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MRI of Lymphedema
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Lymphedema is a devastating disease that has no cure. Management of lymphedema has evolved rapidly over the past
two decades with the advent of surgeries that can ameliorate symptoms. MRI has played an increasingly important role in
the diagnosis and evaluation of lymphedema, as it provides high spatial resolution of the distribution and severity of soft
tissue edema, characterizes diseased lymphatic channels, and assesses secondary effects such as fat hypertrophy. Many
different MR techniques have been developed for the evaluation of lymphedema, and the modality can be tailored to suit
the needs of a lymphatic clinic. In this review article we provide an overview of lymphedema, current management options,

and the current role of MRI in lymphedema diagnosis and management.

Evidence Level: 5
Technical Efficacy: Stage 5

ymphedema affects 3—5 million Americans and 200 mil-

lion people worldwide." This chronic disease occurs from
impaired transport of lymph, resulting in accumulation of
proteinaceous fluid in the interstitial compartment and a
cycle of T-cell-mediated inflammation, fibrosis of lymphatic
vessels, and adipose deposition.”™ This may be further com-
plicated by episodic cellulitis, lymphangitis, and, infrequently,
secondary cutaneous angiosarcoma.”®

Lymphedema onset is insidious and is characterized by
progressive swelling, typically in one or more extremities
(Fig. 1).” Hallmark symptoms include discomfort, heaviness,
numbness, skin thickening, disfigurement, and functional
deficits, which can have a devastating impact to patients’
physical, functional, and psychosocial well-being.*” There is
a high financial cost as well; lymphedema-related US hospital-
izations from 2012 to 2017 resulted in greater than $1 billion
of reimbursed costs, with most patients facing additional out-
of-pocket costs.'™'?

There is currendy no cure for lymphedema. Current
treatments aim to slow the inevitable progression of the disease
and to improve the function of the part of the body burdened
with lymphedema. Given the complex pathophysiology and
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manifestation of their disease, patients with lymphedema benefit
from a multdisciplinary approach to management, driven pri-
marily by certified lymphedema physical therapists, vascular
imaging
specialists.'” Conservative strategies, such as manual lymp-

medicine, lymphatic surgery, and, increasingly,
hatic drainage and use of compression garments or pneumatic
devices, are aimed at reducing limb volume and slowing disease
progression.M*l(’ Other nonoperative management strategies
include skin care to prevent cellulitis, and, if necessary, lifestyle
and dietary habits to reduce body mass index.

Surgical interventions for the treatment of lymph-
edema have gained popularity in recent decades with
the advancements of microsurgical techniques (Fig. 2).Y7
Physiologic procedures such as vascularized lymph node
transfer and lymphovenous bypass are aimed at correcting
the underlying disease process. These techniques are partic-
ularly useful for patients with earlier-staged lymphedema,
as they rely on identifiable and functional lymphatic
vessels prior to adipose hypertrophy and fibrosis. For
patients with chronic lymphedema, debulking procedures
such as suction lipectomy of the affected extremity reduce

. . . . 14,18
limb volume by removing excess adipose tissue.

View this article online at wileyonlinelibrary.com. DOI: 10.1002/jmri.28496

Received Jul 5, 2022, Accepted for publication Oct 7, 2022.

*Address reprint requests to: L.L.T., 330 Brookline Avenue, ANSIN 230, Boston, Massachusetts 02215, USA. E-mail: Itsail@bidmc.harvard.edu
Betsa Parsai Salehi and Robert Carson Sibley are co-first authors.

From the 1Department of Radiology, Beth Israel Deaconess Medical Center, Boston, Massachusetts, USA; 2Department of Radiology, Stanford Medical Center,
Stanford, California, USA; *Division of Plastic and Reconstructive Surgery, Department of Surgery, Beth Israel Deaconess Medical Center, Boston,
Massachusetts, USA; and *Atrius Health, Newton, Massachusetts, USA

© 2022 International Society for Magnetic Resonance in Medicine.

977


https://orcid.org/0000-0002-7565-8275
https://orcid.org/0000-0001-5075-5071
https://orcid.org/0000-0003-2204-8163
https://orcid.org/0000-0003-3316-7467
https://orcid.org/0000-0001-6941-7443
mailto:ltsai1@bidmc.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjmri.28496&domain=pdf&date_stamp=2022-10-22

Journal of Magnetic Resonance Imaging

Moreover, debulking procedures can be performed as a

first-stage step in surgical management prior to vascularized

lymph node transplant.!”?' As disease severity, mani-

ymp p y

festations, and response to treatment often vary between
p y

patients, a tailored approach to care is often necessary to

achieve maximum disease control and align with patient goals.

FIGURE 1: Patient with left lower extremity lymphedema with a
56% volume difference between right and left leg.

Lymphatic Imaging

One of the main challenges in imaging lymphedema is the
difficulty in directly visualizing the lymphatic system. Lymph
vessels are nearly an order of magnitude smaller than the
blood vasculature, measuring 0.4—0.8 mm in diameter, and
lymphatic flow is 1-2 orders of magnitude slower than
venous or arterial flow. The thoracic duct, the largest lymph
vessel, measures only 5 mm in diameter. Unlike blood vessels,
lymphatic system also contains lymph nodes that serve as
focal collectors for afferent vessels (Fig. 3). Cannulation of
lymphatic vessels other than the thoracic duct is often not
possible unless they are abnormally (typically congenitally)
enlarged. Injection into lymph nodes is limited by anatomy
to evaluation of central lymphatics as lymph does not flow
peripherally. Peripheral vessel assessment, therefore, relies on
absorption and transport of contrast from intradermal/
subcutaneous capillary beds into the vessels.

Imaging can detail other features of lymphedema in addi-
tion to direct assessment of the lymphatic vessels, for example,
fluid accumulation in the soft tissues, fat hypertrophy, and skin
thickening. This is beneficial for treatment planning as the
main physical exam findings for lymphedema, swelling and
edema, are nonspecific, as reflected by the International Society
of Lymphology (ISL) grade, which is currently the only univer-
sal staging system in use (Table 1). Imaging-based evaluation
of lymphedema is now used routinely for diagnostic confirma-
tion and the evaluation of disease severity and distribution for
treatment planning and response assessment.”> > Here, we
will review the different ways by which MRI is used for the
evaluation of lymphedema.

MRI of Lymphedema: Background and Techniques

Multiple imaging modalities have been used to characterize
the lymphatic system. These are summarized in Table 2.
MRI offers several advantages by providing high-resolution
anatomical detail and soft tissue contrast with pulse sequences
that can be adjusted to highlight edema, fat, or contrast
agents, while avoiding exposure to ionizing radiation. MR

FIGURE 2: Examples of different surgical approaches to lymphedema treatment. (a) Pre and post images of an upper extremity
debulking with the collection canister showing total fat (*) removed. (b) Lymph node transplant (arrow) into a lower extremity.
(c) Lymphovenous bypass showing the anastomosis (*); each etched square on the blue backplate measures 1 mm.
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FIGURE 3: Diagram of lymphatic drainage. Lymphatic channels
from the extremities drain into lymph nodes at the axilla and
inguinal regions, which can resorb lymph and send efferent
channels more centrally. Central lymphatics drain primarily into
the thoracic duct (*), which directly communicates with the left
subclavian vein.

lymphangiography (MRL) offers superior resolution to
lymphoscintigraphy and can resolve lymphatic channels like
ICG and high-resolution US without depth limitations.*
Additionally, MRI can image large portions of the body within
a single imaging session, for example, covering from the feet to
the termination of the thoracic duct at the left subclavian vein.

The flexibility of MR pulse sequences allows MRI to be
used in many ways to assess lymphedema. This ranges from
direct visualization of lymphatic channels to assessment of
secondary effects such as fat hypertrophy (Table 3).

MR lymphangiography techniques can be divided into
two categories: contrast-enhanced and noncontrast. Lymph has
an inherently high T2 relaxation time of ~600 msec at
3.0 T,* and most protocols employ a version of a heavily
T2-weighted sequence to image the lymphatic channels or to
assess for edema.”””' Sequences that directly image the lym-
phatic vessels without exogenous contrast have been termed
noncontrast MR lymphography (NCMRL). NCMRL typically
relies on 3D T2 fast/turbo spin echo sequences (FSE/TSE)
with a TR/TE of at least 3000/600.7* Fat suppression by short
tau inversion recovery (STIR) or fat separation with Dixon
technique is typically used. The images are acquired in stations
to cover the desired anatomy. Although lymph vessels are typi-
cally on a submillimeter scale,” the degree of soft tissue edema
can be characterized at an order of magnitude lower resolution
(~2-3 mm). From our experience, axial orientation allows for
optimal interpretation of edema degree and distribution, while
acquiring 3D acquisitions in the coronal orientation is more
efficient for covering large anatomic fields of view.

For contrast-enhanced MRL, gadolinium-based agents can

. . . 48,54,
be introduced intradermally, subcutaneously, or intranodally.**>*>>
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TABLE 1. International Society of Lymphology Staging
System for Extremity Lymphedema?®?

Stage Description

Stage 0 Subclinical or latent condition in which
swelling is not yet observable despite
underlying impairment in lymphatic
transport; may involve subtle tissue
changes and subjective symptoms. This
stage may exist for months or years prior

to presence of overt edema

Stage I  Early accumulation of proteinaceous fluid
that improves or temporarily resolves with
limb elevation. Pitting is variably present.
An increase in various types of

proliferating cells may be observed

Stage I Edema with pitting that does not subside

with limb elevation alone

Stage Il Lymphostatic elephantiasis involving skin
changes, including thickening, acanthosis,
and warty over growths. This may occur

with or without pitting

Detection of contrast is performed typically with fat-saturated
T1-weighted spoiled gradient recalled echo (SPGR)-based
sequences.”®>’ Spatial resolutions on the order of ~1 mm?® are typi-
cally used.”® Contrast-enhanced MRI techniques can also be com-
bined with noncontrast techniques for a more comprehensive
assessment.

Skin injections are necessary to introduce contrast into
the peripheral lymphatics. When MR contrast agents are
injected intradermally or subcutaneously into the skin, these
agents will enter dermal lymphatic capillaries, which drain
into lymphatic collecting vessels and subsequently into lymph
nodes. As lymphatic function decreases, the amount of con-
trast moved per unit time decreases. Massage of the injection
site and activation of muscle activity can speed the distribu-
tion of contrast throughout the peripheral lymphatic
vessels.”” %3

Multiple extracellular MR contrast agents have been
safely used for MR lymphangiography including gadopen-
tetate dimeglumine (Magnevist, GD-DTPA),>> gadoterate
meglumine (Dotarem, Gd-DOTA),*° gadobutrol (Gadavist,
Gd-DO3A-butrol)®>~%" (Prohance, Gd-
HPDO3A),”**%  gadodiamide (Omniscan, Gd-DTPA-
BMA),””%® and gadobenate dimeglumin (MultiHance, Gd-
BOPTA).”” A 1:1 contrast to saline dilution will yield an
approximately isotonic mixture. The injection volume per site

gadoteridol

ranges from 0.5 mL to 2 mL with greater injection volumes
used for intranodal administration.’® Use of small gauge (28—
32 G) needles, mixing of contrast agents with local anesthetic,
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Type of Sequence
T2-weighted
imaging with fat
suppression

T2-weighted
imaging with fat
separation

T1-weighted
imaging with fat
separation

Purpose

Assess degree and
distribution of edema

Assess degree and
distribution of edema
Visualize dilated lymphatic

channels

Assess the degree of
subcutaneous fat
hypertrophy

Intradermal contrast agent
can be used to assess
speed of lymphatic flow,
level of central contrast
agent migration, and

areas of dermal backflow.

Smaller lymphatic vessels
can be visualized than
what are evident with
T2-weighted technique

Example Sequence Parameters

For Upper extremity: 2D STIR

Upper station (shoulder and
ipsilateral breast to elbow):

Axial orientation

40 x 20 cm FOV

384 x 192 matrix

slice thickness 6 mm

TE 52, TR = 7080 msec

echo train length 16

Lower station (elbow to hand):

16 x 14 cm FOV

192 x 174 matrix.

Other parameters are the same as
with the upper station

Acquisition time: ~ 3 min/station

3D FSE

Coronal orientation

40 cm FOV

Matrix 320 x 320 x 200
Isometric voxels ~1.3 mm
Dixon fat separation
Acceleration 3 x 2

TE 200, TR 2000 msec
Acquisition time ~4 min/station

3D SPGR

Coronal orientation

40 cm FOV.

Matrix 320 x 320 x 200
Isometric voxels ~1.3 mm
Dixon fat separation
Acceleration 3 x 1

TE 1.3/2.2 msec, TR 4 msec
Acquisition time ~2 min/station

TABLE 3. Example MRI Sequences Utilized in the Evaluation of Lymphedema at the Authors’ Institutions (Two
Separate Sites) Highlighting Some of the Sequences Used. These May be Acquired in Multiple Bed Positions to
Cover the Anatomy of Interest

Notes

Widely available, less
prone to artifacts

Heavily T2-weighted
sequences, as used in

MRCP sequences, can
also be used

In the chest and
abdomen, either
respiratory triggered or
single shot technique is

preferred

Standard clinical 3D
SPGR sequences are
acceptable, although
these should be
configured for high-

resolution acquisitions

STIR = short tau inversion recovery; FOV = field of view; FSE = fast echo; SPGR = spoiled gradient recalled echo.

and premedication of injection sites with topical anesthetic are
techniques that may be used to mitigate the pain associated
with injection.

One challenge of intradermal and subcutaneous contrast
agent injection is venous contamination, whereby contrast
agents are taken up by both lymphatic channels and slow-
concentrations

flowing  superficial ~veins at  similar

- 2,59,71 A
(Fig. 4).°>°>”" Subcutaneous injections allow a greater

April 2023

volume of contrast delivery but are associated with greater
venous contamination.” Veins are relatively larger than lym-
phatic channels with smooth walls, while lymphatic vessels
are often more tortuous in patients with lymphedema, fea-
tures that can help distinguish the two.

Venous contamination can be mitigated with a tech-
nique called dual agent relaxivity contrast (DARC) MRL.”?
In this technique, a gadolinium-based agent is injected
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FIGURE 4: MIP image from an MRL following subcutaneous
injection of gadobutrol at three locations along the dorsum of
the left hand. While lymphatic channels are demonstrated
(yellow arrows), there is substantial contamination from
superficial veins (white arrows) which demonstrate relatively
greater signal intensity which obscures the lymphatics.

intradermally or subcutaneously, similar to conventional MR
lymphangiography. Ferumoxytol (iron nanoparticles) is then
infused intravenously at 5 mg/kg or at 510 mg (diluted with
normal saline to a total volume of 60 mL). Dynamic imaging
is first performed using a short-echo T1-weighted SPGR
sequence that allows gadolinium and ferumoxytol enhanced
structures to be seen. Then muldecho T1w SPGR acquisitions
with progressively lengthened TE combinations are obtained
until complete venous suppression is achieved due to the
enhanced r2* relaxation of water molecules in the blood pool
from ferumoxytol. T1-weighted SPGR sequences are then
obtained at this optimized TE, leaving only signal contribution
from the lymphatic channels (Fig. 5). Although Dixon-based
fat separation is generally favored at 3 T due to more homoge-
nous fat saturation, vendor 3D SPGR implementations do not
allow specifying longer in-phase/out of phase echo times. Also,
per FDA guidelines, blood pressure and cardiac electrophysiol-
ogy should be monitored for 30 minutes after injection of fer-
umoxytol due to a small risk of hypersensitivity reactions.
Visualization of the central lymphatic system is typically
performed with intranodal contrast injections that bypass the
peripheral lymphatic system.”? Cannulation of the inguinal
lymph nodes is performed under ultrasound guidance and
contrast is injected directly into the nodes. The dosing for
intranodal injections is typically weight based.”*”> The
enhancement of central lymphatics occurs over a timescale of
several minutes and dynamic T1-weighted imaging is typi-
cally acquired in the coronal plane. Fat-separation, fat-satura-
tion, or subtraction techniques (eg time-resolved MR
angiography) can be used for the dynamic images that are

FIGURE 5: DARC MRL in 32-year-old female with right lower extremity lymphedema. (a) Coronal 3D SPGR TE 0.9 msec MIP
angiographic image shows enhancement of blood vasculature (red arrows) and lymphatic vasculature (yellow arrow). (b) Coronal 3D
SPGR TE 4.4 msec MIP lymphangiographic image with enhancement of lymphatic vessels (yellow arrow) and suppression of venous
signal. (c) Cor 3D T2w image with increased subcutaneous thickness and prominent epifascial edema (blue arrow).
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typically acquired with a temporal resolution on the order of
1 minute and the series acquired over ~10 minutes. Static
T1-weighted imaging can be acquired at higher resolution
focusing on areas of interest, for example, an area of stenosis,
suspected leak, retrograde flow into pulmonary lymphatics, or
retrograde flow into mesenteric lymphatics.”*

The following sections detail these different techniques
and their applications in lymphedema imaging, with a focus
on the extremities. Examples of pulse sequences and sequence
parameters are provided in Table 3, and technical-specific
reviews are also available.”®

MRI of Peripheral Lymphedema

NONCONTRAST MRI. Noncontrast MRI of peripheral
(upper or lower extremity) lymphedema is used to locate
dilated lymphatic channels, to demonstrate the spatial
distribution of edema throughout the soft tissues and to
characterize the amount of fat or muscle throughout a limb.
Additional noncontrast MRI sequences are used to compre-
hensively assess the adjacent soft tissues, in particular fat and
muscle, which can be used for therapeutic planning. For
example, assessment of the degree of fat hypertrophy can help
decide whether debulking (liposuction) would be considered
as an initial treatment step prior to consideration of a lymph
node transplant or lymphovenous bypass.

Extremity imaging can be performed at 1.5 T or 3.0 T,
using body/torso array coils. Imaging of the lower extremities
can also be performed using a vascular run-off coil. For lower
extremity lymphedema, both legs are usually imaged, as even
though one leg may be more effected, both can be involved.
Since both lower extremities are covered by the coil arrays,
imaging the contralateral extremity comes without a time
penalty. In the upper extremity, secondary lymphedema is
most associated with breast cancer treatment and is thus usu-
ally unilateral. However, comparisons to the unaffected side
are helpful for surgical planning, for example, in determining
the severity of fat hypertrophy. Upper extremity imaging is
more challenging given the width of most patients” shoulders.
Coverage of the entire upper extremity is often obtained
using the “superman” position, with the patient in a
decubitus lay, with the extremity of interest extended above
the head and covered by coils, and with the contralateral
extremity in neutral position along the patient’s side. This
position optimizes imaging, but the impact of this position
on lymphatic function is unknown and patients with
moderate-to-severe disease or arthritic shoulders may have dif-
ficulty with maintaining a raised arm position for the study
duration. Imaging with the arms in a neutral position maxi-
mizes comfort but may necessitate moving the patient to keep
each arm near the isocenter of the magnet to optimize scan
quality.”®

April 2023
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NCMRL sequences, akin to magnetic resonance cholan-
giopancreatography (MRCP), have been used to assess dilated
lymphatic channels and to characterize edema patterns in
extremities.”””” Tt has also been used to assess the degree of
edema improvement and to detect lymph nodes following
lymph node transplant.”® Patients should be requested to
refrain from compression for at least 48 hours prior to MRI
to avoid underestimation of the burden of lymphedema.”*”’
Normal peripheral lymphatic channels are usually too small
to be clearly resolved with these techniques; rather, NCMRL
is used to detect dilated vessels, which are typically the most
pronounced in primary lymphedema.”” One challenge using
NCMRL is its inability to distinguish lymphatic channels
from superficial veins, where blood flow may be slow enough
to yield a similar signal intensity as lymph. Another disadvan-
tage is the lack of functional information provided.

STIR sequences are used to obtain T2-weighted fat-
suppressed images that show the distribution and pattern
of edema, which include honeycombing, dermal thickening,
and epifascial fluid (Fig. 6). STIR and NCLMRL have
been used to characterize secondary upper and lower
lymphedema in cancer patients, correlating well with clinical
studies such as

lymphedema staging and functional

lymphoscintigraphy. 77?80

Fat hypertrophy can be assessed on T2-fat-suppressed
sequences, but a large amount of edema may obscure under-
lying fat. The use of Dixon fat-separating sequences can be
incorporated to better assess the amount of fat hypertrophy
(Fig. 7). The degree of fat deposition in the axilla has been
shown to be altered in the axilla of patients with breast cancer
treatment-related lymphedema.®' Muscle atrophy is not typi-
cally directly related to lymphedema but can be associated
with decreased activity due to symptoms or direct damage
from surgery or radiotherapy. Significant muscle atrophy in
the effected limb may mask volumetric differences due to

FIGURE 6: Axial T2-weighted fat-nulled STIR image across the
mid thighs of a 46-year-old female with chronic bilateral lower
extremity lymphedema demonstrates three hallmark features:
honeycombing (*), dermal thickening (arrows) and epifascial fluid
(arrowhead).
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edema and fat hypertrophy when comparing against the con-
tralateral limb using conventional perometry or circumferen-
tial measurements.

Noncontrast MRI provides static information and is
thus unable to relay dynamic processes, for example active
chyle leaks.” In moderate and severe cases of lymphedema,
the lymphatic channels can be obscured by adjacent and over-
lying soft tissue edema. Lastly, the resolution of noncontrast
sequences is generally lower than that of 3D gradient-echo-
based sequences used in contrast-enhanced studies.

CONTRAST-ENHANCED MR  LYMPHANGIOGRAPHY.
Contrast-enhanced MR lymphangiography essentially builds
on NCMRL as a foundation. MR contrast agents injected
into the dermis are taken up by the lymphatic system. When
the MR contrast agent is in the lymphatic system, the lym-
phatic vessel anatomy and basic flow characteristics can be
determined. Dermal backflow, classically described in lym-
phoscintigraphy and pathognomonic for lymphedema, can be
seen on contrast-enhanced MR lymphangiography.®* Dermal
backflow occurs when a contrast agent enters the collecting
lymphatics then flow retrograde through the precollecting
lymphatics and into the initial dermal collecting lymphatics.
This occurs because pressure gradients and valve failure pro-
mote lymph drainage toward the dermis. The initial dermal

FIGURE 7: Axial STIR (top) and DIXON-fat (bottom) images of
the mid forearms in a 43-year-old male with chronic left upper

extremity lymphedema. There is extensive confluent
subcutaneous fluid and dermal thickening highlighted on STIR;
however, DIXON-fat images reveal a substantial amount of fat
hypertrophy relative to the right forearm, which is not as
conspicuous on STIR.
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lymphatics, which are inherently leaky then dilate releasing
lymph into the dermis.*

In addition to dermal backflow, contrast-enhanced MR
lymphangiography allows for the characterization of both
deep and superficial lymphatic vessels. In extremities with a
healthy lymphatic system, the lymphatic vessels may not be
visualized indicating normal small diameter vessels with quick
transit of contrast agent. This can be confirmed by uptake in
proximal lymph nodes. In extremities with lymphedema, the
location, degree of dilation, and relative timing of contrast
agent opacification of lymphatic vessels can be described. The
proximal lymph nodes in the extremity with lymphedema can
be characterized by number, contrast enhancement pattern,

and relative timing of contrast enhancement.

MRI Staging Systems and Reporting for
Lymphedema

Management of lymphedema has become more complex with
the advent of surgical options. Lymphatic clinics that offer
both medical and surgical approaches are relying increasingly
more on quantitative information, for example, volumetrics
and bioimpedance. Imaging has similarly evolved to help
determine the optimal surgery or non-surgical therapy to pur-
sue and to track post-treatment change and becoming stan-
dard of care for all chronic lymphedema patients. For
example, the patient shown in Fig. 7 demonstrates both sig-
nificant epifascial/subcutaneous edema as well as fat hypertro-
phy. For this reason, the patient’s care would be optimized
by manual compression followed by debulking.

Several MRI-based staging systems and interpretative
guidelines have been developed and proposed (Table 4). Pat-
terns of edema correlate with the severity of lymphedema, in
particular the characteristic honeycomb pattern of fluid inter-
digitating throughout subcutaneous fat lobules and dermal
thickening, characteristics also seen in CT.**®® These MRI
features have been shown to correlate with dermal backflow
seen on lymphoscintigraphy.®” Similar patterns are also seen
in MRL (Fig. 8). These features seen on imaging exams allow
for differentiation from other conditions like phlebedema or
lipidema, which can be clinically challenging.”®”* Grading
systems that take into account the degree of fat and fluid con-
tributions to extremity swelling in chronic lymphedema
would assist in determining whether a patient could undergo
debulking vs. direct lymphatic repair.*®

Microreconstruction planning can require a detailed
assessment of regional lymph node characteristics and precise
depiction of the lymphatic system including number, diame-
ter, and location.”””” Patients with lower extremity edema
from a hypoplastic lymphatics benefit from lymph node
transfer, while lymphovenous bypass may be preferred for
patients with dilated lymphatic vessels.””~"

The severity of lymphedema has been shown to corre-
late with abnormal morphology and a smaller number of
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Correlation

Grading, Staging, and Severity Systems

1 = fat accumulation less than twice the width of the widest fat stripe on the

2 = fat accumulation greater than twice the width of the widest fat stripe on the
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ISL Stage

1: no DBF, and lymph vessels are visible above the knee joint. Normal, nondilated

lymphatic vessels can be seen above the knee joint and are slightly visible in the groin.
2: no DBF, and lymph vessels above the knee joint are not visible. Normal, nondilated

lymphatic vessels can be seen below the knee joint.
3: DBF appears below the knee joint, and lymph vessels are seen above the knee joint.

4: Both DBF and lymph vessels are seen below the knee joint.

5: DBF and lymph vessels are seen above the knee joint.

6: DBF is seen above the knee joint, lymph vessels are observed below the knee joint.
7: DBF appears only in the foot, and lymph vessels are not visualized proximal to the
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FIGURE 8: A 65-year-old-female with history of breast cancer
and right arm lymphedema. Cor 3D SPGR lymphangiography
demonstrates contrast flowing along prominent collecting
vessels (yellow arrows) with retrograde flow of contrast into the
dermis (yellow arrow heads). It is unclear what component of
this contrast is within a dilated lymphatic system
vs. extravasated out of the lymphatic vasculature.

inguinal lymph nodes, as well as the degree of dilation of iliac
lymphatic trunks.””%%>?¢ Dilated lower extremity lymphatic
vessels more than 2 mm have shown significant correlation
with ISL stage.”"** Dilatation of distal lymphatic vessels is
seen more in hyperplasic lymphatic patterns.”” An MR
lymphangiogram staging system that groups postcontrast lym-
phatic enhancement patterns into seven stages has been dem-
onstrated to correlate with ISL stage.®”

While we highlight several staging systems that can be
tailored to suit the needs of a specific clinic, MRI reports for
extremity lymphedema should nonetheless include several core
descriptions. These include an evaluation of the distribution
and severity of subcutaneous edema and skin thickening, the
presence of fat hypertrophy (typically compared to the contra-
lateral limb at the same levels), the presence of any dilated lym-
phatic channels if detectable, the presence of any vascular
(arterial or venous) anomalies, or any other incidental findings
that may contribute to similar symptoms as lymphedema
(eg hematoma). Anatomic description of fat and edema distri-
bution can also be tailored to the needs of the surgeon and
therapist. For example, if there is uneven distribution of edema
along a forearm with lymphedema, a surgeon deciding on an
ulnar versus radial placement of a lymph node transplant may

elect to target the area with worse edema.

MRI of the Central Lymphatics in the Assessment of
Lymphedema

The role of central lymphatic imaging is growing particularly
in the pediatric hospital setting. Central MRL can identify
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central lymphatic disorders often associated with congenital
heart disease such as pulmonary lymphatic perfusion syn-
drome and protein losing enteropathy, as well as primary
lymphedema. This technique may have a role for evaluating
intrapelvic lymphatic pathophysiology in patients with sec-
ondary lower extremity lymphedema following lymph node
dissection and/or radiation for pelvic malignancies.””*”®
Dynamic central MRL is particularly useful for evalua-
tion for chylous ascites or chylothorax. In addition to
intranodal injection, intrahepatic and intramesenteric injec-
tions have been used to evaluate central lymphatic disor-
ders.””'* Pedal intradermal/subcutaneous contrast agent
injections can also be used to obtain central lymphangio-
grams'®" and as it is technically less complex than intranodal
contrast agent injection. It is used at some centers as a prelim-
inary study as the results can often answer targeted questions
regarding lymphatic continuity (eg confirming thoracic duct
continuity following spinal surgery). However, central lymph-
angiograms from a transpedal contrast agent injection approach
can be expected to have much less contrast agent available in
the central lymphatics than a direct intranodal approach
and have a limited role in lymphedema patients with impaired
lymphatic flow that would limit or prevent the contrast agent
from reaching the central channels. T2-weighted imaging,
including fat-saturated 3D FSE and MRCP sequences like that
used in NCMRL, can also be obtained in central MRL prior

to contrast injection.

MRI of Genital Lymphedema

Genital lymphedema is rare and is typically seen concurrently
with lower extremity lymphedema. Like lower extremity
lymphedema, it can be classified as primary or secondary.
Symptoms may include swelling, heaviness, urinary inconti-
nence, and lymphorrhea from lymphatic vesicles, a condition
also known as acquired cutaneous lymphangectasia.'®* Scrotal
MR lymphangiography (Fig. 9) may be performed with

Salehi et al.: MRI of Lymphedema

intradermal injections at the base'’’ but is more commonly
done with pedal or intranodal injections.

MR findings of scrotal lymphedema include scrotal
thickening and lymphatic hyperplasia. Scoring systems have
been developed for ICG lymphangiography and lympho-
scintigraphy but not yet for MRI.'**'%> MR lymphangiogra-
phy has been used to guide lipiodol embolization of

lymphatic vasculature that refluxes into the genital region.'*

MRI of Head and Neck Lymphedema

Lymphedema can develop following head and neck cancer
treatments (Fig. 10).'”” Two patterns of lymphedema have
been described: External (head and face) and internal (phar-
ynx and larynx).'*® External head and neck lymphedema can
be assessed by using standardized toxicity criteria and tape
measurement systems.'*”''" Near-infrared fluorescence lym-
phatic imaging and sonography are conventional imaging
methods that have been used in conjugation with clinical
assessment. Head and neck lymphatic drainage patterns have
been revealed using MRL with scalp and submucosal oral cav-
ity injections.''" MRI currently has a relatively limited role in
the workup of head and neck lymphedema as treatment
options remain much more limited than for peripheral
lymphedema.

Limitations of MRI

Limitations of MRI include artifacts from implants, for exam-
ple, orthopedic hardware, or patient motion, which may
obscure areas of interest.''” There may also be restrictions on
sequences or even overall access from implants that require
reduced electromagnetic field exposures or are incompatible
with the MRI environment.''>'" Patient claustrophobia can
also limit feasibility. Lastly, MRI is more costly and less acces-
sible than other modalities such as US or ICG.

FIGURE 9: MR lymphangiography in 27-year-old male with scrotal and lower extremity lymphedema. (a) Coronal 3D SPGR MIP
angiographic image shows lymphatic vessels draining from the right inguinal lymph node (not shown) into the scrotum (yellow
arrows). (b) Cor 3D T2 w image with scrotal wall edema and honeycombing of the left thigh (blue arrows).
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FIGURE 10: Axial T2-weighted image at the upper neck of a
38-year-old with persistent facial swelling following right hemi-
glossectomy and radiation for squamous cell carcinoma.
Extensive edema overlies the mandibles bilaterally, worse on
the right with extension to the upper right neck (arrows).

Current Needs and Future Directions

MRI offers the ability to obtain high-resolution anatomic
detail of both superficial and deep lymphatic vasculature nec-
essary for surgical planning and is well positioned to become
the next imaging gold standard for the diagnosis of lymph-
edema and for therapeutic tracking. Although many systems
for diagnosing and grading lymphedema severity have been
proposed, as detailed above, most are based on single-
institutional studies based on small patient cohorts, and none
have been adopted into widespread use. Structured reporting
and standardization of nomenclature of MRI descriptors will
also be of benefit to the lymphatic community.

Current use of MRI in lymphedema has focused more
on the distribution of disease or lymphatic anatomy, rather
than lymphatic function. Lymphoscintigraphy has long
offered the ability to quantitate lymphatic transit, but MRI
can potentially offer a similar capability along with the added
advantages of avoidance of ionizing radiation and the ability
to characterize other secondary features such as fat hypertro-
phy. The ability of MRI to potentially resolve functional dif-
ference across different vessels may provide surgeons and
therapists with a way to select specific targets to prioritize
treatment or repair, or, equally important, if function has
been compromised too severely for repair to be beneficial.
Measurement of central lymphatic flow rates using MRI has
been recently performed, demonstrating its ability to quantify
function.'’®  Tron-oxide nanoparticle MRL (ION-MRL),
which uses subcutaneous injections of ferumoxytol to image
the lymphatic system, exploits the inability of interstitial

988

ferumoxytol to diffuse into the venous system, resulting in
selective lymphatic uptake.''® R2* methods have been
described for iron quantification and can thus be used to
quantitate lymphatic transit with [ON-MRL."""~"2°

Conclusion

Lymphatic anatomy and pathology present unique challenges
for diagnostic imaging, but MRI currently provides informa-
tion crucial for lymphedema treatment planning. There
remain many avenues of improvement in MR techniques and
reporting that will ultimately translate into better and stan-
dardized tools to aid surgeons and therapists in the manage-
ment of lymphedema.
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