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Background Dermal backflow (DBF), which refers to lymphatic reflux due to lymphatic valve Correspondence: Anna Oh

insufficiency, is a diagnostic finding in lymphedema. However, the three-dimensional struc- Department of Plastic and
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ture of DBF remains unknown. Photoacoustic lymphangiography (PAL) is a new technique University School of Medicine,
that enables the visualization of the distribution of light-absorbing molecules, such as hemo- 35 Shinanomachi, Shinjuku, Tokyo
globin or indocyanine green (ICG), and can provide three-dimensional images of superficial 160-8582, Japan

lymphatic vessels and the venous system. This study reports the use of PAL to visualize DBF 1;2_18;1'_3;3335;2'_11201514
structures in the extremities of patients with lymphedema after cancer surgery. E-mail: prsanna1006@gmail.com

Methods Patients with a clinical or lymphographic diagnosis of lymphedema who previously
underwent surgery for cancer at one of two participating hospitals were included in this
study. PAL was performed using the PAI-05 system. ICG was administered subcutaneously in
the affected hand or foot, and ICG fluorescence lymphography was performed using a near-
infrared camera system prior to PAL.

Results Between April 2018 and January 2019, 21 patients were enrolled and examined us-
ing PAL. The DBF was composed of dense, interconnecting, three-dimensional lymphatic ves-
sels. It was classified into three patterns according to the composition of the lymphatic ves-
sels: a linear structure of lymphatic collectors (pattern 1), a network of lymphatic capillaries
and lymphatic collectors in an underlying layer (pattern 2), and lymphatic capillaries and pre-
collectors with no lymphatic collectors (pattern 3).

Conclusions PAL showed the structure of DBF more precisely than ICG fluorescence lym-
phography. The use of PAL to visualize DBF assists in understanding the pathophysiology and =

assessing the severity of cancer-related lymphedema. This research was funded by the ImPACT
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INTRODUCTION that can be observed using indocyanine green (ICG) fluores-
cence lymphography and lymphoscintigraphy [1-3]. The pres-
Dermal backflow (DBF) is a diagnostic finding of lymphedema ence of DBF suggests lymphatic reflux caused by lymphatic
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valve insufficiency, which develops because of anatomical or
functional obstruction of lymphatic pathways [4,5]. Surgical
treatment for cancer is a common cause of lymphedema, as the
structure of the lymphatic system is destroyed during lymph
node dissection. Obstruction of lymphatic pathways also occurs
after cancer surgery in which components of the lymphatic sys-
tem are disrupted [4-6].

DBF is believed to be a pathophysiological response that cre-
ates alternative pathways for lymphatic flow when the lymphatic
pathway is obstructed in patients with lymphedema [7,8]. In
patients with mild lymphedema, DBF areas are localized as
some lymphatic collectors remain functional. In patients with
severe lymphedema, most lymphatic collectors are not func-
tional, and the DBF areas increase. Therefore, the pattern and
distribution of DBF areas are correlated with the severity of
lymphedema [7,9,10].

In terms of the anatomical structure of the lymphatic system,
DBEF is considered to be composed of lymphatic capillaries in
the dermis and precollectors in the deep layer of the dermis [9].
However, since conventional imaging modalities such as ICG
fluorescence lymphography or lymphoscintigraphy provide
two-dimensional images, DBF is evaluated and classified based
on superficial distributions or patterns [11,12]. The three-di-
mensional structure of DBF in patients with lymphedema re-
mains unknown, making it difficult to accurately describe the
various findings of DBF.

Photoacoustic lymphangiography (PAL) is a new technique
that enables visualization of the distribution of light-absorbing
molecules and generates three-dimensional images of superficial
lymphatic vessels and the venous system [13]. PAL is based on
a photoacoustic imaging technique, in which pulsed laser light is
delivered into a light-absorbing tissue component. The deliv-
ered light energy results in a transient expansion, generating ul-
trasonic waves that are detected by the sensor. The signals are
then processed to produce three-dimensional images [ 14].

Photoacoustic imaging has high spatial resolution and the abil-
ity to image both endogenous agents (such as oxyhemoglobin,
deoxyhemoglobin, and melanin) and exogenous agents (such as
ICG). Previous studies [13,15-17] obtained three-dimensional
images of superficial lymphatic vessels in healthy participants
and lymphedema patients. PAL revealed high spatial resolution
images that could identify lymphatic vessels up to 0.2 mm in
size. In addition, DBF could be observed three-dimensionally
via PAL images in lymphedema patients [13].

In this study, PAL was used to visualize the three-dimensional
structure of DBF and analyze the patterns of DBF in patients
with cancer-related lymphedema. This study aimed to investi-
gate the structure and clinical significance of DBF in patients
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with lymphedema after cancer surgery using PAL.

METHODS

Patients

Twenty-one patients with clinically diagnosed extremity lymph-
edema secondary to cancer surgery were enrolled in this study
from April 2018 to January 2019. Two patients who did not
have findings of DBF on ICG lymphography were excluded.
Therefore, data from 19 patients were analyzed. The duration of
lymphedema was calculated from the time that subjective
symptoms of lymphedema appeared until enrollment in the
study. Clinical staging was conducted based on the criteria in
the consensus document of the International Society of Lym-
phology 2013. Swelling that subsided with limb elevation alone
was classified as stage I. Swelling with pitting edema that rarely
subsided due to limb elevation was classified as stage II. Stage III
involved lymphostatic elephantiasis [18].

This study was approved by the ethics committee of the ap-
propriate ethics review board and was conducted according to
the principles of the Declaration of Helsinki of 1975, as revised
in 1983. All patients provided written informed consent prior to

enrollment.

Imaging device

A photoacoustic imaging system (PAI-0S) was used for PAL in
this study. The PAI-0S system is composed of the following
equipment: a bed unit including a semi-spherical detector array
and a scanning stage, a light source, a fiber bundle, a data acqui-
sition system, a real-time image reconstruction unit, and a per-
sonal computer for operation [14]. A semi-spherical detector
array detects the photoacoustic signal, which is converted to
digital data. The digital data are transferred to a computer inside
the PAI-0S for image reconstruction [14]. During PAL exami-
nation, real-time images are obtained and displayed on the com-
puter [14]. The maximum measurement range of area is 270
mm X 180 mm in still images, with a high spatial resolution of
200 pm. The depth range is up to 20 mm. Thus, a PAL image is
generated by a computer in a similar way to a computed tomog-
raphy scan, and the quality of the obtained image is not opera-
tor-dependent. The device we used does not require any special
qualifications to perform examinations. However, it is preferable
for a specialist such as an operating surgeon to participate in the
examination (e.g, if the examination is performed for preopera-

tive planning).

Procedures
All patients underwent PAL using the PAI-0S system with a
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semi-spherical detector array [13]. PAL was performed by two
plastic surgeons. Wavelengths of 797 nm and 835 nm were used
to image the hemoglobin and ICG distribution. ICG (S mg/
mL, 0.1 mL of ICG at each site) was administered subcutane-
ously at three sites on the dorsal aspect of the affected hand or
foot. ICG fluorescence lymphography was performed using a
near-infrared camera system prior to PAL. The area in which
DBF was observed with ICG fluorescence lymphography was
marked, and the same area was examined via PAL. PAL images
were obtained from two to three areas of the extremity for each
patient. The three-dimensional PAL images of DBF were ana-
lyzed and compared to the fluorescence lymphography images.

Image interpretation and data analysis

We used a PAI-dedicated viewer (KURUMI; Kyoto University,
Kyoto, Japan) [19] to display the photoacoustic images. We ana-
lyzed the PAL images three-dimensionally for the location, dis-
tribution pattern, and appearance of DBF, including the rela-
tionship with lymphatic collectors. We classified the PAL images
into three patterns according to the composition of DBE. Analy-
sis of variance was used to evaluate the differences in character-
istics between patients with each pattern of DBE. All statistical
calculations were performed using IBM SPSS Statistics version
26 (IBM Corp., Armonk, NY, USA). The threshold for statisti-
cal significance was set at P < 0.05.

RESULTS

The mean patient age was 62.4+13.3 years (range, 30-81
years). The mean duration of lymphedema was 9.1 + 7.4 years

(range, 4 months-27 years). The mean period from cancer sur-

Table 1. Patient characteristics

Characteristics No. (%)
Sex
Male 4(21)
Female 15(79)
Type of malignancy
Cervical cancer 6 (31)
Endometrial cancer 6 (31)
Ovarian cancer 1)
Breast cancer 2(10)
Malignant lymphoma 2 (10)
Rectal cancer 1)
Anal cancer 1)
Adjuvant therapy
None 11(58)
Chemotherapy 7(37)
Radiotherapy 1)
History of lymphaticovenular anastomosis 4(21)
History of cellulitis 4(21)
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gery to the PAL examination was 11.94 £ 9.1 years (range, 1-31
years). The patient characteristics are summarized in Table 1.
Of the 19 patients, three had unilateral upper extremity lymph-
edema and 16 had lower extremity lymphedema (7 bilateral and
9 unilateral). Three patients were classified as having stage I
lymphedema, 14 as stage II, and 2 as stage I11.

Nineteen patients were found to have DBF on ICG fluores-
cence lymphography. The pattern of DBF was identified as an
irregularly-shaped high-intensity region on the surface of the af-
fected extremities. According to the classification of DBF in
ICG lymphography [11], a splash pattern representing tortuous
lymphatic vessels was observed in one patient. A stardust pat-
tern described as a spotted appearance was observed in one pa-
tient. In 17 patients, a diffuse pattern was observed, in which the
ICG was distributed widely without recognizable lymphatic
vessels or spotting (Figs. 1A,2A, 3A,4A).

Using PAL, the DBF was visualized three-dimensionally and
the findings were classified into three distinct patterns according
to the composition of the lymphatic vessels. Five patients
showed lymphatic collectors, but not lymphatic capillaries or
precollectors, at the site of DBF on the ICG fluorescence lym-
phography images (Fig. 1B). These patients were classified as
pattern 1 (the lymphatic collector pattern).

In this study, 13 patients were found to have DBF using PAL.
Each lymphatic vessel that was part of the DBF was clearly ob-

served on the PAL images. DBF was identified as a complex in-

Fig. 1. Lymphedema of the right leg after sigmoid colon cancer sur-
gery. A 73-year-old man presented with lymphedema of the right
leg after surgery for sigmoid colon cancer. An indocyanine green
fluorescence lymphography image of the medial side of the right
lower leg shows dermal backflow (A). A photoacoustic lymphangi-
ography image of the lymphatic collectors is shown (B).
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Fig. 2. Lymphedema of the right leg after surgery for lymphoma. An 81-year-old man presented with lymphedema of the right leg after sur-
gery, including pelvic lymph node dissection for lymphoma. An image of the medial side of the right lower leg examined using indocyanine
green fluorescence lymphography shows dermal backflow in the entire lower leg (A). A photoacoustic lymphangiography image shows the lym-
phatic capillaries of the network structure in the superficial layer and a linear appearance of the lymphatic collectors of the deep layer (B). A
photoacoustic lymphangiography image of the deep layer shows the lymphatic collectors (C).

2mm
—

50 mm
—

Fig. 3. Lymphedema of the right leg after surgery for cervical cancer. A 30-year-old woman presented with lymphedema of the right leg after
surgery for cervical cancer. Indocyanine green fluorescence lymphography images (A) show dermal backflow (DBF) in the proximal right lower
leg (red circle), with a linear pattern in the distal area of backflow (red arrow). A photoacoustic lymphangiography image shows the lymphatic
capillaries of the network structure and the lymphatic collectors with a linear appearance (B). The lymphatic collectors of the lower leg appear
to be connected to the DBF (Supplemental Video 1). An axial-plane image also shows connections (white arrows) between the lymphatic col-
lectors and the DBF (C).

terconnecting structure of lymphatic vessels on the PAL images. deep layer that could not be identified on ICG fluorescence
Based on the composition of the DBF, two three-dimensional lymphography were observed (Figs. 2B and C, 3B). The struc-
patterns of DBF structure were identified in PAL in these 13 pa- ture of the lymphatic vessels in the DBF differed between the
tients. In 10 patients classified as pattern 2, lymphatic vessels superficial and deep layers. The superficial layer of the DBF
were found in the superficial layer, and lymphatic vessels of the consisted of lymphatic vessels forming a network structure that
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Fig. 4. Lymphedema of the left leg after surgery for ovarian cancer.
A 50-year-old woman presented with lymphedema of the left leg
after surgery for ovarian cancer. An indocyanine green fluorescence
lymphography image of the medial left lower leg shows dermal
backflow (A). A photoacoustic lymphangiography image shows the
network of lymphatic capillaries without lymphatic collectors (B).

2mm
—

2mm
—
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was densely intertwined and connected to the lymphatic vessels
of the deep layer. The lymphatic vessels that connected the lym-
phatic vessels in the superficial and deep layers ran perpendicu-
lar to the lymphatic vessel axis of the deep layer. The deep layer
of the DBF had lymphatic vessels arranged in a linear structure
that did not form a network. Lymphatic vessels in this layer ran
parallel to each other, joining and branching off at times. Some
lymphatic vessels in the deep layer were connected to the lym-
phatic network in the superficial layer (Fig. 3B and C, Supple-
mental Video 1), and others were not connected to the superfi-
cial lymphatic network. We analyzed the three-dimensional
structure of DBF in pattern 2 by their depth (Fig. SA). The PAL
images of each layer coincided with the structure of the lym-
phatic vessels in the superficial lymphatic system: capillary lym-
phatics in the dermis, precollectors in the deep layer of the der-
mis, and lymphatic collectors in the subcutaneous tissue (Fig.
5B,C,and D).

In three patients classified as pattern 3, in which no functional
lymphatic collectors remained, only the lymphatic capillaries of
the superficial layer were observed without lymphatic collectors

of the deep layer (Fig. 4B). In the one remaining patient with

2mm
—

Fig. 5. Three-dimensional image of dermal backflow. A superimposed image on a tilted plane of the three-dimensional structure of dermal
backflow is shown with the superficial vessels in pink, the intermediate layer vessels in yellow, and the deep vessels in red (A). Each layer in the
sagittal plane is shown individually (B, C, D). Capillary lymphatics are shown in the dermis (pink; B), precollectors are shown in the deep layer of
the dermis (yellow; C), and lymphatic collectors are shown in the subcutaneous tissue (red; D).
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Table 2. Mean duration of lymphedema and period from surgery to photoacoustic lymphangiography (PAL)

Variable Pattern 1 Pattern 2 Pattern 3
No. 5 10 3
Duration of lymphedema (yr), mean £ SD 4.06 £+ 3.45 8.40+6.20 20.00+7.00
Period from surgery to PAL (yr), mean £ SD 5.80+2.39 12.00 £ 9.45 22.33+9.02

upper extremity lymphedema after breast cancer surgery, ICG
lymphography showed a diffuse pattern from the affected hand
to the forearm overall. On PAL, some lymphatic collectors were
observed in the affected hand, but no lymphatic collectors were
observed from the wrist through the entire forearm. This pa-
tient was excluded from this classification because few lymphat-
ic collectors were observed in the distal part of the DBF, while
patients classified as pattern 1 showed lymphatic collectors in
most ranges with DBF.

In this study, PAL was performed on the same region where
DBF was observed on ICG fluorescence lymphography. Pa-
tients who showed only lymphatic collectors in all obtained
PAL images were classified as pattern 1. In addition, patients
who showed features of both pattern 2 and pattern 3 in the ex-
amined extremity were ultimately classified as pattern 2 since
the remaining function of the lymphatic collector was the defin-
ing criterion for classification as pattern 2 or pattern 3. Pattern 3
was restricted to patients in which no functional lymphatic col-
lectors were observed in any PAL images.

The mean duration of lymphedema and the mean period from
surgery to PAL are summarized in Table 2. There was a signifi-
cant difference in the mean duration of lymphedema among the
three patterns (F="7.443, P=0.006). Patients with pattern 3 had
a significantly longer mean duration of lymphedema than those
with pattern 1 (P=0.002) or pattern 2 (P =0.008). In addition,
significant differences were found in the mean period from sur-
gery to PAL between patients with the three patterns of DBF
(F=3.885,P=0.044).

DISCUSSION

This study analyzed the three-dimensional structure of DBF
and confirmed that DBF is the result of lymphatic backflow
from the lymphatic collectors to the precollectors and lymphatic
capillaries. PAL enables visualization of lymphatic reflux in the
superficial lymphatic system.

In this study, three-dimensional images of DBF were classified
into three patterns: lymphatic collectors, a network of lymphatic
capillaries and lymphatic collectors, and a network of lymphatic
capillaries and precollectors (with no lymphatic collectors). In
patients classified as pattern 1, individual lymphatic collectors
were difficult to identify on ICG fluorescence lymphography, as
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the borders of the lymphatic collectors were blurry. In particu-
lar, if multiple lymphatic collectors were located nearby, or if the
running pathways crossed each other, the pattern may have ap-
peared diffuse. In these cases, lymphatic vessels such as those
shown in pattern 1 run in the range where DBF appears on ICG
fluorescence lymphography. These results suggest the possibili-
ty that lymphatic reflux into the precollectors or lymphatic cap-
illaries might not actually be present, although the ICG fluores-
cence lymphography findings are suggestive of DBF. However,
it is difficult to conclude that DBF has not occurred only be-
cause precollectors and lymphatic capillaries are not observed
on PAL. In one patient, who was excluded from our PAL classi-
fication, lymphatic vessels were not observed using PAL at all in
the part where DBF was shown on ICG lymphography. When
lymphatic fluid is refluxed in lymphedema, it finally leaks from
the open ends of lymphatic capillaries into the interstitial space
in the skin. Compared to ICG fluorescence lymphography, PAL
has less sensitivity in terms of detection when the ICG concen-
tration is low. We suggest that PAL was unable to detect ICG
spreading into the interstitial space, rather than ICG not being
detected because of the absence of lymphatic vessels, since the
ICG was diluted. Therefore, we cannot completely exclude the
possibility of accompanying lymphatic fluid leakage in patients
with pattern 1.

After lymph node dissection, disruption of the lymphatic sys-
tem impairs lymphatic fluid drainage, causing excess fluid accu-
mulation in the interstitial tissues. The lymphatic system reacts
to fluid overload by rerouting lymphatic fluid via DBF and col-
lateral lymphatic collectors. Animal studies have revealed that
lymphatic collectors can regenerate to develop the lymphatic
pathway [20-22]. However, it is not clear whether the lymphatic
collectors observed in PAL were pre-existing or newly devel-
oped as collateral lymphatic collectors.

The patterns of DBF networks observed in this study display
the conditions in which lymphatic reflux occurs. DBF regulates
lymphatic transport via two mechanisms in patients with
lymphedema. When functioning lymphatic collectors remain in
the affected extremity, as in pattern 2, these structures carry
lymphatic fluid between the obstructed and patent lymphatic
collectors. When all the lymphatic collectors are obstructed in
an affected extremity (pattern 3), DBF serves as an alternative

pathway to maintain lymphatic drainage [7]. When lymphatic
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collectors are present, they are found in the deep layer of the
DBE. While some lymphatic collectors appear to be connected
to the superficial DBF, others are not. Lymphatic collectors that
are connected to the DBF may have valve insufficiency in the
distal structures of the DBF. PAL images show which lymphatic
vessels connect to the DBF, allowing physicians to determine
which lymphatic pathway is deteriorated, leading to DBF (Fig.
3C, Supplemental Video 1). This information may improve
therapeutic effects, as specific lymphatic collectors can be tar-
geted via lymphaticovenular anastomosis (LVA). In contrast,
when lymphatic collectors are not present, the range of DBF is
wider, and LVA is not expected to result in symptom improve-
ment. Therefore, lymph node transplantation may be necessary.

ICG fluorescence lymphography is widely used in the diagno-
sis and evaluation of lymphedema patients. It can show the en-
tire extremity and the function of lymphatic vessels in real-time.
However, when evaluating DBF, ICG fluorescence lymphogra-
phy can only provide the pattern and distribution of the surface
in two dimensions. Moreover, it is difficult to specify the rela-
tionship with the lymph collectors around the DBE. In addition,
due to resolution limitations, each lymphatic vessel cannot be
clearly observed. Several previous studies have reported the use
of ICG fluorescence lymphography to assess the severity of sec-
ondary lymphedema after cancer surgery. These studies suggest
that the presence, pattern, and distribution of DBF could serve as
a criterion for determining the severity of lymphedema [11,23].
In contrast, three-dimensional PAL images enable a more pre-
cise evaluation of the severity of lymphedema. The detailed
evaluation of DBF provided by PAL makes it possible to create
specific treatment plans based on the number of remaining
functional lymphatic vessels. The three patterns of lymphatic
flow detected using PAL represent the pathophysiology of
lymphedema, in which lymphatic flow deteriorates from pattern
1 to pattern 3. The degree of lymphedema severity is correlated
with the amount of functional lymphatic collectors remaining
[7]. Notably, these patterns were found to be correlated with the
duration of lymphedema and the period from surgery to PAL in
this study.

However, PAL has some technical limitations. In PAL, the
lymphatic vessels can be observed only up to a depth of 20 mm
from the surface due to the limitation of light penetration [14];
thus, it is difficult to visualize the lymphatic vessels of deep tis-
sues. Furthermore, since the maximum measurement area is
also limited, images showing the entire extremity in a single
view cannot be obtained. In addition, as shown in the results of
this study, it is possible that DBF shown on ICG fluorescence
lymphography may not be detected via PAL. Therefore, ICG
fluorescence lymphography has better sensitivity than PAL in

Archives of Plastic Surgery

terms of DBF detection. Meanwhile, the specificity of PAL in
DBF detection was difficult to compare with that of ICG in the
current results. Therefore, it is necessary to use PAL in combi-
nation with conventional devices, such as ICG fluorescence
lymphography, in the evaluation of lymphedema to achieve bet-
ter outcomes.

Ultra-high-frequency ultrasound (UHFUS) [24,25] and mag-
netic resonance lymphangiography (MRL) [26,27] have been
suggested as new techniques for evaluating the lymphatic sys-
tem. UHFUS can be used intraoperatively in LVA, as it shows
lymphatic vessels masked by DBF, which cannot be observed
via ICG fluorescence lymphography [25]. However, UHFUS
images are limited to a depth of 10 mm from the surface [24],
and UHFUS is not suitable for evaluating DBF. In contrast,
MRL can provide an image of the lymphatic vessels in the deep
layers, but MRL has a low spatial resolution and it is difficult to
distinguish the lymphatic vessels from veins on MRL [26].

It must be emphasized that this was a preliminary study, in-
cluding a limited number of patients, a limitation that could be
addressed in future studies. The current results might not be ap-
plicable to determining lymphedema staging, as several factors
other than the duration of morbidity contribute to the severity
of lymphedema. Further studies with larger numbers of patients
are warranted to confirm our results. Nevertheless, our study re-
sults were significant in that the DBF shown in secondary
lymphedema has a variety of structures that have not been re-
ported in other studies and can be classified into certain pat-
terns.

In conclusion, the use of PAL allows visualization of the three-
dimensional structures of the lymphatic networks in cancer-re-
lated lymphedema. The ability to clinically evaluate lymphatic
function after cancer treatment will enable more effective treat-
ment strategies for secondary lymphedema by making it possi-
ble to evaluate specific anatomical and functional characteristics

of a patient’s lymphatic system.
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