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Introduction

Summary

Wider application of vascularized composite allotransplantation (VCA) is limited
by the need for chronic immunosuppression. Recent data suggest that the lym-
phatic system plays an important role in mediating rejection. This study used
near-infrared (NIR) lymphography to describe lymphatic reconstitution in a rat
VCA model. Syngeneic (Lewis—Lewis) and allogeneic (Brown Norway-Lewis) rat
orthotopic hind limb transplants were performed without immunosuppression.
Animals were imaged pre- and postoperatively using indocyanine green (ICG)
lymphography. Images were collected using an NIR imaging system. Co-localiza-
tion was achieved through use of an acrylic paint/hydrogen peroxide mixture. In
all transplants, ICG first crossed graft suture lines on postoperative day (POD) 5.
Clinical signs of rejection also appeared on POD 5 in allogeneic transplants, with
most exhibiting Grade 3 rejection by POD 6. Injection of an acrylic paint/hydro-
gen peroxide mixture on POD 5 confirmed the existence of continuous lymphatic
vessels crossing the suture line and draining into the inguinal lymph node. NIR
lymphography is a minimally invasive imaging modality that can be used to study
lymphatic vessels in a rat VCA model. In allogeneic transplants, lymphatic
reconstitution correlated with clinical rejection. Lymphatic reconstitution may
represent an early target for immunomodulation.

life-changing, wider application of these operations is
limited because of the requirement for chronic immuno-

Transplantation of vascularized composite allografts,
including the hand and face, is an increasingly viable
reconstructive option for patients suffering major tissue
loss unreconstructable by conventional means. Although
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suppression and its associated negative sequelae of oppor-
tunistic infections, malignancy and systemic toxicity [1,2].
Reducing the requirements for nonspecific systemic
immunosuppression and exploring methods of tolerance
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induction using cellular and pharmacological therapies is a
critical objective of research. Vascularized composite allo-
grafts, regardless of current immunosuppressive modali-
ties, experience episodes of rejection, especially of the
highly immunogenic skin component [3,4]. To improve
clinical outcomes, more information must be gained about
the rejection process.

The immunology community has given an increasing
amount of attention to the lymphatic system and its role in
mediating allograft rejection [5,6]. Studies in skin [7], car-
diac [8], islet cell [9], and corneal [6,10] transplant models
have indicated that a lymphatic system is critical to the ini-
tiation of rejection. In solid organ transplant and limb
replantation studies, lymphangiogenesis occurs over a per-
iod of several days to weeks [9,11-14] and serves to
decrease tissue edema and increase local inflammation by
promoting mobilization of macrophages and dendritic cells
[15,16]. Once donor lymphatics have anastomosed to reci-
pient lymphatics (lymphatic reconstitution), donor anti-
gen-presenting cells (APCs) expressing alloantigens freely
travel to secondary lymph nodes where they initiate alloan-
tigen-specific T cell expansion [17,18]. This direct immune
response has been implicated as a primary driver of graft
rejection [9,18].

Despite the knowledge that the lymphatic system func-
tions as an immune trafficking highway, little is known
about the process of lymphatic reconstitution in vascular-
ized composite allotransplantation (VCA) and whether or
not it correlates with graft rejection. Results from solid
organ and skin transplant studies cannot be applied to vas-
cularized composite allografts because vascularized com-
posite allografts represent unique immune and tissue
environments that include skin, muscle, bone marrow, and
secondary lymphoid tissue. Considering the relative immu-
nogenicity of the skin component in a vascularized com-
posite allograft [19] and that cutaneous lymphatics have
been shown to reconstitute as early as postoperative day
(POD) 4 in limb replant studies [13,20,21], cutaneous lym-
phatic reconstitution may represent one of the earliest
opportunities for effective immunomodulation of vascular-
ized composite allografts, and, as such, warrants further
exploration.

Until recently, lymphatic studies were limited owing to
the lack of an effective lymphatic imaging modality.
Increasingly, researchers are turning to near-infrared (NIR)
lymphography as a method for comprehensively studying
lymphatics. NIR imaging in the range of 700-900 nm pro-
vides deeper penetration into the tissue than visible light
and is subject to less scatter and absorption from tissue
[22]. NIR lymphography is based on the FDA-approved
organic dye, indocyanine green (ICG). ICG is a water-solu-
ble dye that absorbs and emits light with peak wavelengths
at 805 and 830 nm, respectively. ICG is administered intra-
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dermally, and the subject is imaged in real-time using an
NIR laser to track ICG in the body. NIR lymphography has
already been used in animal models [23,24] and humans
[25] to monitor lymphatic changes in lymphedema models,
locate sentinel lymph nodes (SLNs) and draining metasta-
ses from tumor beds [26,27], and describe lymphatic archi-
tecture in inflammatory models [28,29]. However, no
study has directly evaluated the process of lymphatic recon-
stitution in a VCA model. The aim of our study was to use
NIR lymphography to identify collecting lymphatic vessels
and characterize cutaneous lymphatic reconstitution in a
rat orthotopic hind limb transplant model. We hypothesize
that cutaneous lymphatic reconstitution occurs during the
post-transplantation acute inflammatory phase and may
represent an early immunomodulatory opportunity.

Materials and methods

Animals

Six- to eight-week-old male Brown Norway (BN) and Lewis
(LEW) rats were purchased from Harlan Laboratories
(Frederick, MD, USA). All rats were housed in a pathogen-
free facility. The Institutional Animal Care and Utilization
Committee approved the experimental protocol.

Orthotopic hind limb transplantation

Ten LEW rats served as the recipients of syngeneic (LEW to
LEW) orthotopic hind limb transplants, while another 10
LEW rats served as the recipients of allogeneic (BN to
LEW) orthotopic hind limb transplants. Surgeries were per-
formed as previously described [30]. Briefly, an orthotopic
hind limb transplant was performed with osteosynthesis of
the femur, approximation of volar and dorsal thigh mus-
cles, and anastomosis of femoral artery and vein. After
transplantation, the animals were given 0.05 mg/kg bupr-
enorphine every 12 h through POD 3.

Clinical assessment for lymphangiogenesis and rejection

Transplants were monitored daily during the first postoper-
ative week for clinical signs of rejection based on the previ-
ously accepted Banlff criteria [31]. Progressive rejection was
defined as epidermolysis, desquamation, exudation, eschar
formation, and mummification. Frank rejection was
defined as clinical progression beyond epidermolysis. Cam-
era images were taken each day during the first 10 PODs to
aid in diagnosing clinical rejection as well as to monitor the
existence or resolution of clinical lymphedema. After the
first 10 days, camera images were taken at the time of
euthanasia or on POD 14, whichever occurred first.

To quantitate the severity of edema, thigh circumfer-
ences were obtained daily during the first postoperative
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week. Each circumference was measured perpendicular to
the femur, at a distance halfway between the inguinal crease
and the knee. All measurements were performed by the
same authors (K.J.B. and G.A.B).

NIR-ICG imaging for normal and transplanted rats

The SPY Elite™ (Novadaq Corporation, Toronto, Canada)
NIR imaging device was used to view the rodent lymphatic
vessels. The device applies pulses of 805 nm NIR light over
a targeted area, causing the administered ICG to fluoresce.
Images are captured using a camera with an 830-nm band-
pass filter.

Depilation of rats was performed prior to imaging to
ensure that hair did not interfere with imaging. Rats were
placed under isoflurane sedation anesthesia. ICG (2.5 mg/
ml) was injected intradermally into the upper thigh (multi-
ple 2-3 pl injections) using a 30-gauge needle and a micro-
injector. Injection sites were 1.5 cm from the graft suture
line, at 1.5-cm intervals. At least two ventral sites were cho-
sen for each animal.

After injection of ICG, animals were placed in the supine
position, and the hind limb was secured in place. For some
imaging sessions, injection sites were covered with tape to
limit background fluorescence. Fluorescence images were
collected for up to 1 h post injection. Imaging occurred
once per day during the first postoperative week and then
once per week thereafter.

Co-localization of draining lymphatic vessels

Following euthanasia, rats were injected with a mixture of
3% hydrogen peroxide (97% total volume) and acrylic
paint (3% total volume; Prussian blue, green, or orange;
Liquitex Artists Materials, Liquitex Professional Acrylic Inc,
Piscataway, NJ, USA) at the sites previously used for ICG
injection. The injection technique used was similar to that
previously described [32]. To directly visualize lymphatic
vessels, skin was removed from the inguinal region to the
area just distal to the suture line with the assistance of an
operating microscope (Leica M620 F20, Leica Microsys-
tems, Inc, Wetzlar GmbH, Germany). In addition, the ipsi-
lateral and contralateral inguinal lymph nodes were
harvested and assessed for ICG content using the NIR laser.

Data analysis

To further describe the lymphatic drainage process in this
model, a fixed region of interest (ROI) was retrospectively
defined along fluorescent lymphatic drainage pathways on
fluorescence images. The ROI was selected at an area proxi-
mal to the suture line and site of reconstitution but distal
to the SLN, or the inguinal node. Using Image] (National
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Institutes of Health, Bethesda, MD, USA), for each trans-
planted limb, we calculated the mean fluorescence intensity
of the ROI at 10, 20, 30, and 60 min post-ICG injection.
Injection sites were covered with a dark piece of material to
reduce the amount of fluorescence transmitting from the
injection site to the ROL.

Results

Clinical and rejection status

Rejection progression was confirmed using visual grading
as noted previously. Clinical progression and limb cir-
cumference measurements for both transplant groups are
summarized in Fig. 1. Syngeneic transplants followed a
typical course of clinical edema resolution. Between
PODs 4 and 6, limb circumference measurements
decreased in 5/6 syngeneic transplants. By POD 7, clinical
edema had fully resolved (Fig. 1). The one remaining
syngeneic transplant did not experience a notable change
in circumference during the first postoperative week. The
allogeneic transplants also experienced mild edema PODs
1-4. However, on PODs 5 and 6, the allogeneic trans-
plants experienced a sharp increase in mean limb circum-
ference, which did not resolve before advanced rejection
(Banff Criteria Grade 3) was observed on POD 6 or 7
(Fig. 1).

Lymphatic reconstitution in syngeneic transplants

Intradermal injections into the thigh were performed to
follow cutaneous lymphatic reconstitution. Preoperatively,
intradermal injection of ICG into a native, undisturbed
limb immediately resulted in an area of high fluorescence
at the injection site. One minute post injection, dye was
seen leaving the injection site via multiple fine, linear ves-
sels and draining into the inguinal region (Video Clip S1).
Lymphatic drainage of ICG was confirmed through dissec-
tion of the ipsilateral and contralateral inguinal lymph
nodes and illumination of the nodes with NIR light. Ipsilat-
eral inguinal nodes had green staining from ICG and fluo-
resced under the NIR light (Fig. 2), whereas the
contralateral inguinal nodes lacked green coloration and
did not fluoresce.

Compared to native, nontransplanted limbs, ICG was
not seen crossing the suture line in 4/4 transplanted
limbs imaged PODs 1-4. Instead, the dye pooled in the
thigh and remained there for several days. These animals
were not imaged again until POD 14. The earliest that
ICG was seen crossing the suture line was POD 5. On
POD 5, NIR lymphography demonstrated cutaneous lym-
phatic drainage in 4/6 of the syngeneic transplants
imaged. All four animals demonstrating drainage under-
went co-localization with the acrylic paint/hydrogen per-
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Figure 1 Clinical progression of transplants. (a) Syngeneic transplants experienced clinical edema starting POD 1 (left). Edema resolved by POD 5
(center) and remained absent on POD 7 (right). (b) Allogeneic transplants experienced clinical edema POD 1 (left) through sacrifice. POD 5 (center). By
POD 7, advanced rejection was seen in most animals (Grade 3) (right). Depilation was not performed until imaging on POD 5, so as not to induce pre-
mature rejection. () Quantitative representation of circumference versus time for each syngeneic transplanted limb. (d) Quantitative representation of
circumference versus time for each allogeneic transplanted limb. POD, postoperative day.
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Figure 2 NIR confirmation of lymphatic drainage in a transplant limb.
The inguinal node was harvested to confirm ICG drainage via lymphatic
vessels into the inguinal node. (Left) Inguinal lymph node excision.
(Right) NIR image showing fluorescence of the inguinal node. NIR, near-
infrared; ICG, indocyanine green.

oxide mixture method. By POD 7, the remaining two
syngeneic transplants demonstrated drainage. By POD 14,
multiple tortuous vessels were seen crossing the suture
line in all transplants imaged (Fig. 3).

Lymphatic reconstitution in allogeneic transplants

Prior to transplantation, NIR lymphography of native BN
limbs demonstrated multiple, discrete vessels draining dye
into the inguinal region. This pattern was similar to that
seen in the preoperative syngeneic hind limb transplant
model. NIR lymphography demonstrated ICG pooling
without drainage through POD 4 in 4/4 allogeneic trans-

© 2013 Steunstichting ESOT. Published by John Wiley & Sons Ltd 26 (2013) 928-937

plants. These animals were not imaged again. POD 5 was
the first day that ICG was seen crossing the suture line. On
POD 5, 4/6 allogeneic transplants demonstrated cutaneous
drainage (Fig. 4). With two transplants, ICG was never
visualized crossing the suture line before advanced rejection
set in. By the end of POD 5, all allogeneic transplants that
had undergone imaging (6/6) demonstrated at least Grade
2 clinical rejection (as shown in Fig. 1), with 2/6 demon-
strating Grade 3 advanced clinical rejection. By POD 7, 5/6
allogeneic transplants demonstrated Grade 3 rejection (as
shown in Fig. 1). Limbs were edematous and continued to
grow in diameter until the tissues began to necrose. In line
with advanced rejection, on POD 7, ICG pooled in all
transplanted limbs (6/6) and was not visualized crossing
the suture line (Fig. 4). By the end of POD 10, all allogeneic
transplant recipients had been sacrificed owing to Grade 4
rejection.

Real-time imaging of lymphatic drainage

A typical drainage pattern was seen over a 60-min imaging
session for rats demonstrating cutaneous lymphatic recon-
stitution (Fig. 5). Over time, an increasing amount of dye
was transported across the suture line as evidenced by an
increase in the number of lymphatic vessels visualized. In
addition, fluorescent intensities were measured for a retro-
spectively chosen ROI between the suture line and draining
inguinal node at 1, 5, 10, 20, 30, and 60 min post injection.
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Figure 3 Lymphatic drainage in syngeneic hind limb transplants. Ventral view. (Top, left) Preoperative NIR lymphography showing lymphatic drain-
age of donor hind limb to the inguinal region (red arrow). Injection sites: arrowheads. (Top, right) POD 4. Lymphatic drainage remained disrupted.
Dye did not pass the suture line (dashed line). (Bottom, left) POD 5. Lymphatic reconstitution. ICG was seen crossing the suture line via lymphatic ves-
sels (circle) and draining into the inguinal node region (arrow). (Bottom, right) POD 14. Further lymphatic reconstitution. NIR, near-infrared; POD, post-

operative day; ICG, indocyanine green.

The mean fluorescence intensity increased steadily over the
60-min imaging session.

Confirmation and co-localization of ICG imaging
with anatomic dissection

Immediately upon intradermal injection of the acrylic
paint-hydrogen peroxide mixture, a large bubble formed
under the skin as oxygen was released from the hydrogen
peroxide. Within the dermis, the paint moved quickly into
the lymphatic vessels and tracked to the inguinal node in
an anterograde fashion. Upon dissection, discrete, paint-
stained lymphatic vessels could be seen traversing the
suture line and draining into the inguinal lymph node as
early as POD 5 in 3/4 of the syngeneic transplants and 2/4
of the allogeneic transplants that had demonstrated drain-
age via NIR imaging (Fig. 6). Lymphatic vessels were dis-
tinguished by their pale, thin vessel walls and visible valves.

Discussion

Although ICG-based NIR lymphography has been used
for multiple applications, our study is the first to directly
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address lymphatic reconstitution. This study has shown
that ICG-based NIR lymphography is an effective, clini-
cally translatable imaging modality for studying lymphatic
reconstitution in a rat orthotopic hind limb transplanta-
tion model. Until recently, lymphoscintigraphy was the
main modality used for intra-lymphatic imaging.
Although lymphoscintigraphy has been used successfully
to diagnose lymphedema and locate SLNs [33], this tech-
nique is time consuming, impractical for in vivo imaging
[34], and suffers from poor spatial resolution [24,35]. To
appropriately identify lymphatic collecting vessels and
quickly characterize how and when major histocompati-
bility complex-mismatched tissues recreate lymphatic con-
nections, an imaging modality is needed that provides
rapid, nontoxic in vivo imaging of lymphatic vessels as
fine as those found in the dermis. Empiric, phantom, and
theoretical studies have shown that NIR lymphography
has good resolution in biologic tissues up to 6 mm deep
[36]. As a result, we were able to image discrete dermal
lymphatic vessels traversing transplant suture lines and
draining into ipsilateral inguinal lymph nodes. Analyzing
these data, we were able to discern lymphedema patterns
and determine the temporal relationships by which

© 2013 Steunstichting ESOT. Published by John Wiley & Sons Ltd 26 (2013) 928-937
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Figure 4 Lymphatic drainage in allogeneic hind limb transplants. Ventral view. (Top, left) Preoperative NIR lymphography showing lymphatic drain-
age of donor hind limb to the inguinal node (arrow). ICG injection sites (arrow heads). (Top, right) POD 2. Cutaneous lymphatic drainage is disrupted
as no dye passes the suture line (dashed line). (Bottom, left) POD 5. Lymphatic reconstitution. ICG first crossed the suture line on POD 5 via new lym-
phatic vasculature (green circle) and drained into the inguinal node (arrow). (Bottom, right) POD 7. Cutaneous lymphatic drainage is again disrupted,
and no dye crosses the suture line. NIR, near-infrared; ICG, indocyanine green; POD, postoperative day.

orthotopic hind limb transplants first reconstitute cutane-
ous lymphatic drainage.

Our model demonstrated fluid drainage and lymphe-
dema resolution patterns similar to previously published
replant and VCA data. As shown before [37], we saw pool-
ing of the ICG dye at the wound site immediately after lym-
phatic vessel disruption. In accordance with the replant
literature [13,20,21,38], we found that by POD 5, fluid
drainage of the surgically altered hind limb is sufficient to
decrease postoperative edema, as measured by circumfer-
ence changes and clinical assessment. Confirming of our
hypothesis, this coincided with the ability to visualize
lymphatic channels using ICG-based NIR imaging. How-
ever, noting this correlation, we do not discount the effect
that venous regeneration may have had on the resolution
of clinical edema. In addition, consistent with prior ICG
lymphography data, our intensity data show that ICG
drains in a time-dependent manner as indicated by
increases in mean fluorescence intensity over time for
draining lymphatic vessels (Fig. 5) [39]. Of note, some
transplanted limbs were significantly less edematous PODs
2—4 and required less time to establish drainage of ICG
than others. We attribute these differences to variations in

© 2013 Steunstichting ESOT. Published by John Wiley & Sons Ltd 26 (2013) 928-937

the amount of edema and inflammation between rats,
possibly because of differences in surgical ischemia time
and/or reperfusion injury. Overall, however, two distinctly
different edema patterns emerged between the syngeneic
and allogeneic transplants during the first postoperative
week (Fig. 1), suggesting that variations in ischemia time
and reperfusion injury contributed to clinical edema less
than graft rejection.

Reconstitution of lymphatic drainage was first described
in the replant literature. Evidence of lymphatic reconstitu-
tion was seen in rat hind limb replant models as early as
POD 4 [13,20,21] and in canine replant models as early as
POD 7 [40]. These studies were all done using a lymphatic
imaging method other than NIR imaging. As mentioned
previously, our findings are consistent with data from the
replantation literature gained from lymphoscintographic
techniques. However, our findings are different from recent
studies of cutaneous reconstitution as assessed by ICG-
based NIR lymphography [11,41]. These studies, which
used skin graft and tail ligation models, did not see nonin-
terstitial cutaneous lymphatic flow across disrupted cutane-
ous tissue until 2-6 weeks post operation. We hypothesize
that the discrepancy may be caused by the inclusion of
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Figure 5 Real-time assessment of lymphatic drainage. (a) NIR images of lymphatic drainage showing the progression of flow at 10 (far left), 20 (sec-
ond from left), 30 (second from right), and 60 (far right) min post-ICG injection. The solid boxes are covering injection sites. A region of interest (ROI)
was selected for measurements of fluorescent intensity (dashed box). The same ROl was measured for each image. (b) Graph depicting the mean fluo-
rescent intensity of the ROI versus time post-ICG injection. NIR, near-infrared; ICG, indocyanine green.

Figure 6 Confirmation and co-localization of ICG imaging. A blue
acrylic paint/hydrogen peroxide mixture injected near the previous ICG
injection locations (left) demonstrated discrete lymphatic vessels cross-
ing the suture line (dashed line) and draining into the inguinal node
region (arrow) on POD 5 (right). ICG, indocyanine green.

secondary lymphoid tissue in our orthotopic hind limb
transplants, which may serve to promote lymphangiogene-
sis [42,43]. Furthermore, transplantation of a full hind limb
provides a structurally intact lymphatic system for recipient
tissues to co-apt and anastomose.

In addition, our findings vary from the only other study
that examined lymphatic drainage in vascularized compos-
ite allografts [44]. In this study, NIR lymphography of non-
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human primate heterotopic facial allografts revealed that
nonsuperficial cutaneous lymphatic drainage of the graft,
as assessed by edema patterns, did not improve until
2 weeks post operation. Notably, the authors employed a
subcutaneous injection technique, which may have led to
inadequately imaged cutaneous lymphatics. In addition, a
heterotopic model was used instead of an orthotopic
model. Our early visualization of lymphatic channels
prompted us to employ subsequent techniques to ensure
that the channels identified were truly lymphatic vessels.
We harvested the inguinal node post lymphography to
ensure that dye had traveled to a secondary lymphoid tissue
and injected acrylic paint to confirm the lymphatic chan-
nels our dye had used to reach those nodes.

In the allogeneic transplant group, visualization of lym-
phatic channels on POD 5 correlated with both advanced
rejection by POD 6 or 7 [45,46] and significant disrup-
tion of lymphatic flow once the limb had progressed to
advanced rejection [44]. Our findings indicate that cuta-
neous lymphatic reconstitution occurs in parallel with the
acute inflammatory period after hind limb transplanta-
tion. This finding is consistent with the landmark 1968
study by Barker and Billingham, which showed that
mechanical prevention of lymphatic reconstitution in a

© 2013 Steunstichting ESOT. Published by John Wiley & Sons Ltd 26 (2013) 928-937
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skin allograft reduced the graft’s antigenicity and allowed
for indefinite graft survival [7]. Building off this knowl-
edge, researchers in the 1970-1990 studied the use of
thoracic duct drainage (TDD) as an adjunct to standard
immunosuppressive therapies for organ transplantation
[47-51]. TDD was initiated in the recipient prior to
transplantation in the hopes of decreasing the number of
circulating lymphocytes that able to initiate an acute
rejection episode. Although long-term data did not show
an obvious benefit of TDD plus standard immunosup-
pressive therapy versus standard immunosuppressive ther-
apy alone [49], studies were able to show that the
addition of TDD increased the likelihood of graft survival
in the first few years post transplantation [48].

Decades later, we know that blocking lymphatic drainage
prevents donor skin APCs from presenting alloantigen to
naive T cells in draining lymph nodes [52]. Although other
mechanisms of rejection have been identified [53-55], this
pathway is dominant in the skin. Similar to the authors that
studied skin graft drainage and TDD, it is our thought that
attenuating lymphatic drainage, particularly cutaneous
lymphatic drainage, early in the post-transplantation per-
iod may decrease the load of APCs traveling between the
donor and recipient of vascularized composite allografts.
Transient interruption of the direct immune response may
allow for alternate antigen presentation pathways to shift
immune activity toward an immunomodulating cell
response and thus improve short-term graft survival. In
conjunction with today’s improved immunosuppressive
therapies, attenuation of lymphatic drainage may have a
larger, and more lasting, effect on overall allograft survival
than in the TDD studies.

This study provided confirmation of our ability to
rapidly image cutaneous lymphatics, established a timeline
for cutaneous lymphatic reconstitution in our transplant
model, and correlated clinical rejection with lymphatic
reconstitution. Cutaneous and deep lymphatics reorganize
post transplant and potentially initiate the acute inflamma-
tory response. These concepts represent fertile areas of
investigation for the immunomodulation of vascularized
composite allografts. In future studies, we hope to better
elucidate the mechanisms of immune cell trafficking
through the lymphatic vessels imaged by our techniques
and further explore the unique role cutaneous lymphatic
drainage plays in allograft rejection. With an increased
understanding of the timing during which the lymphatic
system reconstitutes and the mechanics behind antigen pre-
sentation within the system, we can fashion modalities to
potentially modify the process of rejection in vascularized
composite allografts. Examples of such modifications
include using photodynamic therapy or immunosuppres-
sive medications to ablate or slow the reconstitution of
cutaneous lymphatics and thus delay antigen presentation.

© 2013 Steunstichting ESOT. Published by John Wiley & Sons Ltd 26 (2013) 928-937
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A major limitation of this study was the small time win-
dow between POD 5 and POD 6 during which lymphatic
vessels could be seen bridging the suture line in most allo-
geneic transplants. Prior to POD 5, vessels were not visual-
ized in any of the transplanted limbs, and by the end of
POD 6, discrete lymphatic vessels could no longer be visu-
alized and dye did not drain to the ipsilateral inguinal
node. This discontinuation of drainage occurred at the
same time that allogeneic transplants exhibited clinical
signs of advanced rejection. The small time frame between
reconstitution and advanced rejection makes sense in our
study because once reconstitution occurs, there is presum-
ably a large amount of APCs suddenly able to travel
between the donor and recipient. Rapid degeneration of
lymphatic vessels shortly after reconstitution may have con-
tributed to our inability to visualize ICG crossing the suture
line in 2/6 allogeneic transplants on POD 5. In addition,
variations in ischemia time and/or reperfusion injury may
have led to increased inflammation and edema in the trans-
plants, obscuring our view of the lymphatics. Other limita-
tions include primarily focusing on cutaneous lymphatic
vessels without full evaluation of deeper lymphatic channels
and not discerning how much of the lymphatic flow was
interstitial versus intralymphatic. This study did not assess
the effect of immunosuppression on the lymphatic recon-
stitution process. Finally, as this was a preliminary feasibil-
ity study, further studies with larger subject numbers are
warranted.

Sequential NIR fluorescent imaging of rat orthotopic
hind limb transplants demonstrated that, in both syngeneic
and allogeneic rat orthotopic hind limb transplants, lym-
phatic reconstitution occurs during the acute inflammatory
phase. Lymphatic reconstitution may play an important
role in the acute rejection of vascularized composite allo-
grafts and may thus serve as an early target for immuno-
ICG-based NIR lymphography is a
noninvasive imaging modality that may be particularly use-
ful for further exploration of this relationship and, poten-
tially, immune status monitoring of vascularized composite
allografts. Other applications for ICG-based NIR lymphog-
raphy, some of which have already been initiated, include:
determining the association between lymphatic drainage
and tracking of cellular responses in the skin, identification
of changing reconstitution characteristics for different cuta-
neous tissues without the need for biopsy, correlating dif-
ferent drug regimes with dynamic lymphatic changes, and
dynamic destruction of lymphatic vasculature in an

modulation.

attempt to prevent inflammation.
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Video Clip S1. Real-time drainage of ICG from a trans-
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draining from the skin of the transplanted hind limb into
the ipsilateral inguinal node (bright circular region on the
right side of the image) of the recipient via the contraction
of fine lymphatic vessels. The ICG injection site is covered
to limit the amount of nonspecific fluorescence seen in the
inguinal region.
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