological intervention. Injection sites are covered with round bandages
and/or black vinyl tape. The brightness and contrast of the images have been adjusted to facilitate the
visualization of the 16-bit imaging depth.

To date, we have not imaged dermal backflow in the external lymphatics of treatment-naive
HNC patients with known or suspected LN metastases, probably because these external lymphatics
are typically not in the same lymphatic watershed directly draining interior oropharynx, larynx,
and oral cancers. However, in preliminary studies of internal lymphatic drainage of treatment-naive
HNC patients, few exhibited drainage into the lympho-jugular chain after mucosal administration of
ICG [29], as was seen in normal-health subjects (Figure 4 above) [27]. This observation is preliminary
and needs more carefully controlled studies to underscore changes in internal lymphatic drainage from
the cranium with head and neck cancer progression. Nonetheless, whether there is “mucosal backflow”
in the trachea/airway that is akin to “dermal backflow” in the epidermis requires determining by
fluorescent endoscopy.

2.2. The Role of Lymph Node Dissection and RT on Lymphatic Function

As assessed in preclinical animal models, surgical disruption of lymphatic vessels or LNs, not in
the setting of cancer or RT, yields temporary lymph flow disruption, eventually followed by lymph
vessel remodeling and regrowth, with restoration of lymphangion activity [75-78]. Clinical NIRF-LI
results likewise shows normal phenotypes following LN dissection in ~50% of head and neck [29]
cancer patients prior to RT (Figure 8a) and in some breast cancer patients (Figure 8b).
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Figure 8. Examples of normal and abnormal lymphatic recovery following LN dissection and radiation
treatment (RT). (a) NIRF-LI images overlaid on color images showing the case of a head and neck
cancer patient who had 19 nodes surgically removed. Approximately seven weeks post-surgery, no
dermal backflow was visible and two lymphatic vessels (arrows) with active lymphatic propulsion
were faintly visible. Dermal backflow was observed when next imaged approximately 21 weeks after
the completion of RT (adapted from [29], Rasmussen, JC, et al., 2017). (b) The case of a neo-adjuvant,
advanced breast cancer patient before and after LN dissection with no RT. Injection sites are covered
with round bandages and/or black vinyl tape. The brightness and contrast of the images have been
adjusted to facilitate the visualization of the 16-bit imaging depth.

Evidence is accumulating that radiation itself, while efficacious for killing cancer cells and
promoting up the immune system for anti-tumor immunity, may damage lymphatics. Treatment of
mice with 20 Gy after popliteal lymphadenectomy showed that RT transiently disrupted lymphatic
contractile activity, but when radiation was fractionated [4 X 5 Gy] or increased to 40 Gy in one fraction,
persistent lymphatic dysfunction occurred, as visualized by NIRF-LI [79]. Strikingly, with increased
radiation dose, there was a concomitant increase in lymphatic vessel area in the epidermis, consistent
with reports of hyperplasia in the skin of patients after RT [80]. The preclinical imaging results also
confirm the hypothesis that radiation causes lymphatic vessel “leakiness,” as demonstrated in rat
mesenteric LECs [81] and apoptosis of LECs, with subsequent fibrosis in mouse tails [82]. RT stimulates
the innate system through the production of DAMPs, with activation and maturation of macrophages
and dendritic cells whose egress through the lymphatic watershed is impaired under conditions
of lymphadenectomy. The activated immune cells produce inflammatory cytokines such as tumor
necrosis factor-alpha (TNF-alpha) and interleukin-1-beta (IL-1-beta) [3] that are potent inhibitors of
lymphangion activity) [4]. Interestingly, the preclinical changes in the lymphatics with radiation after
lymphadenectomy are consistent with changes seen with longitudinal imaging in breast and head and
neck cancer patients, made possible by repeated NIRF-LI. Whether radiation treatments may be more
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impactful prior to LN dissection, and whether fractionation schedules can be optimized to reduce
collateral lymphatic dysfunction, remain to be investigated.

In an ongoing prospective and longitudinal NIRF-LI surveillance study of breast cancer patients
receiving neoadjuvant chemotherapy, axillary lymph node dissection (ALND), followed by RT,
we observed dermal backflow pre-ALND and post-ALND, both pre-RT and post-RT (ClinicalTrials.gov,
NCT02949726). In almost every case, dermal backflow preceded arm swelling. The variable appearance
times for dermal backflow imply that any one (or a combination) of cancer treatment modalities may
contribute to lymphatic dysfunction.

In a longitudinal study, Rasmussen et al. [29] imaged head and neck cancer patients before surgery,
before RT, and then periodically for up to two years to assess post-therapeutic lymphatic recovery.
While none of the patients initially presented with dermal backflow, approximately half developed
some dermal backflow near the scar line after surgery but before RT, and nearly all the remaining
subjects developed dermal backflow following RT. Because RT was the standard of care for these
patients, it is not known whether the pre-RT dermal backflow would have subsequently resolved,
as is suggested in the animal studies discussed previously. However, it is noteworthy that the dermal
backflow, whether pre- or post-RT onset, was persistent in all patients over months and years after
RT therapy.

Whether aberrant lymphatic dysfunction after RT results from the impaired clearance of
macrophages and dendritic cells activated by DAMPs, which in turn secrete pro-inflammatory
cytokines that impair contractile activity, remains to be investigated. Nonetheless, these results suggest
the confounding effect of RT on lymphatic function that may be one of the most significant drivers for
lymphatic dysfunction and the onset of cancer-acquired LE.

3. Diagnostic Imaging of Dysfunctional Lymphatics for Staging and Treatment of Lymphedema

3.1. Diagnosis of Lymphatic Dysfunction and Its Treatment in Patients at Risk for Cancer
Acquired Lymphedema

Clinical LE diagnosis can be difficult because classic physical signs (swelling, heaviness) of LE are
unreliable—sensitivity and specificity of such clinical signs in predicting lymphoscintigraphy-confirmed
LE are 17% and 88%, respectively, with overall accuracy of 47% [83]. Clinical LE diagnosis typically is
only made once arm swelling is obvious in breast cancer survivors, or neck swelling manifests for
head and neck patients. LE incidence rates vary greatly, depending upon surveillance tools used [84].
Breast cancer LE surveillance tools can deliver varying results—bioimpedance spectroscopy delivered
a 36% false negative rate, compared to ICG lymphography [85] in one study of 58 diagnosed LE
patients, and a positive predictive value of 61-71%, with a negative predictive value of 67-70%, in a
large study of 134 patients diagnosed with LE versus 261 patients without LE [86]. A number of
studies report classification systems derived from lymphangiography, lymphoscintigraphy, BIS, or ICG
lymphography [87-90]. Because accurate and early LE diagnosis and treatment result in significantly
improved outcomes and quality of life [91,92], our work has focused on early diagnosis of lymphatic
dysfunction by NIRF-LI, often prior to onset of clinical symptoms.

As described above, we have identified the imaging phenotype of dermal backflow as one of the
earliest signs of lymphatic dysfunction. In the absence of clinically overt swelling, dermal backflow may
become an objective, prognostic criterion for development of clinical LE, its sequela, and comorbidities.

For example, in study subjects at risk for unilateral BCRL but without any measurable arm volume
change, patient-reported outcome of regional “heaviness” was accompanied by dermal backflow in
that region (Figure 9a). In the ongoing longitudinal study of advanced breast cancer patients, NIRF-LI
images show dermal backflow that manifests in the absence of arm swelling (Figure 9b), and by the 12
months post-RT surveillance visit, when arm swelling (expressed as relative volume change (RVC))
became clinically evident, lymphatic backflow had been present for over one year. In a contrasting
example, Figure 9c chronicles the development and later regression of dermal backflow in a breast
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cancer patient who independently initiated compression garment wear and exercise at the onset of
dermal backflow, and at successive visits six months and 12 months later, the backflow was not evident.

before ALND after ALND 6 months post-RT 12 months post-RT

£
E
<
=
8
o
>

Medial Arm/Axilla

RVC =+0.41

18 months post-RT

Volar Arm

compression, exercise

(c) (d)

Figure 9. Images of lymphatics in breast (a—c) and head and neck (d) cancer survivors. (a) A region of
“heaviness” but no swelling manifesting dermal backflow. (b) Dermal backflow observed longitudinally
before the relative volume change (RVC) is more than 5%, which is the threshold for clinical diagnosis.
(c) Resolution of dermal backflow after commencement of compression and exercises. (d) Resolution
of dermal backflow after two weeks of advanced pneumatic compression device (APCD) therapy
(adapted from [93], Gutierrez, C., et al., 2019). Injection sites are covered with round bandages and/or
black vinyl tape. The brightness and contrast of the images have been adjusted to facilitate the
visualization of the 16-bit imaging depth.

In a case of an HNC patient four weeks after RT, we imaged dermal backflow and poor drainage
to cervical LN that, unlike in prior studies of untreated HNC patients, dissipated after two weeks
of home treatment with an advanced pneumatic compression device (APCD) (Figure 9d). Indeed,
in a pilot study to explore the early intervention by APCD therapy, the surface coverage of dermal
backflow decreased over two weeks of treatment, suggesting that impaired lymphatic function was
improved or recovered with treatment [93].

Both of these examples in breast and HN cancers suggest that adding diagnostic NIRF-LI to
the examination toolbox could prompt more timely initiation of therapeutic strategies at sub-clinical
stages of lymphatic dysfunction, and perhaps minimize or even reverse LE development. “Cure” for
cancer-acquired LE may require early intervention to reverse lymphatic dysfunction prior to the onset
of swelling and accumulation of inflammatory waste products and immune cells. MLD and APCD
therapy are generally contraindicated until patients are cancer-free, based on the entirely theoretical
concern that they might facilitate cancer spread. The basis for this indication is that metastasis through
the lymphatics may be augmented with MLD and APCD therapy. However, as described above,
early restoration of drainage to existing or newly formed LNs may prevent LE, and both may potentially
enhance the benefits of RT by ensuring anti-tumor immunity.
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It is also noteworthy that, in a prior review of NIRF-LI studies of unilateral BCRL patients,
contralateral, undiagnosed arms exhibited increasing surface coverage of dermal backflow with stage
and duration of diagnosed contralateral LE, even though cancer treatments were confined to the
ipsilateral arm [94]. Other studies have found disrupted lymphatic flow on contralateral limbs in
unilateral BCRL patients [95-97], suggesting unknown mechanisms that may work to progressively
deteriorate lymphatics systemically after initial clinical LE diagnosis.

3.2. Imaging Lymphatic Response to LE Treatment

While prospective double-blind studies remain to be performed to show that remediation
of dermal backflow as an early sign of lymphatic dysfunction can prevent clinical LE, strategic
deployment of current treatments for clinical LE may, in the meantime, be enhanced with NIRF-LI
diagnostics. Treatments include complete decongestive therapy (CDT), advanced pneumatic
compression (with segmented and sequentially inflated chambers), and lymphatic surgeries. Because
the intradermal depot of ICG provides a source of contrast for several hours, if not longer, pre- and
post-treatment imaging can be performed to assess efficacy.

NIRF-LI has shown that manual lymphatic drainage (MLD), as part of comprehensive CDT,
can stimulate lymphatic contractile function by the lymphangions in the affected limbs of patients
with diagnosed LE, but is more effective in contralateral “normal” limbs [98]. One may expect that
lymphatic contractile function seen through NIRF-LI may be more readily stimulated at early stages of
lymphatic dysfunction, than at later stages, consistent with enhanced efficacy of MLD at early stages of
diagnosed LE. In BCRL patients without apparent uptake of intradermally administered ICG, APCD
therapy moves ICG-laden lymph extravascularly toward draining lymph nodes (Figure 10a) [99]. In an
advanced head and neck LE patient, NIRF-LI showed newly formed functional lymphatic vessels
across fibrotic surgical scar lines enabling successful re-direction of MLD toward those functional
lymphatics (Figure 10b) [100].

Post-APCD Therapy

Post MLD

Pre-APCD Therapy

B - -

e . - -

(a) (b)

Figure 10. NIRF-LI images illustrating the movement of fluorescent lymph (a) through the
extravascular space following APCD therapy in a breast-cancer-related lymphedema (BCRL) subject
(adapted from [99], Adams, K.E., et al., 2010) and (b) across scar tissue following manual lymphatic
drainage (MLD) in a head and neck cancer patient (adapted from [100], Maus, E.A., et al., 2012).
The white lines in (b) represent the location of the scars from multiple surgeries in the neck and the
green dots in the inset image show the location of the injection sites. Injection sites are covered with
round bandages and/or black vinyl tape. The brightness and contrast of the images have been adjusted
to facilitate the visualization of the 16-bit imaging depth.

When conventional CDT fails, surgical options may improve quality of life for LE patients.
Surgeries include the LYMPHA preventive technique, which is performed at the same time as ALND,
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and connects transected main lymphatic trunks to a lateral branch of the axillary vein distal to a
competent valve [101]. Two other physiological surgeries that strive to restore lymphatic vessel
networks after breast cancer treatment—lymphovenous bypass (LVB), which avoids drainage to LNs by
shunting the lymph directly to the veins, and vascularized LN transfer (VLNT) are frequently performed
on patients diagnosed with LE. Patient demand for these microsurgeries has increased steadily over
the past few years, driven by the lack of other effective treatments for LE. While these procedures
reduce swelling by an average of 25-46%, decrease symptom burden, lessen risk of progression to
chronic LE, improve function and cosmesis, and decrease amount of time spent daily on therapy,
they do not usually eliminate the need for daily maintenance therapy, such as bandaging [102-106].
Remarkably, though, LVB and VLNT patients experience significantly decreased cellulitis incidence
following surgery [105-111]. Because of the variable reductions in limb swelling and the continued
need for daily maintenance therapy, use of the microsurgeries in LE patients remains controversial. In
general, like conventional treatments, lymphovascular surgery is most effective when performed in
earlier stages of LE, while there is still capacity for recovery of the lymphatic system [106]. Studies
using ICG lymphography suggest that subjects with minimal dermal backflow are excellent candidates
for lymphovascular surgeries. However, given that dermal backflow may be reversed through
conventional treatments as shown in Figure 9, it is unclear that dermal backflow alone is an adequate
criterion for early intervention with surgical treatment. Disappearance of dermal backflow, recruitment
of new lymphatic vessels, and restoration of drainage to existing or new LNs could be diagnostic
hallmarks of surgical success and provide evidence of benefit. Studies using NIRF-LI to objectively
measure these phenotypes as lymphosurgical outcomes are underway.

4. Conditions and Comorbidities Associated Lymphatic Dysfunction and Lymphedema

Other common conditions result in NIRF-LI features of dermal backflow and reflux as seen in
early stages of cancer-acquired LE, and in advanced stages, result in LE diagnoses.

4.1. Chronic Venous Disease (CVD)

Chronic venous disease encompasses a wide range of lower extremity symptoms ranging from
unsightly superficial telangiectases to chronic venous insufficiency that, if left untreated, can progress
to venous ulceration. We have shown that patients with venous leg ulcers have profound lymphatic
dysfunction [112], consistent with venous leg ulcers as the most common non-cancer-linked comorbidity
for LE [113]. Indeed, chronic venous insufficiency is the most common cause of lower extremity
LE, accounting for approximately 40% of lower extremity LE cases [114]. The etiology of lymphatic
failure in venous disease is not well understood, but recent NIRF-LI evidence depicts dermal backflow
uniquely in ankle regions associated with ulcer formation, even before ulcer formation occurs [112].
In addition, disease stage appears to correlate with the degradation of lymphatic function, with
increased dermal backflow and impaired contractile function occurring with progression of venous
disease [115].

4.2. Inflammatory/Rheumatological Diseases

Lymphatic dysfunction has also been linked to rheumatoid arthritis [116-119], with LE a known
comorbidity [120] and dermal backflow evident on lymphoscintigraphy [121]. Other inflammatory
disorders are also associated with LE [122,123], suggesting that, again, the pro-inflammatory state
is associated with lymphatic dysfunction. A mechanism that may be responsible for impairment of
lymph drainage in autoimmune disorders could be neutrophil recruitment to subcapsules of draining
LNs in inflamed peripheral tissues [124]. Rheumatoid arthritis patients have elevated numbers of
neutrophils that participate in the process of NETosis (neutrophil extracellular traps, NETs) induced
by proinflammatory cytokines, including TNF-a. NETosis occurs when neutrophils spew DNA nets
that display autoantigens [125] and can intravascularly trap cells and cellular debris to play a critical
role in hemovascular thrombi formation [126]. Whether NETosis plays a similar role in the lymphatic
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vasculature during inflammatory conditions remains to be seen. However, Figure 11 is an example of
NIRF-LI images of dermal backflow and distal flow in the affected hand of a subject never treated for
cancer but possessing chronic joint pain with suspected autoimmune disorder. This suggests that the
early phenotypes of sub-clinical LE may not be unique to cancer-acquired LE and that cancer-acquired
LE may share aspects of etiology with autoimmune conditions.

(b)

Figure 11. (a) Unaffected and (b) affected arms of a subject with chronic joint pain with suspected

autoimmune disorder. Injection sites are covered with round bandages and/or black vinyl tape.
The brightness and contrast of the images have been adjusted to facilitate the visualization of the 16-bit
imaging depth.

4.3. Cellulitis

Cellulitis, a complication of LE, is an inflammatory event in the inner layers of skin, occurs in
approximately 25-50% of LE patients, and in 2.5% of the general population [127-130]. This complication
of LE is expensive-more than $3.7 billion was spent on 240,000 inpatient admissions for cellulitis in
the general United States population in 2004 [131], and more than 14.5 million outpatient visits for
skin infections, including cellulitis, occurred in 2005 [132]. Cellulitis accounts for 10% of all infectious
disease-related hospital admissions in the US [133] and presents as a painful area of redness, without
pus, accompanied by fever and fatigue. Cellulitis can spread hematogenously to other areas of the
body (a process known as “blood poisoning”), can progress to sepsis, and has long been believed to
result when normal skin flora enter the dermal layers due to a break in skin [134,135]. Staphylococcus
aureus and Streptococcus groups A, G, and B have been blamed as the causative bacteria in most cellulitis
cases [136,137].

The established dogma for cellulitis states that LE patients experience cellulitis because of
diminished infection clearance. Pathogenic infection is accompanied by the release of pro-inflammatory
cytokines that allow further damage to lymphatic vessels and increased limb swelling, thus creating a
vicious cycle. Protein-rich lymphatic fluid, which is a feature of LE, is believed to provide a fertile
medium for bacterial growth [138]. These established notions of cellulitis etiology appear to relate
well to what is known about LE. Curiously though, bacterial cultures from cellulitis exudates rarely
grow [139], and skin breaks are not always observed at cellulitis onset. The discrepancy between
the low prevalence rate of microorganisms and the severity of clinical symptoms suggests that the
mechanism of lymphedema-related cellulitis is not one of simple infection.

Of note, 30% of cellulitis is misdiagnosed [133], and NIRF-LI could help differentiate cellulitis
(affecting dermis), abscesses (which affect the epidermis), and deeper wounds, as lymphatic vessels
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surrounding wound sites may exhibit distinct patterns and drainage, depending on wound type.
This information could provide direction for optimal treatment (specific antibiotics, compression versus
no compression, duration of treatment).

Stagnation in lymph vessels most likely contributes significantly to cellulitis, because moving
lymph with massage-mimicking advanced pneumatic compression devices in LE patients lowered
rates of cellulitis episodes from 21.1% to 4.5% in one study [140] and from 0.26 episodes to 0.05 episodes
per year in another study [141]. The eradication of cellulitis after LVB/VLNT surgeries, however, awaits
a mechanistic explanation.

5. Conclusions and Perspectives

The lymphatic vasculature is an open, unidirectional system providing afferent and efferent
paths for mounting and resolving immune responses and clearing inflammatory waste products.
Cancer progression and treatment directly involve the lymphatics and therefore can be expected
to acutely impact immune responses as well as lymphatic function. Using a technique which we
developed nearly two decades ago, we show that the earliest phenotype of lymphatic dysfunction
occurs in breast and head and neck cancer patients before and during cancer treatment, and in
some cases, can be resolved with complementary medicine approaches. Still, in other cases without
intervention, early dysfunction progresses and persists for months to years even without the accepted
clinical symptoms of LE. Because changes in lymphatic function seen before and after cancer treatment
are also observed with other chronic conditions, one might speculate that etiological aspects of LE may
be shared in common with some of these chronic conditions. It remains to be demonstrated whether
we can “cure” LE by interceding early, before the onset of irreversible clinical symptoms, as we attempt
to intercede before venous ulcer formation in patients with venous disease or before irreversible bone
loss in patients with rheumatoid arthritis.

The lymphatic vasculature is an essential part of the immune system that is involved in chronic
conditions (including cancer) that are associated with the process of aging. The lack of routine
approaches to image the lymphatics has limited our understanding of its role in diseases, as revealed
in NIRF-LI studies of lymphatic dysfunction of cancer progression and treatment. In the hemovascular
system, vascular interventions were not enabled until the advent of angiography. In the case of the
lymphatics, the predominantly clear lymph and transparent lymphatic vessels escape notice in clinical
surgery practice or in preclinical studies, further contributing to the lack of understanding of the role
and responses of the lymphatics to disease conditions and treatment. It is highly likely that the changes
in lymphatics with disease progression and treatment seen in cancer-acquired lymphedema may be
shared by other chronic diseases that involve the immune system. The ability to clinically evaluate
lymphatic function in “point-of-care” studies could accelerate more effective strategies to treat these
diseases. For example, we recently used NIRF-LI techniques to demonstrate the lymphatic delivery of a
TNF inhibitor to restore contractile lymphatic function in an animal model of rheumatoid arthritis [118]
and of a checkpoint blockade inhibitor to more effectively suppress primary tumor growth and arrest
metastasis than from systemic administration [142]. The ability to develop more effective treatments
for chronic conditions requires the ability to visualize the function and anatomy of the lymphatics in
disease progression and in response to treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/8/2280/s1,
Video S1: Lymphatic flow in the arm of a healthy control subject, Video S2: Lymphatic flow in the feet of a subject
with bilateral lymphedema.

Author Contributions: Conceptualization—E.M.S-M., M.B.A., and ].C.R,; Investigating and data curation—E.M.S.-M.,
M.B.A,, and J.C.R.; Writing—original draft preparation—E.M.S.-M., M.B.A., and J.C.R.,; Writing—review and
editing—E.M.S-M., M.B.A,, ].C.R,, CEF, and S.ES. All authors have read and agreed to the published version
of the manuscript.


http://www.mdpi.com/2072-6694/12/8/2280/s1

Cancers 2020, 12, 2280 18 of 25

Funding: This research was funded, in parts, by National Institutes of Health R01 CA201487 (MBA) and R01
HL092923 (EMS).

Conflicts of Interest: ].C.R., EM.S.-M., and C.E.F. are listed as inventors on patents related to near-infrared
fluorescence lymphatic imaging and may receive future financial benefit from its commercialization. J.C.R.,
E.M.S.-M,, and C.E.F. and the University of Texas Health Science Center at Houston have research-related financial
interests in Lymphatic Science, Inc. The remaining authors have no financial relationships relevant to this article
to disclose. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data;
in the writing of the manuscript, or in the decision to publish the results.

References

1. Jones, D.; Pereira, E.R.; Padera, T.P. Growth and Immune Evasion of Lymph Node Metastasis. Front. Oncol.
2018, 8, 36. [CrossRef] [PubMed]

2. Ludgate, C.M. Optimizing cancer treatments to induce an acute immune response: Radiation Abscopal
effects, PAMPs, and DAMPs. Clin. Cancer Res. 2012, 18, 4522-4525. [CrossRef] [PubMed]

3. Schaue, D.; Micewicz, E.D.; Ratikan, J.A.; Xie, M.W.; Cheng, G.; McBride, W.H. Radiation and inflammation.
Semin. Radiat. Oncol. 2015, 25, 4-10. [CrossRef] [PubMed]

4. Aldrich, M.B.; Sevick-Muraca, E.M. Cytokines are systemic effectors of lymphatic function in acute
inflammation. Cytokine 2013, 64, 362-369. [CrossRef] [PubMed]

5. Leijte, J.A.P; van der Ploeg, LM.C.; Valdes Olmos, R.A.; Nieweg, O.E.; Horenblas, S. Visualization of Tumor
Blockage and Rerouting of Lymphatic Drainage in Penile Cancer Patients by Use of SPECT/CT. J. Nucl. Med.
2009, 50, 364-367. [CrossRef]

6. Kwon, S.; Sevick-Muraca, E.M. Functional lymphatic imaging in tumor-bearing mice. J. Immunol. Methods
2010, 360, 167-172. [CrossRef]

7. Proulx, S.T.; Luciani, P; Christiansen, A.; Karaman, S.; Blum, K.S.; Rinderknecht, M.; Leroux, J.-C.; Detmar, M.
Use of a PEG-conjugated bright near-infrared dye for functional imaging of rerouting of tumor lymphatic
drainage after sentinel lymph node metastasis. Biomaterials 2013, 34, 5128-5137. [CrossRef]

8.  Levick, J.R.; Michel, C.C. Microvascular fluid exchange and the revised Starling principle. Cardiovasc. Res.
2010, 87, 198-210. [CrossRef]

9. Moore, ].E.; Bertram, C.D. Lymphatic System Flows. Annu. Rev. Fluid Mech. 2018, 50, 459-482. [CrossRef]

10. O’Donnell, T.E; Rasmussen, ].C.; Sevick-Muraca, E.M. New diagnostic modalities in the evaluation of
lymphedema. J. Vasc. Surg-Venous. L. 2017, 5, 261-273 [CrossRef]

11. Sevick-Muraca, E.M.; Sharma, R.; Rasmussen, J.C.; Marshall, M.V.; Wendt, J.A.; Pham, H.Q.; Bonefas, E.;
Houston, ].P; Sampath, L.; Adams, K.E; et al. Imaging of lymph flow in breast cancer patients after microdose
administration of a near-infrared fluorophore: Feasibility study. Radiology 2008, 246, 734-741. [CrossRef]

12.  Zhu, B.; Rasmussen, J.C.; Litorja, M.; Sevick-Muraca, E.M. Determining the Performance of Fluorescence
Molecular Imaging Devices Using Traceable Working Standards with SI Units of Radiance. IEEE Trans.
Med. Imaging 2016, 35, 802-811. [CrossRef] [PubMed]

13.  Zhu, B.; Kwon, S.; Rasmussen, ].C.; Litorja, M.; Sevick-Muraca, E.M. Comparison of NIR Versus SWIR
Fluorescence Image Device Performance Using Working Standards Calibrated with SI Units. IEEE Trans.
Med. Imaging 2020, 39, 944-951. [CrossRef] [PubMed]

14. Rasmussen, J.C.; Tan, I.C.; Marshall, M.V.; Adams, K.E.; Kwon, S.; Fife, C.E.; Maus, E.A.; Smith, L.;
Covington, K.R.; Sevick-Muraca, E.M. Human lymphatic architecture and dynamic transport imaged using
near-infrared fluorescence. Transl. Oncol. 2010, 3, 362-372. [CrossRef]

15.  Scallan,].P.; Zawieja, S.D.; Castorena-Gonzalez, J.A.; Davis, M.]. Lymphatic pumping: Mechanics, mechanisms
and malfunction. J. Physiol. 2016, 594, 5749-5768. [CrossRef]

16. Zhu, B.; Rasmussen, J.C.; Sevick-Muraca, E.M. A matter of collection and detection for intraoperative and
noninvasive near-infrared fluorescence molecular imaging: To see or not to see? Med. Phys. 2014, 41, 022105.
[CrossRef] [PubMed]

17.  Itkin, M.; Nadolski, G.J. Modern techniques of lymphangiography and interventions: Current status and
future development. Cardiovasc. Interv. Radiol. 2018, 41, 366-376. [CrossRef]

18.  Yoshida, R.Y;; Kariya, S.; Ha-Kawa, S.; Tanigawa, N. Lymphoscintigraphy for imaging of the lymphatic flow
disorders. Tech. Vasc. Interv. Radiol. 2016, 19, 273-276. [CrossRef] [PubMed]


http://dx.doi.org/10.3389/fonc.2018.00036
http://www.ncbi.nlm.nih.gov/pubmed/29527513
http://dx.doi.org/10.1158/1078-0432.CCR-12-1175
http://www.ncbi.nlm.nih.gov/pubmed/22761465
http://dx.doi.org/10.1016/j.semradonc.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25481260
http://dx.doi.org/10.1016/j.cyto.2013.05.015
http://www.ncbi.nlm.nih.gov/pubmed/23764549
http://dx.doi.org/10.2967/jnumed.108.059733
http://dx.doi.org/10.1016/j.jim.2010.06.016
http://dx.doi.org/10.1016/j.biomaterials.2013.03.034
http://dx.doi.org/10.1093/cvr/cvq062
http://dx.doi.org/10.1146/annurev-fluid-122316-045259
http://dx.doi.org/10.1016/j.jvsv.2016.10.083
http://dx.doi.org/10.1148/radiol.2463070962
http://dx.doi.org/10.1109/TMI.2015.2496898
http://www.ncbi.nlm.nih.gov/pubmed/26552078
http://dx.doi.org/10.1109/TMI.2019.2937760
http://www.ncbi.nlm.nih.gov/pubmed/31478842
http://dx.doi.org/10.1593/tlo.10190
http://dx.doi.org/10.1113/JP272088
http://dx.doi.org/10.1118/1.4862514
http://www.ncbi.nlm.nih.gov/pubmed/24506637
http://dx.doi.org/10.1007/s00270-017-1863-2
http://dx.doi.org/10.1053/j.tvir.2016.10.009
http://www.ncbi.nlm.nih.gov/pubmed/27993322

Cancers 2020, 12, 2280 19 of 25

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Xiong, L.; Engle, H.; Gazyakan, R.; Rahimi, M.; Hunerbein, M.; Sun, ].; Kneser, U.; Hirche, C. Current
techniques for lymphatic imaging: State of the art and future perspectives. Eur. J. Surg. Oncol. 2014, 41,
270-276. [CrossRef]

Sevick-Muraca, E.M.; Kwon, S.; Rasmussen, ].C. Emerging lymphatic imaging technologies for mouse
and man. J. Clin. Investig. 2014, 124, 905-914. [CrossRef]

Lillis, A.P,; Krishnamurchy, R. Photoacoustic imaging addresses a long-standing challenge in lymphedema.
Radiology 2020, 295, 475-477. [CrossRef]

Niu, G.; Chen, X. Lymphatic imaging: Focus on imaging probes. Theranostics 2015, 5, 686—-697. [CrossRef]
[PubMed]

Suami, H.; Scaglioni, M.F. Anatomy of the Lymphatic System and the Lymphosome Concept with Reference
to Lymphedema. Semin. Plast. Surg. 2018, 32, 5-11. [CrossRef] [PubMed]

Foldi, M.; Foldi, E. Foldi’s Textbook of Lymphology for Physicians and Lymphedema Therapists; Elsevier, Urban &
Fischer: Munich, Germany, 2006; ISBN 978-0-7234-3446-7.

Plog, B.A.; Nedergaard, M. The Glymphatic System in Central Nervous System Health and Disease: Past,
Present, and Future. Annu. Rev. Pathol. 2018, 13, 379-394. [CrossRef] [PubMed]

Eide, PK.; Vatnehol, S.A.S.; Emblem, K.E.; Ringstad, G. Magnetic resonance imaging provides evidence
of glymphatic drainage from human brain to cervical lymph nodes. Sci. Rep. 2018, 8, 7194. [CrossRef]
[PubMed]

Rasmussen, ].C.; Kwon, S.; Pinal, A.; Bareis, A.; Velasquez, F.C.; Janssen, C.F; Morrow, ].R; Fife, C.E.; Karni, RJ;
Sevick-Muraca, E.M. Assessing lymphatic route of CSF outflow and peripheral lymphatic contractile activity
during head-down tilt using near-infrared fluorescence imaging. Physiol. Rep. 2020, 8, e14375. [CrossRef]
[PubMed]

Choi, ].W.; Moon, W.-]. Gadolinium Deposition in the Brain: Current Updates. Korean J. Radiol. 2019, 20,
134-147. [CrossRef]

Rasmussen, J.C.; Tan, L.-C.; Naqvi, S.; Aldrich, M.B.; Maus, E.A.; Blanco, A.L; Karni, R.J.; Sevick-Muraca, E.M.
Longitudinal monitoring of the head and neck lymphatics in response to surgery and radiation. Head Neck
2017, 39, 1177-1188. [CrossRef]

Koroulakis, A.; Agarwal, M. Anatomy, Head and Neck, Lymph Nodes. In StatPearls; StatPearls Publishing:
Treasure Island, FL, USA, 2020.

Kwon, S.; Janssen, C.E,; Velasquez, EC.; Sevick-Muraca, E.M. Fluorescence imaging of lymphatic outflow of
cerebrospinal fluid in mice. J. Immunol. Methods 2017, 449, 37-43. [CrossRef]

Kwon, S.; Moreno-Gonzalez, 1.; Taylor-Presse, K.; Edwards lii, G.; Gamez, N.; Calderon, O.; Zhu, B;
Velasquez, F.C.; Soto, C.; Sevick-Muraca, E.M. Impaired Peripheral Lymphatic Function and Cerebrospinal
Fluid Outflow in a Mouse Model of Alzheimer’s Disease. |. Alzheimer’s Dis. 2019, 69, 585-593. [CrossRef]
Ma, Q.; Ineichen, B.V.; Detmar, M.; Proulx, S.T. Outflow of cerebrospinal fluid is predominantly through
lymphatic vessels and is reduced in aged mice. Nat. Commun. 2017, 8, 1434. [CrossRef]

Ma, Q.; Schlegel, F.; Bachmann, S.B.; Schneider, H.; Decker, Y.; Rudin, M.; Weller, M.; Proulx, S.T.; Detmar, M.
Lymphatic outflow of cerebrospinal fluid is reduced in glioma. Sci. Rep. 2019, 9, 14815. [CrossRef] [PubMed]
Rasmussen, M.K.; Mestre, H.; Nedergaard, M. The glymphatic pathway in neurological disorders.
Lancet Neurol. 2018, 17, 1016-1024. [CrossRef]

Deng, J.; Ridner, S.H.; Dietrich, M.S.; Wells, N.; Wallston, K.A.; Sinard, R.J.; Cmelak, A.J.; Murphy, B.A.
Prevalence of secondary lymphedema in patients with head and neck cancer. . Pain Symptom Manag.
2012, 43, 244-252. [CrossRef] [PubMed]

Rasmussen, J.C.; Tan, I.C.; Marshall, M.V,; Fife, C.E.; Sevick-Muraca, E.M. Lymphatic imaging in humans
with near-infrared fluorescence. Curr. Opin. Biotechnol. 2009, 20, 74-82. [CrossRef]

Burrows, P.E.; Gonzalez-Garay, M.L.; Rasmussen, J.C.; Aldrich, M.B.; Guilliod, R.; Maus, E.A ; Fife, C.E.;
Kwon, S.; Lapinski, P.E.; King, PD.; et al. Lymphatic abnormalities are associated with RASA1 gene mutations
in mouse and man. Proc. Natl. Acad. Sci. USA 2013, 110, 8621-8626. [CrossRef]

Agollah, G.D.; Gonzalez-Garay, M.L.; Rasmussen, J.C.; Tan, I.C.; Aldrich, M.B.; Darne, C.; Fife, CE,;
Guilliod, R.; Maus, E.A.; King, P.D.; et al. Evidence for SH2 domain-containing 5’-inositol phosphatase-2
(SHIP2) contributing to a lymphatic dysfunction. PLoS ONE 2014, 9, e112548. [CrossRef]

Rasmussen, J.C.; Fife, C.E.; Sevick-Muraca, E2M. Near-Infrared Fluorescence Lymphatic Imaging in
Lymphangiomatosis. Lymphat. Res. Biol. 2015, 13, 195-201. [CrossRef]


http://dx.doi.org/10.1016/j.ejso.2013.11.027
http://dx.doi.org/10.1172/JCI71612
http://dx.doi.org/10.1148/radiol.2020192824
http://dx.doi.org/10.7150/thno.11862
http://www.ncbi.nlm.nih.gov/pubmed/25897334
http://dx.doi.org/10.1055/s-0038-1635118
http://www.ncbi.nlm.nih.gov/pubmed/29636647
http://dx.doi.org/10.1146/annurev-pathol-051217-111018
http://www.ncbi.nlm.nih.gov/pubmed/29195051
http://dx.doi.org/10.1038/s41598-018-25666-4
http://www.ncbi.nlm.nih.gov/pubmed/29740121
http://dx.doi.org/10.14814/phy2.14375
http://www.ncbi.nlm.nih.gov/pubmed/32097544
http://dx.doi.org/10.3348/kjr.2018.0356
http://dx.doi.org/10.1002/hed.24750
http://dx.doi.org/10.1016/j.jim.2017.06.010
http://dx.doi.org/10.3233/JAD-190013
http://dx.doi.org/10.1038/s41467-017-01484-6
http://dx.doi.org/10.1038/s41598-019-51373-9
http://www.ncbi.nlm.nih.gov/pubmed/31616011
http://dx.doi.org/10.1016/S1474-4422(18)30318-1
http://dx.doi.org/10.1016/j.jpainsymman.2011.03.019
http://www.ncbi.nlm.nih.gov/pubmed/21802897
http://dx.doi.org/10.1016/j.copbio.2009.01.009
http://dx.doi.org/10.1073/pnas.1222722110
http://dx.doi.org/10.1371/journal.pone.0112548
http://dx.doi.org/10.1089/lrb.2015.0013

Cancers 2020, 12, 2280 20 of 25

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Gonzalez-Garay, M.L.; Aldrich, M.B.; Rasmussen, J.C.; Guilliod, R, Lapinski, PE; King, PD.,;
Sevick-Muraca, E.M. A novel mutation in CELSRI is associated with hereditary lymphedema. Vasc. Cell
2016, 8, 1. [CrossRef]

Greives, M.R,; Aldrich, M.B.; Sevick-Muraca, E.M.; Rasmussen, ].C. Near-Infrared Fluorescence Lymphatic
Imaging of a Toddler with Congenital Lymphedema. Pediatrics 2017, 139. [CrossRef]

Akita, S.; Mitsukawa, N.; Rikihisa, N.; Kubota, Y.; Omori, N.; Mitsuhashi, A.; Tate, S.; Shozu, M.; Satoh, K.
Early diagnosis and risk factors for lymphedema following lymph node dissection for gynecologic cancer.
Plast. Reconstr. Surg. 2013, 131, 283-290. [CrossRef]

Yamamoto, T.; Yamamoto, N.; Doi, K.; Oshima, A.; Yoshimatsu, H.; Todokoro, T.; Ogata, F.; Mihara, M.;
Narushima, M.; Iida, T.; et al. Indocyanine green-enhanced lymphography for upper extremity lymphedema:
A novel severity staging system using dermal backflow patterns. Plast. Reconstr. Surg. 2011, 128, 941-947.
[CrossRef] [PubMed]

Yamamoto, T.; Yamamoto, N.; Fuse, Y.; Narushima, M.; Koshima, I. Optimal sites for supermicrosurgical
lymphaticovenular anastomosis: An analysis of lymphatic vessel detection rates on 840 surgical fields in
lower extremity lymphedema patients. Plast. Reconstr. Surg. 2018, 142, 924e-930e. [CrossRef] [PubMed]
Yamamoto, T.; Narushima, M.; Yoshimatsu, H.; Yamamoto, N.; Kikuchi, K.; Todokoro, T.; Iida, T,
Koshima, I. Dynamic indocyanine green (ICG) lymphography for breast cancer-related arm lymphedema.
Ann. Plast. Surg. 2014, 73, 706-709. [CrossRef] [PubMed]

Chang, D.W.; Suami, H.; Skoracki, R. A prospective analysis of 100 consecutive lymphovenous bypass cases
for treatment of extremity lymphedema. Plast. Reconstr. Surg. 2013, 132, 1305-1314. [CrossRef] [PubMed]
Yamamoto, T.; Matsuda, N.; Doi, K.; Oshima, A.; Yoshimatsu, H.; Todokoro, T.; Ogata, F.; Mihara, M.;
Narushima, M,; lida, T.; et al. The earliest finding of indocyanine green lymphography in asymptomatic
limbs of lower extremity lymphedema patients secondary to cancer tratment: The modified dermal backflow
stage and concept of subclinical lymphedema. Plast. Reconstr. Surg. 2011, 128, 314e-321e. [CrossRef]
Unno, N.; Inuzuka, K.; Suzuki, M.; Yamamoto, N.; Sagara, D.; Nishiyama, M.; Konno, H. Preliminary
experience with a novel fluorescence lymphography using indocyanine green in patients with secondary
lymphedema. J. Vasc. Surg. 2007, 45, 1016-1021. [CrossRef]

Yamamoto, T.; Narushima, M.; Doi, K.; Oshima, A.; Ogata, F.; Mihara, M.; Koshima, I.; Mundinger, G.S.
Characteristic indocyanine green lymphography findings in lower extremity lymphedema: The generation
of a novel lymphedema severity staging system using dermal backflow patterns. Plast. Reconstr. Surg.
2011, 127, 1979-1986. [CrossRef]

Stacker, S.A.; Williams, S.P; Karnezis, T.; Shayan, R.; Fox, S.B.; Achen, M.G. Lymphangiogenesis and
lymphatic vessel remodelling in cancer. Nat. Rev. Cancer 2014, 14, 159-172. [CrossRef]

Hurst, N.J.; Dominello, M.; Dyson, G.; Jaratli, H.; Sharma, M.; Ahmed, Y.K.; Melkane, A.E.; Rose, C.; Jacobs, J.;
Giorgadze, T; et al. Intratumoral lymphatic vessel density as a predictor of progression-free and overall
survival in locally advanced laryngeal/hypopharyngeal cancer. Head Neck 2016, 38 (Suppl. 1), E417-E420.
[CrossRef] [PubMed]

Kataru, R.P; Ly, C.L; Shin, J.; Park, HJ.; Baik, J.E.; Rehal, S.; Ortega, S.; Lyden, D.; Mehrara, B.J.
Tumor Lymphatic Function Regulates Tumor Inflammatory and Immunosuppressive Microenvironments.
Cancer Immunol. Res. 2019, 7, 1345-1358. [CrossRef]

Kwon, S.; Agollah, G.D.; Wu, G.; Chan, W.; Sevick-Muraca, E.M. Direct visualization of changes of lymphatic
function and drainage pathways in lymph node metastasis of BI6F10 melanoma using near-infrared
fluorescence imaging. Biomed. Opt. Express 2013, 4, 967-977. [CrossRef]

Kwon, S.; Velasquez, E.C.; Sevick-Muraca, E.M. Near-infrared fluorescence lymphatic imaging in vascular
endothelial growth factor-C overexpressing murine melanoma. Biomed. Opt. Express 2018, 9, 4631-4637.
[CrossRef]

Rouhani, S.J.; Eccles, J.D.; Riccardi, P.; Peske, J.D.; Tewalt, E.F.; Cohen, J.N.; Liblau, R.; Mikinen, T.;
Engelhard, V.H. Roles of lymphatic endothelial cells expressing peripheral tissue antigens in CD4 T-cell
tolerance induction. Nat. Commun. 2015, 6, 6771. [CrossRef] [PubMed]

Card, C.M.; Yu, S.S.; Swartz, M.A. Emerging roles of lymphatic endothelium in regulating adaptive immunity.
J. Clin. Investig. 2014, 124, 943-952. [CrossRef] [PubMed]

Tewalt, E.F; Cohen, ].N.; Rouhani, S.J.; Engelhard, V.H. Lymphatic endothelial cells—Key players in
regulation of tolerance and immunity. Front. Immunol. 2012, 3, 305. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/s13221-016-0035-5
http://dx.doi.org/10.1542/peds.2015-4456
http://dx.doi.org/10.1097/PRS.0b013e318277870f
http://dx.doi.org/10.1097/PRS.0b013e3182268cd9
http://www.ncbi.nlm.nih.gov/pubmed/21681123
http://dx.doi.org/10.1097/PRS.0000000000005042
http://www.ncbi.nlm.nih.gov/pubmed/30239498
http://dx.doi.org/10.1097/SAP.0b013e318285875f
http://www.ncbi.nlm.nih.gov/pubmed/24322632
http://dx.doi.org/10.1097/PRS.0b013e3182a4d626
http://www.ncbi.nlm.nih.gov/pubmed/24165613
http://dx.doi.org/10.1097/PRS.0b013e3182268da8
http://dx.doi.org/10.1016/j.jvs.2007.01.023
http://dx.doi.org/10.1097/PRS.0b013e31820cf5df
http://dx.doi.org/10.1038/nrc3677
http://dx.doi.org/10.1002/hed.24011
http://www.ncbi.nlm.nih.gov/pubmed/25641342
http://dx.doi.org/10.1158/2326-6066.CIR-18-0337
http://dx.doi.org/10.1364/BOE.4.000967
http://dx.doi.org/10.1364/BOE.9.004631
http://dx.doi.org/10.1038/ncomms7771
http://www.ncbi.nlm.nih.gov/pubmed/25857745
http://dx.doi.org/10.1172/JCI73316
http://www.ncbi.nlm.nih.gov/pubmed/24590280
http://dx.doi.org/10.3389/fimmu.2012.00305
http://www.ncbi.nlm.nih.gov/pubmed/23060883

Cancers 2020, 12, 2280 21 of 25

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Wei, Y,; Shi, D.; Liang, Z.; Liu, Y.; Li, Y;; Xing, Y.; Liu, W.; Ai, Z.; Zhuang, J.; Chen, X,; et al. IL-17A secreted
from lymphatic endothelial cells promotes tumorigenesis by upregulation of PD-L1 in hepatoma stem cells.
J. Hepatol. 2019, 71, 1206-1215. [CrossRef] [PubMed]

Lane, R.S.; Femel, J.; Breazeale, A.P.; Loo, C.P.; Thibault, G.; Kaempf, A.; Mori, M.; Tsujikawa, T.; Chang, Y.H.;
Lund, A.W. IFNvy-activated dermal lymphatic vessels inhibit cytotoxic T cells in melanoma and inflamed
skin. J. Exp. Med. 2018, 215, 3057-3074. [CrossRef]

Humbert, M.; Hugues, S.; Dubrot, J. Shaping of Peripheral T Cell Responses by Lymphatic Endothelial Cells.
Front. Immunol. 2016, 7, 684. [CrossRef]

Tewalt, E.E; Cohen, J.N.; Rouhani, S.J.; Guidi, C.J.; Qiao, H.; Fahl, S.P; Conaway, M.R.; Bender, T.P,; Tung, K.S.;
Vella, A.T.; et al. Lymphatic endothelial cells induce tolerance via PD-L1 and lack of costimulation leading to
high-level PD-1 expression on CD8 T cells. Blood 2012, 120, 4772-4782. [CrossRef]

Alitalo, A.; Detmar, M. Interaction of tumor cells and lymphatic vessels in cancer progression. Oncogene
2012, 31, 4499-4508. [CrossRef]

Rosenbluth, J.M.; Overmoyer, B.A. Inflammatory Breast Cancer: A Separate Entity. Curr. Oncol. Rep.
2019, 21, 86. [CrossRef] [PubMed]

Agollah, G.D.; Wu, G.; Sevick-Muraca, E.M.; Kwon, S. In vivo lymphatic imaging of a human inflammatory
breast cancer model. J. Cancer 2014, 5, 774-783. [CrossRef] [PubMed]

Morfoisse, E.; Tatin, F.; Chaput, B.; Therville, N.; Vaysse, C.; Métivier, R.; Malloizel-Delaunay, J.; Pujol, F.;
Godet, A.-C.; De Toni, F,; et al. Lymphatic Vasculature Requires Estrogen Receptor-« Signaling to Protect
from Lymphedema. Arterioscler. Thromb. Vasc. Biol. 2018, 38, 1346-1357. [CrossRef] [PubMed]

Hidding, J.T.; Beurskens, C.H.G.; van der Wees, PJ.; Bos, W.C.A.M.; van der Nijhuis Sanden, M.W.G.;
van Laarhoven, HW.M. Changes in volume and incidence of lymphedema during and after treatment with
docetaxel, doxorubicin, and cyclophosphamide (TAC) in patients with breast cancer. Support. Care Cancer
2018, 26, 1383-1392. [CrossRef] [PubMed]

Stolarz, A.J.; Sarimollaoglu, M.; Marecki, J.C.; Fletcher, TW.; Galanzha, E.I; Rhee, S.W.; Zharov, V.P;
Klimberg, V.S.; Rusch, N.J. Doxorubicin Activates Ryanodine Receptors in Rat Lymphatic Muscle Cells to
Attenuate Rhythmic Contractions and Lymph Flow. . Pharmacol. Exp. Ther. 2019, 371, 278-289. [CrossRef]
Armer, ].M.,; Ballman, K.V,; McCall, L.; Ostby, PL.; Zagar, E.; Kuerer, HM.; Hunt, KK.; Boughey, J.C.
Factors Associated with Lymphedema in Women with Node-Positive Breast Cancer Treated with Neoadjuvant
Chemotherapy and Axillary Dissection. JAMA Surg. 2019, 154, 800-809. [CrossRef]

Ridner, S.H.; Dietrich, M.S.; Spotanski, K.; Doersam, ] K.; Cowher, M.S.; Taback, B.; McLaughlin, S.; Ajkay, N.;
Boyages, J.; Koelmeyer, L.; et al. A Prospective Study of L-Dex Values in Breast Cancer Patients Pretreatment
and Through 12 Months Postoperatively. Lymphat. Res. Biol. 2018, 16, 435-441. [CrossRef]

Iyigun, Z.E.; Duymaz, T,; llgun, A.S.; Alco, G.; Ordu, C.; Sarsenov, D.; Aydin, A.E.; Celebi, FE.; Izci, F,; Eralp, Y.;
et al. Preoperative Lymphedema-Related Risk Factors in Early-Stage Breast Cancer. Lymphat. Res. Biol. 2018,
16, 28-35. [CrossRef]

Finegold, D.N.; Schacht, V.; Kimak, M.A.; Lawrence, E.C.; Foeldi, E.; Karlsson, ].M.; Baty, C.J.; Ferrell, R.E.
HGF and MET mutations in primary and secondary lymphedema. Lymphat. Res. Biol. 2008, 6, 65-68.
[CrossRef]

Newman, B.; Lose, F; Kedda, M.-A; Francois, M.; Ferguson, K.; Janda, M.; Yates, P.; Spurdle, A.B.; Hayes, S.C.
Possible genetic predisposition to lymphedema after breast cancer. Lymphat. Res. Biol. 2012, 10, 2-13.
[CrossRef]

Hadizadeh, M.; Mohaddes Ardebili, S.M.; Salehi, M.; Young, C.; Mokarian, F.; McClellan, J.; Xu, Q.;
Kazemi, M.; Moazam, E.; Mahaki, B.; et al. GJA4/Connexin 37 Mutations Correlate with Secondary
Lymphedema Following Surgery in Breast Cancer Patients. Biomedicines 2018, 6, 23. [CrossRef]

Kwon, S.; Price, R.E. Characterization of internodal collecting lymphatic vessel function after surgical
removal of an axillary lymph node in mice. Biomed. Opt. Express 2016, 7, 1100-1115. [CrossRef] [PubMed]
Kwon, S.; Agollah, G.D.; Wu, G.; Sevick-Muraca, E.M. Spatio-temporal changes of lymphatic contractility
and drainage patterns following lymphadenectomy in mice. PLoS ONE 2014, 9, e106034. [CrossRef]

Blum, K.S.; Proulx, S.T.; Luciani, P; Leroux, J.-C.; Detmar, M. Dynamics of lymphatic regeneration and flow
patterns after lymph node dissection. Breast Cancer Res. Treat. 2013, 139, 81-86. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jhep.2019.08.034
http://www.ncbi.nlm.nih.gov/pubmed/31499129
http://dx.doi.org/10.1084/jem.20180654
http://dx.doi.org/10.3389/fimmu.2016.00684
http://dx.doi.org/10.1182/blood-2012-04-427013
http://dx.doi.org/10.1038/onc.2011.602
http://dx.doi.org/10.1007/s11912-019-0842-y
http://www.ncbi.nlm.nih.gov/pubmed/31414257
http://dx.doi.org/10.7150/jca.9835
http://www.ncbi.nlm.nih.gov/pubmed/25368678
http://dx.doi.org/10.1161/ATVBAHA.118.310997
http://www.ncbi.nlm.nih.gov/pubmed/29650694
http://dx.doi.org/10.1007/s00520-017-3907-1
http://www.ncbi.nlm.nih.gov/pubmed/29127528
http://dx.doi.org/10.1124/jpet.119.257592
http://dx.doi.org/10.1001/jamasurg.2019.1742
http://dx.doi.org/10.1089/lrb.2017.0070
http://dx.doi.org/10.1089/lrb.2016.0045
http://dx.doi.org/10.1089/lrb.2008.1524
http://dx.doi.org/10.1089/lrb.2011.0024
http://dx.doi.org/10.3390/biomedicines6010023
http://dx.doi.org/10.1364/BOE.7.001100
http://www.ncbi.nlm.nih.gov/pubmed/27446639
http://dx.doi.org/10.1371/journal.pone.0106034
http://dx.doi.org/10.1007/s10549-013-2537-7
http://www.ncbi.nlm.nih.gov/pubmed/23613202

Cancers 2020, 12, 2280 22 of 25

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Yamaji, Y.; Akita, S.; Akita, H.; Miura, N.; Gomi, M.; Manabe, I; Kubota, Y.; Mitsukawa, N. Development of a
mouse model for the visual and quantitative assessment of lymphatic trafficking and function by in vivo
imaging. Sci. Rep. 2018, 8, 5921. [CrossRef] [PubMed]

Kwon, S.; Janssen, C.F; Velasquez, F.C.; Zhang, S.; Aldrich, M.B.; Shaitelman, S.F.; DeSnyder, S.M.;
Sevick-Muraca, E.M. Radiation Dose-Dependent Changes in Lymphatic Remodeling. Int. ]. Radiat. Oncol.
Biol. Phys. 2019, 105, 852-860. [CrossRef]

Olson, L.E.; Wilson, J.E,; Cox, ].D. Cutaneous lymphoid hyperplasia: Results of radiation therapy. Radiology
1985, 155, 507-509. [CrossRef]

Narayanan, S.A.; Ford, J.; Zawieja, D.C. Impairment of lymphatic endothelial barrier function by X-ray
irradiation. Int. J. Radiat. Biol. 2019, 95, 562-570. [CrossRef]

Avraham, T.; Yan, A.; Zampell, ].C.; Daluvoy, S.V.; Haimovitz-Friedman, A.; Cordeiro, A.P.; Mehrara, B.J.
Radiation therapy causes loss of dermal lymphatic vessels and interferes with lymphatic function by
TGF-betal-mediated tissue fibrosis. Am. J. Physiol. Cell Physiol. 2010, 299, C589-C605. [CrossRef]

Jayaraj, A.; Raju, S.; May, C.; Pace, N. The diagnostic unreliability of classic physical signs of lymphedema.
J. Vasc. Surg. Venous Lymphat. Disord. 2019, 7, 890-897. [CrossRef]

Armer, ].M.; Ballman, K.V,; McCall, L.; Armer, N.C.; Sun, Y.; Udmuangpia, T.; Hunt, K K.; Mittendorf, E.A;
Byrd, D.R.; Julian, T.B.; et al. Lymphedema symptoms and limb measurement changes in breast cancer
survivors treated with neoadjuvant chemotherapy and axillary dissection: Results of American College of
Surgeons Oncology Group (ACOSOG) Z1071 (Alliance) substudy. Support. Care Cancer 2019, 27, 495-503.
[CrossRef] [PubMed]

Qin, E.S.; Bowen, M.J.; Chen, W.F. Diagnostic accuracy of bioimpedance spectroscopy in patients with
lymphedema: A retrospective cohort analysis. |. Plast. Reconstr. Aesthet. Surg. 2018, 71,1041-1050. [CrossRef]
[PubMed]

Spitz, J.A.; Chao, A.; Peterson, D.M.; Subramaniam, V.; Prakash, S.; Skoracki, R.]. Bioimpedance spectroscopy
is not associated with a clinical diagnosis of breast cancer-related lymphedema. Lymphology 2019, 52, 134-142.
[PubMed]

Yamamoto, T.; Yamamoto, N.; Yoshimatsu, H.; Narushima, M.; Koshima, I. Factors Associated with Lower
Extremity Dysmorphia Caused by Lower Extremity Lymphoedema. Eur. |. Vasc. Endovasc. Surg. 2017, 54,
69-77. [CrossRef]

Cheng, M.-H.; Pappalardo, M.; Lin, C.; Kuo, C.-F,; Lin, C.-Y.; Chung, K.C. Validity of the Novel Taiwan
Lymphoscintigraphy Staging and Correlation of Cheng Lymphedema Grading for Unilateral Extremity
Lymphedema. Ann. Surg. 2018, 268, 513-525. [CrossRef]

Douglass, ].; Kelly-Hope, L. Comparison of Staging Systems to Assess Lymphedema Caused by Cancer
Therapies, Lymphatic Filariasis, and Podoconiosis. Lymphat. Res. Biol. 2019, 17, 550-556. [CrossRef]
[PubMed]

Campisi, C.; Campisi, C.; Accogli, S.; Campisi, C.; Boccardo, F. Lymphedema staging and surgical indications
in geriatric age. BMC Geriatr. 2010, 10, A50. [CrossRef]

Koelmeyer, L.A.; Borotkanics, R.J.; Alcorso, J.; Prah, P.; Winch, C.J.; Nakhel, K.; Dean, C.M.; Boyages, ]. Early
surveillance is associated with less incidence and severity of breast cancer-related lymphedema compared
with a traditional referral model of care. Cancer 2019, 125, 854-862. [CrossRef] [PubMed]

Stout Gergich, N.L.; Pfalzer, L.A.; McGarvey, C.; Springer, B.; Gerber, L.H.; Soballe, P. Preoperative assessment
enables the early diagnosis and successful treatment of lymphedema. Cancer 2008, 112, 2809-2819. [CrossRef]
Gutierrez, C.; Karni, R.J.; Naqvi, S.; Aldrich, M.B.; Zhu, B.; Morrow, ].R.; Sevick-Muraca, E.M.; Rasmussen, ].C.
Head and Neck Lymphedema: Treatment Response to Single and Multiple Sessions of Advanced Pneumatic
Compression Therapy. Otolaryngol. Head Neck Surg. 2019, 160, 622-626. [CrossRef]

Aldrich, M.; Guilliod, R.; Fife, C.E.; Maus, E.A.; Smith, L.A.; Rasmussen, J.C.; Sevick-Muraca, E.M. Lymphatic
abnormalities in the normal contralateral arms of subjects with breast cancer-related lymphedema as assessed
by near-infrared fluorescent imaging. Biomed. Opt. Express 2012, 3, 1256-1265. [CrossRef] [PubMed]

Pain, S.J.; Purushotham, A.D.; Barber, RW.; Ballinger, J.R.; Solanki, C.K.; Mortimer, PS.; Peters, A.M.
Variation in lymphatic function may predispose to development of breast cancer-related lymphoedema. Eur.
J. Surg. Oncol. 2004, 30, 508-514. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/s41598-018-23693-9
http://www.ncbi.nlm.nih.gov/pubmed/29651026
http://dx.doi.org/10.1016/j.ijrobp.2019.07.054
http://dx.doi.org/10.1148/radiology.155.2.3983402
http://dx.doi.org/10.1080/09553002.2019.1562253
http://dx.doi.org/10.1152/ajpcell.00535.2009
http://dx.doi.org/10.1016/j.jvsv.2019.04.013
http://dx.doi.org/10.1007/s00520-018-4334-7
http://www.ncbi.nlm.nih.gov/pubmed/29980907
http://dx.doi.org/10.1016/j.bjps.2018.02.012
http://www.ncbi.nlm.nih.gov/pubmed/29650264
http://www.ncbi.nlm.nih.gov/pubmed/31874125
http://dx.doi.org/10.1016/j.ejvs.2017.02.032
http://dx.doi.org/10.1097/SLA.0000000000002917
http://dx.doi.org/10.1089/lrb.2018.0063
http://www.ncbi.nlm.nih.gov/pubmed/30789319
http://dx.doi.org/10.1186/1471-2318-10-S1-A50
http://dx.doi.org/10.1002/cncr.31873
http://www.ncbi.nlm.nih.gov/pubmed/30521080
http://dx.doi.org/10.1002/cncr.23494
http://dx.doi.org/10.1177/0194599818823180
http://dx.doi.org/10.1364/BOE.3.001256
http://www.ncbi.nlm.nih.gov/pubmed/22741072
http://dx.doi.org/10.1016/j.ejso.2004.02.008
http://www.ncbi.nlm.nih.gov/pubmed/15135478

Cancers 2020, 12, 2280 23 of 25

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Burnand, K.M.; Glass, D.M.; Mortimer, P.S.; Peters, A.M. Lymphatic dysfunction in the apparently clinically
normal contralateral limbs of patients with unilateral lower limb swelling. Clin. Nucl. Med. 2012, 37, 9-13.
[CrossRef]

de Almeida, C.A.; Lins, EMM.; Brandao, S.C.S.; Ferraz, A.A.B.; Pinto, FC.M.; de Barros Marques, S.R.
Lymphoscintigraphic abnormalities in the contralateral lower limbs of patients with unilateral lymphedema.
J. Vasc. Surg. Venous Lymphat. Disord. 2017, 5, 363-369. [CrossRef]

Tan, I.C.; Maus, E.A.; Rasmussen, J.C.; Marshall, M.V.; Adams, K.E.; Fife, C.E.; Smith, L.A.; Chan, W.;
Sevick-Muraca, E.M. Assessment of Lymphatic Contractile Function After Manual Lymphatic Drainage
Using Near-Infrared Fluorescence Imaging. Arch. Phys. Med. Rehabil. 2011, 92, 756-764.el. [CrossRef]
[PubMed]

Adams, K.E.; Rasmussen, J.C.; Darne, C.; Tan, I.-C.; Aldrich, M.B.; Marshall, M.V; Fife, C.E.; Maus, E.A.;
Smith, L.A.; Guilloid, R.; et al. Direct evidence of lymphatic function improvement after advanced pneumatic
compression device treatment of lymphedema. Biomed. Opt. Express 2010, 1, 114-125. [CrossRef] [PubMed]
Maus, E.A.; Tan, I.C.; Rasmussen, ].C.; Marshall, M.V.; Fife, C.E.; Smith, L.A.; Guilliod, R.; Sevick-Muraca, E.M.
Near-infrared fluorescence imaging of lymphatics in head and neck lymphedema. Head Neck 2012, 34,
448-453. [CrossRef]

Boccardo, F,; Casabona, F.; De Cian, E; Friedman, D.; Villa, G.; Bogliolo, S.; Ferrero, S.; Murelli, F.; Campisi, C.
Lymphedema microsurgical preventive healing approach: A new technique for primary prevention of arm
lymphedema after mastectomy. Ann. Surg. Oncol. 2009, 16, 703-708. [CrossRef] [PubMed]

Inbal, A.; Teven, C.M.; Chang, D.W. Latissimus dorsi flap with vascularized lymph node transfer for
lymphedema treatment: Technique, outcomes, indications and review of literature. J. Surg. Oncol. 2017, 115,
72-77. [CrossRef]

Carl, HM.; Walia, G.; Bello, R.; Clarke-Pearson, E.; Hassanein, A.H.; Cho, B.; Pedreira, R.; Sacks, ].M.
Systematic Review of the Surgical Treatment of Extremity Lymphedema. ]. Reconstr. Microsurg. 2017, 33,
412-425. [CrossRef]

Gould, D.J.; Mehrara, B.J.; Neligan, P; Cheng, M.-H.; Patel, KM. Lymph node transplantation for the
treatment of lymphedema. . Surg. Oncol. 2018, 118, 736-742. [CrossRef] [PubMed]

Gratzon, A.; Schultz, J.; Secrest, K.; Lee, K.; Feiner, J.; Klein, R.D. Clinical and Psychosocial Outcomes of
Vascularized Lymph Node Transfer for the Treatment of Upper Extremity Lymphedema after Breast Cancer
Therapy. Ann. Surg. Oncol. 2017, 24, 1475-1481. [CrossRef]

Schaverien, M.V.; Aldrich, M.B. New and Emerging Treatments for Lymphedema. Semin. Plast. Surg.
2018, 32, 48-52. [CrossRef] [PubMed]

Sharkey, A.R.; King, S.W.; Ramsden, A.].; Furniss, D. Do surgical interventions for limb lymphoedema reduce
cellulitis attack frequency? Microsurgery 2017, 37, 348-353. [CrossRef] [PubMed]

Nguyen, A.T.; Suami, H.; Hanasono, M.M.; Womack, V.A.; Wong, E.C.; Chang, E.I. Long-term outcomes
of the minimally invasive free vascularized omental lymphatic flap for the treatment of lymphedema.
J. Surg. Oncol. 2017, 115, 84-89. [CrossRef] [PubMed]

Mihara, M.; Hara, H.; Tange, S.; Zhou, H.P.,; Kawahara, M.; Shimizu, Y.; Murai, N. Multisite Lymphaticovenular
Bypass Using Supermicrosurgery Technique for Lymphedema Management in Lower Lymphedema Cases.
Plast. Reconstr. Surg. 2016, 138, 262-272. [CrossRef] [PubMed]

Gennaro, P.; Gabriele, G.; Salini, C.; Chisci, G.; Cascino, E; Xu, J.-F; Ungari, C. Our supramicrosurgical
experience of lymphaticovenular anastomosis in lymphoedema patients to prevent cellulitis. Eur. Rev. Med.
Pharmacol. Sci. 2017, 21, 674-679.

Mihara, M.; Hara, H.; Furniss, D.; Narushima, M.; lida, T.; Kikuchi, K.; Ohtsu, H.; Gennaro, .; Gabriele, G.;
Murai, N. Lymphaticovenular anastomosis to prevent cellulitis associated with lymphoedema. Br. J. Surg.
2014, 101, 1391-1396. [CrossRef]

Rasmussen, J.C.; Aldrich, M.B.; Tan, L.-C.; Darne, C.; Zhu, B.; O’'Donnell, T.F,; Fife, C.E.; Sevick-Muraca, E.M.
Lymphatic transport in patients with chronic venous insufficiency and venous leg ulcers following sequential
pneumatic compression. |. Vasc. Surg. Venous Lymphat. Disord. 2016, 4, 9-17. [CrossRef]

Son, A.; O'Donnell, T.E; Izhakoff, J.; Gaebler, J.A.; Niecko, T.; Iafrati, M.A. Lymphedema-associated
comorbidities and treatment gap. J. Vasc. Surg. Venous Lymphat. Disord. 2019, 7, 724-730. [CrossRef]

Dean, S.M.; Valenti, E.; Hock, K.; Leffler, J.; Compston, A.; Abraham, W.T. The clinical characteristics of lower
extremity lymphedema in 440 patients. J. Vasc. Surg. Venous Lymphat. Disord. 2020. [CrossRef]


http://dx.doi.org/10.1097/RLU.0b013e31823931f5
http://dx.doi.org/10.1016/j.jvsv.2016.11.008
http://dx.doi.org/10.1016/j.apmr.2010.12.027
http://www.ncbi.nlm.nih.gov/pubmed/21530723
http://dx.doi.org/10.1364/BOE.1.000114
http://www.ncbi.nlm.nih.gov/pubmed/21258451
http://dx.doi.org/10.1002/hed.21538
http://dx.doi.org/10.1245/s10434-008-0270-y
http://www.ncbi.nlm.nih.gov/pubmed/19139964
http://dx.doi.org/10.1002/jso.24347
http://dx.doi.org/10.1055/s-0037-1599100
http://dx.doi.org/10.1002/jso.25180
http://www.ncbi.nlm.nih.gov/pubmed/30129675
http://dx.doi.org/10.1245/s10434-016-5614-4
http://dx.doi.org/10.1055/s-0038-1635116
http://www.ncbi.nlm.nih.gov/pubmed/29636654
http://dx.doi.org/10.1002/micr.30115
http://www.ncbi.nlm.nih.gov/pubmed/27661464
http://dx.doi.org/10.1002/jso.24379
http://www.ncbi.nlm.nih.gov/pubmed/27439587
http://dx.doi.org/10.1097/PRS.0000000000002254
http://www.ncbi.nlm.nih.gov/pubmed/27348659
http://dx.doi.org/10.1002/bjs.9588
http://dx.doi.org/10.1016/j.jvsv.2015.06.001
http://dx.doi.org/10.1016/j.jvsv.2019.02.015
http://dx.doi.org/10.1016/j.jvsv.2019.11.014

Cancers 2020, 12, 2280 24 of 25

115.

116.

117.

118.

119.

120.

121.
122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

Rasmussen, J.C.; Zhu, B.; Morrow, J.R.; Aldrich, M.B.; Sahihi, A.; Harlin, A.; Fife, C.E.; O’'Donnell, T.F,, Jr.;
Sevick-Muraca, E.M. Degradation of Lymphatic Anatomy and Function in Early Venous Insufficiency. J. Vasc.
Surg. Venous Lymphat. Disord. 2020, in press.

Bouta, E.M.; Wood, R.W.; Perry, S.W.; Brown, E.B.; Ritchlin, C.T.; Xing, L.; Schwarz, E.M. Measuring intranodal
pressure and lymph viscosity to elucidate mechanisms of arthritic flare and therapeutic outcomes. Ann. N. Y.
Acad. Sci. 2011, 1240, 47-52. [CrossRef] [PubMed]

Benaglio, F,; Vitolo, B.; Scarabelli, M.; Binda, E.; Bugatti, S.; Caporali, R.; Montecucco, C.; Manzo, A. The
draining lymph node in rheumatoid arthritis: Current concepts and research perspectives. BioMed Res. Int.
2015, 2015, 420251. [CrossRef] [PubMed]

Aldrich, M.B.; Velasquez, EC.; Kwon, S.; Azhdarinia, A.; Pinkston, K.; Harvey, B.R.; Chan, W.; Rasmussen, ].C.;
Ross, R.F; Fife, C.E.; et al. Lymphatic delivery of etanercept via nanotopography improves response to
collagen-induced arthritis. Arthritis Res. Ther. 2017, 19, 116. [CrossRef] [PubMed]

Rahimi, H.; Bell, R.; Bouta, E.M.; Wood, R.W.; Xing, L.; Ritchlin, C.T.; Schwarz, E.M. Lymphatic imaging to
assess rheumatoid flare: Mechanistic insights and biomarker potential. Arthritis Res. Ther. 2016, 18, 194.
[CrossRef] [PubMed]

Joos, E.; Bourgeois, P.; Famaey, ].P. Lymphatic disorders in rheumatoid arthritis. Semin. Arthritis Rheum.
1993, 22, 392-398. [CrossRef]

Grillet, B.; Dequeker, ]. Rheumatoid lymphedema. J. Rheumatol. 1987, 14, 1095-1097. [PubMed]

Mulherin, D.M.; FitzGerald, O.; Bresnihan, B. Lymphedema of the upper limb in patients with psoriatic
arthritis. Semin. Arthritis Rheum. 1993, 22, 350-356. [CrossRef]

Rajasekhar, L.; Habibi, S.; Sudhakar, P.; Gumdal, N. Lymphatic obstruction as a cause of extremity edema in
systemic lupus erythematosus. Clin. Rheumatol. 2013, 32 (Suppl. 1), S11-S13. [CrossRef]

Hampton, H.R,; Bailey, ].; Tomura, M.; Brink, R.; Chtanova, T. Microbe-dependent lymphatic migration of
neutrophils modulates lymphocyte proliferation in lymph nodes. Nat. Commun. 2015, 6, 7139. [CrossRef]
[PubMed]

Khandpur, R.; Carmona-Rivera, C.; Vivekanandan-Giri, A.; Gizinski, A.; Yalavarthi, S.; Knight, J.S.; Friday, S.;
Li, S.; Patel, R.M.; Subramanian, V.; et al. NETs are a source of citrullinated autoantigens and stimulate
inflammatory responses in rheumatoid arthritis. Sci. Transl. Med. 2013, 5, 178ra40. [CrossRef] [PubMed]
Martinod, K.; Wagner, D.D. Thrombosis: Tangled up in NETs. Blood 2014, 123, 2768-2776. [CrossRef]
[PubMed]

Teerachaisakul, M.; Ekataksin, W.; Durongwatana, S.; Taneepanichskul, S. Risk factors for cellulitis in patients
with lymphedema: A case-controlled study. Lymphology 2013, 46, 150-156. [PubMed]

Ohkuma, M.; Okada, E. Bradykinin, PGE2, and Interleukin-6 (IL-6) involved in pathogenesis of acute
cellulitis in lymphedema. Lymphology 1998, 31, s231-s232.

Ellis Simonsen, S.M.; van Orman, E.R.; Hatch, B.E.; Jones, S.S.; Gren, L.H.; Hegmann, K.T.; Lyon, ].L. Cellulitis
incidence in a defined population. Epidemiol. Infect. 2006, 134, 293-299. [CrossRef] [PubMed]

Hersh, A.L.; Chambers, H.F.; Maselli, ].H.; Gonzales, R. National trends in ambulatory visits and antibiotic
prescribing for skin and soft-tissue infections. Arch. Intern. Med. 2008, 168, 1585-1591. [CrossRef]
Solucient (Firm). DRG Handbook: Comparative Clinical and Financial Benchmarks 2006; Solucient: Evanston, IL,
USA, 2006; ISBN 978-1-57372-356-5.

Gunderson, C.G.; Martinello, R.A. A systematic review of bacteremias in cellulitis and erysipelas. J. Infect.
2012, 64, 148-155. [CrossRef]

Weng, Q.Y.; Raff, A.B.; Cohen, ].M.; Gunasekera, N.; Okhovat, J.-P.; Vedak, P;; Joyce, C.; Kroshinsky, D.;
Mostaghimi, A. Costs and Consequences Associated with Misdiagnosed Lower Extremity Cellulitis.
JAMA Dermatol. 2017, 153, 141-146. [CrossRef]

Connor, M.P.;; Gamelli, R. Challenges of cellulitis in a lymphedematous extremity: A case report. Cases .
2009, 2, 9377. [CrossRef]

Kasai-Sakamoto, A.; Yokoyama, Y.; Mizunuma, H. A case of cellulitis that complicated lymphedema of the
lower limb and produced systemic inflammatory response syndrome (SIRS). Eur. J. Gynaecol. Oncol. 2006, 27,
419-421. [PubMed]

Swartz, M.N. Clinical practice. Cellulitis. N. Engl. ]. Med. 2004, 350, 904-912. [CrossRef] [PubMed]

Chira, S.; Miller, L.G. Staphylococcus aureus is the most common identified cause of cellulitis: A systematic
review. Epidemiol. Infect. 2010, 138, 313-317. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1749-6632.2011.06237.x
http://www.ncbi.nlm.nih.gov/pubmed/22172039
http://dx.doi.org/10.1155/2015/420251
http://www.ncbi.nlm.nih.gov/pubmed/25793195
http://dx.doi.org/10.1186/s13075-017-1323-z
http://www.ncbi.nlm.nih.gov/pubmed/28566090
http://dx.doi.org/10.1186/s13075-016-1092-0
http://www.ncbi.nlm.nih.gov/pubmed/27586634
http://dx.doi.org/10.1016/S0049-0172(05)80031-9
http://www.ncbi.nlm.nih.gov/pubmed/3509983
http://dx.doi.org/10.1016/S0049-0172(05)80013-7
http://dx.doi.org/10.1007/s10067-009-1268-y
http://dx.doi.org/10.1038/ncomms8139
http://www.ncbi.nlm.nih.gov/pubmed/25972253
http://dx.doi.org/10.1126/scitranslmed.3005580
http://www.ncbi.nlm.nih.gov/pubmed/23536012
http://dx.doi.org/10.1182/blood-2013-10-463646
http://www.ncbi.nlm.nih.gov/pubmed/24366358
http://www.ncbi.nlm.nih.gov/pubmed/24645538
http://dx.doi.org/10.1017/S095026880500484X
http://www.ncbi.nlm.nih.gov/pubmed/16490133
http://dx.doi.org/10.1001/archinte.168.14.1585
http://dx.doi.org/10.1016/j.jinf.2011.11.004
http://dx.doi.org/10.1001/jamadermatol.2016.3816
http://dx.doi.org/10.1186/1757-1626-2-9377
http://www.ncbi.nlm.nih.gov/pubmed/17009642
http://dx.doi.org/10.1056/NEJMcp031807
http://www.ncbi.nlm.nih.gov/pubmed/14985488
http://dx.doi.org/10.1017/S0950268809990483
http://www.ncbi.nlm.nih.gov/pubmed/19646308

Cancers 2020, 12, 2280 25 of 25

138.
139.

140.

141.

142.

Maclellan, R.A.; Greene, A.K. Lymphedema. Semin. Pediatr. Surg. 2014, 23, 191-197. [CrossRef] [PubMed]
Crisp, J.G.; Takhar, S.S.; Moran, G.J.; Krishnadasan, A.; Dowd, S.E.; Finegold, S.M.; Summanen, PH.;
Talan, D.A.; Emergency ID Net Study Group. Inability of polymerase chain reaction, pyrosequencing, and
culture of infected and uninfected site skin biopsy specimens to identify the cause of cellulitis. Clin. Infect. Dis.
2015, 61, 1679-1687. [CrossRef]

Karaca-Mandic, P,; Hirsch, A.T.; Rockson, S.G.; Ridner, S.H. The Cutaneous, Net Clinical, and Health Economic
Benefits of Advanced Pneumatic Compression Devices in Patients with Lymphedema. JAMA Dermatol.
2015, 151, 1187-1193. [CrossRef]

Blumberg, S.N.; Berland, T.; Rockman, C.; Mussa, F; Brooks, A.; Cayne, N.; Maldonado, T. Pneumatic
Compression Improves Quality of Life in Patients with Lower-Extremity Lymphedema. Ann. Vasc. Surg.
2016, 30, 40—44. [CrossRef]

Kwon, S.; Velasquez, F.C.; Rasmussen, ].C.; Greives, M.R.; Turner, K.D.; Morrow, ].R.; Hwu, W.-].; Ross, R.E;
Zhang, S.; Sevick-Muraca, E.M. Nanotopography-based lymphatic delivery for improved anti-tumor
responses to checkpoint blockade immunotherapy. Theranostics 2019, 22, 8332-8343. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1053/j.sempedsurg.2014.07.004
http://www.ncbi.nlm.nih.gov/pubmed/25241097
http://dx.doi.org/10.1093/cid/civ655
http://dx.doi.org/10.1001/jamadermatol.2015.1895
http://dx.doi.org/10.1016/j.avsg.2015.07.004
http://dx.doi.org/10.7150/thno.35280
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Near-Infrared Fluorescence Lymphatic Imaging (NIRF-LI) 
	Anatomy and Function of Upper and Lower Extremity Lymphatics 
	Anatomy and Function of Cranial/Cervical Lymphatics 
	NIRF-LI Taxonomy of Lymphatic Dysfunction 

	Lymphatic Responses to Cancer Progression and Cancer Treatment 
	The Effects of Metastasis and Cancer Progression on Lymphatic Function 
	The Role of Lymph Node Dissection and RT on Lymphatic Function 

	Diagnostic Imaging of Dysfunctional Lymphatics for Staging and Treatment of Lymphedema 
	Diagnosis of Lymphatic Dysfunction and Its Treatment in Patients at Risk for Cancer Acquired Lymphedema 
	Imaging Lymphatic Response to LE Treatment 

	Conditions and Comorbidities Associated Lymphatic Dysfunction and Lymphedema 
	Chronic Venous Disease (CVD) 
	Inflammatory/Rheumatological Diseases 
	Cellulitis 

	Conclusions and Perspectives 
	References

