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Abstract

Keywords

Background Lymphatic vessels are difficult to identify using existing modalities as because of
their small diameter and the transparency of the lymph fluid flowing through them.

Methods Here, we introduce photoacoustic lymphangiography (PAL), a new modality
widely used for lymphedema treatment, to observe limb lymphatic vessels. The
photoacoustic imaging system used in this study can simultaneously visualize lym-
phatic vessels and veins with a high resolution (0.2 mm) and can also observe their

= lymphedema

= lymphaticovenular
anastomosis

= lymphatic vessels

= photoacoustic
lymphangiography

Results

Lymphatics are vessels that circulate throughout the body,
similar to blood vessels. However, they are difficult to
observe from an anatomical point of view and diagnose by
radiology because of their small diameter and the transpar-
ency of the lymph fluid flowing through them.
Lymphoscintigraphy and near-infrared fluorescence
(NIRF) lymphangiography have been used to observe lym-
phatic vessels for the diagnosis of lymphedema, which is
caused by the congestion of lymphatic flow. However, the
image resolution from these modalities is insufficient, and it
is often difficult to clearly identify individual lymphatic
vessel. Moreover, the information obtained from these mo-
dalities is two-dimensional, making it impossible to evaluate
the depth or the three-dimensional relationships between
lymph vessels and blood vessels. In this study, we imple-
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three-dimensional relationship with each other.

High-resolution images of the lymphatic vessels, detailed structure of the
dermal back flow, and the three-dimensional positional relationship between the
lymphatic vessels and veins were observed by PAL.

Conclusion The clear image provided by PAL could have a major application in pre- and
postoperative use during lymphaticovenular anastomosis for lymphedema treatment.

mented a photoacoustic imaging (PAI) system that uses the
photoacoustic effect, which is a new imaging technique that
can clearly visualize the vascular system, hence also visual-
izing the lymphatic vessels in detail and in three dimensions.

The principle of the PAI system can be summarized, as
follows (~Fig. 1):

(1) A pulse near-infrared laser repeatedly irradiates the
object to be photographed.

(2) The object absorbs light energy and converts it into
thermal energy, causing a slight increase in temperature.

(3) When the temperature rises, the object undergoes a
slight thermal expansion, resulting in a volume change.

(4) When a volume change occurs, a feeble ultrasound,
called a photoacoustic wave, is generated.
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Fig. 1 The principles of photoacoustic imaging. NIR, near-infrared.

(5) This photoacoustic wave is detected by an ultrasound
transducer outside the body to create an image. By
receiving photoacoustic waves at multiple points dur-
ing image construction, it is possible to noninvasively
identify the location of light absorbers (hemoglobin and
melanin, among others) in the body.' 2 The imaging test
that uses PAI to depict lymphatic vessels is called
photoacoustic lymphangiography (PAL).3™

Lymphedema is a disease that causes edema in the limb
due to congestion of lymphatic flow, and lymphaticovenular
anastomosis (LVA) through the super microsurgical tech-
nique is one of the lymphedema treatments that allows
stagnant lymphatic fluid to enter. There are various methods
of LVA, and although there have been reports that LVA for
improving edema can be performed in efferent lymphatic
vessels by few anastomoses, especially in early-stage lymph-
edema,®’ surgery with more anastomoses is generally more
effective, and multiple LVA is generally recommended.?
However, to achieve multiple anastomoses, smooth anasto-
mosis techniques and rapid identification of functional
lymphatic vessels and veins are necessary. This rapid identi-
fication could be achieved by using PAL, which could identify
lymphatic vessels and simultaneously depict veins.

Herein, we report findings on lymphatic vessels obtained
using this new device, as well as their clinical application.

Methods

This prospective study was conducted from March 2018 at
Keio University hospital. We recruited healthy volunteers
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Fig. 2 Principle of color separation between lymphatic vessels and veins
(Reprinted with permission from Suzuki Y, Kajita H, Konishi N et al. Subcu-
taneous lymphatic vessels in the lower extremities: comparison between
photoacoustic lymphangiography and nearinfrared fluorescence lymphan-
giography. Radiology 2020;295(2):469-474). (A) This graph shows relation-
ship of wavelength and molar extinction of the object. Blood and lymph
vessels are distinct by the differences in the molar extinction between
indocyanine green (ICG) and hemoglobin (Hb). HbO,: oxyhemoglobin. (B)
Image of a 53-year-old female healthy volunteer. Left, lymphatic vessels are
more prominently visualized at 797 nm, allowing differentiation from blood
vessels. Right, by comparing the difference of the figure, one can separate and
colorize lymphatic and blood vessels. The yellow coloration signifies lym-
phatics, whereas the blue coloration signifies the vein.

and patients with lymphedema, and imaged the lymphatic
vessels and veins of their lower extremities.

In this study, we used a PAI-05 device (currently under-
going product development).’

This system can irradiate lasers of two different wave-
lengths, making it possible to distinguish between blood
and lymphatic vessels based on the difference in the
intensity of the photoacoustic waves obtained from
them at each wavelength.'*>° However, the transparency
of the lymph fluid makes it impossible to delineate the
lymph vessels. Therefore, as a light absorber, we used
indocyanine green (ICG; Diagnogreen 0.5%; Daiichi Phar-
maceutical, Tokyo, Japan), which has also been used for
NIRF lymphangiography. The absorbance of ICG increases
at 797 nm and decreases at 835nm. By contrast, absor-
bance of hemoglobin does not significantly change be-
tween these two wavelengths (=Fig. 2A). At 797 nm, the
absorbance of ICG is significantly greater than that of
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Fig. 3 Images of a 77-year-old male healthy volunteer: the red coloration signifies the artery, whereas the blue coloration signifies the vein. (A) Arterial
imaging of the lateral side of the left extremity. The arrow points to the perforator artery. The vein signal remained slightly indistinct. (B) Photoacoustic
image of the artery and vein. (C) Zoomed in image of the squared portion in =Fig. 3B. One running artery and two running veins can be seen.

hemoglobin, allowing lymph vessels to be strongly
depicted, whereas blood vessels are depicted more strong-
ly at 835 nm. By noting the difference between the images
obtained from these two wavelengths, it became possible
to distinguish between the lymph and blood vessels
(=Fig. 2B). In addition, this imaging allows the three-
dimensional visualization of the relationship between
the lymphatics and the veins (=Video 1).

Video 1

360-degree view of the ~Fig. 2B. One can observe the
three-dimensional relationship between lymphatics
and veins. (Reproduced with permission from Suzuki
Y, Kajita H, Konishi N et al. Subcutaneous lymphatic
vessels in the lower extremities: comparison between
photoacoustic lymphangiography and near-infrared
fluorescence lymphangiography. Radiology 2020;295
(2):469-474). Online content including video sequen-
ces viewable at: https://www.thieme-connect.com/
products/ejournals/html/10.1055/s-0041-1736518.

Similarly, for distinguishing arteries from veins, the
756 nm and 797 nm wavelengths can be used, because of
the difference in the absorbance of oxidized hemoglobin and
reduced hemoglobin becomes greater at 756nm wavelengths
(~Fig. 3).

These arterial and venous data are clinically useful, e.g.,
when dissecting the perforator flap. In particular, the supra-
fascial area can be identified; therefore, the vascular data are
useful to make the flap thin.'°

This study was conducted with the approval of the
appropriate local ethics committee. Oral and written in-
formed consent was obtained from all participants.

Journal of Reconstructive Microsurgery ~ Vol. 38 No. 3/2022 © 2021. The Author(s).

Results
Imaging by Photoacoustic Lymphangiography

The Lymphatics and Veins in Healthy Individuals

The NIRF showed a linear pattern (~Fig. 4A), reflecting good
functioning of the collecting lymphatic vessels. By contrast,
the PAL more clearly showed the collecting lymphatics
(=~Fig. 4B) along with the veins (~Fig. 4c) >

The Lymphatics and Veins in Patients with Lymphedema
The figures obtained from patients with lymphedema dif-
fered with respect to their lymphatic function. In particular,
dermal backflow is a characteristic finding in lymphedema.
In addition to NIRF, the dermal backflow can often be
observed in PAL in the limbs with lymphedema (=Fig. 5A).

Moreover, our device was able to observe the object three-
dimensionally; hence, collective lymphatic vessels running
under the dermal backflow were also identified. Furthermore,
not only was PAL regurgitation continuity from collective
lymphatic vessels to precollector lymphatic vessels demon-
strated, but the relationship between these lymphatics and
veins was also observed (=Fig. 5B and C). In addition, PAL can
digitally eliminate the dermal backflow from the image. Thus,
hidden collective lymphatic vessels that run under dermal
backflow could also be observed (~Fig. 5D).

However, in patients with advanced lymphedema, the
function of the lymphatic vessels is deteriorated, and neither
the lymphatic vessels nor the dermal backflow could be
contrasted (~Fig. 6A-6C).

Application of Photoacoustic Imaging

Preoperative Mapping
PAL was performed before LVA surgery, and lymphatic ves-
sels were well-visualized on the images (~Fig. 7A and B). For
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Fig.4 Images of a 56-year-old female (Reprinted with permission from Suzuki Y, Kajita H, Oh A, et al. Use of photoacousticimaging to determine
the effects of aging on lower extremity lymphatic vessel function. | Vasc Surg Venous Lymphat Disord 2022;10(1):125-130). (A) Near-infrared
fluorescent lymphangiography of the medial side of the right lower leg. (B) Photoacoustic lymphangiography of only the lymphatic vessels.
(C) Photoacoustic lymphangiography of the lymphatics and veins.

Fig. 5 Images of a 37-year-old female patient with lymphedema (Reprinted with permission from Suzuki Y, Kajita H, Konishi N et al.
Subcutaneous lymphatic vessels in the lower extremities: comparison between photoacoustic lymphangiography and near-infrared fluorescence
lymphangiography. Radiology 2020;295(2):469-474). (A) Near-infrared fluorescent lymphangiography imaging revealed dermal backflow in the
lower extremity. (B) Photoacoustic lymphangiography demonstrated both a well-contrasted lymphatic vessels, as well as dermal backflow in the
anterior side of the lower extremity. (C) Photoacoustic lymphangiography is able to show the relationship between the lymph vessels and the
subcutaneous veins. (D) The figure taken by PAI-05 can digitally delete the dermal backflow. Thus, we can find the structures under dermal
backflow. White arrow shows collective lymphatic vessel that was hidden by dermal backflow.

example, at this incision site, the subcutaneous vein and

well-depicted lymphatic vessel were identified in the pre- Video 2

operative images. Moreover, the lymphatic vessels had been

confirmed at the depth of this vein (~Fig. 7C, ~Video 2) 360-degree view of the ~Fig. 7D. This three-dimen-
before surgery. Hence, we were able to identify the lymphatic sional data revealed the fact that the lymphatic vessel
vessels in the deeper side of this vein. The images obtained run deeper than veins became clear. Online content
preoperatively and the actual intraoperative findings were including video sequences viewable at: https://www.
well matched, and a good anastomosis was performed thieme-connect.com/products/ejournals/htmi/

(~Fig. 7D-F). 10.1055/s-0041-1736518.

Journal of Reconstructive Microsurgery ~ Vol. 38 No. 3/2022 © 2021. The Author(s).


https://www.thieme-connect.com/products/ejournals/html/10.1055/s-0041-1736518
https://www.thieme-connect.com/products/ejournals/html/10.1055/s-0041-1736518
https://www.thieme-connect.com/products/ejournals/html/10.1055/s-0041-1736518

258 Application of Photoacoustic Imaging for Lymphedema Treatment

Fig. 6 Images of a 64-year-old female patient with lymphedema. (A

Suzuki et al.

) Near-infrared fluorescent lymphangiography imaging does not reveal any

enhanced lymphatic vessel. (B) Photoacoustic lymphangiography ofonly the lymphatic vessels. However, no lymphatic vessels are identified. (C)

Photoacoustic lymphangiography of the lymphatics and veins.

Fig. 7 Images of a 77-year-old female patient with secondary lymphedema due to cervical cancer. (A) Preoperative mapping by photoacoustic
lymphangiography of only the lymphatic vessels. (B) Preoperative mapping by photoacoustic lymphangiography of the lymphatics and veins. (C) Magnified
image of the anastomosis site. (D) Lymphatic vessel anastomosed later was named as L1 and vein as V1. The veins (V1 and V1’) was transposed toward the
lymph vessels following the round arrows. (E) Intraoperative finding. The same bifurcated vein depicted in =Fig. 7D was identified. (F) Referring to
preoperative picture, identification of the lymphatic vessel and venule was easily performed. Thus, good lymphaticovenular anastomosis was achieved.

Postoperative Evaluation of LVA

When the anastomosis was observed with PAL, the findings
demonstrated the contact between the lymphatic fluid (ICG)
and the blood at the border of the anastomosis.'> When the
anastomosis is obstructed, hemoglobin and ICG signals will
not be detected at the border, which is thought to cause a gap
between the lymph fluid and blood at the anastomosis. In our

Journal of Reconstructive Microsurgery ~ Vol. 38 No. 3/2022 © 2021. The Author(s).

case, the lymph fluid and blood were joined, suggesting that
the anastomosis was patent (~Fig. 8A-C).

Discussion

Lymphatic vessels have historically been studied in detail by
anatomical studies of lymphatic vessels in cadavers, using
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Fig. 8 Photoacoustic lymphangiography after 1 month of lymphaticovenular anastomosis surgery. (Reprinted with permission from Suzuki Y,
Kajita H, Kono H, et al. The direct observation of lymphaticovenular anastomosis patency with photoacoustic lymphangiography. Plast Reconstr
Surg Glob Open 2021;9(1):e3348). (A) Anastomosis site was showed in white square. (B) Intraoperative findings. Lymphaticovenular end-to-end
anastomosis had performed. (C) Magnified and rotated image of the anastomosis site. In, Fig. B, the skin around anastomosis site was pulled to
get better view for the anastomosis, and the tension was removed since wound closure. Hence, the anastomosis may be depicted as sagging. The
lymphatic vessels in yellow gradually cross the anastomosis and connect to the veins.

mercury, or more recently, lead oxide.'> However, in living
humans, observing lymphatics is extremely difficult because
the lymph vessels are tiny and the lymph fluid flowing inside
the vessels is transparent. The PAI-05 implemented in this
study uses ICG as a light absorber, allowing a clearer evalua-
tion of subcutaneous lymphatic vessels compared with exist-
ing modalities.

Our group was the first in the world to successfully
capture clear three-dimensional images of a wide range
of human lymphatic vessels using PAL> This device has a
high resolution (0.2mm) and is capable of individually
identifying multiple lymphatic vessels. Handheld PAI devi-
ces have also been applied to lymphedema treatment, but

the area that can be imaged was only up to 15mm in
diameter.'*

Previously, imaging modalities such as lymphoscintigra-
phy,’>'® NIRF lymphangiography,'’~'® magnetic resonance
lymphangiography (MRL),'®29-22 and ultrasonography?>-?*
have been used to observe lymphatic vessels for lymphede-
ma treatment (~Table 1). However, although lymphoscintig-
raphy can evaluate the entire lower extremity, the details of
each lymphatic vessel remain unknown. NIRF lymphangiog-
raphy has the advantage of evaluating lymphatic vessels in
real time and is probably the most commonly used technique
for preoperative LVA mapping. However, an NIRF cannot
provide information on the depth of the lymphatics. MRL

Journal of Reconstructive Microsurgery ~ Vol. 38 No. 3/2022 © 2021. The Author(s).
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Table 1 Comparison of imaging modalities for lymphatic vessels
Pros Cons
LS Enables complete evaluation of the lower extremities Difficult to identify details of individual lymphatic vessels
NIRF | Real time imaging Provides only two-dimensional information
Widely used in lymphatic surgery
MRL | Detailed resolution and wide imaging range in three Smaller lymphatic vessels are not evident at early lymph-
dimensions edema stages
Venous contamination may lead to misidentification of
lymphatics
us Simultaneous identification of lymphatics and veins Reproducibility issues because accuracy of image rendi-
No contrast agent required tion depends on the skill of practitioner
PAL | High-definition images with a resolution of 0.2 mm enable | Imaging range is limited
simultaneous identification of three-dimensional lym- The device is still in its development stage
phatics and veins
Video recording is possible

Abbreviations: LS, lymphoscintigraphy; MRL, magnetic resonance lymphangiography; NIRF, near-infrared fluorescence lymphangiography; PAL,

photoacoustic lymphangiography; US, ultrasonography.

is expected to develop in the future because of its detailed
resolution and wide imaging range in three dimensions, but
at present, it has difficulties visualizing small lymphatic
vessels; moreover, due to venous contamination, some veins
are unavoidably enhanced, which may lead to misidentifica-
tion of lymphatic vessels. Ultrasonography has been applied
to the preoperative evaluation of LVA and is able to simulta-
neously identify lymphatics and veins, while the other three
modalities cannot detect veins in detail. Lymphatic struc-
tures can also be visualized if ultra-high-frequency ultraso-
nography is used. However, lymphatic vessels that can be
identified vary depending on the skill of the practitioner, and
there is a reproducibility problem.

Compared with these modalities, PAL is useful in LVA,
considering its detailed imaging ability to identify lymphatic
vessels and to simultaneously depict veins.?® In preoperative
PAL, it is possible to simultaneously visualize the lymphatic
vessels and veins to be anastomosed. Moreover, the three-
dimensional positional relationship of both lymphatic ves-
sels and veins can be clearly seen, which allowed quick
identification of each, leading to efficient LVA. Patients
with lymphedema have expanded limb appearance, risk of
infection (e.g., cellulitis), pain, and lymphorrhea. The main
goal of lymphedema surgery is to relieve the patients’
symptoms and decrease limb circumference of the extremi-
ty. To achieve this result, attaining a patent anastomosis
should be the premise of the surgery. If all anastomoses were
obstructed, the patient’s edema would not improve. Hence,
the patency of the anastomosis needs to be assessed. Never-
theless, despite its importance, assessing anastomotic paten-
cy is difficult.

Although existing reports assessing anastomotic patency
by NIRF have reported patency rates of 30 to 50%, the
accuracy of patency rate for all anastomoses remains un-
known because it is difficult to assess when the anastomosis
site is hidden by dermal backflow.26-28

PAL can digitally delete dermal backflow and be less
affected by its influence; therefore, PAL could be used to

Journal of Reconstructive Microsurgery ~ Vol. 38 No. 3/2022 © 2021. The Author(s).

better judge lymphatic anastomosis patency than NIRF.?
Both techniques still require ICG for detecting lymphatic
vessels; hence, we cannot judge the patency in nonenhanced
lymphatic vessels.

PAL is still a developing technology, and at present, the
imaging range is too limited for preoperative mapping using
PAL alone, and it is still difficult to precisely adjust the PAL
figures and the patient’s limb for the planning of the LVA
surgery. However, the clear image provided by this modality
can be useful for lymphatic surgeons, and further develop-
ment is expected in the future.

Conclusion

In this article, we reported the use of PAI to delineate
lymphatic vessels and their clinical application. This tech-
nique can visualize lymphatic vessels with higher resolution
than conventional imaging techniques and in three dimen-
sions. Further development of this technique is expected to
play a major role in the treatment of lymphedema.
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