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Background: Lymphedema is common after lymphatic damage in cancer treatment,
with negative impacts on function and quality of life. Evidence suggests that blood
vessel microvasculature is sensitive to irradiation and trauma; however, despite knowl-
edge regarding dedicated mural blood supply to arteries and veins (vasa vasorum),
equivalent blood vessels supplying lymphatics have not been characterized. We stud-
ied collecting lymphatics for dedicated mural blood vessels in our series of 500 lym-
phaticovenous anastomosis procedures for lymphedema, and equivalent controls.
Methods: Microscopic images of lymphatics from lymphedema and control
patients were analyzed for lymphatic wall vascular density. Collecting lymphatics
from 20 patients with lymphedema and 10 control patients were sampled for more
detailed analysis (podoplanin immunostaining, light/confocal microscopy, micro-
computed tomography, and transmission electron microscopy) to assess lymphatic
wall ultrastructure and blood supply.

Results: Analysis revealed elaborate, dense blood microvessel networks associating
with lymphatic walls in lymphedema patients and smaller equivalent vessels in con-
trols. These vasa vasora or “arteria lymphatica” were supplied by regular axial blood
vessels, parallel to lymphatic microperforators linking dermal and collecting lym-
phatics. Lymphatic walls were thicker in lymphedema patients than controls, with
immunohistochemistry, computed tomography, transmission electron microscopy,
and confocal microscopy characterizing abnormal blood vessels (altered appear-
ance, thickened walls, elastin loss, narrow lumina, and fewer red blood cells) on
these lymphatic walls.

Conclusions: Dedicated blood vessels on lymphatics are significantly altered in lymph-
edema. A better understanding of the role of these vessels may reveal mechanistic
clues into lymphedema pathophysiology and technical aspects of lymphedema micro-
surgery, and suggest potential novel therapeutic targets. (Plast Reconstr Surg Glob Open
2024; 12:¢5547; doi: 10.1097/GOX.0000000000005547; Published online 24 January 2024.)
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Lymphedema is soft-tissue swelling, which results from
accumulation of interstitial lymph fluid.! The lymphatic sys-
tem is a hierarchical vascular network that provides the prin-
cipal drainage route for this fluid from all body tissues, and
is also integral to intestinal fat absorption and immune cell
trafficking.”” Lymphedema may result from abnormal lym-
phatic development®‘; however, it more commonly occurs
secondary to a range of external insults to the lymphatic
network. These insults include surgery or radiotherapy to
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a lymph node basin for cancer treatment, other physical
trauma, filarial infection, and malignant invasion.”*

Lymphedema is notoriously difficult to manage, with
conservative measures such as massage and compres-
sion still forming the mainstay of treatment.” Surgical
approaches include those pioneered by O’Brien in the
1970s, the more commonly practiced of which has been
liposuction.'” Microsurgical techniques described by
O’Brien include lymph node transfer'"'? and lymphatico-
venous anastomosis (LVA), and aim to restore the intrin-
sic physiology of the lymphatic system (the thoracic duct
drains into the left subclavian vein in nature®!) and redi-
rect lymphatic flow around the damaged lymphatic vascu-
lature into the venous system.'*!" Before the development
of these techniques, disfiguring excision of lymphedema
tissues and subsequent skin grafting was performed,'""
essentially as a palliative procedure.

In contrast to the blood vasculature, the lymphatic
system is poorly understood.” The lymphatic system is
comprised of three vessel subtypes: initial (capillary) lym-
phatics, precollecting lymphatics (within the dermis),
and subcutaneous collecting lymphatics.” Although thin-
walled initial lymphatics are predominantly involved in
absorbing fluid and protein from the interstitium, collect-
ing lymphatics have multilayered vessel walls that are akin
to those found in arteries and veins, complete with smooth
muscle and valves.™'"” Scant attention has been paid to the

Fig. 1. Operating microscopy of collecting lymphatic. Microscopic
view of an LVA in a lymphedema patient, demonstrating a “mesh-
work” of BVs (arrows) on the collecting lymphatic (LV) wall, con-
trasting with the low density of BVs seen on the wall of the adjacent
vein (V).
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Takeaways

Question: Do lymphatic vessels have a dedicated blood
supply, and how is this altered in lymphedema?

Findings: Patients with lymphedema boast structurally
abnormal lymphatics and arteria lymphatica, previously
uncharacterized blood vessels associated with the lym-
phatic walls.

Meaning: Altered lymphatic blood supply may play a role
in lymphedema.

vessels connecting the superficial to the deep lymphatics
systems. During a series of more than 500 LVAs, author
R.S. noted the prominence of blood vessels (BVs) related
to the collecting lymphatic wall (Fig. 1). Equivalent, albeit
smaller and less dense analogous vessels were seen at the
same magnification in 136 vessels in patients who did not
have lymphedema but were undergoing sentinel lymph
node biopsy. We studied these vessels in lymphedema
(n=10) and control tissues (n=6) using transmission
electron microscopy (TEM), immunohistochemistry, and
micro computed tomography (CT), to better characterize
both the lymphatics and the BVs that supply them.

It has long been acknowledged that arterial and venous
vessel walls have a designated network of blood microvascu-
lature (the so-called vasa vasorum) supplying oxygen and
nutrients to cells within the vessel wall.?’** These microvas-
cular networks appear altered in arterial diseases, such as
atherosclerosis®*' and vasculitis,” and respond to arterial
intimal injury by angiogenesis and expansion.**° Although
Agliano et al”” suggested that there may be a blood micro-
vascular supply to the lymphatic vessels in human thigh
collecting lymphatics, analysis was not performed and
any significance to diseases such as lymphedema were not
reported. Here, we describe our morphological and micro-
structural analysis of the lymphatic vasa vasorum or “arte-
ria lymphatica” and study these vessels in lymphedema and
control tissues using TEM and micro-CT, and comment on
the potential role of the blood microvasculature of collect-
ing lymphatics in lymphatic physiology and disease.

METHODS

Patients Tissue Biospecimens

Observations that lead to this study were made dur-
ing routine LVA or sentinel lymph node surgery. Ethical
approval (HREC-A 067/16) was obtained from the Human
Research Ethics Committee of St. Vincent’s Hospital,
Melbourne, Australia; and patients consented in writing to
use their surplus soft-tissue biospecimens, normally removed
and discarded during surgery. In LVA surgery, collecting
lymphatics were identified preoperatively by magnetic reso-
nance lymphangiography and mapped using near-infra
red light excitation of intradermally injected indocyanine
green dye (Diagnostic Green, Germany). Intraoperatively,
collecting lymphatics were identified under operating
microscopy by vessel morphology and using Patent Blue V
dye (Guerbet, Asia Pacific Ltd). Biospecimens for further
analysis were obtained during LVA surgery (patients with
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lymphedema); or in the case of control specimens, from
surplus tissue from patients undergoing autologous breast
reconstruction after breast cancer (no history of metasta-
sis, radiotherapy, chemotherapy, lymph node surgery, or
lymphedema), tissue reduction surgery for lymphedema,
or sentinel lymph node biopsy (no metastatic disease).
One-mm lengths of collecting lymphatic biospecimens
were orientated using 11/0 nylon microsutures (Ethicon).

Immunohistochemistry

Immunostaining of tissue sections for light micros-
copy is described. (See Supplemental Digital Content 1,
which shows immunostaining of tissue sections for light
microscopy, http://links.lww.com/PRSGO/D28.) For
confocal microscopy, specimens were fixed in 4% parafor-
maldehyde and the following antibodies/dilutions used:
1:20 rabbit antihuman CD31 (Thermo Fisher Scientific),
1:20 Dako mouse antihuman podoplanin (D2-40; Agilent
Technologies), 1:100 rabbit antihuman von Willebrand
Factor (vWF) (Millipore), 1:100 goat antirabbit Alexa
Fluor 568 [Thermo Fisher (Invitrogen)], 1:100 goat anti-
mouse Alexa Fluor 488 [Thermo Fisher (Invitrogen)].
Isotype controls: Dako mouse IgG (Agilent Technologies)

Specimens were washed in phosphate buffered saline,
permeabilized in 0.5% (v/v) Triton X-100 and blocked in
10% (v/v) goat serum in 0.1% Triton X-100. Primary anti-
bodies were diluted in 20% (v/v) goat serum for vWF, or
Dako Envision Flex Diluent (Agilent Technologies) for
CD31 and D240, and incubated at 4°C. Samples were washed
in 0.1% Triton X-100 and secondary antibodies applied at
dilutions specified in Dako Envision Flex Diluent. Following
additional washing, samples were counterstained with 1 pg/
mL DAPI (Molecular Probes) diluted in 0.1% Triton X-100.
Antibody costaining was performed, as described, with
nuclear counterstains combinations of D2-40 with either
VvWF or CD31. IgG isotype antibodies served as controls.
Samples were prepared for imaging by glycerol immersion
and imaging performed on a Leicia SP8 confocal (ver-
sion 2.0.1 of LASX), using an H PlanApo CS2 20x0.75NA
objective. Laser excitation was performed with 410-450nm
emission for DAPI, 495-550nm for Alexa Fluor 488, and
570-650nm for Alexa Fluor 568.

Micro-CT

Tissues were fixed in 1% (w/v) glutaraldehyde, 1.5%
paraformaldehyde 5 mM CaCl, in 0.1M sodium cacodylate,
then transported to the Bio21 Facility of the University of
Melbourne (Parkville, Melbourne, Australia) for embed-
ding, processing, and micro-CT imaging. Biospecimens
were prepared using the glutaraldehyde/reduced
osmium tetroxide/thiocarbohydrazide/OsO4 (ROTO)
technique® and embedded in Procure 812 resin, then sec-
tioned less than 3mm. Micro-CT scanning, including vol-
ume reconstruction, was performed (Phoenix Nanotom;
GE Sensing & Inspection Technologies GmbH, Wunstorf,
Germany) and xs control and Phoenix datos|x acquisi-
tion software (GE Sensing & Inspection Technologies).
Micro-CT scanning was performed at 70kV and 375 pA
for varying time-periods according to the number of X-ray
projections and image averaging. (See Supplemental

Dedicated Lymphatic Blood Supply in Lymphedema

Digital Content 2, which shows micro-CT settings, http://
links.lww.com/PRSGO/D29.)

Transmission Electron Microscopy

Resin-mounted specimen blocks were trimmed to
regions of interest (identified on micro-CT), and ultra-
thin sections cut to 70nm for imaging [Tecnai F30 (FEI
Company)] at 300kV. Micrographs were recorded on a
US1000 CCD (Gatan).

RESULTS

Lymphatic vessels were observed during LVA and senti-
nel lymph node surgery using patent blue V dye. Lymphatic
diameter and mural thickness were significantly greater in
the cohort of 507 patients with lymphedema, compared
with nonlymphedema control vessels. BVs were noted on
collecting lymphatic vessels; however, they were signifi-
cantly higher in number and density in the walls of collect-
ing lymphatics from patients with lymphedema compared
with both veins of similar/larger caliber (Fig. 1); or collect-
ing lymphatics viewed at identical magnification in patients
with “node-negative” nonlymphedema undergoing sentinel
lymph node biopsy. These lymphatic-associated BVs were
designated “arteria lymphatica” or “artery of the lymphat-
ics.” The arteria lymphatica were axially supplied by larger
segmental vessels that were located between 5 and 10 mm
apart. In some patients, these accompanied dilated perfo-
rating lymphatics that joined the collecting lymphatics to
the layers of dermal lymphatics within the skin.

To further study these BVs that were associated with
collecting lymphatics, samples of collecting lymphatics
(see Methods) were obtained from 10 patients with stage
2 secondary lymphoedema® undergoing LVA surgery,
for study with immunohistochemistry using established
lymphatic markers. Nonlymphedema control tissues
were obtained from the inguinal region of six patients.
(See table, Supplemental Digital Content 3, which shows
patient demographics and biospecimens, http://links.
Iww.com/PRSGO/D30.) Finally, a subset of vessels was
chosen for more detailed analysis using confocal micros-
copy, TEM, and micro-CT.

Three-dimensional Distribution of BVs Associated with
Collecting Lymphatics

Serial sections stained with podoplanin and the
pan-endothelial marker CD31 demonstrated multiple
CD31-positive/podoplanin-negative blood microvascular
structures on and within the thickened lymphatic wall of
the lymphedema specimen. (See figure, Supplemental
Digital Content 4, which shows light microscopy images
of transverse serial sections through the lympbhatic
wall, http://links.lww.com/PRSGO/D31.) These struc-
tures were consistent with the arteria lymphatica of the
human collecting lymphatics; however, they were less
prominent in control tissues. (See figure, Supplemental
Digital Content 5, which shows light microscopy images of
transverse serial sections through a perforating vascular
bundle from the groin of a woman without lymphedema,
http://links.lww.com/PRSGO/D32.) To study the
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Fig. 2. Confocal microscopy of whole immunostained lower limb lymphatic from a female patient with chronic lymphedema. External
view of lymphatic wall demonstrating “meshwork” of vVWF+, BVs (red), overlying the D2-40 (podoplanin)+ staining lymphatic (green) (A);
with alternative angle viewed (B); and internal view from within the lymphatic lumen (C).

three-dimensional (3D) distribution of BVs related to the
collecting lymphatic wall, lymphatic specimens from three
patients with lymphedema who had undergone whole-
mount staining with the lymphatic marker podoplanin
and vascular endothelial marker vWF (Supplemental
Digital Content 3, http://links.lww.com/PRSGO/D30;
cases 1-3) were selected for further analysis.

Figure 2 provides representative confocal microscopy
images of lymphatics from a patient with a 6-year history
of lymphedema (Supplemental Digital Content 3, http://
links.lww.com/PRSGO/D30; case 3), demonstrating a
meshwork of vWF-positive/podoplainin-negative blood
microvasculature on/within the lymphatic wall (Fig. 2A).
The overlying network of blood microvasculature gave
rise to branches that penetrated the lymphatic wall imme-
diately overlying lymphatic endothelium (Fig. 2B), in
confocal microscopy images taken from the perspective
of the lymphatic lumen outwards through the lymphatic
wall (Fig. 2B).

Ultrastructural Analysis of the Arteria Lymphatica in
Lymphedema Samples

Lymphatic specimens from three patients with sec-
ondary lymphedema and controls were fixed and pro-
cessed for micro-CT and TEM (Supplemental Digital

A

20 pm

Content 3, http://links.lww.com/PRSGO/D30; cases 4
and 6; control 1). Micro-CT was performed to identify
blood microvasculature associated with the lymphatics,
and the regions identified were further examined by
TEM. In all specimens, blood microvasculature was seen
on the collecting lymphatic wall; however, both the blood
microvasculature and the lymphatic wall itself appeared
abnormal in samples from patients with lymphedema
(Figs. 3-b). These structural abnormalities were particu-
larly evident in lower limb lymphatic specimens from the
two patients with longer histories of lymphedema (5 y)
(Figs. 3 and 4), compared with either patient specimens
from a shorter lymphedema history (Fig. 5) or control
tissues (Fig. 6).

Case 4 demonstrated two regions on micro-CT that
contained blood microvasculature within the adventitia
or connective tissue of the collecting lymphatic (Fig. 3;
regions 1 and 2). In keeping with clinical intraoperative
findings, the collecting lymphatic walls were thickened
and the lumena narrowed (wall 70 pm, lumen 0 pm). In
the first of these regions, examined further by TEM, the
smooth muscle cells (SMCs) of the collecting lymphatic
media demonstrated “spiky” morphology (Fig. 3; region
1). Three BVs on the lymphatic walls were also grossly
abnormal, with a compressed vessel wall, an irregular

Fig. 3. Micro-CT and TEM images of lower limb lymphatic in lymphedema. A, Micro-CT in a transverse plane showing gross morphology
of a thickened lymphatic wall with a narrowed lumen. B, TEM of region 1 showing three BVs (arrows) associated with the lymphatic wall,
and the ultrastructure of the adjacent lymphatic media with abnormal, “spiky” SMCs (closed arrows). TEM of region 2 demonstrating a
single BV with a narrow lumen and vascular endothelial cell nucleus (arrow). C, Abnormal SMCs (closed arrows) are seen in the adjacent

lymphatic media.
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Fig. 4. Micro-CT and TEM images of leg lymphatic in lymphedema. A, Micro-CT section through a lym-
phatic showing mural structure (arrow) of 4-6 SMC layers, connective tissue and associated blood ves-
sels. B, TEM of region 3 demonstrating an abnormal BV adjacent to the lymphatic wall, with a narrow
lumen (arrow) containing a permeabilized RBC (closed arrow and label). C, TEM of region 4, showing an
associated BV devoid of RBCs.

lumen, and few observable circulating red blood cells
(RBCs) (Fig. 3; region 1). The same abnormality was
seen on TEM of region 2, with “spiky” lymphatic SMCs
and associated expansion of the lymphatic extracellular
matrix (Fig. 3; region 2). In this region, BVs in the lym-
phatic adventitia were also seen to contain “spiky” SMCs
and lack mural elastin fibers. Additionally, the BV lumena
were severely narrowed and did not contain RBCs (Fig. 3;
region 2).

Case b demonstrated similar features in the lymphatic
vessels of the lower limb of a patient with lymphedema
(wall 36 pm and lumen 60 pm). Two regions were iden-
tified on micro-CT containing blood microvasculature
within the adventitia and surrounding connective tissue
of the collecting lymphatic (Fig. 4; regions 3 and 4). In
one region, three BVs were identified, all with abnormal
morphology on TEM. The lumen of these BVs was nar-
rowed, and abnormal permeabilized RBCs were seen
(Fig. 4; region 3).

In the lymphatic specimen from case 6 with a shorter
history of lymphedema, micro-CT imaging also dem-
onstrated lymphatic wall thickening (wall 103 pm and
lumen 43 pm) (Fig. 5). Examination of the lymphatic
wall by TEM demonstrated more normal, rounded SMC

morphology (Fig. 5; region 3). Two regions containing
blood microvasculature were identified on micro-CT
within the adventitia and connective tissue of the col-
lecting lymphatic wall (Fig. 5; regions 1 and 2). This
specimen contained BVs with a narrow lumen and no
circulating RBCs.

In a nonlymphedema control specimen, two thin-
walled lymphatics and attendant blood microvascu-
lature were seen in adjacent connective and adipose
tissue (Fig. 6). Four regions identified on micro-CT were
examined further by TEM (Fig. 6; regions 1-4). In con-
trast to the lymphedema specimens, this lymphatic was
thinner-walled (one to two SMC layers) and boasted a
patent lumen (wall 13 pm and lumen 13 pm) (Fig. 6;
region 3). Normal blood microvasculature was seen
adjacent to these vessels, with patent lumena containing
RBCs (Fig. 6; regions 1-4). The density of these BVs and
their association with the lymphatic wall did not resem-
ble the blood microvasculature in lymphedema speci-
mens (Figs. 3-5).

The spatial relationship between the collecting lym-
phatic and the network of associated blood microvas-
culature in chronic lymphedema (case 5) was seen on
micro-CT 3D reconstruction (Fig. 7).



INGTGHIRA+2Y8RAAAAVO/FOAEIOYIASALLIAIPO0AEIEAHIOII/AOAUM

VTIXOMADYOINX7OHISABZIYTCA+erNiIOITWNOIZTARMHJBSHNAUE Ad 0BsS1d/woo mm| sfeunoly/:dny woly papeojumod

¥20Z/€T/¥0 Uo

PRS Global Open ¢ 2024

Fig. 5. Micro-CT and TEM images of upper limb lymphatic in lymphedema. A, Micro-CT image of a transverse section through the lym-
phatic showing a thickened smooth muscle layer in the lymphatic wall. B, TEM demonstrating associated blood microvasculature in region
1, with a single BV with a narrow lumen (arrow and label) that is devoid of RBCs. C, TEM of associated microvasculature in region 2 show-
ing a BV comprised of an endothelial cell (nucleus arrowed and labeled) and a RBC in the lumen (closed arrow and label). D, TEM of the
lymphatic wall in region 3 showing a normal lymphatic SMC morphology and no evidence of lumen narrowing.

DISCUSSION

Lymphedema affects 24%—-49% of patients with breast
cancer undergoing mastectomy,’ radiotherapy, and/
or therapeutic lymph node surgery.”**-** Lymphedema
significantly impairs quality of life**% however, the
pathophysiology of lymphatic injury and dysfunction, par-
ticularly in the context of radiotherapy, is poorly under-
stood.”" Collecting lymphatics in human limbs have
a diameter greater than 200 pm and a structured vessel
wall with distinct intima, media, and adventitial layers.”"
Therefore, the cells comprising the collecting lymphatic

6

wall require a dedicated blood supply, akin to vasa vaso-
rum of arteries and veins.?” Although BVs can derive diffu-
sional metabolic supply from the blood within, lymphatics
do not contain blood. Therefore, larger caliber lymphatics
are even more dependent on blood supply from their vasa
vasorum™; meaning that injury to BVs that supply lymphat-
ics risks causing ischemic injury to the lymphatic (as seen
in nerves).

To address this question, we identified the blood
microvasculature (“arteria lymphatica”) associated with
collecting lymphatics in more than 500 lymphedematous
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Fig. 6. Micro-CT and TEM images of control tissues from the lower limb. A, Micro-CT image of a transverse section demonstrating two
veins (arrows and labels), and thin-walled lymphatics with associated blood microvasculature (regions 1-4). B, TEM imaging showing the
features of the normal BV in region 1, with a rounded morphology, no luminal constriction, and circulating RBC (closed arrow). C, TEM of
a normal BV in region 2 containing multiple RBCs (closed arrow). TEM of region 3 and 4 demonstrating a thin-walled lymphatic with only
1-2 SMC layers and a normal lumen (arrows) (D) and two small BVs (E).

human limbs, which were sparse or small in more than
130 equivalent nonlymphedema controls; and character-
ized their vascular morphology and microstructure using
immunostaining and confocal microscopy, micro-CT, and
TEM. On gross observation, the arteria lymphatica were
more prominent on larger collecting lymphatics, an obser-
vation that attests to the increasing metabolic demands
of a larger vessel leading to a secondary hypertrophy of
these otherwise very fine-caliber vessels. Furthermore,
the vessels were supplied axially via segmental BVs that
may enable surgeons to retain this supply and therefore
enhanced metabolism at the point at which these vessels
are detached for connection into a vein, during an LVA
surgery. This effectively creates a lymphatic vessel pedicled
flap and suggests superior vascularity and therefore dura-
bility of anastomoses, as is seen in cardiac surgery in the
case of an internal mammary artery graft (which remains
attached at one end and should therefore be referred to
as a flap), and a graft harvested from either the saphenous
vein or radial artery.

Staining using key lymphatic and vascular markers
confirmed an intricate network of mural BVs in collect-
ing lymphatic walls, and key differences between lymph-
edematous and control lymphatics. To further investigate
this newly described network, micro-CT and TEM were
performed, demonstrating thickened lymphatic media,
abnormal SMC morphology, and reduced extracellular

matrix volume—features that were present regardless of
lymphedema duration, but which worsened with time
since lymphedema onset. Such a correlation was also
seen in associated lymphatic blood microvasculature, with
mural thickening and luminal narrowing, but reduction
of circulating RBCs in all lymphedema specimens. In con-
trast, the thinner-walled control lymphatics demonstrated
sparser arteria lymphatica that were normal in terms of
mural SMCs, microstructure and morphology. We clearly
observed fundamental differences between structural
integrity of the arteria lymphatica in lymphatic vessels
from lymphedematous versus control tissues in serial sec-
tions (Supplemental Digital Content 4, http://links.lww.
com/PRSGO/D31 and Supplemental Digital Content 5,
http:/ /links.lww.com/PRSGO/D32).

Previouswork suggested that the gutblood microvascu-
lar endothelium was the mostsensitive to irradiation injury
and that damage to these vessels was the primary event in
radiation-induced gastrointestinal injury.”® Intestinal lym-
phatic endothelial cells were more resistant to radiation-
induced apoptosis, compared with blood endothelial
counterparts.”*” We have previously demonstrated that
radiotherapy results in transcriptional changes affecting
the functionality of fibroblasts and other soft-tissue cells,
potentially influencing lymphangiogenesis.” Recently,
we described a specific molecular impairment in lym-
phatic repair, relating to deficits in vascular endothelial
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Fig. 7. Three-dimensional reconstructed micro-CT image of lower
limb lymphatic in Figure 4. Transverse section in Figure 4 is indi-
cated by the superimposed orthoslice. Lymphatic endothelium is
depicted in light blue, showing the outline of the lymphatic lumen
(arrow and label). The course of the BVs associated with the lym-
phatic wall (arrow and label) are shown green.

growth factor receptor-3—mediated lymphangiogenic
signaling in radiation injury to lymphatics.” Injury to
the lymphatic wall blood microvasculature may result in
localized ischemia, important to the pathophysiology of
lymphedema in lymphatics that depend on this blood
supply. This injury may contribute to progressive lym-
phatic injury or prohibit lymphatic recovery, which may
in turn lead to the lymphatic dysfunction that manifests
as lymphedema.

Alternatively, arteria lymphatica may result from angio-
genesis in response to lymphatic injury in an attempt to
salvage lymphatic vessel integrity.**** Overall, the arteria
lymphatica are likely to play an important role in the
physiological response to lymphatic disease. Therefore,
protecting these microvessels from injury may be critical
in reducing the impact of cancer therapies on collecting
lymphatics. Promoting angiogenesis to enhance the blood
supply of lymphatics may present a novel therapeutic ave-
nue by which to augment lymphatic function or enhance
impaired lymphatics that cause lymphedema. These find-
ings indicate that secondary lymphedema is more com-
plex than a simple mechanical injury that “obliterates”
lymphatics.

Our study serves as an anatomical description of the
presence of the arteria lymphatica, with a view to stimulat-
ing future work examining the pathophysiology further.
We acknowledge that the sample size is small—a reflec-
tion of the enormous cost of imaging techniques such
as micro-CT and TEM, and the challenges and ethical
considerations in obtaining sufficient human lymphatic
material without causing further damage to the system
or jeopardizing the feasibility of the LVA surgery itself.
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Regardless we have observed the arteria lymphatica under
the operating microscope in a clinical series of more than
500 LVAs.

Further detailed molecular and mechanistic informa-
tion regarding the arteria lymphatica will enhance our
understanding of the etiology of secondary lymphedema
and help explain additive adverse effects of radiotherapy
to surgery performed to treat cancer. Such knowledge will
increase our appreciation of the pathophysiology of the
lymphatic system broadly, influence surgical approaches
to lymphedema, and provide novel therapeutic targets for
lymphatic disease.

CONCLUSIONS

We describe a novel subcategory of vascular supply to
the lymphatics. The presence of arteria lymphatica sup-
ports the concept that lymphatics are not inert pipes,
rather dynamic vascularized vessels with watersheds,
potentially impaired by damage to their blood supply.
The findings shed new light on the pathophysiology of
lymphedema, suggesting either an ischemic etiology or
exacerbation effect to the lymphedema, a secondary
decompensation in the lymphedema lymphatics or a
failure of the arteria lymphatica to compensate for this
hypoxia adequately. The arteria lymphatica may also offer
a further therapeutic target in our quest to enhance lym-
phatic function in lymphoedematous limbs occurring
either after cancer treatment or as a primary genetic/
developmental dysregulation, and suggest that a less
aggressive stripping of the lymphatics may be beneficial
to longer term survival of the lymphatics and lymphatic
anastomoses in lymphatic surgery. Finally, these findings
pave the way for free microsurgical transfer of lymphan-
gions into injured lymphatic areas.
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