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Background: Identification and localization of functional lymphatic vessels are
important for lymphaticovenular anastomosis. Conventional high-frequency ultra-
sound (CHFUS) has been reported to be useful for them, but it has some disadvan-
tages. In this article, we present new capabilities of ultra high-frequency ultrasound
(UHFUS) for imaging of the lymphatic vessels, which may overcome the weakness
of CHFUS.

Methods: Thirty unaffected extremities in 30 unilateral secondary lymphedema
patients (13 upper limbs and 17 lower limbs) were examined. Identification of
the lymphatic vessels using UHFUS and CHFUS were performed at 3 sites in each
unaffected extremity. Number and diameter of the detected lymphatic vessels were
compared between UHFUS and CHFUS groups. At the same time, new character-
istics of the lymphatic vessels seen with UHFUS were investigated.

Results: One hundred sixty-nine lymphatic vessels were detected with UHFUS, and
118 lymphatic vessels with CHFUS. The number of lymphatic vessels found in up-
per and lower extremities was significantly larger with UHFUS than with CHFUS.
The diameter of lymphatic vessels found in upper and lower extremities was sig-
nificantly smaller with UHFUS than with CHFUS. All lymphatic vessels that were
detected in UFHUS were less likely to collapse when the transducer was against the
skin of the examined sites.

Conclusions: Detection rate of the lymphatic vessels in nonlymphedematous ex-
tremities with UHFUS was higher than that with CHFUS. UHFUS provides im-
ages with extremely high resolution, demonstrating new characteristics of the
lymphatic vessels. (Plast Reconstr Surg Glob Open 2019;7:e2086; doi: 10.1097/
GOX.0000000000002086; Published online 22 January 2019.)
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INTRODUCTION

Lymphedema of the extremities is a chronic, debilitat-
ing disease. Lymphedema can be treated conservatively or
surgically, including tissue resection and lymph drainage
(direct or indirect).'”” Among the surgical procedures,
lymphaticovenular anastomosis (LVA) is an effective
and minimally invasive surgical treatment for refractory
lymphedema.'™!'” A positive correlation between the num-
ber of LVA performed and therapeutic effectiveness has
been reported.’ Preoperative identification of functional
lymphatic vessels and veins can contribute to shorter op-
erative time.'*%!

Indocyanine green (ICG) lymphography has been re-
ported to be a minimally invasive imaging modality that
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can not only evaluate the severity of lymphedema but also
determine the location of the lymphatic vessels as linear
patterns.'**** However, ICG lymphography cannot visual-
ize lymphatic flow that is masked beneath dermal back-
flow patterns, particularly in stardust and diffuse patterns,
in the extremities affected with severe lymphedema.” ICG
lymphography also requires ICG injection before the ex-
amination, which cannot be performed on patients who
are allergic to iodine. For detection of lymphatic vessels in
aregion masked by dermal backflow pattern or in patients
with allergic reactions to ICG, conventional high-frequen-
cy ultrasound (CHFUS) has been reported to be useful
as a substitute for ICG lymphography even in the limbs
severely affected by lymphedema.'*® Ultrasound-guided
detection of lymphatic vessels for lymphedema results in
more effective LVA surgery.”

Disadvantages of this CHFUS system with an upper
frequency of 15-18 MHz are that it is highly operator de-
pendent and that it is difficult to distinguish the lymphatic
vessels with the subcutaneous veins or the nerves when the
lymphatic vessels are smaller than 0.3 mm.* Precise imag-
ing of small anatomical structures is often difficult with
conventional ultrasound. Recent developments in ultra
high-resolution ultrasound systems provide frequencies as
high as 70 MHz and capability resolution as fine as 30 pm,
which could allow more precise imaging of small anatomi-
cal structures. Ultra high-frequency ultrasound (UHFUS)
may allow for more accurate imaging of the lymphatic ves-
sels and provide valuable and new information in detec-
tion of the lymphatic vessels.

In this study, we investigated the performance of UH-
FUS in detecting the lymphatic vessels compared with
CHFUS.

PATIENTS AND METHODS
We examined 30 patients with unilateral lymphede-
ma of the extremities (13 unilateral upper limb lymph-
edema and 17 unilateral lower limb lymphedema) at the
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Hospital. In each patient, we investigated the healthy
side using 2 types of ultrasonography. There were 25
women and 5 men whose average age was 55.7 years
(range, 36-74 years) and the average body mass index
25.4 (range, 21.2-32.8). No patient had potential aller-
gic reaction to ICG. This study was conducted under the
institutional ethical review board. All patients provided
written informed consent for participation in this retro-
spective observational study.

Detection of the Lymphatic Vessel Using Ultrasound
Identification and marking of the lymphatic vessels us-
ing UHFUS and CHFUS were performed at 3 fixed sites in
each unaffected extremity. The lymphatic vessels of the up-
per extremity were identified in distal one-third of the volar
aspect of forearm, proximal one-third of the dorsal aspect
of forearm, and distal one-third of the volar aspect of upper
arm. The lymphatic vessels of the lower extremity were iden-
tified in middle one-third of the medial aspect of the lower
leg, distal one-third of the posterior aspect of the lower leg,
and distal one-third of the medial aspect of the thigh. The
following ultrasonographic findings from previous studies
were used for identification of the lymphatic vessels: (1)
intermittent homogeneous, hypoechoic, and specular mis-
shapen images in sagittal B-mode; (2) no colors seen with
color Doppler mode; and (3) no convergence seen with the
artery, the vein, or the nerve.'*® The lymphatic vessels iden-
tified using UHFUS were marked with a cross with a black
pen, and the lymphatic vessels found using CHFUS were
marked with a circle with a black pen. The marked points
were checked with ICG lymphography (Fig. 1). Number, di-
ameter, and depth of the lymphatic vessels, which were de-
tected with each ultrasound were recorded. For measuring
the vessels, the major axis of lumen of the lymphatic vessel
in short axis was measured using UHFUS with the partially
image enlargement function. New characteristics and imag-
ing findings of the lymphatic vessels seen with UHFUS that

C

Fig. 1. A, The identified lymphatic vessels using UHFUS were marked as cross with a black pen, and ones using CHFUS were marked as
circle with a black pen. B, After the identification of lymphatic vessels using ultrasound, ICG was injected subcutaneously into the extrem-
ity. C, Then, the marked points were checked with ICG lymphography.

2



Hayashi et al. ®* UHFUS Detection of the Lymphatic Vessels

Table 1. Summary of Lymphatic Vessels in US

US detection of 178 lymphatic vessels in 30 unaffected extremities

No. lymphatic vessel
Detected both with UHFUS and CHFUS
Detected only with UHFUS
Detected only with CHFUS

Diameter of lymphatic vessel (mm)*
Detected both with UHFUS and CHFUS 4-0.58
Detected only with UHFUS 0.18-0.32 (0.26)
Detected only with CHFUS 1-0.52

Depth of lymphatic vessel (mm)*

109 (61.2%)
60 (33.7%)
9 (5.1%)

Detected both with UHFUS and CHFUS 2.5-9.2 (5.9)
Detected only with UHFUS 1.4-3.4 (2.3)
Detected only with CHFUS 10.2-16.7 (12.6)

Data are counts (percentages) otherwise indicated.
*Data are ranges (averages).
US, ultrasound.

could not be seen with CHFUS were investigated. At the
same time, the locations of each site where lymphatic ves-
sels were not identified by each ultrasound were recorded.
Then, the recorded locations were also checked with ICG
lymphography.

UHFUS was performed with Vevo MD ultrasound
device (FUJIFILM VisualSonics, Amsterdam, the Nether-
lands) using a 70 MHz linear array transducer. CHFUS
was performed with ProSound F75 (Hitachi Medical
Corporation, Tokyo, Japan) using a 18 MHz linear array
transducer. All ultrasound detections were performed by
one of the study authors (A.H.). ICG lymphography was
performed as follows: 0.2mL of ICG (VERDYE 0.125%;
Diagnostic Green GmbH, Deutschland, Germany) was
injected subcutaneously into the 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, and the
lower extremities at the first web space of the foot and the
lateral border of the Achilles tendon.?2*

Statistical Analysis

The accuracy of ultrasonography in detecting the lym-
phatic vessels was estimated by calculating and comparing
the sensitivity and specificity of UHFUS and CHFUS with
ICG lymphography findings. Comparisons were made be-
tween UHFUS and CHFUS on the number and diameter
of the lymphatic vessels in the upper and lower extremi-
ties, which could be detected in each ultrasound system.
Plus-minus values represented mean + SD. Differences in
the means between groups were analyzed by Mann-Whit-
ney U test, and difference in sensitivity between UHFUS
and CHFUS was analyzed by chi-square test. All P values

were 2-sided, and statistical significance was accepted at
P<0.05.

RESULTS

In total, 178 lymphatic vessels were detected using UH-
FUS and CHFUS at 90 sites in 30 unaffected extremities.
ICG lymphography showed linear pattern in all extremi-
ties, and all linear lines passed over the one of or both
marked points, which were detected as the lymphatic ves-
sel on ultrasound.

One hundred sixty-nine lymphatic vessels were de-
tected with UHFUS, whereas 118 lymphatic vessels with
CHFUS. The average diameter of lymphatic vessel de-
tected with UHFUS was 0.38 mm, and that detected with
CHFUS was 0.44mm. The average depth of lymphatic ves-
sel detected with UHFUS was 4.6 mm, and that detected
with CHFUS was 6.4 mm; Table 1).

Comparison of Ultra High-frequency Ultrasound and
Conventional High-frequency Ultrasound

The sensitivity and specificity of UHFUS for detection
of lymphatic vessel were 94.9% and 98.3%, respectively,
and those of CHFUS were 66.3% and 91.3%, respectively.

UHFUS detected more lymphatic vessels in superficial
layer, which is within 5mm than CHFUS in all sites of ex-
tremities (Table 2).

Significant differences were seen between UHFUS and
CHFUS in the number of lymphatic vessel of upper and
lower extremity (7.00+1.33 versus 4.15+0.47; P < 0.001,
4.59+0.76 versus 3.82+0.53; P = 0.042). The numbers of
the lymphatic vessels found at the volar aspect of the fore-
arm, the dorsal aspect of the forearm and the medial aspect
of the lower leg were significantly larger with UHFUS than
those with CHFUS (2.85+0.47 versus 1.54+0.27; P< 0.001,
2.15+0.31 versus 0.85+0.31; P < 0.001, 2.06+0.31 versus
1.52+0.26; P=0.007; Table 3).

Significant differences were seen between UH-
FUS and CHFUS in the diameter of lymphatic ves-
sel of the upper and lower extremity (0.336+0.008
versus 0.403+0.002mm; P < 0.001, 0.417+0.001 ver-
sus 0.468+0.003mm; P < 0.001). The diameter of
the lymphatic vessels found at the volar aspect of the
forearm, the dorsal aspect of the forearm and the me-
dial aspect of the lower leg were significantly smaller
with UHFUS than those with CHFUS (0.321+0.005
versus 0.381+0.001 mm; P < 0.001, 0.288+0.005 ver-
sus 0.366+0.001 mm; P < 0.001, 0.383+0.008 versus
0.439+0.003mm; P=0.007; Table 4).

Table 2. Depth of Lymphatic Vessels That Could Be Detected Using UHFUS and CHFUS

Detection Site

Depth from the Body Volar Aspect Volar Aspect Dorsal Aspect Medial Aspect Medial Aspect  Posterior Aspect
Surface (mm) of Upper Arm of Forearm of Forearm of Thigh of Lower Leg of Lower Leg
U C U C U C U C U C U C
<b 11 6 23 6 20 3 7 2 26 14 8 4
5-10 15 15 14 14 8 8 18 18 9 9 10 10
10-15 — 2 — 0 — 0 — 2 — 3 — 1
15 < — 0 — 0 — 0 — 1 — 0 — 0
Total 26 23 37 20 28 11 25 23 35 26 18 15




Table 3. Comparison between UHFUS and CHFUS in
Number of Detected Lymphatic Vessel

Detection Site UHFUS CHFUS P
Upper extremity 7.00+1.33 4.15+0.47 <0.001*
Volar aspect of upper arm 2.00£0.33  1.77+0.19 0.260

Volar aspect of forearm 2.85+0.47 1.54+0.27 <0.001*
Dorsal aspect of forearm 2.15+0.31  0.85+0.31 <0.001*
Lower extremity 4.59+0.76  3.82+0.53 0.042%
Medial aspect of thigh 1.47+0.26 1.41+0.26  0.739
Medial aspect of lower leg 2.06+0.31 1.562+0.26 0.007*
Posterior aspect of lower leg  1.06+0.18  0.88+0.11 0.189

*P<0.05.

Table 4. Comparison between UHFUS and CHFUS in
Diameter of Detected Lymphatic Vessel

Detection Site UHFUS CHFUS P

Upper extremity 0.336+0.008 0.403+0.002 <0.001*
Volar aspect of upper arm  0.411+0.006 0.440+0.002 0.110
Volar aspect of forearm 0.321+0.005 0.381+0.001 <0.001*
Dorsal aspect of forearm 0.288+0.005 0.366+0.001 <0.001*

Lower extremity 0.417+0.001 0.468+0.003 <0.001*
Medial aspect of thigh 0.447+0.009 0.488+0.003 0.073
Medial aspect of lower leg  0.383 +50.008 0.439+0.003 0.007*
Posterior aspect of lower leg 0.442+0.011 0.486+0.003 0.132

*P<0.05.

New Characteristic and Imaging Finding of the Lymphatic
Vessel in UHFUS

UHFUS showed clearer images for detecting lymphat-
ic vessels and surrounding tissues than CHFUS (Figs. 2, 3).
The veins were collapsed when the transducer was pushed
against the skin of the examined sites, while the lymphatic
vessels were less likely to collapse under the same setting
(Figs. 4, 5; see video, Supplemental Digital Content 1,
which demonstrates difference in UHFUS findings be-
tween vein and lymphatic vessels in lower leg, hitp://links.
lww.com/PRSGO/A951; see video, Supplemental Digital
Content 2, which demonstrates difference in UHFUS
findings between vein and lymphatic vessels in forearm,
http://links.lww.com/PRSGO/A952). Lymphatic fluids
moving inside the lumen, as well as functioning valves
were visualized in 36 lymphatic vessels with UHFUS (see
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video, Supplemental Digital Content 3, which demon-
strates lymphatic fluids moving with valve functioning,
http://links.lww.com/PRSGO/A953).

DISCUSSION

This study revealed high sensitivity and specificity
of UHFUS for detection of the lymphatic vessels when
compared with those of CHFUS. This study also showed
UHFUS could detect the lymphatic vessels with smaller
diameter and larger number of lymphatic vessels in the
upper and lower extremities. In addition, from the results
of this study, this advanced ultrasound showed not only
unprecedented clear image of the lymphatic vessels, even
ones with diameters smaller than 0.3 mm, but also new
characteristics and imaging findings that could not be ob-
served using CHFUS. To our knowledge, this is the first
attempt to detect lymphatic vessels using UHFUS.

Several techniques using CHFUS have been reported
for detection of the lymphatic vessels using ultrasound.
Goldberg et al.?*® reported contrast-enhanced ultrasono-
graphic imaging of the lymphatic vessel. They reported
that lymphosonography can be used to detect lymphatic
drainage pathways in a variety of animal models using
contrast medium. Sever et al.”’ reported ultrasonographic
imaging of human breast lymphatic vessels in patients
with breast cancer using contrast medium. In our previ-
ous report, ultrasound visualization of lymphatic vessels
in the lower leg of healthy volunteers was demonstrated
without the use of contrast medium: intermittent homo-
geneous, hypoechoic, and specular misshapen images
were the characteristic findings of lymphatic vessels.'” We
also revealed that ultrasonography could also detect the
lymphatic vessels in the limbs affected with lymphedema
where dermal backflow patterns were shown with ICG lym-
phography.

Although ultrasound visualization of the lymphatic
vessels has made great progress using CHFUS, there are
several disadvantages of CHFUS system with an upper fre-
quency of 15-18 MHz: (1) it is highly operator dependent;
and (2) it is difficult to distinguish the lymphatic vessels
from subcutaneous vasculature or nerves.?” Precise imag-

Fig. 2. A, CHFUS showed 2 lymphatic vessels (yellow arrow) and great saphenous vein (blue arrow) in the medial aspect of lower leg. B,
UHFUS showed clearer image of them. The diameter of lymphatic vessels was around 0.3 mm.
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Fig. 3. A, CHFUS showed lymphatic vessels (yellow arrow), small saphenous vein (blue arrow), and sural nerve (red arrow) in the posterior
aspect of lower leg. B, UHFUS showed clearer image of them. The diameter of lymphatic vessels was around 0.5 mm.

Linear:,
=0=Z1"mm

Fig. 4. A, UHFUS showed clear image of lymphatic vessels (yellow arrow), great saphenous vein (blue
arrow), and saphenous nerve (red arrow) in the medial aspect of lower leg. The diameter of lymphatic
vessels was around 0.2 mm. B, Lymphatic vessel was not colored in color Doppler mode. C, Vein was
collapsed when the transducer was pushed against skin of examined site, while lymphatic vessel was
less likely to collapse.

ing of small size anatomical structures is often difficult
with conventional ultrasound.

In recent years, research on small animals promoted
advances in diagnostic imaging technologies, such as UH-
FUS, which has recently been approved.?# This novel de-
vice has recently been approved for use in humans.* The
transducer with 70 MHz permits more precise detection
of small size anatomical structures. We explored the use

of ultra high-resolution ultrasound for detecting the lym-
phatic vessels, and the present study revealed that UHFUS
provides unprecedented clear images of the lymphatic
vessels along with new valuable information of the ultra-
sonographic images of the lymphatic vessels. In our study,
we believe that these advantages of UHFUS allowed detec-
tion of larger number of the smaller diameter lymphatic
vessels particularly in the superficial layer.
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Fig. 5. A, UHFUS showed clear image of lymphatic vessels (yellow arrow) and cephalic vein (blue arrow)
in the volar aspect of forearm. The diameter of lymphatic vessels was around 0.2mm. B, Lymphatic
vessel was not colored in color Doppler mode. C, Vein was collapsed when the transducer was pushed
against skin of examined site, while lymphatic vessel was less likely to collapse.

Saphenous N.

' Video

Video Graphic 1. See video, Supplemental Digital Content 1, which
displays UHFUS in the medial aspect of lower leg showed that vein
was collapsed when the transducer was pushed against skin of ex-
amined site, while lymphatic vessel was less likely to collapse, http://
links.lww.com/PRSGO/A951.

This study showed that lymphatic vessels were less like-
ly to collapse when pressure was applied to the skin with
the transducer. Macdonald et al.*! reported that amount
of lymphatic flow positively correlated with regional tissue
pressure in the previous study. From this viewpoint and
our results, we discovered that expansion of the lymphatic
vessel could be observed when pressure was applied to the
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Video Graphic 2. See video, Supplemental Digital Content 2, which
displays UHFUS in the volar aspect of forearm showed that vein was
collapsed when the transducer was pushed against skin of exam-
ined site, while lymphatic vessel was less likely to collapse, http://
links.lww.com/PRSGO/A952.

vessel via the transducer. Thus, the lymphatic vessels can
be distinguished from other structures by not only shape
and echogenic texture but also adopting this pressure ap-
plication technique.

Lymphatic fluids moving inside the lumen and func-
tioning valves were visualized in some lymphatic vessels
with UHFUS in this study. The lymphatic vessels become
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Video Graphic 3. See video, Supplemental Digital Content 3, which dis-
plays UHFUS in the medial aspect of thigh showed that lymphatic fluid
moving with valve functioning, http://links.lww.com/PRSGO/A953.

sclerotic over time after lymph flow obstruction, and lose
their function to drain lymph fluid in peripheral lymph-
edema patient. Anastomosing the severely sclerotic lym-
phatic vessels leads to minimum therapeutic effect in LVA.
Therefore, identification of functional lymphatic vessels is
important for LVA. UHFUS may have the big advantage
of identification of functional lymphatic vessels, including
ones with diameters smaller than 0.3mm, for lymphede-
ma cases preoperatively.

One of disadvantages of this new device is its limited
reaching distance of ultrasound. The deepest layer from
which the device can obtain images is 10 mm from the su-
perficial surface. Although it can clearly visualize the lym-
phatic vessels in the forearm and the lower leg, where the
lymphatic vessels lie in a relatively superficial layer, it can-
not visualize the lymphatic vessels in the upper arm and
the thigh, where the lymphatic vessels run more deeply.
This could have contributed to a result; the difference in
the numbers of the lymphatic vessels found at the volar
aspect of the upper arm and the medial aspect of the thigh
was not statistically significant between UHFUS group and
CHFUS group. For detection of the lymphatic vessels run-
ning deeper than 10mm from the skin surface, use of a
transducer with 48 MHz (max image depth: 23.5mm) is
recommended.

Limitations of the present study included that ac-
quisition of accurate ultrasonographic image was highly
operator-dependent. Because our ultrasound scanning
of the lymphatic vessels was performed by one examiner,
interoperator reliability could not be evaluated. Further
studies are required to investigate the learning curve of
performing ultrasound and compare it in some operator.
Second, the subjects of this study were the extremities
not affected by lymphedema. Ultrasonographic findings
of the lymphatic vessels in lymphedematous extremities
may be different from those in unaffected extremities.
Because this device can visualize superficial vessels with
diameters smaller than 0.3mm with high resolution, it
may have a potential to assess severity of lymphosclerosis
and replace ICG lymphography for the detection of lym-
phatic vessels in lymphedematous limbs. Third, existence

of the lymphatic vessels was not confirmed based on di-
rect intraoperative observation of lymphatic vessels. Fur-
ther studies are required to reveal correlation between
UHFUS findings of the lymphatic vessels and the actual
lymphatic vessels.

CONCLUSIONS

UHFUS provides images with extremely high resolu-
tion, demonstrating new characteristics of the lymphatic
vessels. With UFHUS, detection rate of the lymphatic
vessels in nonlymphedematous extremities was higher
than that with CHFUS. This advanced technology may
open new frontiers in understanding and treatment of
lymphedema.
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