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Background Detection and selection of the lymphatic vessels are important for
maximizing therapeutic efﬁcacy of lymphaticovenular anastomosis (LVA). Some imaging modalities have been reported to be useful for intraoperative identiﬁcation of the
lymphatic vessels, but they have limitations. In this article, we present new capabilities
of intraoperative laser tomography, which was used to evaluate the lumen of the
lymphatic vessel and to validate the patency of anastomosis.
Methods Fifty-two patients with upper extremity lymphedema secondary to breast
cancer treatment underwent indocyanine green (ICG) lymphography and real-time laser
tomography imaging of ICG-enhanced lymphatic vessels intraoperatively before transecting the vessels during LVA. The imaging ﬁndings of the lymphatic vessels in laser
tomography were investigated. Time required for scanning of the lymphatic vessels was
compared between laser tomography and ultrasonography. The correlation between the
thickness of the lymphatic vessel wall measured with laser tomographic imaging and the
histologically measured thickness of the lymphatic vessel wall was examined. The patency
of anastomosis sites was determined based on the image using laser tomography
immediately after establishment of LVA.
Results A total of 132 ICG-enhanced lymphatic vessels were scanned with laser
tomography showing clear lumen with surrounding vessel wall. The required time for
lymphatic vessel scanning was signiﬁcantly shorter with laser tomography than with
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ultrasonography (1.6  0.3 vs. 4.8  1.2 minutes; p ¼ 0.016). Strong correlation was
seen between the thickness of the lymphatic vessels wall measured using laser
tomography and the histologically measured thickness of the lymphatic vessel wall
(r ¼ 0.977, 95% conﬁdence interval: 0.897–0.992, p < 0.001). The quality of patency
was evaluated immediately after anastomosis, which assisted in deciding whether
reanastomosis was needed.
Conclusion Microscope-integrated laser tomography provides real-time images of
the lymphatic vessels in extremely high resolution and enables evaluation of lymphatic
lumen condition and objective post-LVA anastomosis status.

Lymphaticovenular anastomosis (LVA) is effective and minimally invasive treatment for refractory lymphedema.1–3 The
lymphatic vessels become sclerotic over time after lymph
ﬂow obstruction and subsequently lose their function to
drain lymph ﬂuid in peripheral lymphedema patient.2 “Functional” lymphatic vessels are those retaining its ability to
transport lymph. Establishing bypass to nonfunctional, or
severely sclerosed, lymphatic vessels leads to minimal therapeutic effect in LVA. Therefore, identiﬁcation of functional
lymphatic vessels is imperative for effective LVA.3,4 Microscope-integrated indocyanine green (ICG) ﬂuorescence imaging or other ICG ﬂuorescence imaging tools are often used
for this purpose intraoperatively. Although ICG-enhanced
lymphatic vessels had been considered “functional” for its
capability to transport contrast-containing lymph and nonICG-enhanced lymphatic vessels “nonfunctional,” it was
reported that there are some lymphatic ﬂow-positive, and
thus functional, lymphatic vessels that are not enhanced by
ICG ﬂuorescence imaging.5 Recently, ultrasound has become
a valuable and powerful tool for microsurgery and supermicrosurgery.6 Hayashi et al reported noninvasive ultrasound visualization of the lymphatic vessels to be useful
for selecting appropriate lymphatic vessels for LVA, not only
preoperatively but also intraoperatively, especially in regions
masked by dermal backﬂow pattern of ICG lymphography.3,4,7 However, disadvantages of ultrasound systems are
that it is highly operator dependent and time consuming. In
addition, assessment of the degenerative status of the lymphatic vessels is still not possible with any modality. If the
thickness of the lymphatic vessel wall and the diameter of
the lumen can be measured before transecting a lymphatic
vessel, higher efﬁcacy of LVA can be expected. Furthermore, if
the patency of an anastomosis can be conﬁrmed immediately
after LVA, even in small vessels, it should also contribute to
better results.
In this article, we present new capabilities of laser tomography for imaging of the lymphatic vessels for intraoperative
selection of appropriate lymphatic vessels and for evaluation
of immediate postanastomosis patency.
Laser tomography has signiﬁcantly reﬁned clinicians’ approach to diagnosis, management, and surveillance of ophthalmic diseases.8,9 Laser tomography is an imaging modality
that uses reﬂection of near-infrared light to generate images
and provides high-resolution cross-sectional and optical coJournal of Reconstructive Microsurgery
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herence tomographic data. Using this technology, surgeons
would potentially have immediate feedback on completion of
surgical tasks or new understanding of the anatomic conﬁguration of the tissues. Laser tomography could provide speciﬁc
real-time guidance for surgical manipulations and selection of
functional lymphatic vessels for LVA. To the best of our
knowledge, this is the ﬁrst study to focus on imaging of the
lymphatic vessels using intraoperative real-time microscopeintegrated laser tomography.

Patients and Methods
This is a single-site multisurgeon investigational device study.
Fifty-two female patients with upper extremity lymphedema
secondary to breast cancer treatment underwent ICG lymphography and subsequent LVA from December 2018 to April 2019.
All patients suffered from progressive lymphedema refractory
to conservative treatment and had no history of surgical treatment for lymphedema. This study was conducted under the
Institutional Ethical Review Board. All patients provided written
informed consent for participation in this retrospective observational study.
ICG was injected to all patients as reported previously on
the day before surgery for decision of incision point for LVA
and intraoperative identiﬁcation of the lymphatic vessels:
0.2 mL of ICG (Diagnogreen 0.25%; Daiichi Pharmaceutical,
Tokyo, Japan) was injected subcutaneously into the affected
upper extremities at the second web space of the hand and
the ulnar border of the palmaris longus tendon at the level
of the wrist.10 After ICG injection, circumferential ﬂuorescent images of lymphatic drainage channels were obtained
using an infrared camera system preoperatively (Photodynamic Eye; Hamamatsu Photonics K.K., Hamamatsu, Japan)
and intraoperatively (LIGHTVISION; Shimadzu Corporation,
Kyoto, Japan). LVA was performed at a site distal to the place
where a dermal backﬂow pattern began, which was ﬁrst
demonstrated using ICG lymphography. The lymphatic vessels at the LVA site were then conﬁrmed using ultrasonography.3,11 No patients were allergic to iodine.

Real-Time Imaging of the Lymphatic Vessel Using Laser
Tomography
Surgeries were performed under local or general anesthesia
and were assisted by EnFocus Ultra-HD optical coherence
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Video 1

Imaging data of the lymphatic vessel was displayed on
external screen-based display immediately using laser
tomography axial and sagittal scanning. Online
content including video sequences viewable at:
https://www.thieme-connect.com/products/
ejournals/html/10.1055/s-0040-1718549.

After laser tomography scanning, sagittal and axial B-mode
ultrasonographic scanning of the lymphatic vessels were
performed intraoperatively on the dissected lymphatic vessel
using Vevo MD ultrasound device (FUJIFILM VisualSonics,
Amsterdam, the Netherlands) with a 70-MHz linear array
transducer as previously reported.6 The probe of the ultrasound device was placed directly on the lymphatic vessel,
which was soaked in saline, and the scan length was up to
15 mm. Required time for scanning of the lymphatic vessels
was compared between using laser tomography and ultrasound. The value was reported as mean  standard deviation.
Differences in the means between groups were analyzed by
Mann–Whitney’s U test. The p-value was two sided, and
statistical signiﬁcance was accepted at p < 0.05.

Histological Examination
A small portion of the ICG-enhanced lymphatic vessels which
were used for LVA were obtained and sent to histology. The
specimens were ﬁxed in 10% neutral buffered formalin,
embedded in parafﬁn, and sectioned at 4 µm. The samples

Fig. 1 A trained mechanical engineer assisted intraoperatively with real-time microscope-integrated laser tomography image acquisition.
Imaging data are displayed on an external screen-based display immediately after completion of scanning of the lymphatic vessels.
Journal of Reconstructive Microsurgery
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tomography (Leica Microsystems, Wetzlar, Germany) system which was combined with Proveo 8 microscope (Leica
Microsystems, Wetzlar, Germany), thus allowing intraoperative real-time laser tomographic imaging with immediate feedback. The black and white scale expresses the
strength of the reﬂection of near-infrared light against
subject objects in this system. White color represents the
most intense reﬂection, and black color represents the
weakest reﬂection. This system provides an imaging depth
of 2.5 mm at an optical axial resolution of < 4 µm. Images
are acquired at 32,000 cross-sectional scans per second. It
allows continuous visualization in a crosshair aiming mode
or acquisition of volumes of up to 1,000  1,000 lateral
pixels. The scan length is up to 16 mm. The total magniﬁcation of this microscope is 5.1 to 30.7 with 12.5
eyepiece.
Dynamic scan is controlled via footswitch for swift
adjustment of the scan angle to align with the ICG-enhanced lymphatic vessels. Imaging data are displayed on
external screen-based display immediately after completion
of scanning (►Video 1). A trained mechanical engineer or
nurse assisted intraoperatively with laser tomographic
image acquisition and collecting surgeon feedback and
data (►Fig. 1). The imaging ﬁndings of the lymphatic vessels
in laser tomography were investigated through this procedure using papaverine for preventing contraction of the
vessels which leads to thickening of the wall. Using the
obtained cross-sectional images of the lymphatic vessels,
the diameter of the lumen was measured and recorded
during surgery. Also, the thickness of the lymphatic vessel
wall was measured at four points and the average was
calculated and recorded (►Figs. 2 and 3).
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Fig. 2 The diameter of the lumen and the thickness of the lymphatic vessel wall were measured and recorded during surgery using the obtained
cross-sectional images of the lymphatic vessels in microscope-integrated laser tomography.

Fig. 3 (Left) The thickness of the lymphatic vessel wall was measured at four points during surgery with microscope-integrated laser
tomography. (Right) The thickness of the lymphatic vessels wall, which was histochemical stained with Elastica-Masson stain, was measured at
four equally distributed points by histologists.

were stained with hematoxylin–eosin and examined under
microscope. In addition, histochemical staining with Elastica-Masson stain was performed for evaluation of degenerative changes of smooth muscle cells and hyperplasia of
collagenous ﬁbers in the lymphatic vessels.12 The thickness
of the lymphatic vessel wall, including collagenous ﬁber
layers and smooth muscle cells, was measured at four equally
distributed points by histologists and their average was
calculated and documented (►Fig. 3). The correlation between the thickness of the lymphatic vessel wall obtained via
laser tomography and the histologically measured thickness
was examined. Pearson’s correlation coefﬁcient (r) value,
95% conﬁdence interval (CI), and two-tailed p-value were
calculated. Good to excellent correlation was deﬁned as an rvalue >0.75, moderate to good as 0.5 to 0.75, weak as 0.25 to
0.5, and little or no correlation as <0.25. All statistical
analyses of recorded data were performed using the Excel
statistical software package (Ekuseru-Toukei 2019; Social
Survey Research Information Co., Ltd., Tokyo, Japan).
Journal of Reconstructive Microsurgery
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Patency Assessment of Anastomosis Sites Using Laser
Tomography
End-to-end and side-to-end anastomosis sites were scanned
using laser tomography immediately after establishment of
LVA. Patency was determined based on the images.

Postoperative Assessment of Patency and Volume
Changes
The patency of the anastomosis and arm volume changes
were assessed 12 months after the procedure. The patency of
the LVA was assessed by observing the scar of the anastomosis sites using the infrared camera system immediately after
injection of ICG. Gentle pressure was applied to the lymphatic vessel distal to the anastomosis site to facilitate passage of
the lymphatic ﬂuid through the anastomosis site.13 The
patency status was classiﬁed in the following three groups:
patent, nonpatent, and not seen. The assessment of the score
was done by two independent researchers. The LVA site was
regarded as patent only when a clear ﬂush of ICG through the
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anastomosis site was observed. The patency rate was indicated by percentages.
The arm volume changes in terms of circumference were
measured according to the upper extremity lymphedema
index (UEL index).14 After circumference measurement at
standardized landmarks on the arm (olecranon, 5 cm above
and below olecranon, wrist, dorsum of the hand), the UEL
index was calculated from these circumference points and
body mass index (BMI). Patients were asked to remove their
compression garments 24 hours prior to the follow-up to
achieve a reliable measurement. The variable was obtained
preoperatively and 12 months postoperatively. For the arm
volume changes, a paired samples t-test was used to examine
effects pre- and postoperatively.

Results
Patients’ age ranged from 33 to 81 years (median, 53 years),
BMI ranged from 17.7 to 34.2 kg/m2 (median, 25.6 kg/m2),
and duration of edema ranged from 4 to 252 months (median, 21 months). Twenty-three patients (44.2%) had a history
of radiation therapy, and 20 patients (38.5%) had a history of
cellulitis. International Society of Lymphology stage was
determined as stage I in 12 cases (23.1%), stage IIa in 19
cases (36.5%), stage IIb in 17 cases (32.7%), and stage III in 4
cases (7.7%). Dermal backﬂow stage was determined as stage
0 in 1 case (1.9%), stage I in 6 cases (11.5%), stage II in 11 cases
(21.2%), stage III in 18 cases (34.6%), stage IV in 11 cases
(21.2%), and stage V in 5 cases (9.6%).
A total of 132 ICG-enhanced lymphatic vessels were found
in 117 incisions: 28 in the upper arm, 97 in the forearm, and 7
in the hand. These lymphatic vessels were scanned with laser
tomography before LVA. The lymphatic vessel wall was
demonstrated as white region and the lumen of the lymphatic vessel was demonstrated as black region in laser
tomography images. The thickness of the lymphatic vessel
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wall ranged from 0.021 to 0.168 mm (median, 0.092 mm),
and the diameter of lymphatic vessels ranged from 0.034 to
0.487 mm (median, 0.196 mm). In 59 lymphatic vessels
(44.7%), valves, which were seen as white winding lines,
were found inside the lumen (►Fig. 4).
Signiﬁcant difference was seen between the required
time for scanning of the lymphatic vessels using laser
tomography and ultra-high-frequency ultrasound (1.6 
0.3 vs. 4.8  1.2 minutes; p ¼ 0.016).
The correlation between the thickness of lymphatic vessel
wall measured with laser tomography and histologically
measured thickness was good to excellent (r ¼ 0.977, 95%
CI: 0.897–0.992, p < 0.001) (►Fig. 5).
Patency of the anastomosis sites could be determined in
all anastomoses using laser tomography (107 end-to-end
anastomoses and 25 side-to-end anastomoses) (►Figs. 6
and 7; ►Video 2). Four anastomosis sites demonstrated
inverted edges of the vessels, and thus were immediately
reanastomosed (►Fig. 8).

Video 2

Patency of the anastomosis sites was determined in
side-to-end anastomosis between lymphatic vessel
and vein using laser tomography scanning. Online
content including video sequences viewable at:
https://www.thieme-connect.com/products/
ejournals/html/10.1055/s-0040-1718549.

Postoperative examination with ICG lymphography demonstrated patent in 110 out of 132 anastomoses (83.3%),
nonpatent in 4 anastomoses (3.6%), and not seen in 18
anastomoses (13.6%). The volume difference in terms of

Fig. 4 Valves (yellow arrows), which were seen as white winding lines, were found inside the lumen of the lymphatic vessels with the obtained
cross-sectional images of the lymphatic vessels in microscope-integrated laser tomography.
Journal of Reconstructive Microsurgery
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Fig. 5 The correlation between the thickness of lymphatic vessel wall measured with laser tomography and histologically measured thickness.

UEL index between the affected and unaffected arms was
14.3 preoperatively and 10.8 postoperatively, respectively.
The difference reached statistical signiﬁcance (p < 0.05).

Discussion
The present study was conducted to reveal the new capabilities of laser tomography for intraoperative imaging of the
lymphatic vessels during LVA. From the results of this study,
laser tomography not only showed unprecedented clear
images of the lymphatic vessels in all operative sites, even
with the vessels with diameters smaller than 0.3 mm, but

also demonstrated high ability for intraoperative evaluation
of lymphatic degeneration status, putting us a step closer in
choosing the ideal lymphatic vessel for LVA. This obviously
confers the ability to select the best lymphatic vessel on
surgeons.
To date, ICG ﬂuorescence imaging modalities are often used
for intraoperative detection and selection of lymphatic vessels.5 However, ICG is not available in all institutions and is
contraindicated for patients with allergy to iodine. Yang et al
reported that lymphatic ﬂow-positive but non-ICG-enhanced
lymphatic vessels should also be considered as functional
lymphatic vessels. In fact, some non-ICG-enhanced lymphatic

Fig. 6 Patency of the anastomosis sites (red arrow) was determined in end-to-end anastomosis between lymphatic vessel (yellow arrow) and
vein (blue arrow) using sagittal scanning of laser tomography.
Journal of Reconstructive Microsurgery
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Fig. 7 Patency of the anastomosis sites (red arrow) was determined in side-to-end anastomosis between lymphatic vessel (yellow arrow) and
vein (blue arrow) using axial scanning of laser tomography.

vessels were detected using laser tomography in this study.
From these reasons, a new modality for ﬁnding the functional
lymphatic vessels was warranted. Although Hayashi et al
reported noninvasive intraoperative imaging of the lymphatic
vessels using ultra-high-frequency ultrasonography, this technique is time consuming and highly operator dependent.7 In
this study, microscope-integrated laser tomography was less
time consuming for intraoperative imaging of the lymphatic
vessels than ultrasonography because all procedures, including simultaneous sagittal and axial scanning of the lymphatic
vessels, were automated.
After breast cancer treatments, lymph ﬂows are obstructed
in the axilla, and lymphatic hypertension takes place.10,15
Lymphatic hypertension causes dilatation of the lymphatic
vessels, lymphatic valvular insufﬁciency, retrograde lymph

Fig. 8 Patency of the end-to-end anastomosis site (red arrow)
between the lymphatic vessel (yellow arrow) and the vein (blue arrow)
using sagittal scanning of laser tomography demonstrated inverted
edges of the vessels.

ﬂows, and inﬂicts further mechanical stresses on the lymphatic vessels.16,17 The lymphatic vessels become sclerotic over
time after lymph ﬂow obstruction, and lose their function to
drain lymph ﬂuid.16,18 It is essential to select the best functional lymphatic vessels with less sclerosis in LVA for maximum therapeutic effects.3–5 According to previous
immunohistochemical and electron microscopic studies, lymphosclerosis is characterized by discontinuity of the endothelium, degenerative changes of smooth muscle cells, and
hyperplasia of collagenous ﬁbers.19,20 Some previous studies
reported that classiﬁcation of the lymphatic vessel condition is
possible by intraoperative observation of the transected lymphatic vessels under microscope.2,17 However, assessment of
intraoperative ﬁndings under microscope can be subjective,
requiring surgical experience. This study revealed that laser
tomography can provide objective information regarding the
thickness of lymphatic vessel wall, which correlated with
histologically measured thickness. In addition, laser tomography could clearly visualize and identify the valves of the
lymphatic vessels in some cases. Using laser tomography,
even surgeons with less experience can choose the most
suitable lymphatic vessels, including those not highlighted
with ICG, in the surgical ﬁeld just by scanning the region
(►Fig. 9).
As of now, in all previous reports, patency of the anastomosis sites was evaluated via intraoperative ICG observation,
where, in most cases, the lymphatic vessel distal to the
anastomosis site was “milked” to push the lymphatic ﬂuid
through the anastomosis site. While this procedure may be
optimal for assessment of leakage in the anastomosis site,
the patency will be determined as positive even in anastomoses with a minimum patent lumen. Furthermore, there
are some functioning lymphatic vessels in which ICG is not
taken up, making evaluation difﬁcult. Due to extremely high
resolution of the images that can be obtained with laser
tomography, the patency of the anastomosis sites can be
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Fig. 9 Although three lymphatic vessels were similar in appearance under microscope, microscope-integrated laser tomography showed that
they have different lymphatic degeneration status.

more precisely determined, thus possibly leading to higher
efﬁcacy of LVA. In this study, some anastomosis sites demonstrated inverted edges of the vessels, which necessitated
immediate reanastomosis even though the patency was
conﬁrmed with ICG observation. Laser tomography may
also be useful for beginner of lymphatic surgery because it
provides immediate feedback of the anastomosis status.
A disadvantage of this new imaging modality is its
limited reaching distance of near-infrared light. The deepest
layer from which the device can obtain images is 2.5 mm
from the superﬁcial surface after incision. This precludes its
use in preoperative examination, but the reaching distance
is sufﬁcient for intraoperative use, where the lymphatic
vessels are already dissected out.
Limitations of this study include that the study was a
retrospective observational study that included only female
patients with upper extremity lymphedema secondary to
breast cancer treatments who underwent LVA surgery. It is
unclear whether similar results can be obtained in studies
including lower extremity peripheral lymphedema, male
patients, or primary lymphedema. It is also yet to be clariﬁed
whether the use of laser tomography improves the therapeutic efﬁcacy of LVA. In this study, identiﬁcation rates of the
laser tomography were not compared with those of ICG
lymphography because it was a preliminary investigational
study for conﬁrming feasibility of laser tomography. Further
studies are required to address these questions.
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