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Abstract

Lymphedema is a chronic, incurable disease affecting patients who undergo high-risk
cancer treatments. Advances in microsurgical techniques have paved the way for the
development of techniques that can prevent or treat this unrelenting condition. In this article
we discuss microsurgical interventions for the prevention and treatment of lymphedema,
as well as the role of robotics in lymphatic surgery.
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1. Introduction
Lymphedema is a chronic, progressive condition characterized by impaired drainage

of protein-rich lymph fluid, leading to debilitating swelling, lipogenesis, and soft tissue
fibrosis [1]. In developed countries, lymphedema most commonly occurs secondary to ia-
trogenic injury to the lymphatic system during the treatment of various malignancies, most
commonly breast cancer. Major risk factors for the development of breast cancer-related
lymphedema (BCRL) include invasive cancer, age older than 65 years, axillary lymph node
dissection (ALND), regional radiation therapy (RT), taxane-based chemotherapy, high body
mass index, subclinical edema, and cellulitis [2–5].

BCRL is estimated to affect up to 40% of patients who have a history of high-risk
breast cancer [5]. Diagnosis of BCRL is not immediate after the inciting event. In patients
without adjuvant RT, onset of lymphedema peaks at around 6 to 12 months; in those
that have received adjuvant RT, onset is at around 18 to 24 months [6]. Once it develops,
lymphedema requires lifelong management with compression and dedicated lymphedema
therapy. Diagnostic criteria for lymphedema vary widely and may be based on interlimb
volume difference, interlimb circumference difference, a relative volume change of the same
limb, changes in bioimpedance, lymphoscintigraphy, indocyanine green lymphangiography
(ICG), or patient symptomatology, depending on the institution [7].

While there is no cure for lymphedema, microsurgical advances have created opportu-
nities for prevention and treatment of this debilitating, chronic disease. Here, we present
a review of microsurgical techniques that are used for the prevention and treatment of
lymphedema including immediate lymphatic reconstruction (ILR), delayed lymphovenous
bypass (LVB), vascularized lymph node transfer (VLNT), and the application of robotic
microsurgery in lymphatic surgery.
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2. Prevention of Lymphedema: Immediate Lymphatic Reconstruction
2.1. Lymphedema Prevention in Breast Cancer

Prevention of lymphedema via immediate lymphovenous bypass at the time of lymph
node dissection was originally described by Boccardo et al. in 2009 and has since been
adopted by microsurgeons worldwide in the setting of breast, urological, gynecological,
soft tissue, and cutaneous malignancies [8,9]. This operation occurs immediately after
removal of the lymph nodes. The goal is to identify and re-route lymphatic channels that
were transected during the nodal extirpation to preserve lymphatic drainage from the
adjacent extremity.

Prophylactic ILR begins with reverse mapping of the lymphatic channels that drain
the affected extremity using isosulfan blue, indocyanine green, or fluorescein dye. During
the lymph node dissection, dyed channels are identified, and length into the lymph nodes
is preserved. After completion of the lymph node dissection, transected channels are
anastomosed to a nearby vein; in axillary dissections for the treatment of breast cancer,
this is typically a branch of the axillary vein. Anastomoses may be done in an end-to-end,
end-to-side, sleeve, or arborized fashion. Technique may influence lymphedema rates,
but studies controlling for anastomosis type in ILR have not been performed. Patency is
confirmed by visualization of isosulfan blue, indocyanine green, or fluorescein dye flowing
proximally into the vein. This technique re-establishes flow of lymphatic fluid from the
extremity into the venous circulation to prevent accumulation of fluid in the soft tissues of
the adjacent extremity.

Numerous studies have demonstrated significant reductions in BCRL rates after ILR.
In the original description in 2009, Boccardo et al. performed ILR in 18 patients and found a
lymphedema rate of 0% on lymphoscintigraphy at 6 and 12 months after surgery [8]. Their
follow-up study in 2014 demonstrated a BCRL rate of 4.05% in 78 patients, citing a steep
learning curve as the reason for lymphedema development in three patients [10].

More recent studies have further demonstrated the benefit of ILR after ALND [11].
A retrospective series of 66 patients who underwent ILR demonstrated a lymphedema
rate of 6% at a mean 250-day follow-up compared to 44% in a retrospective control group
that underwent ALND with no ILR [12]. In a retrospective review of 90 patients who
underwent ILR over a 4-year period, of which 87% underwent adjuvant radiotherapy
(RT), only 9% of patients met criteria for a diagnosis of lymphedema at the conclusion
of the study period [13]. This is a significant reduction from the 33.4% lymphedema risk
in patients undergoing ALND and RT without ILR [14]. In a randomized controlled trial
comparing patients who underwent ILR after axillary dissection with those who did not,
the cumulative lymphedema incidence at 24 months after surgery was 9.5% in the ILR
group vs. 32% in the non-ILR group [15]. A meta-analysis from 2022 which included four
studies with control and treatment groups demonstrated a risk reduction of developing
BCRL of 0.22 in the ILR group and a number needed to treat of four in order to prevent one
case of BCRL [16].

Patients with obesity, defined as a BMI of 30 kg/m2 or greater, may have higher rates
of BCRL after ILR. Wainwright et al. found an overall BCRL rate of 9.4% in 341 patients
who underwent ILR. Subgroup analysis demonstrated a 14% rate of BCRL in patients
with BMI > 30 kg/m2 compared to 6.5% in patients with BMI < 30 kg/m2 [5]. This study
suggests that, despite the higher risk of developing BCRL, ILR may still be protective in
this high-BMI population, although potentially less so than in patients with normal BMI.

The short-term benefit to ILR in BCRL has been clearly demonstrated in the litera-
ture [3,4,15]. Long-term studies that elucidate whether ILR fully prevents lymphedema or
whether it merely delays progression to lymphedema are forthcoming.
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2.2. Lymphedema Prevention in Soft Tissue Sarcoma

The majority of studies exploring the benefits of ILR discuss prevention of upper-
extremity lymphedema due to the high prevalence of breast cancer in today’s population.
However, it is important to note that the second highest incidence of lymphedema occurs
in the soft tissue sarcoma population [17]. Over 40% of sarcomas occur in the extremities,
and the lower extremities are disproportionately affected compared to the upper extrem-
ities [18,19]. The venous and lymphatic systems of the lower extremities are exposed to
higher pressures than those of the upper extremities, making the management of lower-
extremity lymphedema much more difficult. This is particularly true in patients with
sarcoma in the medial thigh, as this location has a dense lymphatic network within the soft
tissue [20].

The primary treatment of soft tissue sarcomas is radical resection. Although nodal
metastases and lymph node dissection are not routine in these malignancies, RT is often
recommended in high-grade tumors in neoadjuvant or adjuvant settings.

Studies assessing rates of clinically significant lymphedema in patients who have
undergone soft tissue sarcoma resection have reported lymphedema rates in the range of
9–30% [17,21]. Risk factors for the development of lymphedema after sarcoma treatment
include high-dose RT, RT field length < 35 cm, tumor depth, tumors < 5 cm, and lower-
extremity tumor location [21].

Multiple studies have reported on the efficacy of ILR in lower-extremity soft tissue
sarcomas, primarily for high-risk tumors involving the thigh. Uyulmaz et al. performed ILR
in 11 patients who underwent resection of soft tissue sarcomas of the medial thigh. Nineteen
patients underwent ILR via immediate lymphovenous bypass as described above for BCRL.
Two patients that had no suitable vein for LVB underwent primary lympho-lymphatic
anastomosis, and two patients that had neither veins nor lymphatic channels available
within the wound underwent extralesional LVB. Four of 11 patients (36%) developed
clinical lymphedema; one patient developed progressive lymphedema, and three patients
developed moderate lymphedema treated with compression [17].

A retrospective cohort study compared patients undergoing medial thigh tumor
resection who underwent ILR with patients undergoing resection with no lymphatic
reconstruction [22]. In this study, all ILR procedures were performed at the foot or superior
edge of the knee via extralesional LVB. Eight patients underwent ILR at the time of tumor
resection: three patients underwent LVB at the knee and foot, while five patients underwent
LVB in the foot alone. Of these patients, none developed pitting edema or a difference
in limb circumference at 6 months postoperatively. One patient developed mild swelling
of the affected leg after RT, but circumferential measurements and ICG remained normal.
In the group that underwent resection with no lymphatic reconstruction, 45% of patients
reported lower-extremity swelling at 22 months. The authors recommended performing
ILR in select patients who are at high risk of developing lymphedema after soft tissue
tumor resection [22].

Indications for pursuing ILR in patients undergoing sarcoma resection have not been
firmly established. Early reports have demonstrated decreased lymphedema rates in the
early postoperative period, which may be beneficial with regards to wound healing. Addi-
tional studies are needed to explore the long-term benefit of ILR in this patient population.

In patients undergoing sarcoma resection with large anticipated soft tissue defects in
which critical lymphatic channels have been resected, vascularized lymph vessel transfer
(VLVT) may also be considered for the prevention of lymphedema. VLVT involves the
transfer of skin and subcutaneous tissue with lymph channel orientation, or lymph axiality,
that is similar to that of the defect site. Inset of the VLVT lymphatic channels within 2 cm
of the recipient site lymph vessels is critical for the prevention of lymphedema [23]. VLVT

https://doi.org/10.3390/lymphatics4020018

https://doi.org/10.3390/lymphatics4020018


Lymphatics 2026, 4, 18 4 of 12

provides an option for both soft tissue reconstruction and lymphatic channel reconstruction
without microsurgical or supermicrosurgical techniques.

2.3. Lymphedema Prevention in Other Malignancies

Prophylactic LVB for gynecologic and urologic cancers may be considered after in-
guinal lymph node dissection for the prevention of lower-extremity lymphedema. ILR
in these cases has shown favorable results, although patient sample sizes are small and
long-term results are limited [24,25]. ILR for cutaneous malignancies, however, remains
highly controversial due to the potential for systemic spread of these cancers from the
lymphatic system through the bypass.

2.4. Prophylactic Vascularized Lymph Node Transfer

Multiple centers have begun exploring prophylactic VLNT at the time of lymph node
dissection or at the time of autologous breast reconstruction in those who are at high risk of
developing upper-extremity lymphedema [26–29]. VLNT will be further discussed in the
Section 3. Additional studies establishing indications for prophylactic VLNT are needed.

3. Treatment of Lymphedema
Once lymphedema develops, there is no definitive cure. There are multiple surgical

treatment options, including microsurgical and non-microsurgical interventions, that may
decrease the severity of symptoms, severity of disease, or therapy burden.

The mainstay of lymphedema treatment postoperatively is complete decongestive
therapy (CDT). This specialized therapy, led by a certified lymphedema therapist, is split
into decongestive and maintenance phases and involves multiple treatment modalities
including compression, manual lymphatic massage, lymphatic pumps, and skincare.

Operative treatment modalities for lymphedema include ablative and physiologic
procedures. Ablative procedures aim to remove skin and/or subcutaneous fat from the
affected limb with the goal of decreasing limb volume and facilitating CDT. Ablative proce-
dures include liposuction, subcutaneous soft tissue excision, and the Charles procedure, the
last of which has largely fallen out of favor [1]. Physiologic procedures aim to re-establish
normal lymphatic flow by redirecting excess lymphatic fluid centrally.

In this section we discuss the treatment of fluid-dominant disease with physiologic
microsurgical procedures. There is no standard treatment algorithm for these physiologic
procedures that is agreed upon by all lymphedema centers, as the management of lym-
phedema requires a patient-centered approach that focuses on the specific characteristics of
their disease.

3.1. Delayed Lymphovenous Bypass

Microsurgical lymphovenous bypass for the treatment of lymphedema was initially
described in 1977 [30]. Since that time, improvements in technology and refinements in
microsurgical technique have paved the way for modern supermicrosurgery, defined as
anastomosis of vessels that are less than 0.8 mm in diameter. In this procedure, lymphatic
fluid is re-routed from an abnormal lymphatic channel to a nearby venule to decrease the
fluid burden of the affected limb.

Traditionally, delayed LVB is considered in patients who have early fluid-dominant
disease and adequate targets for bypass. More recent studies have demonstrated the
feasibility of delayed LVB in patients with advanced-stage lymphedema with the addi-
tion of advanced imaging modalities such as magnetic resonance lymphangiography and
ultrasonography [31,32]. Patients undergo ICG in the preoperative setting to visualize
suitable channels that demonstrate interruption of normal lymph flow or terminate in
dermal backflow. This is typically repeated on the day of surgery for precise incision
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planning. Visualization of nearby venules may be performed with the assistance of a near-
infrared vein finder or ultrasonography. An incision is made where a selected lymphatic
and patent venule are near one another. The incision is infiltrated with local anesthetic,
and 0.1 cc of isosulfan blue dye may be injected 2 cm distal to the planned incision for ease
with identification of the lymphatic channels. The incision is made, vessels are identified,
and a bypass is performed between the distal lymphatic and proximal venule. The most
common techniques for anastomosis in LVB are end-to-end or end-to-side anastomoses,
although intussusception of multiple lymphatics into a vein may also be performed [33].
There are currently no head-to-head studies examining the superiority of one anastomotic
technique over another. However, it is critical to confirm anastomotic patency by visualiza-
tion of isosulfan blue dye or lymphatic fluid flowing into the venule after completion of
the anastomosis.

Delayed LVB is associated with decreased limb volume measurements, fewer celluli-
tis episodes, and improved quality of life [34]. A randomized controlled trial assessing
100 women with early-stage lymphedema who underwent either delayed LVB or CDT
demonstrated improved physical and mental function in patients who underwent LVB,
with 40% completely or partially stopping the use of compression garments. There was
no significant difference or improvement in limb volume or limb circumference in either
group [35]. In a prospective study assessing 140 patients over a 24 mo period there were
improvements in lymphedema staging, pain, heaviness, quality of life, and general health.
There was a reduction in the number of days and hours per day that patients wore com-
pression garments from before to 24 months after LVB in both upper- and lower-extremity
groups. Interestingly, delayed LVB may not change limb volume or circumference measure-
ments despite improvements in quality-of-life measures and time spent in compression [34].

Delayed LVB has also demonstrated some benefit for patients with lower-extremity
lymphedema after soft tissue sarcoma resection, although protocols for treatment in this
population are not yet well established. One study reported delayed LVB for management
of lymphedema and lymphorrhea in two patients after sarcoma resection from the medial
thigh. LVBs were performed 1 week and 1 month after tumor resection. Both patients
demonstrated symptomatic improvement after lymphatic bypass [36].

If the patient does not improve or has persistent symptoms after LVB, repeat imaging
may be considered to evaluate for the presence of new lymphatic targets that were not
previously visualized. If there are no suitable channels for bypass or if the disease is too
severe, VLNT may be considered.

3.2. Vascularized Lymph Node Transfer

Vascularized lymph node transfer involves the transfer of a free flap containing lymph
nodes and a vascular pedicle to an area affected by lymphedema. Depending on the donor
site selected, the flap may also contain a skin and subcutaneous tissue component. In the
early postoperative period, the VLNT serves as a lymphatic pump that shunts excess fluid
into the venous circulation. Over time, the transferred nodes promote lymphangiogenesis
via increased expression of vascular endothelial growth factor [37,38].

Indications for VLNT vary by institution and are controversial [38]. Traditionally
VLNT was reserved for patients with advanced fluid-dominant lymphedema that lacked
functioning lymphatic vessels for bypass on imaging or those who demonstrated minimal
improvement after LVB [1,39]. However, given the wide variability of practice patterns in
lymphatic surgery, VLNT may be considered in earlier disease, in combination with LVB,
or in a prophylactic manner after ALND [27–29].

There are numerous donor sites available for VLNT, with all options demonstrating
equivalent improvements in lymphedema postoperatively [40]. Common donor sites
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include submental, supraclavicular, lateral thoracic, gastroepiploic, mesenteric, and groin
lymph nodes [38,40]. The risks of donor site morbidity must be weighed carefully when
selecting donor nodes. Among these risks is the development of secondary lymphedema
distal to the lymph node donor site, which could be devastating in a patient already
suffering from lymphedema in another limb. Omental/gastroepiploic lymph node transfer
has become increasingly popular in the last decade [41]. The intra-abdominal nodes are an
attractive choice for VLNT due to the low risk of secondary lymphedema; to our knowledge,
secondary lymphedema has never been reported after harvest of the gastroepiploic lymph
nodes. The omentum may be harvested laparoscopically or robotically and may be split into
two flaps for dual-level VLNT or bilateral-extremity VLNT in cases of bilateral lymphedema.
The disadvantages of the omental flap include entry into the peritoneal cavity, the lack of a
cutaneous component, and a risk of pancreatitis [38,40]. Submental and supraclavicular
nodes also carry a low risk of secondary lymphedema but are harvested at the cost of
scarring in visible areas. The inguinal lymph nodes offer a much more hidden scar but
have the highest risk of secondary lymphedema amongst the listed options.

Recipient site selection in the lymphedematous limb remains controversial. The VLNT
may be anastomosed and inset in the proximal limb, typically at or near the site of lymph
node dissection, or in the distal limb, where disease is usually more severe. Proximal
placement of the transferred lymph nodes allows for scar release and resurfacing with well-
vascularized tissue. However, prior surgery and radiation therapy may make identification
of adequate recipient vessels in this hostile area considerably more difficult. Placement of
the VLNT in a non-anatomic location in the distal limb maximizes the pump mechanism of
the flap and may exhibit better volume reduction compared to more proximal placement of
the flap [38]. A major disadvantage of distal flap placement is the aesthetic appearance of
the limb, as there is typically a visible scar, skin graft, or skin paddle when flaps are placed
distally where there is paucity of soft tissue. Recipient location selection should be made in
a collaborative approach with the patient given these advantages and disadvantages.

Lymph node transfer has shown positive results in the management of lym-
phedema [42]. In a systematic review of 17 studies analyzing VLNT for BCRL, those that
reported volumetric outcomes demonstrated a mean reduction in limb volume difference
between limbs of 40.31% after VLNT [43]. A randomized controlled trial comparing VLNT
to a control group demonstrated significant reductions in limb volume, infection, subjective
symptoms, and overall cost in the VLNT group [44]. VLNT has also been associated with
significant improvements in overall quality of life, pain, and heaviness using a validated
lymphedema quality-of-life questionnaire [45]. In a study comparing CDT, LVB, and VLNT
with and without breast reconstruction, VLNT demonstrated greater improvements in limb
circumferential differences, circumferential reduction rates, and cellulitis when compared
to LVB or CDT [46].

3.3. Combination Procedures

Given that lymphedema is a sequela of high-risk breast cancer treatments, patients
with lymphedema will often seek breast reconstruction. There have been conflicting reports
on the effect breast reconstruction has on the development of BCRL. Some studies have
reported a lower incidence of BCRL or longer time to development of lymphedema in
patients who have undergone breast reconstruction alone without lymphedema-specific
interventions [47,48]. It is hypothesized that the transfer of vascularized tissue for breast
reconstruction can bridge damaged lymphatics and address scarring after cancer interven-
tions [48]. However, other studies have found no association between the incidence of
lymphedema and breast reconstruction [46,49].
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Given these conflicting reports in the literature, a recent meta-analysis aimed to define
the relative risk of lymphedema after breast reconstruction. The authors analyzed 11 studies
which encompassed 10,403 breasts. Their findings demonstrated a significantly lower risk
of lymphedema in patients who underwent breast reconstruction compared with those who
underwent mastectomy and breast conservation therapy combined. In subgroup analysis,
the authors also found a significantly lower risk of lymphedema in patients undergoing
breast reconstruction compared with mastectomy alone but found no difference in BCRL
rates between breast reconstruction and breast conservation therapy groups [50].

In patients seeking both treatment of BCRL and breast reconstruction, VLNT may be
performed simultaneously with autologous breast reconstruction. This may be performed
either as a single flap containing both soft tissue and nodes (i.e., abdominal-based flap with
groin lymph nodes or latissimus dorsi flap with lateral thoracic lymph nodes) or two distinct
flaps, with one providing soft tissue reconstruction and the other containing nodes [39].
Abdominal-based reconstruction is most often accomplished with a deep inferior epigastric
artery perforator (DIEP) flap or muscle-sparing transverse rectus abdominis myocutaneous
flap with groin lymph nodes.

The lymph node basin of the groin used for VLNT is supplied by the superficial
circumflex iliac artery and vein. When performing an abdominal-based free flap combined
with lymph nodes from the groin, reverse lymphatic mapping with Technetium or isosulfan
blue and ICG is essential to spare the lymph nodes critical to lower-extremity lymphatic
drainage, thus avoiding the development of donor site lymphedema. Typically the superfi-
cial groin lymph nodes are harvested with the flap, while the deep groin lymph nodes are
preserved to drain the lower extremity [51]. Markings for the abdominal flap are similar
to those for a standard abdominal-based free flap, but all vessels should be dissected to
maximum length to facilitate tension-free microvascular anastomosis. Additional arte-
rial or venous anastomoses may need to be performed for perfusion of the lymph nodes
depending on the perfusion of the nodes based on the deep inferior epigastric system [51].

4. Robotic-Assisted Microsurgery
The use of robotics in the treatment of lymphedema is relatively new, with early studies

describing successful robotic-assisted microsurgical procedures for extremity lymphedema,
central lymphatic disorders, and breast lymphedema [52–55]. The MUSA (Microsure,
Eindhoven, The Netherlands) was introduced in 2020 as the first dedicated microsurgical
robotic system [52]. Since that time multiple systems have emerged, with only the Symani
Surgical System (Medical Microinstruments, Inc., Wilmington, DE, USA) approved by the
FDA for use in the United States.

The success of LVB relies heavily on technical precision given the size and delicate
nature of the lymphatic channels and venules; likewise, successful supermicrosurgical
anastomosis of vascular structures depends on anastomotic patency. The microsurgical
robot provides numerous advantages compared to manual microsurgery in technically
demanding anastomoses [53]. Features of the microsurgical robot such as tremor reduction
and motion scaling, or slowing down of the surgeon’s hand movements, decrease inefficient
movement and increase surgical precision [52,53]. Additionally, the Symani Surgical System
provides an augmented range of motion with seven degrees of freedom compared to
manual microsurgery. Intraoperative photos of a robotic LVB performed at our institution
can be seen in Figures 1 and 2.
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Figure 1. Robotic-assisted delayed lymphovenous bypass, prior to anastomosis.

 

Figure 2. Robotic-assisted delayed lymphovenous bypass, securing anastomosis with
11-0 nylon suture.

In their study of 10 robotic-assisted microsurgical anastomoses, Lindenblatt et al.
found the robot to provide high-accuracy suture placement, particularly in small, fragile
vessels or vessels with notable size mismatch [53]. The robot may also provide an advan-
tage in deep anatomical planes that are otherwise difficult to reach in manual surgery,
opening the door to perform bypasses in areas that were previously too small or distant to
consider [56].
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A systematic review analyzing 13 studies in which 225 robotic LVBs were performed
demonstrated comparable patient outcomes between robot-assisted and manual groups in
both upper- and lower-extremity groups. There was a significantly longer procedure time
in the robotic-assisted groups, which was attributed to the steep learning curve associated
with use of the robot [57].

Disadvantages of the robot include the high cost of the robotic system, increased
operating time, need for training of the surgeon and operating room staff, time required
to prepare the surgical field, lack of manual feedback, and steep learning curve for the
operator [52,57,58]. Further studies are needed to establish a cost–benefit analysis and to
refine indications for use of the robot in lymphatic surgery.

5. Conclusions
Lymphedema is associated with decreased quality of life in patients that have already

undergone rigorous cancer treatments. Although lymphedema has no cure, microsurgical
treatments have shown promising outcomes in the prevention and treatment of this chronic
disease. Further studies are needed to evaluate long-term outcomes and refine surgical
indications for these technically demanding procedures.
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