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Abstract: Lymphedema treatment has traditionally been based on conservative therapies. In recent
years, the introduction of two microsurgical techniques—venolymphatic anastomoses and lymph-
node transplantation—have revolutionized the therapeutic approach to this disease. However,
these surgical techniques only provide a partial volume reduction, and thus, they require further
improvement. A new device called BioBridgeTM, an implantable biocompatible and biodegradable
mesh, made up of aligned nanofibrillar collagen scaffolds that mimic the collagen matrix, could
significantly improve the benefits of these surgical strategies, favoring lymphatic regeneration. In
this article, we describe our experience with three patients affected by primary lymphedema, two
treated with a lymph-node transplant, and one with venolymphatic anastomosis. All interventions
involved the placement of nanocollagen scaffolds. With each patient, non-contrast magnetic resonance
lymphography was performed for surgical planning and there was an imaging and a clinical follow-
up at 1 year. All patients showed a significant reduction in the affected areas with the demonstration
of new lymphatic vessels at MR imaging follow-up. This was a preliminary experience, and it showed
the potential benefit of positioning nonfibrillar scaffolds in combination with other microsurgical
therapies for lymphedema.

Keywords: BioBridgeTM; lymphedema; lymphedema treatment; venolymphatic anastomosis; non-
contrast magnetic resonance lymphography

1. Introduction

Lymphedema (LE) is a progressive chronic disorder characterized by the accumulation
of fluids, proteins, and cell debris in the interstitial compartment, as the result of an
impairment of lymphatic functioning. It can affect any part of the body, most commonly
the extremities, and in its early phases, it is frequently interpreted as a simple swelling or
edema. LE should be clinically distinguished from other causes of extremity edema and
enlargement due to fluid retention or osmotic imbalance, skin diseases such as erysipelas,
cardiac failure, or venous insufficiency [1]. It may be congenital (primary) or related to
cancer treatments or infectious diseases such as phylariosis (secondary) [2].

In Western countries, it represents a complication in cancer survivors with a global
incidence of 15.5% and a reported rate of up to 60% in women who have undergone
breast cancer surgery and radiotherapy [3]. Major attempts to lower the prevalence of
lymphedema have been concentrated on early diagnosis, improvements in surgical proce-
dures for cancer surgeries, and a mix of several imaging modalities that can be performed
pre-, intra-, and postoperatively, because there are still few viable therapeutic options.
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LE remains a chronic condition, characterized by progressive increase in the affected
limbs/anatomical areas, with recurrent infections and impaired quality of life.

In recent years, imaging of LE with magnetic resonance and indocyanine green lym-
phography has led to a significant development. Magnetic resonance lymphography with
or without injection of the subcutaneous contrast medium has enabled accurate detection,
staging, and characterization of the disease, with identification of aplastic, ipoplastic, and
hyperplastic LE patterns allowing doctors to target specific surgical strategies [4,5]; indo-
cyanine green lymphography represents a useful tool in surgery as it visualizes superficial
lymphatic vessels [6].

LE has traditionally been treated in conservative ways, including bandages, manual
lymphatic drainage, and physiotherapy; however, in recent years, new surgical techniques,
namely vascularized lymph-node transfer, and venolymphatic anastomoses have shown
promising results for LE treatment and have gained popularity [7,8].

Vascularized lymph node transfer consists of the harvesting of superficial lymph nodes
and surrounding fat as a tissue flap from a healthy donor site and its implantation into a
lymphedematous limb [9].

A lymph node flap includes lymph nodes and lymphatic-vessel network while avoid-
ing disrupting their normal function. Arterial and venous anastomoses are then created to
provide blood supply to the transplanted tissue flap [9].

A venolymphatic anastomosis, also known as a lymphovenous bypass, is a surgical
treatment that involves the creation of an anastomosis between overloaded lymphatic
vessels and neighboring venules near the location of the lymphatic obstruction [10]. This
approach is associated with little surgical site morbidity, as the incisions are 1-2 cm in
length, but it does require the presence of functioning lymphatic vessels [11].

Despite the benefits, both of these microsurgical techniques allow a volume reduction
of less than 60%, thus requiring further improvement [12].

Moreover, these surgical approaches are recommended in the early-middle stages of
the disease, as in later stages, LE is associated with extensive fibrosis and fat deposition [13].

A new device called BioBridgeTM (Fibralign Corporation, Union City, CA, USA)
(Figure 1), made up of biocompatible aligned nanofibrillar collagen fibers mimicking a
collagen matrix, could improve the benefits of these surgical strategies. BioBridgeTM
consists of fibrils of type 1 porcine collagen, produced as ultrathin (1-2 pm) membranes,
and further integrated into thin mesh ribbons, with wide surface area and linked cavities,
to reinforce soft tissue deficiencies [14]. Thanks to its peculiar multi-lumen structure, it
allows unidirectional capillary flow, driven by hydrostatic and oncotic pressure, which aids
the connection between two healthy tissues and the release of growth factors to stimulate
lymphatic regeneration [14]. These grafts are biomimetic, characterized by high mechanical
strength, completely absorbable [15], and designed to facilitate soft tissue strengthening.

The scaffold-aligned collagen fibrils enable endothelial cells to adhere to the scaffold
and migrate along it to finally produce functional capillaries within and around the scaffold.
These are then integrated into the tissue [16] (Figure 2).

According to preliminary research by Huang et al. [17], BioBridgeTM guides cellular
organization, controls endothelium inflammatory response that can actively participate in
the phenotypic effects of an abnormal lymphangiogenesis related to fluid accumulation in
the pathophysiology of LE [18] and enhances cell survival following implantation in healthy
and ischemic tissues. Collagen scaffolds have been shown to encourage lymphangiogenesis,
angiogenesis, and aortigenesis in animal models [14]. They have also shown a therapeutic
and protective function in rat models [19]; however, the available data on their efficacy in
treating lymphedema in human patients in the literature are limited [19].

We aimed to describe our preliminary experience with adult patients affected by
primary LE, who were treated with autologous lymph node transplantation and venolym-
phatic anastomosis, combined with the positioning of BioBridgeTM, to assess potential
lymphatic regeneration.
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Figure 1. The appearance of the BioBridgeTM packaging shows the collagen fibers contained in
cylindrical structures. The scaffolds are moistened with saline before surgical implantation.
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Figure 2. Picture showing damaged lymphatic vessels, resulting in progressive accumulation of fluid
and proteins in the subcutaneous soft tissues (A). Potential treatments: (B) creation of anastomoses
between lymphatic and venous vessels, to allow the lymph to drain into the venous flow or harvesting
of a flap including lymph nodes from a donor site (C) and transplant in a recipient site where lymph
nodes are missing (D). The concomitant positioning of BioBridgeTM in the surgical site allows the
progressive creation of new lymphatic vessels along the course of the collagen scaffold (E), with
progressive increase over time (F).
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2. Materials and Methods

This was a retrospective institutional-review-board-approved study, performed follow-
ing the Helsinki Declaration and its later amendments. We assessed the one-year outcome
of three consecutive patients affected by primary LE (Table 1), who have been previously
treated conservatively, with a suboptimal response, and without the desired additional
improvement in their quality of life.

Table 1. Patients included in our study. M = male; F = female; ISL = International Society of Lymphology.

Patient Sex Age Lymphe.d ema Lymphe.dema Clinical ISL Surgical Procedure
Location Duration Stage
1 M Ry Lower abdomen, groin, 8 years 5 Bllateral. inguinal .
scrotum, and penis venolymphatic anastomosis
Right inguinal vascularized
. lymph-node transfer, with the
2 F 42 Right leg 14 years 2 harvesting of autologous lymph
nodes from the lateral thoracic site
Left popliteal vascularized
_ F 37 Left leg 19 years 1 lymph-node transfer, with the

harvesting of autologous lymph
nodes from the lateral thoracic site

All patients were clinically evaluated before the intervention and at one-year follow-up
by clinicians experienced in LE management.

Non-contrast MR lymphography was carried out according to our standard protocol
using 1.5 Tesla equipment (Magnetom Avanto!t, Siemens Medical Systems, Erlangen,
Germany) with a lower-limb angiographic coil and an eight-channel phased-array body
coil on the lower abdomen, with patients positioned supine feet-first [20] to confirm the
diagnosis and assess the LE extent, map the identifiable lymph nodes, and characterize the
lymphatic system according to a previously proposed classification [21,22]. MR acquisition
protocol consisted of T2-weighted high-spatial-resolution turbo spin echo with repetition
time (TR) 2870 ms, echo time (TE) 797 ms, field of view (FOV) 380 mm x 380 mm, matrix
358 x 384, slice thickness 1 mm, and a T2-weighted 3D turbo spin echo short tau inversion
recovery (STIR) with TR 3000 ms, TE 254 ms, inversion time (TT) 160 m, FOV 460 x 504 mm,
matrix 315 x 384, and slice thickness 1 mm [23].

Indocyanine green fluorescence imaging was used for a pre- and postoperative lym-
phatic mapping.

Patient 1 showed a complex malformation of the central lymphatics in the abdomen
at preoperative non-contrast MR lymphography. He was treated with bilateral inguinal
venolymphatic anastomosis with concomitant implantation of BioBridgeTM scaffolds. Five
BioBridgeTM tracks were created by tunneling the collagen fibers subcutaneously from the
site of intact lymphatic collectors (Figure 3), to proximal toward the nearest lymph-node
basin, using an ENDO CLOSE Trocar Site Closure Device (Covidien). ENDO CLOSE trocars
were used to create subcutaneous tunnels, where the BioBridgeTM scaffolds were pulled.

Intra-operative indocyanine green fluorescence lymphography enabled the identifica-
tion of functioning lymphatic vessels to create anastomoses.

Patient 2 underwent a right inguinal vascularized lymph-node transfer, with the
harvesting of autologous lymph nodes from the lateral thoracic site, and the creation of
5 tracks of BioBridgeTM by tunneling the scaffolds subcutaneously in the groin, next to the
visualized stenotic lymphatic vessels in the ipsilateral groin. Indocyanine green allowed
the identification of functioning lymphatics and BioBridgeTM scaffolds were placed to
connect them.



Appl. Sci. 2023,13, 11571

50f13

Figure 3. Surgical images showing the positioning of the collagen scaffolds. The figures show a
surgical flap for the lymph node transplant, placed in the left groin. The scaffolds, indicated by the
arrows, are BioBridgeTM mesh ribbons that were inserted in the surgical site to favor the growth of
lymphatic vessels. The newly developed lymphatic vessels can use collagen fibers as a scaffolding
to grow.

The harvesting flap included lymph nodes clustered in the lateral chest wall, to avoid
damaging the lymphatic pathway in the axilla, which is responsible for arm drainage, with
flap harvest creation from the soft tissue near the lateral thoracic artery and thoracodorsal
arteries [24].

A precise dissection of the donor location was performed; lymph nodes were then
removed along with a portion of the surrounding fat and transplanted into the groin.
Utilizing microsurgical methods, an artery and vein were anastomosed with the previously
prepared vessels. Suction drainage was placed.

Patient 3 underwent a left popliteal vascularized lymph-node transfer, with the har-
vesting of autologous lymph nodes from the lateral thoracic site, and the creation of 5 tracks
of BioBridgeTM by tunneling the scaffolds subcutaneously, next to the visualized blocked
lymphatics in the popliteal cavum. The scaffolds were tunneled from the site of functioning
lymphatics toward a proximal site of functioning lymphatics.

Patients suspended all types of conservative treatments and underwent periodic
clinical follow-up at 12 months, and a follow-up non-contrast MR lymphography to assess
the volume modifications of the affected limbs and the presence of transplanted lymph
nodes, and to identify potential lymphangiogenesis.

No patient underwent concurrent liposuction.

MR lymphography images were assessed by a radiologist experienced in LE imaging,
who assessed the circumference of the areas affected by LE at the preoperative exam and at
the follow-up imaging.

Volume rate excess in comparison to the healthy limb was calculated for patients 2
and 3.

Post BioBridgeTM positioning, lymphangiogenesis was defined as the appearance of
new lymphatics in the surgical site, with regular and parallel courses, at follow-up imaging.

Bioimpedance spectroscopy (Imp SFB/bioimpedance device-Impedimex) was per-
formed in the preoperative phase and 1 year after surgery to assess the extracellular fluid
component of the total volume of the limbs of interest.

3. Results

No post-surgical complications were reported.

Clinical follow-up identified a significant reduction in the limb sizes, with a marked
decrease in the % of excess volume.

Non-contrast MR lymphography comparative images of the patient before and 1 year
after the surgery demonstrated an edema reduction (Figures 4-9).
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Bioimpedance spectroscopy showed a reduction from 10 to 7.5 in patient 1, from 11 to
7.6 in patient 2, and from 8 to 6 in patient 3.

Circumferential measurement of the affected area in the MR lymphography showed
a decrease from 37 to 25 cm of the affected region in patient 1, from 42 to 29 cm in the
perimalleolar region in patient 2, and from 32 to 28 cm in the perimalleolar region in
patient 3. Volume rate excess decreased from 25 to 6% and from 26% to 2% in patients 2
and 3, respectively.

Moreover, imaging showed the appearance of new lymphatic structures in the surgery
location with the direction parallel to the implanted BioBridgeTM scaffolds (Figures 4, 5 and 8).

Figure 4. Patient 1: Preoperative non-contrast MR lymphography (a) and at 1-year follow-up (b).
MRI was based on 3D high-spatial-resolution, heavily T2-weighted acquisitions, resulting in a signal
loss in the tissue background (like the sequences applied in cholangiopancreatography and MR
urography), and enhancement of static fluids like epifascial fluid collections and lymphatic vessels.
The follow-up demonstrates the appearance of new inguinal lymphatic vessels (b; blue arrows), that
were not visible in the preoperative MR lymphography.

Figure 5. Patient 2: Preoperative (a) and follow-up (b) non-contrast MR lymphography, 1 year after
the surgical procedure, based on high-resolution heavily T2-weighted coronal sequences (turbo spin
echo with repetition time 2870 ms, echo time 797 ms, field of view 380 x 380 mm, matrix 358 x 384,
slice thickness 1 mm). The follow-up lymphography demonstrates the creation of new inguinal
lymphatic vessels (b; blue arrows), that were not visible at the first examination (a).
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Figure 6. Patient 3: Preoperative non-contrast MR lymphography (a) and at 1-year follow-up (b),
based on high-resolution, heavily T2-weighted coronal sequences (turbo spin echo with repetition
time 2870 ms, echo time 797 ms, field of view 380 x 380 mm, matrix 358 x 384, slice thickness 1 mm).
The patient suffered from a marked increase in the size of the left ankle and distal leg, due to a large
amount of epifascial fluid (a; blue arrows). The follow-up demonstrates a marked reduction in the
epifascial fluid with a significant size reduction of the affected areas (b; blue arrows).

Figure 7. Patient 3: Follow-up MR lymphography showing lymph nodes transplanted in the popliteal
fossa (blue arrows) and coronal reconstruction of a 3D short-time inversion recovery (STIR) with
repetition time 3000 ms, echo time 254 ms, inversion time 160 m, field of view 460 x 504 mm, matrix
315 x 384, slice thickness 1 mm.

For a comparison (Figure 10), we also show the preoperative MR lymphography and
1-year follow-up of a 25-year-old woman affected by a right primary LE, treated with
venolymphatic anastomosis. The follow-up imaging showed a decrease in the edema, but
no new lymphatic vessels were recognizable.
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Figure 8. Patient 3. (a) Preoperative non-contrast MR lymphography (a) (based on high-resolution
heavily T2-weighted coronal sequences (turbo spin echo with repetition time 2870 ms, echo time
797 ms, field of view 380 x 380 mm, matrix 358 x 384, slice thickness 1 mm) and follow-up non-
contrast MR lymphography (b,c) 1 year post-surgery. Follow-up (b,c) imaging shows the presence of
new lymphatic vessels (blue arrows), not recognizable at the preoperative exam (a).

Figure 9. Preoperative (a) and follow-up pictures (b) of patient 3. Clinical pictures showing the
optimal reduction of soft tissue swelling in patient 3. Note the well-visible pre-surgical edema of
the left ankle, dorsum of the foot, and toes (a) (blue arrows). At 1 year after surgery, the edema
is no longer recognizable) (blue arrows), the toes are dry and the space between them is clearly
recognizable (b).
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Figure 10. Preoperative non-contrast MR lymphography (based on high-resolution heavily T2-
weighted coronal sequences (turbo spin echo with repetition time 2870 ms, echo time 797 ms, field
of view 380 x 380 mm, matrix 358 x 384, slice thickness 1 mm) (a) and follow-up non-contrast MR
lymphography (b) 1-year post-venolymphatic-anastomosis. Marked edema involving the lower third
of the leg, the ankle, and the dorsum of the foot (blue arrows) is visible in (a), while follow-up imaging
(b) shows a reduction of the edema (blue arrows), but without evidence of any new lymphatic vessels.

4. Discussion

Microsurgery of LE consisting of venolymphatic anastomoses and vascularized lymph-
node transfer has improved the management of LE patients.

In the past, several scaffolds have been applied to help lymphedema patients regain
their lymphatic function. In 1908, W. S. Handley suggested utilizing synthetic lymphatic
conduits made of sterile silk sutures [25]. He demonstrated how the subcutaneous implan-
tation of these silk threads into the afflicted limbs assisted lymphatic fluid drainage by
capillary action. Although the silk threads had a positive initial effect, they ultimately led
to foreign-body reactions that restricted lymphatic fluid drainage shortly after implantation
and caused other problems, such as infection. Later, a comparable strategy was started
using wicking Teflon multifilament material rather than silk [26], with a partial benefit.
Even while these findings were insufficient to be applied therapeutically as a feasible
treatment option, they did support Handley’s hypothesis that the creation of an artificial
lymphatic conduit could lead to rapid alleviation of LE.

Interstitial flow has been linked to the growth of new lymphatic capillaries, according
to recent research [27]. The development of lymphatic capillaries that flow in the same
direction as the directional interstitial flow occurs first. The BioBridgeTM scaffold might
really work by promoting capillary flow, which would make it possible to simultaneously
relieve edema and create the ideal environment for lymphangiogenesis. Endothelial cells
can thrive in the environment provided by BioBridgeTM.

Our results support the potential application of BioBridgeTM in lymphatic function
regeneration. Using non-contrast MR lymphography, we provided both clinical and imag-
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ing evidence showing a decrease in the volume of the affected anatomical areas, as well as
new lymphatic collectors.

Initial studies by Huang et al. [17] and Nakayama et al. [28] provided inferential
support for the hypothesis that the addition of collagen scaffolds to autologous lymph-
node transfer would provide the necessary support to improve micro-lymphatic vascular
engraftment and repair, similarly to its effect on arteriogenesis, through its favorable effect
on lymphatic endothelial biology in the repair response.

Chronic scarring is also a known pathologic element of lymphedema in its later stages.
In a study by Muthusubramaniam et al., it was discovered that fibril alignment lowers
excessive fibroblast proliferation, which in turn minimizes scar formation [29]. This finding
may have clinical implications for lymphedema models.

In a porcine model of acquired lymphedema, Hadamitzky et al. [30] demonstrated
that the implantation of BioBridgeTM aided in the restoration of lymphatic drainage.
In the period of observation following BioBridgeTM implantation, the lymphatic tissue
was repaired, resulting in restored lymphatic system functionality and reduced fluid
stagnation related to the disease. When compared to the surrounding irradiated tissue or
to untreated irradiated tissue, immunohistochemical microscopy showed a higher number
of lymphatic collectors in the vicinity of the implanted collagen scaffold in all treatment
groups. Although there were more blood vessels here as well, the ratio of lymphatic to
blood vessels close to the scaffold altered in favor of lymphatics.

In rat models, a recent study looked at the potential of BioBridgeTM to both prevent
and alleviate lymphedema. The restoration of lymphatic flow through the collagen scaf-
folds, in the presence of damaged and interrupted lymphatic channels, allows cellular
organization along the graft, resulting in lymphatic regeneration, according to the authors,
who speculate that the function of BioBridgeTM in directing capillary flow may be the
initial promoter of lymphangiogenesis [19]. Furthermore, in the rat model, the drainage
from the area with damaged lymphatics can be spontaneously repaired by the formation of
new functional lymphatic channels, demonstrating that the positioning of BioBridgeTM
concurrent with lymphadenectomy inhibits the development of lymphedema. This may
present encouraging opportunities for cancer surgery. The use of collagen scaffolds to
promote lymphangiogenesis in the surgical routine could improve the outcome of micro-
surgical procedures in human subjects with lymphedema, with promising results, both
in association with vascularized lymph-node transplantation and with venolymphatic
anastomoses, leading to a reduction in the L-Dex bioimpedance index and the volume of
the affected limbs [13].

Another study on rat models [31] utilized mature female Sprague Dawley rats, as the
main objective of the models was to generate a situation that resembled the lymphedema
condition in women, to assess the effect of BioBridgeTM scaffold implantation in prevention
models and treatment models in animals submitted to radiation therapy.

To reduce lymphedema in the rat LE model, Dionyssus et al. used a new propeller
vascularized lymphatic tissue flap (pVLNT) in conjunction with BioBridgeTM [32]: after
lymphadenectomy and radiation treatment, 15 female Sprague Dawley rats developed
unilateral left hindlimb lymphedema. A skin tunnel was used to transmit an inguinal
pVLNT from the unaffected groin to the contralateral groin. The flap was linked to four
collagen threads, which were then fan-shaped and implanted beneath the skin of the
hind limb. Group A (control), Group B (pVLNT), and Group C (pVLNT + CS) comprised
the three study groups. Micro-computed tomography imaging was used to carry out a
volumetric examination of both hindlimbs prior to surgery (at the first time point), as well
as at 1 and 4 months after surgery. The relative volume difference (excess volume) was
assessed for each animal. By using indocyanine green fluoroscopy, lymphatic drainage was
evaluated for the quantity and morphology of new collectors as well as the time needed for
ICG to travel from the injection point to the midline. The authors observed that a higher
volume persisted in group A four months after lymphedema induction, but there was a
considerable relative volume decline in groups B (—13.3%) and C (—14%). The viability of
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pVLNT and the functional repair of lymphatic channels in both the B and C groups was
demonstrated by fluoroscopy. Only group C showed statistically significant increases in
lymphatic pattern/morphology and lymphatic collector numbers.

In human subjects, BioBridgeTM positioning seems to augment the size reduction
of LE limbs compared to vascularized lymph node transplantation or venolymphatic
anastomosis alone.

To achieve a better outcome, Deptula et al. [33] proposed a triple-therapy surgical-
treatment algorithm, that incorporated BioBridgeTM, for patients affected by LE stages II
and IIL

First, liposuction debulking was used to treat patients with stage III lymphedema
that had a mostly fibro-adipose component. After a year, patients received lymphatic
mapping to look for any obstructed distal superficial lymphatics. If there was a history of
cellulitis, patients with obstructed lymphatics were considered candidates for venolym-
phatic anastomosis with the addition of lymph node transplantation. Stage II patients with
fibro-adipose tissue and fluid excess were treated first with a selective liposuction plus
physiologic procedure. After surgery, the patients were monitored for 1-2 years to allow
for equilibrium. A second liposuction procedure was used to remove any fibro-adipose
tissue that was still present. BioBridgeTM implantation was used in cases with persistent
volume increase to reduce fluid buildup and further improve lymphatic outflow.

The authors observed that BioBridgeTM positioning helped further reduce the edema
and size of the affected limbs, as later-stage LE is characterized by nonfunctional lymphatic
channels that run the length of the diseased leg, and these channels were addressed via
BioBridgeTM implantation.

A retrospective study by Nguyen et al. included patients who underwent venolym-
phatic anastomoses and/or vascularized lymph node transfer, followed, or not, by a
delayed implant of collagen scaffolds to obtain volume reduction of the affected upper
or lower limb. The authors observed a significantly greater edema reduction in the Bio-
BridgeTM cohort, with a major edema reduction in the lymph-node-transfer patient group.
They also found the presence of new lymphatic collectors at indocyanine green fluorescence
angiography and a decreased dermal backflow at scintigraphy [34].

The possible mechanism for this is that collagen scaffolds promoted vascular-endothelial-
factor release, lymphatic cell migration, and lymphatic network organization along the
direction of the lymphatic flow [27]. This phenomenon is more evident when a lymph node
transplantation is performed thanks to the local release of growth factors.

This article describes a preliminary experience, including only three cases, but the
use of MR lymphography helped in the confirmation of lymphangiogenesis at follow-up
imaging. As already highlighted in a recent literature review, the experiences reported in
the literature of the adjunction of nanofibrillar collagen scaffolds included a small number
of patients and a high inhomogeneity of patient features, LE stages, surgical techniques, and
additional procedures (liposuction) [14]. Moreover, the studies presented in the literature
reported multi-step surgical procedures, with BioBridgeTM positioning after lymph-node
transplantation or venolymphatic anastomosis +/ — liposuction, whereas we opted for a
one-shot surgical technique including nano fibrillar collagen scaffold placement.

Large case series are needed to validate our results and the routine use of BioBridgeTM
in the clinical setting and to establish a possible role in LE prevention.

5. Conclusions

The clinical outcome and MR lymphography demonstration of the creation of the new
lymphatic vessels in the direction of implanted BioBridgeTM grafts supported the role of
collagen scaffolds in stimulating the growth of lymphatics in the positioning area.

The concomitant performance of microsurgical interventions for LE and BioBridgeTM
placement may offer interesting new perspectives in the treatment of this chronic disorder.



Appl. Sci. 2023,13, 11571 12 0f13

The implantation of a nanofibrillar collagen scaffold has the potential to improve
lymphatic regeneration and LE reduction. To prospectively assess the effectiveness of this
intriguing adjunct therapy, future large-scale, randomized controlled studies are required.

Author Contributions: Conceptualization, M.C. (Michaela Cellina); methodology, M.C. (Michaela
Cellina); formal analysis, M.C. (Maurizio Ce) and C.M; investigation, M.S. and A.M.; data curation,
D.G.; writing—original draft preparation, M.C. (Michaela Cellina) and C.M.; writing—review and
editing, M.C. (Maurizio Ce) and A.M.; supervision, D.G.; project administration, D.G. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board Comitato Etico Milano Area 1 (protocol
code 47437/2019; 7/11/2019).

Informed Consent Statement: Informed consent for imaging and surgery was obtained from all
subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Damstra, R.J.; Mortimer, P.S. Diagnosis and therapy in children with lymphoedema. Phlebology 2008, 23, 276-286. [CrossRef]
[PubMed]

2. Grada, A.A; Phillips, T.J. Lymphedema: Pathophysiology and clinical manifestations. J. Am. Acad. Dermatol. 2017, 77, 1009-1020.
[CrossRef] [PubMed]

3. Warren, A.G; Brorson, H.; Borud, L.J.; Slavin, S.A. Lymphedema: A comprehensive review. Ann. Plast. Surg. 2007, 59, 464—472.
[PubMed]

4. Mazzei, M.A.; Gentili, F; Mazzei, EG.; Gennaro, P.; Guerrieri, D.; Nigri, A.; Gabriele, G.; Weber, E.; Fausto, A.; Botta, G.; et al.
High-resolution MR lymphangiography for planning lymphaticovenous anastomosis treatment: A single-centre experience.
Radiol. Med. 2017, 122, 918-927. [CrossRef]

5. Cellina, M.; Oliva, G.; Menozzi, A.; Soresina, M.; Martinenghi, C.; Gibelli, D. Non-contrast Magnetic Resonance Lymphangiogra-
phy: An emerging technique for the study of lymphedema. Clin. Imaging 2019, 53, 126-133. [CrossRef]

6. Narushima, M.; Yamamoto, T.; Ogata, F.; Yoshimatsu, H.; Mihara, M.; Koshima, I. Indocyanine Green Lymphography Findings in
Limb Lymphedema. J. Reconstr. Microsurg. 2016, 32, 72-79. [CrossRef]

7. Poumellec, M.A; Foissac, R.; Cegarra-Escolano, M.; Barranger, E.; Ihrai, T. Surgical treatment of secondary lymphedema of the
upper limb by stepped microsurgical lymphaticovenous anastomoses. Breast Cancer Res. Treat. 2017, 162, 219-224.

8.  Scaglioni, M.F,; Fontein, D.B.Y.; Arvanitakis, M.; Giovanoli, P. Systematic review of lymphovenous anastomosis (LVA) for the
treatment of lymphedema. Microsurgery 2017, 37, 947-953. [CrossRef]

9.  Scaglioni, M.F,; Arvanitakis, M.; Chen, Y.C.; Giovanoli, P; Yang, ].C.S.; Chang, E.I. Comprehensive review of vascularized lymph
node transfers for lymphedema: Outcomes and complications. Microsurgery 2018, 38, 222-229.

10. deSire, A.; Losco, L.; Lippi, L.; Spadoni, D.; Kaciulyte, J.; Sert, G.; Ciamarra, P.; Marcasciano, M.; Cuomo, R.; Bolletta, A.; et al.
Surgical Treatment and Rehabilitation Strategies for Upper and Lower Extremity Lymphedema: A Comprehensive Review.
Medicina 2022, 58, 954. [CrossRef]

11. Pappalardo, M.; Starnoni, M.; Franceschini, G.; Baccarani, A.; De Santis, G. Breast Cancer-Related Lymphedema: Recent Updates
on Diagnosis, Severity and Available Treatments. J. Pers. Med. 2021, 11, 402. [CrossRef] [PubMed]

12.  Dionyssiou, D.; Demiri, E.; Tsimponis, A.; Mpalaris, V.,; Tatsidou, G.; Arsos, G. A randomized control study of treating secondary
stage II breast cancer-related lymphoedema with free lymph node transfer. Breast Cancer Res. Treat. 2016, 156, 73-79. [PubMed]

13.  Kung, T.A.; Champaneria, M.C.; Maki, ].H.; Neligan, P.C. Current Concepts in the Surgical Management of Lymphedema. Plast.
Reconstr. Surg. 2017, 139, 1003e. [PubMed]

14. Rochlin, D.H.; Inchauste, S.; Zelones, J.; Nguyen, D.H. The role of adjunct nanofibrillar collagen scaffold implantation in the
surgical management of secondary lymphedema: Review of the literature and summary of initial pilot studies. J. Surg. Oncol.
2020, 121, 121-128. [CrossRef] [PubMed]

15.  Yaari, A.; Posen, Y.; Shoseyov, O. Liquid crystalline human recombinant collagen: The challenge and the opportunity. Tissue Eng.
Part A 2013, 19, 1502-1506. [CrossRef]

16. Lai, E.; Huang, N.; Cooke, J.; Fuller, G. Aligned nanofibrillar collagen regulates endothelial organization and migration. Regen

Med 2012, 7, 649—-661.40. [CrossRef]


https://doi.org/10.1258/phleb.2008.008010
https://www.ncbi.nlm.nih.gov/pubmed/19029008
https://doi.org/10.1016/j.jaad.2017.03.022
https://www.ncbi.nlm.nih.gov/pubmed/29132848
https://www.ncbi.nlm.nih.gov/pubmed/17901744
https://doi.org/10.1007/s11547-017-0795-x
https://doi.org/10.1016/j.clinimag.2018.10.006
https://doi.org/10.1055/s-0035-1564608
https://doi.org/10.1002/micr.30246
https://doi.org/10.3390/medicina58070954
https://doi.org/10.3390/jpm11050402
https://www.ncbi.nlm.nih.gov/pubmed/34065795
https://www.ncbi.nlm.nih.gov/pubmed/26895326
https://www.ncbi.nlm.nih.gov/pubmed/28350684
https://doi.org/10.1002/jso.25576
https://www.ncbi.nlm.nih.gov/pubmed/31209884
https://doi.org/10.1089/ten.tea.2012.0335
https://doi.org/10.2217/rme.12.48

Appl. Sci. 2023,13, 11571 13 0f 13

17.

18.

19.

20.

21.

22.

23.

24.
25.
26.
27.
28.
29.

30.

31.

32.

33.

34.

Huang, N.F;; Okogbaa, J.; Lee, ].C,; Jha, A.; Zaitseva, T.S.; Paukshto, M.V.; Sun, ].S.; Punjya, N.; Fuller, G.G.; Cooke, J.P. The
modulation of endothelial cell morphology, function, and survival using anisotropic nanofibrillar collagen scaffolds. Biomaterials
2013, 34, 4038-4047.

Imai, H.; Kawase, T.; Yoshida, S.; Mese, T.; Roh, S.; Fujita, A.; Uchiki, T.; Sasaki, A.; Nagamatsu, S.; Takazawa, A.; et al. Peripheral
T cell profiling reveals downregulated exhaustion marker and increased diversity in lymphedema post-lymphatic venous
anastomosis. iScience 2023, 26, 106822. [CrossRef]

Nguyen, D.; Zaitseva, T.S.; Zhou, A.; Rochlin, D.; Sue, G.; Deptula, P; Tabada, P.; Wan, D.; Loening, A.; Paukshto, M.; et al.
Lymphatic regeneration after implantation of aligned nanofibrillar collagen scaffolds: Preliminary preclinical and clinical results.
J. Surg. Oncol. 2022, 125, 113-122. [CrossRef]

Cellina, M.; Gibelli, D.; Soresina, M.; Menozzi, A.; Martinenghi, C.; Panzeri, M.; Oliva, G. Non-contrast MR Lymphography of
lipedema of the lower extremities. Magn. Reson. Imaging 2020, 71, 115-124. [CrossRef]

Arrivé, L.; Derhy, S.; Dahan, B.; El Mouhadi, S.; Monnier-Cholley, L.; Menu, Y.; Becker, C. Primary lower limb lymphoedema:
Classification with non-contrast MR lymphography. Eur. Radiol. 2018, 28, 291-300. [CrossRef]

Cellina, M.; Martinenghi, C.; Panzeri, M.; Soresina, M.; Menozzi, A.; Daniele, G.; Oliva, G. Noncontrast MR Lymphography in
Secondary Lower Limb Lymphedema. J. Magn. Reson. Imaging 2021, 53, 458—466. [CrossRef] [PubMed]

Cellina, M.; Gibelli, D.; Martinenghi, C.; Giardini, D.; Soresina, M.; Menozzi, A.; Oliva, G.; Carrafiello, G. Non-contrast magnetic
resonance lymphography (NCMRL) in cancer-related secondary lymphedema: Acquisition technique and imaging findings.
Radiol. Med. 2021, 126, 1477-1486. [CrossRef] [PubMed]

Hassani, C.; Tran, K.; Palmer, S.L.; Patel, K. M. Vascularized Lymph Node Transfer: A Primer for the Radiologist. Radiographics
2020, 40, 1073-1089. [CrossRef]

Handley, W.S. Two cases of lymphangioplasty for the brawny arm of breast cancer. Proc. R Soc. Med. 1908, 1, 186-190. [PubMed]
Silver, D.; Puckett, C.L. Lymphangioplasty: A ten year evaluation. Surgery 1976, 80, 748-755. [CrossRef]

Boardman, K.C.; Swartz, M.A. Interstitial flow as a guide for lymphangiogenesis. Circ. Res. 2003, 92, 801-808.

Nakayama, K.H.; Hong, G.; Lee, ].C,; Patel, J.; Edwards, B.; Zaitseva, T.S.; Paukshto, M.V.; Dai, H.; Cooke, J.P.; Woo, Y.J.; et al.
Aligned-braided nanofibrillar scaffold with endothelial cells enhances arteriogenesis. ACS Nano 2015, 9, 6900-6908.
Muthusubramaniam, L.; Zaitseva, T.; Paukshto, M.; Martin, G.; Desai, T. Effect of collagen nanotopography on keloid fibroblast
proliferation and matrix synthesis: Implications for dermal wound healing. Tissue Eng. Part A 2014, 20, 2728-2736.41. [CrossRef]
Hadamitzky, C.; Zaitseva, T.S.; Bazalova-Carter, M.; Paukshto, M.V.; Hou, L.; Strassberg, Z.; Ferguson, J.; Matsuura, Y.; Dash, R,;
Yang, P.C.; et al. Aligned nanofibrillar collagen scaffolds—Guiding lymphangiogenesis for treatment for treatment of acquired
lymphedema. Biomaterials 2016, 102, 259-267.

Nguyen, D.; Dionyssiou, D.; Zaitseva, T.S.; Zhou, A.T,; Sue, G.; Deptula, P; Moroz, M.A.; Tabada, P.; Rockson, S.G;
Paukshto, M.V,; et al. Development of a rat model of lymphedema and the implantation of a collagen-based medical device for
therapeutic intervention. Front. Cardiovasc. Med. 2023, 10, 1214116. [PubMed]

Dionyssiou, D.; Nguyen, D.; Topalis, A.; Deptula, P; Paukshto, M.; Zaitseva, T.; Demiri, E.; Cheva, A.; Rockson, S. Treatment of
Rat Lymphedema by Propeller Lymphatic Tissue Flap Combined with Nanofibrillar Collagen Scaffolds. J. Reconstr. Microsurg. 2023.
[CrossRef]

Deptula, P; Zhou, A.; Posternak, V.; He, H.; Nguyen, D. Multimodality Approach to Lymphedema Surgery Achieves and
Maintains Normal Limb Volumes: A Treatment Algorithm to Optimize Outcomes. Clin. Med. 2022, 11, 598.

Nguyen, D.H.; Zhou, A.; Posternak, V.; Rochlin, D.H. Nanofibrillar Collagen Scaffold Enhances Edema Reduction and Formation
of New Lymphatic Collectors after Lymphedema Surgery. Plast. Reconstr. Surg. 2021, 148, 1382-1393. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.isci.2023.106822
https://doi.org/10.1002/jso.26679
https://doi.org/10.1016/j.mri.2020.06.010
https://doi.org/10.1007/s00330-017-4948-z
https://doi.org/10.1002/jmri.27328
https://www.ncbi.nlm.nih.gov/pubmed/32798265
https://doi.org/10.1007/s11547-021-01410-3
https://www.ncbi.nlm.nih.gov/pubmed/34379302
https://doi.org/10.1148/rg.2020190118
https://www.ncbi.nlm.nih.gov/pubmed/19972723
https://doi.org/10.1097/00006534-197708000-00073
https://doi.org/10.1089/ten.tea.2013.0539
https://www.ncbi.nlm.nih.gov/pubmed/37469481
https://doi.org/10.1055/a-2086-0269
https://doi.org/10.1097/PRS.0000000000008590

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

