Photoacoustics 29 (2023) 100446

ELSEVIER

Contents lists available at ScienceDirect
Photoacoustics

journal homepage: www.elsevier.com/locate/pacs

Ll "
PHOTOACOQUSTICS

LED-based photoacoustic imaging for preoperative visualization of
lymphatic vessels in patients with secondary limb lymphedema™

Saskia Van Heumen *", Jonas J.M. Riksen ", Mithun Kuniyil Ajith Singh ¢, Gijs Van Soest”,

Dalibor Vasilic ™"

& Department of Plastic and Reconstructive Surgery, Erasmus MC, University Medical Center, Rotterdam, the Netherlands

Y Department of Cardiology, Erasmus MC, University Medical Center, Rotterdam, the Netherlands

¢ Research and Business Development Division, Cyberdyne Inc., Rotterdam, the Netherlands

ARTICLE INFO ABSTRACT

Keywords: Lymphedema is the accumulation of protein-rich fluid in the interstitium (i.e., dermal backflow (DBF)). Pre-
Lymphedema operative imaging of the lymphatic vessels is a prerequisite for lymphovenous bypass surgical planning. We
Photoacoustic Techniques investigated the visualization of lymphatic vessels and veins using light-emitting diode (LED)-based photo-
f;zzz:;ﬁ:ry acoustic imaging (PAI).

Lymphovenous Anastomosis Indocyanine-green mediated near-infrared fluorescence lymphography (NIRF-L) was done in fifteen patients
Lymphography with secondary limb lymphedema. Photoacoustic images were acquired in locations where lymphatic vessels and

Fluorescence Imaging

DBF were observed with NIRF-L.

We demonstrated that LED-based PAI can visualize and differentiate lymphatic vessels and veins even in the
presence of DBF. We observed lymphatic and blood vessels up to depths of 8.3 and 8.6 mm, respectively.

Superficial lymphatic vessels and veins can be visualized using LED-based PAI even in the presence of DBF
showing the potential for pre-operative assessment. Further development of the technique is needed to improve

its usability in clinical settings.

1. Introduction

The lymphatic system is a network of tissues, vessels, and organs that
fulfills several functions and is relatively poorly understood and
understudied. The primary function is the transportation of interstitial
fluids and proteins to the blood circulation while maintaining osmotic
and hydrostatic pressure within the interstitial space [1]. The lymphatic
system also plays a critical role in mediating the immune response and is
the primary route for spread of tumor cells [2].

Small lymphatic capillaries initially collect the lymphatic fluid,
which flows to the lymphatic trunks back to the circulatory system [3].
Two main factors contributing to adequate lymph flow are extrinsic/-
passive forces (i.e., muscle contractions in the extremities, inflow pres-
sure or outflow resistance) and intrinsic/active forces (i.e., lymphatic
vessel contractions). Unidirectional valves divide the collecting
lymphatic vessels into subsequent elementary pumping units and pre-
vent backflow [4].

Dysfunction or obstruction of the lymphatic system impairs the
essential transport function and can manifest in the formation of
incompetent valves and buildup of the lymphatic fluid in the superficial
dermal layer (i.e., dermal backflow (DBF)), causing lymphedema [4].
Secondary lymphedema is a common complication after surgical and
radiotherapeutic treatment of cancer due to damage or obstruction of
the lymphatic system. It is associated with severe discomfort and has a
major impact on the quality of life [5]. Microsurgical lymphovenous
bypass (LVB) surgery is increasingly performed when conventional
treatments such as manual lymphatic drainage and compression
garment therapy are not sufficient [6-9]. During the surgery, one or
multiple lymphatic vessels are anastomosed to a nearby vein to bypass
the site of lymphatic obstruction. Preoperative visualization of the
lymphatic vessels, and ideally also of the veins, is of high importance to
determine if the patient is eligible for this surgery and locate potential
anastomosis sites.

A wide variety of imaging modalities have been used for this
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purpose. Lymphoscintigraphy gives an indication of the overall func-
tioning of the lymphatics but the resolution is insufficient to localize
anastomosis sites. On the other hand, magnetic resonance lymphog-
raphy provides high-resolution images but is time consuming. Addi-
tional limitations of these techniques are high costs and lack of
portability [10]. Near-infrared fluorescence lymphography (NIRF-L) has
become popular and facilitates visualization of the lymphatic tracts and
DBF in real-time using indocyanine green (ICG) contrast (see Fig. 1 for
NIRF-L of healthy lymphatic vessels and DBF) [11-14]. Functional
lymphatic vessels, which are suitable anastomosis sites, appear as linear
structures, preferentially with visible pulsatility. However, NIRF-L has a
relatively low resolution and cannot provide depth information, causing
suboptimal decision-making in case of extensive DBF patterns [15-19].
NIRF-L also lacks the important ability to visualize suitable acceptor
veins. Photoacoustic imaging (PAI) has properties that may overcome
problems faced with NIRF-L [20,21]. PAI detects the acoustic signal
generated by the thermoelastic response of a short light pulse that is
absorbed by tissue, and forms an echo-like image of optical absorption at
the illumination wavelength [22]. Both blood and the ICG injected for
NIRF-L are strong absorbers and may thus be imaged by PAI [12,23].

Most PAI techniques use high-power laser-based systems with
tunable wavelengths. These systems are bulky, complex, expensive, and
require additional safety measures such as eye safety goggles and laser-
safe rooms, hindering the clinical translation of PAI [24-26].
Substituting laser with light-emitting diode (LED) illumination over-
comes these drawbacks. In recent years, developments in semiconductor
technology have made it possible to fabricate high-power LED arrays for
tissue illumination and thereby obtain sufficient image quality for
clinical implementation of LED-based systems despite the lower light
pulse energy [27,28].

PAI has shown its potential in multiple clinical applications such as
the detection of joint inflammation [29,30], molecular imaging of
oxidative stress[31], guiding minimally invasive procedures [32] and
pathological angiogenesis on a small scale [33-35].

The purpose of this study was to explore the feasibility of dual-
wavelength LED-based PAI for visualization of the lymphatic vessels
and veins in secondary limb lymphedema, to improve pre-operative
imaging for LVB surgical planning and assess the potential utility of
PAI for determining suitable anastomosis sites. We compared the ac-
quired data to NIRF-L images, knowing that the lack of depth informa-
tion is a serious limitation of NIRF-L, which otherwise has many
advantageous characteristics for preoperative imaging. We attempted to
locate lymphatic structures observed with NIRF-L, and additionally
identify veins that can serve as the acceptor site for the anastomosis. In
addition, we investigated the feasibility of identifying lymphatic vessels
in the presence of DBF.

There currently is no way to quantitatively establish the number of
lymphatic vessels in vivo, owing to the complexity of the lymphatic
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Fig. 1. Schematic on lymphedema and example indocyanine green mediated
near-infrared fluorescence lymphography images of healthy lymphatic vessels
and dermal backflow (DBF) often seen in lymphedema.
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network, variable contrast perfusion, and different factors influencing
imaging resolution and sensitivity. Neither NIRF-L, nor PAl, is expected
to visualize all vessels, and therefore a quantitative comparison of
detection efficiency is presently not possible, and was not the objective
of this study.

2. Methods
2.1. Patient population and study design

A prospective feasibility study of LED-based PAI in patients with
secondary limb lymphedema was conducted from November 2021 until
May 2022 at the Erasmus MC, University Medical Center Rotterdam
(registered at trialregister.nl with trial registration number NL9595 and
can be found on the International Clinical Trials Research Platform). A
total of fifteen patients referred to the plastic- and reconstructive surgery
department for (potential) microsurgical treatment of secondary limb
lymphedema as a result of iatrogenic damage to the lymphatics were
included. Exclusion criteria included iodine allergy, pregnancy, in-
capacity or bilateral lymphedema. If NIRF-L was not possible or failed,
the patient was also excluded.

Patients were assessed in the outpatient clinic, followed by imaging
on the same day. Demographics were collected including body mass
index (BMI), age, surgical (cancer) treatment, radiation therapy, (neo)
adjuvant chemotherapy, self-reported time since onset of lymphedema
and in case of breast cancer, hormonal therapy. Patients were staged
according to the International Society of Lymphology (ISL) grading
system by an experienced plastic surgeon (DV) [36]. Circumference
differences between the affected and healthy limb were measured on
five different levels of both arms or legs (e.g., mid of the palm of the
hand/foot, wrist/ankle, location on the forearm/lower leg with
maximum symptomology, elbow/knee and location on the upper
arm/leg with maximum symptomology).

2.2. Imaging protocol

First, NIRF-L videos from both extremities were acquired directly
after ICG injection, according to regular protocol. Locations of observed
linear pattern were indicated with a marker on both the healthy and
affected limb as a control. Moreover, at least one location where a linear
pattern transitioned into DBF was also marked. Directly after, combined
ultrasound (US) and PAI was performed for a total duration of approx-
imately 30 min. This protocol ensured that no additional ICG injections
were necessary. Surgical decision-making was based solely on NIRF-L
findings by the treating physician (DV), who assessed anonymized
photoacoustic (PA) images only after surgery was performed to prevent
influence in his surgical decision making.

2.2.1. Near-infrared fluorescence lymphography

NIRF-L videos were acquired using the Photodynamic Eye infrared
camera system (Hamamatsu Photonics K.K., Hamamatsu, Japan), while
using the fluorescence mapping function and varying the focus and
excitation light intensity [13]. Prior to imaging ~0.2 mL ICG (0.25 %
Verdye, Renew Pharmaceuticals Ltd, Ireland) was injected subcutane-
ously into all interdigital spaces of the affected limb and 2nd and 3rd
interdigital spaces of the unaffected limb, following the local protocol.
In some cases, variable locations such as the lateral/medial malleolus or
lateral/medial sides of the wrist were injected additionally at the
discretion of the treating physician. Injection sites were covered with
adhesive bandages to prevent image saturation. Gentle massage was
used to stimulate ICG flow. The images were classified according to the
MD Anderson Cancer Center (MDACC) severity scale by an experienced
plastic surgeon (DV) [37]. The entire procedure took ~30 min.

2.2.2. Photoacoustic imaging
Patients were imaged with the LED-based PAI system, Acoustic X
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(Cyberdyne Inc., Tsukuba, Japan) operating with an US transducer
(7 MHz, 80 % fractional bandwidth) and two high-density LED arrays
intermittently emitting light at 820 nm (128 pJ) and 940 nm (114 pJ),
with a pulse repetition frequency of 4 kHz and a pulse width of 70 ns.
The overlap region of light from two LED arrays was approximately
36 mm x 3.5 mm (parallel x elevation), with a maximum fluence of
0.1 mJ/cm? and 0.09 mJ/cm? for 820 and 940 nm respectively, which is
well below the maximum permissible exposure to optical radiation. A
custom-made optically transparent coupling pad was used for acoustic
coupling. Fig. 2 shows images of the device and the setup. The obtained
image frames were averaged 640 times (64 frames averaged onboard in
the DAQ and 10 frames in software), resulting in a final dual-wavelength
frame rate of 6.25 Hz (combined PA and US). This resulted in image
series with sufficient spatial contrast for dual-wavelength processing
and interpretation, while preserving temporal resolution for probe
positioning and visualizing dynamic phenomena. The system can obtain
images with an axial and lateral resolution of 210 and 350 pm, respec-
tively [28]. Both 2D (axial and parallel) and 3D images at multiple sites
on the arm were acquired. 3D images were obtained by manually
moving the probe with a linear motion over the region of interest while
continuously acquiring axial images and rendered after the experiment
using the built-in 3D software in the system.

2.3. Data processing

Patient demographics are reported using means and standard devi-
ation. The NIRF-L videos and obtained images of the locations subse-
quently imaged with PAI were analyzed by two observers (SH and JR).

US and PA images were reconstructed using a built-in Fourier-based
reconstruction software of the device using a sampling rate of 20 and
40 MHz for US and PA, respectively [38]. US images are displayed in
grayscale and PA images in a pseudo color displayed superimposed on
the US images. The first centimeter from the PA image was suppressed in
the final visualization using the Acoustic X software since it only con-
tains artefacts due to PA signal generated by the vibrations of the LEDs.

PA images resulting from 820 nm, 940 nm, 820 nm and 940 nm
combined or 940/820 nm ratio can be displayed. Before applying the
940/820 nm ratio, the pixels are compensated for the difference in LED
pulse energy at both wavelengths. The 940/820 nm ratio has been
validated as a simple tool to differentiate ICG and blood in both phantom
and in vivo studies on human volunteers[39,40] based on the absorption
spectra of blood and ICG (see Fig. 3). Vessel detection was considered
successful if a lymphatic vessel appeared as a stable feature in the im-
ages, and consensus was reached by the observers. Parallel images were
considered successful if the path of a vessel could be followed for more
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Fig. 3. Relative absorption spectra of indocyanine green (ICG), oxygenated
hemoglobin (HbO2), deoxygenated hemoglobin (Hb) and melanin. Dotted lines
represent wavelengths 820 and 940 nm.

Graphs reproduced from original data by Ref. [12] and digitized data
from Ref. [64].

than 3 mm, based on an estimate of the typical lymph tortuosity and the
elevational image resolution. Success rates of imaging lymphatic vessels
and blood vessels are reported separately as a percentage of imaged
sites. If present, the depth of the detected lymphatic vessels and veins
was measured using a built-in measurement function. From the 3D
swipes, both the 2D axial slices as well as the maximum intensity pro-
jection (MIP) were generated and assessed. MIPs were created using
both the 820 nm (ICG dominant) and 940 nm (blood dominant) signals
and displayed superimposed in one image.

2.4. Study approval

All procedures complied with the Declaration of Helsinki and all
measurements were performed at the Erasmus MC, University Medical
Center, Rotterdam. The study is approved by the institutional medical
ethics committee (NL78365.078.21). Written informed consent was
obtained from all subjects prior to inclusion.

3. Results
3.1. Patient characteristics
Out of the fifteen patients, thirteen suffered from secondary lym-

phedema in the upper extremities, of which eleven were due to breast
cancer treatment. In two patients the lower extremities were affected.
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Fig. 2. (a) The Acoustic X system on a medical trolley. The system consists of a PC, data acquisition system (DAS), the ultrasound (US) probe and the light-emitting
diode arrays (LEDs). (b) The LEDs are attached to the US probe with a custom connector. The custom US coupling pad is used for acoustic coupling with the imaged
surface. (¢) Schematic of different probe orientation used in this study for 2D and 3D data acquisition.
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The majority of patients were classified as ISL stage 2 (73.3 %), one
patient as stage 1 (6.7 %), and three patients as stage 3 (20 %). The
average age and BMI were 53.3 + 10.5 years and 26.8 + 4.6 kg/m?,
respectively. The mean time since self-reported onset was 60.5 &+ 52.8
months before their visit. Table 1 provides the detailed patient
characteristics.

3.2. Imaging results

NIRF-L showed variable severities according to the MDACC staging,
ranging from normal linear patterns only (stage 0) to severely obstructed
lymphatics only showing diffuse dermal backflow patterns (stage IV).

PA images were acquired 35-45 min after ICG injection in locations
with linear and DBF patterns. Fig. 4 shows the 820 nm, 940 nm, and
940/820 nm ratio PA images, acquired on the affected dorsal forearm in
a location with linear flow observed with NIRF-L. A clear skin signal due
to melanin absorption can be observed at both wavelengths. The optical
absorption properties of blood cause a PA signal at both 820 nm and
940 nm, and therefore have a 940/820 nm ratio of ~1 (red in the ratio
image). The measured blood vessels were identified as veins since ar-
teries are located more deeply in the areas that were scanned and are
easily distinguishable due to their pulsatility.

Lymphatic vessels result in a low 940/820 nm ratio (blue in the ratio
image) because the ICG absorbs predominantly at 820. The ratio image
provided simple and real-time information on vessel type and location.

Table 2 gives an overview of the NIRF-L and PAI findings for all
patients. Lymphatic and blood vessels were imaged with axial and
parallel orientation of the US probe. Lymphatic and blood vessels were
observed at depths ranging between 0.5 and 8.3 mm and 0.5-8.6 mm
from the skin surface, respectively. Overall, axial orientation of the
probe produced more images in which lymphatic and blood vessels were
identifiable compared to parallel orientation. A prolonged axial mea-
surement of a lymphatic vessel is available as Supplementary Video 1. In
cases with extensive DBF, lymphatic and blood vessels were successfully
depicted in locations where NIRF-L did not show lymphatic vessels.

For three patients (i.e., numbers 11-13), a different (black) marker
was used to indicate the lymphatic vessel locations. The use of this
marker resulted in artefacts at an imaging depth where lymphatic ves-
sels were expected. This resulted in an unreliable assessment and
therefore these patients are excluded from the calculations for successful
visualization.
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We observed lymphatic vessels located close to or even beneath a
blood vessel, a suitable bypass location (see Fig. 5). As mentioned, we
could clearly distinguish signals from lymphatic and blood vessels in
locations with DBF (see Fig. 6). However, there was no clear signature of
DBF in the superficial PAI signal, due to ICG accumulation in the
lymphatic capillaries or interstitium, while patently observed with
NIRF-L. Fig. 7 shows a maximum intensity projection with two corre-
sponding 2D axial images, resulting from an acquired 3D swipe. Video 2
shows the complete 3D swipe, which is available as supplementary in-
formation online.

Supplementary material related to this article can be found online at
doi:10.1016/j.pacs.2022.100446.

4. Discussion

In this study, we assessed the feasibility of handheld LED-based PA
visualization of lymphatic and blood vessels for LVB surgical planning in
patients with secondary limb lymphedema.

PAI facilitated real-time visualization and differentiation of
lymphatic vessels and veins using the 940/820 nm ratio functionality up
to 8.6 mm depth. The ability to distinguish between these vessels with
specific contrast is a significant advantage over solely (high-frequency)
US imaging, because multiple US parameters such as shape, echogenic
texture, doppler color, collapsibility and convergence need to be
assessed to determine vessel type [41-44]. Recent studies have intro-
duced contrast-enhanced US using microbubbles, increasing contrast for
only the lymphatic vessels [45,46]. However, PAI provides contrast for
both blood and lymphatic vessels in real-time. Additionally, ICG
contrast-mediated imaging enables multi-modality (i.e., PAI and
NIRF-L) imaging after a single injection.

Axial imaging yielded the most successful vessel detection. In most
cases, lymphatic and blood vessels were visible within a couple of sec-
onds of axial imaging. Similar to an US image acquisition, the lymphatic
vessel can be followed to get an overview of the overall anatomy.
Contrarily, parallel imaging of especially the lymphatic vessels was less
straightforward. Small movements or angulation differences of the
probe caused the image plane to change, leaving a small and sometimes
tortuous lymphatic vessel partly outside the imaged frame. Similarly
limited by imaging stability, no lymphatic vessel contractions were
conclusively observed, because it was difficult to distinguish between PA
signal changes due to probe and patient motion, or contractions. For

Table 1
Characteristics of the enrolled patients.

No. Age Sex  BMI (kg/ Clinical indication Extre- Duration LND Radiation Chemo ISL Circ diff

(Years) m?) mity (Months) therapy therapy stage (%)
1 53 F 23.60 Breast cancer A 80 + + + 3 12.0
2 54 F 32.87 Breast cancer A 60 + + + 2 2.5

SLN
only
3 45 F 20.53 Breast cancer A 36 + + + 1 2.7
4 67 F 25.68 Breast cancer A 60 + + + 2 3.6
5 44 F 20.34 Breast cancer A 48 + + + 2 5.6
6 46 F 27.64 Breast cancer A 14 + + 2 3.4
7 57 F 29.02 Gastric bypass L 96 2 3.4
surgery

8 65 M 34.08 Sarcoma A 24 - + 3 10.7
9 62 F 28.67 Breast cancer A 36 + + + 2 7.2
10 60 F 32.56 Breast cancer A 39 + + + 2 6.2
11 69 F 24.80 Breast cancer A 240 + + + 3 5.8
12 35 F 31.21 Breast cancer A 18 + + + 2 3.7
13 33 F 26.57 Breast cancer A 72 + + + 2 4.3
14 55 M 25.00 Melanoma A 36 + - 2 4.4
15 54 F 18.99 Cervical cancer L 48 + + 2 6.0
Average  53.3 26.8 £ 4.6 60.5 £ 52.8

+10.5

F: female; M: male; BMI: body mass index; A: arm; L: leg; LND: lymph node dissection; SLN: sentinel lymph node; ISL: International Society of Lymphology; circ diff:

circumference difference.
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Fig. 4. Photoacoustic (PA) images of a patient with secondary arm lymphe-
dema. Images represent a region with linear flow patterns on near-infrared
fluorescence lymphography on the affected dorsal forearm. (A) PA signal
from 820 nm light pulses. (B) PA signal from 940 nm light pulses. (C) 940/
820 nm ratio image. White arrows indicate lymphatic vessels, for which the
signal is absent in the 940 nm image. Red arrows indicate blood vessels
resulting in signals at 820 and 940 nm. This results in a low ratio for lymphatic
vessels (dark blue) and a ratio of ~1 (red) for blood vessels. The signal over the
entire width between 13 and 15 mm depth (distance from ultrasound trans-
ducer) represents the skin.

example, the intensity variations shown in Video 1 could be due to any
of these causes. Applying too much pressure can also result in com-
pressing the vessels, pushing the ICG dye away from the imaging plane,
which removes the necessary image contrast.

We also investigated the use of handheld 3D swipes for generating an
overview of the joint course of lymphatic vessels and veins. Represen-
tation of the image as a MIP provides an approximate location of the
structures of interest. During manual sweep acquisition, lateral motion
and changes in probe moving speeds occur, whilst the 3D reconstruction
algorithm does not account for this in its present implementation.
Consequently, the resulting images can be affected by interpolation ar-
tefacts and unreliable distance information, complicating comparisons
with NIRF-L images. Techniques such as probe tracking [47], tattoo
tomography [48] or deep learning methods [49] could potentially
improve 3D tomographic reconstructions. In addition, higher imaging
frame rates could increase the 3D swipe quality.

Localization of DBF is an important clinically relevant finding for
diagnosis and surgical planning. In this study, we observed that
lymphatic vessels could be visualized with PAI in locations where
extensive DBF obscured the vessels in NIRF-L images. This demonstrates
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a clear advantage of the depth resolution offered by PAIL In the data
acquired to date, we were unable to identify a PA signal that can be
attributed to DBF, likely because the ICG concentration in the superficial
layer is low and there is a background absorption of melanin. Previous
studies on PA visualization of the lymphatic system also described this
phenomenon, especially when the contrast agent was present in low
concentrations in the interstitium [50,51]. On the other hand, the
minimal optical attenuation still leads to a strong NIRF-L signal due to
DBF. Identification of such pathological patterns is an important diag-
nostic capability of NIRF-L and further research is required to investi-
gate their PA appearance in more detail. Potential solutions might be
multispectral imaging and spectral unmixing to differentiate further
between tissue and contrast chromophores [52,53].

PAI has a limited imaging depth due to strong tissue optical ab-
sorption. However, in some cases, we observed more lymphatic vessels
with PAI compared to NIRF-L. In patients with extensive edema or a
higher BMI, lymphatic vessels might be too deep for sufficient visuali-
zation, especially in the proximal regions of the arm or leg. NIRF-L also
suffers from this limitation, with maximum reported imaging depths of
1-1.5 cm [54].

Additionally, handheld PAI is still relatively operator dependent and
less intuitive compared to NIRF-L. While NIRF-L provides a large field of
view, providing an anatomical overview of the entire limb. PAI images a
small field of view with high-resolution information, including depth
information that is not limited by DBF.

PAI data may exhibit artefacts as a result of acoustic reflections of the
generated PA wave [55,56]. Some of these reflection artefacts are easily
identified, or show up at distances beyond the penetration depth of the
excitation light, and can be cropped from the image. Reflection artefacts
on bone surfaces have previously been demonstrated in imaging of the
interphalangeal joints [57,58]. This artefact is more difficult to identify
and could be confused for an actual lymphatic vessel. This emphasizes
that users must have knowledge on the basic principles of PAI, to avoid
misinterpretation. The anatomical information provided by the US im-
ages supports artefact identification and interpretability.

Several clinical laser-based systems such as the PAI-05 [59] and the
iThera Medical MSOT Acuity [60,61] have also been used for lymphatic
vessel imaging, producing high-resolution images. However, these sys-
tems are bulky or not portable at all, extra safety precautions are
obligatory, and computationally intensive post-processing steps are
needed [50,51,62]. This adds further challenges to the clinical imple-
mentation in multiple settings such as outpatient clinics and operating
rooms. LED-based PAI overcomes these problems due to its portability
and no required safety measures. Furthermore, reported imaging times
with laser-based systems were long (120 min per limb), which would
conflict with regular outpatient clinic schedules [60,61]. We demon-
strated the possibility of acquiring extensive PAI images of both limbs
within 30 min, which is compatible with a diagnostic consultation
setting.

This study has some limitations. First, we did not assess the effect of
skin melanin absorption on the ratio calculation. Greater optical ab-
sorption at 820 nm than at 940 nm could have led to spectral coloring,
which was not accounted for in the computation of the ratio. Further
investigations on spectral coloring effects on PA signal quantification
and imaging depth should be done, especially for different levels of skin
melanin.

Second, according to standard procedure, less ICG was injected in the
healthy limb in contrast to the lymphedema limb. This could have
influenced the success rate in the healthy limbs as a result of lower ICG
concentrations. Since it is known that multi-lymphosome injections lead
to more lymphatic vessels visualized with NIRF-L, it is likely that higher
ICG concentrations in the lymphatic vessels and more injection locations
will lead to easier visualization [63]. The ideal ICG concentration and
injection locations for PAI are yet unknown.

Lastly, image acquisition and interpretation were done by the same
observers (researchers with a background in Technical Medicine) for the
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Table 2
MDACC staging of NIRF-L and number of PAI images that resulted in successful vessel detection (%).
No. NIRF-L stage (MDACC)  No. of sites ~ Lymphatic vessel Detection Blood vessel detection Dominant DBF pattern ~ Lymphatic vessel visualized at DBF
(%) (%) location
Axial  Parallel Axial  Parallel NIRF-L PAI
1 II-ITT 4 75 25 100 25 Severe (D) - +
2 0 4 75% 25 100 100 Absent (L) No DBF No DBF
3 I 3 100 67 100 100 Severe (D) - +
4 I 4 75 50 100 50 Mild (Sd) + +
5 I 3 100 100 100 100 Mild (Sp) + +
6 I 3 67 100 100 67 Mild (Sp) + +
7 111 4 50 0 100 100 Severe (D) - +
8 Jigiis 3 100 100 100 100 Severe (D) - +
9 I 3 100 67 100 100 Mild (Sp) + +
10 I 4 75 100 100 100 Severe (D) - +
11%# i 3 - - - - Mild (Sp/sd) - ?#
12% A% 3 - . - . Severe (D) - ?*
13 1 3 - - - - Mild (Sd) + ?*
14 I 3 100 67 100 100 Severe (Sd/D) - +
15 I-II 3 33 33 100 100 Severe (D) - -
Total 50 78 59 100 85 5/11 10/11

NIRF-L: near-infrared fluorescence lymphography; MDACC: MD Anderson Cancer Center; PAI: photoacoustic imaging; DBF: dermal backflow; L: linear; Sp: splash; Sd: stardust;
D: diffuse. *In one of the four locations, no ICG signal was seen with NIRF-L. *black marker artefacts interfered with PA image assessment. These patients were not taken into
account for successful vessel detection percentage calculations.

A NIRF-L B US/PA axial

1cm

2cm

3 cm
US/PA axial

0cm
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0407820 ratio [N -
us I
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Fig. 5. Near-infrared fluorescence lymphography (NIRF-L) images (A and C) with linear patterns in a healthy arm (A) and lymphedema arm (C). B and C represent
photoacoustic (PA) images of 940/820 nm ratio superimposed on grayscale ultrasound (US) images of the corresponding NIRF-L regions. Red arrows indicate blood
vessels and white arrows indicate lymphatic vessels. More lymphatic vessels were observed with PA imaging compared to NIRF-L. Reflection artefacts originating
from the skin surface can be observed at a depth of ~3 cm.

entire study. The effects of inter-observer variability of this technique 5. Conclusions
are unknown and could potentially influence the imaging results.
Overall, we demonstrated that dual-wavelength, LED-based PAI can
visualize lymphatic and blood vessels. In this study, we focused on the



S. Van Heumen et al.

US/PA axial

Photoacoustics 29 (2023) 100446

C US/PA parallel 0

us

low

US/PA axial

940/820 ratio | R

w

cm

high

Fig. 6. Near-infrared fluorescence lymphography (NIRF-L) images (A, D) with extensive dermal backflow patterns and the corresponding axial (B, E) and parallel (C,
F) 940/820 nm ratio photoacoustic (PA) images superimposed on grayscale ultrasound (US). Red arrows indicate blood vessels and white arrows indicate lymphatic
vessels. In both cases, PA images were acquired in locations where no lymphatic vessels were observed with NIRF-L. Reflection artefacts originating from the skin

surface can be observed at a depth of ~3 cm.
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Fig. 7. A and B show axial photoacoustic (PA) images superimposed on grayscale ultrasound (US) from a 3D swipe. White dotted lines indicate the depth region,
which was used for maximum intensity projection (MIP) image generation and fixed for all frames. Red arrows indicate blood vessels and white arrows indicate
lymphatic vessels. C shows the resulting 3D swipe MIP of the overlaid 820 nm and 940 nm images, in total 1536 frames were used. The blood vessel that absorbs both

wavelengths appears in pink and the lymphatic vessel in red.

application of LVB surgical planning, but the technique may also prove
useful in imaging the superficial lymphatics for other lymphatic pa-
thology such as metastasis patterns or systemic disease. For clinical
translation of PAI to guide LVB surgical planning with the current
workflow, it is important to have a compact and portable system. We
showed that this novel technique can be used in a clinical setting and is

not more invasive than NIRF-L, which is currently routinely used. These
findings suggest that PAI has potential for preoperative lymphedema
assessment, especially in cases with extensive DBF patterns hindering
adequate assessment with NIRF-L. However, LED-based PAI is still in its
early stages of development and technological advances are required to
improve clinical usability, image quality, and minimize image artefacts.
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