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Abstract— Lymphoedema is a debilitating disease that results
in chronic swelling of a body region due to a dysfunctional
lymphatic system. Since a cure is yet to be identified for this
disease, management is currently the best option for preventing
disease progression and improving patient outcomes.
Fluorescence lymphography is a popular approach for mapping
the lymphatic vessels to provide information about the
underlying lymphatic dysfunction. However, current clinical
fluorescence lymphography tools do not enable the creation of
comprehensive 3D maps of lymphatics throughout affected
limbs. This work presents the development toward multi-camera
3D reconstruction with fluorescence imaging to overcome the
current limitations in clinical tools. Pilot studies have been
performed that identify suitable instrumentation for this multi-
camera approach and techniques for creating a 3D fluorescence
lymphography device are discussed.

Clinical Relevance— This paper presents development toward
new low-cost and portable clinical tools for lymphoedema
diagnosis and to facilitate personalised treatment and self-
management of this disease.

I. INTRODUCTION

Lymphoedema is debilitating chronic swelling in a region
of the body that develops when lymph fluid is unable to drain
properly through the lymphatic system [1]. It can be a
congenital disease with no underlying cause (primary
lymphoedema) or a result of damage to the lymphatics
(secondary lymphoedema) often from cancer treatment such
as lymph node dissection surgery or radiation therapy. Studies
have estimated that secondary lymphoedema will occur in
20% of patients following treatment for breast, genitourinary,
gynaecological, and melanoma cancers and in 5% to 8% of
patients following a sentinel lymph node biopsy [2]. Since
medical research has yet to identify a cure, effective diagnosis,
and management in early stages of the disease is the current
option for preventing disease progression and improving
patient outcomes.

The most common metric for disease assessment and
monitoring in patients with arm or leg lymphoedema is limb
volume. Limb volume is typically measured manually by tape
but can also be measured with perometers. However, these are
expensive and patients with leg lymphoedema can struggle to
separate their legs to provide an accurate measurement. Such
limitations have motivated research into portable 3D imaging
devices using depth cameras for estimating limb volume [3]-
[5]. While such devices provide useful information for
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assessing limb volume and shorten procedure times, they do
not provide any information about the underlying lymphatic
dysfunction.

Real-time fluorescent imaging, specifically indocyanine
green (ICG) fluorescence lymphography, is a popular
approach to map the lymphatic vessels [6], [7]. It operates in
the near infrared (NIR) spectrum, where tissues are much more
translucent than in visual wavelengths. During lymphography
for lymphoedema, ICG dye is injected into the skin and a
camera sensitive to NIR is used to map the movement of dye
through lymphatic vessels up to a 20 mm depth from the skin
surface. This enables dynamic visualisation of patent
lymphatic vessels, areas of dermal backflow (where lymph
congestion causes refluxes of lymph to the skin) and altered
drainage pathways [8]. Disease severity is assessed by MD
Anderson Cancer Centre (MDACC) ICG staging [9], [10] and
results are used to personalise treatment and give important
visual feedback to patients so they can understand and learn
how to self-manage their condition.

Whilst fluorescence lymphography provides dynamic
lymphatic mapping that is highly sensitive and reproducible,
devices are expensive and there are technical and practical
challenges which limit its widespread use as a standard
diagnostic tool. For example, current devices only obtain
images in 2D for a small field of view (e.g. 200 mm x 200 mm
with PDE, Hamamatsu K.K. Japan). These limitations have
forced clinicians to manually stitch fluorescence images
together for clinical reporting and manually mark lymphatic
vessels and areas of dermal backflow directly onto patients’
limbs during imaging [8]. Therefore, current fluorescence
imaging can be challenging and clinical reporting time
consuming.

A possible approach to overcoming such limitations is to
use multi-camera imaging systems with suitable illumination
and spectral filtering for fluorescence imaging. This approach
could provide 3D mapping of the lymphatic vessels as well a
measure of limb volume. Stereo imaging systems can be made
low-cost and portable for clinical use. In this paper, we present
the development of a low-cost portable device for mapping
lymphatics in human limbs, and preliminary results from pilot
studies to demonstrate efficacy of this technology. This system
will enable the development of clinical tools for lymphoedema
diagnosis to facilitate personalised treatment and self-
management.

P. M. F. Nielsen is also with the Department of Engineering Science,
University of Auckland, Auckland 1010, New Zealand.

H. Suami is with Australian Lymphatic Education, Research and
Treatment (ALERT) and Macquarie University, Sydney, Australia.



II. ICG FLUORESCENCE LYMPHOGRAPHY

Experiments were performed to test suitable illumination
and spectral filtering for ICG lymphography in limbs.
Participants with upper limb or lower limb lymphoedema were
recruited and imaged following a standard clinical ICG
lymphography imaging examination at the Macquarie Health
ALERT (Australian Lymphoedema, Education, Research and
Treatment) Clinic. All participants provided their written
informed consent, and the study protocols were approved by
the Macquarie University Human Research Ethics Committee
(Reference #520221214841722). The protocol for a standard
ICG examination has been described in detail previously for
both upper and lower limb lymphoedema [8], [11]. Briefly, the
protocol involved four injections of ICG dye administered into
each limb. In the upper limb, ICG was injected into the dorsal
hand just proximal to the first and fourth web spaces, radial
aspect of the anterior distal wrist, and ulnar aspect of the
anterior distal wrist. Manual lymphatic drainage massage was
undertaken by a lymphoedema therapist during the ICG
lymphography imaging to facilitate ICG transit via the
lymphatics.

Following standard ICG lymphography, participants were
imaged with a custom NIR ICG lymphography imaging
instrument. This instrument consisted of a 20-megapixel
monochrome camera (FLIR, BFS-U3-200S6M-C) and lens
with 12 mm focal length (computar, V1226-MPZ). A long-
pass filter with cut-on wavelength of 830 nm (Edmund Optics,
66106) was mounted to the front of the lens. Excitation
illumination of the injected ICG was provided by two custom
high-power LED lighting modules of 734 nm peak wavelength
(Osram, LZ1-00R302). Scattered light from the excitation
illumination was absorbed by the long-pass filter, whilst
fluorescence of the ICG was passed and detected on the
camera Sensor.

Fig. 1 shows an example ICG fluorescence image acquired
with the custom setup of a patient with MDACC Stage 2
lymphoedema in the upper limb. These experiments indicated
that the illumination wavelength and power, long-pass filter,
and camera chosen for our custom NIR ICG imaging device
was suitable for visualising lymphatics in the whole upper
limb.
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Figure 1. ICG fluorescence false-color image of the upper limb in patient with
MDACC Stage 2 lymphoedema. ICG injection sites (black arrows) and a
region of dermal backflow (white arrow) is visible in the posterior forearm.

III. 3D IMAGING

Experiments were performed to test suitable illumination
and multi-camera configuration for 3D reconstruction of the
upper limb. Our custom 3D imaging system consisted of two
20-megapixel monochrome cameras (FLIR, BFS-U3-
200S6M-C) and lenses with 12 mm focal length (computar,
V1226-MPZ). The cameras were mounted with a baseline
(spacing) of 60 mm with sensors aligned in the same plane.
The cameras were controlled using custom software written in
LabVIEW (National Instruments, 2020). The two cameras
were calibrated using the stereo camera calibration toolbox in
MATLAB (MathWorks, R2021b) with an A3-sized
checkerboard calibration target bonded to an acrylic board.
The focus and iris controls of the camera lenses were fixed
following calibration for all subsequent experiments.

3D reconstruction measurements were performed on a
healthy participant in a dark room with no ambient light. The
participant held their upper limb at an angle of 30 deg with
anterior surface facing towards the cameras. The upper limb
was illuminated with three different wavelengths using custom
high-power LED lighting modules of 528 nm, 734 nm, and
850 nm peak wavelength (Osram, LZ1-00G102, LZ1-00R302,
and LZ1-00R602, respectively). During each illumination
wavelength, images were captured from both cameras.

Fig. 2 shows the images captured from one of the cameras
for each of the illumination wavelengths. The visible
wavelength illumination (526 nm) provided rich texture on the
skin whereas the NIR wavelength illuminations (734 nm and
850 nm) gave relatively featureless texture, particularly on the
upper arm. This is likely due to reduced melanin absorption at
longer wavelengths in the NIR window.

Figure 2. Images of healthy upper limb from one of the two cameras in the
system with illumination wavelengths of 526 nm, 734 nm, and 850 nm (left
to right) demonstrating variation of recorded skin texture.



3D reconstruction was performed for each image pair
using the stereo camera calibration. This process consisted of
rectification, disparity estimation using semi-global matching
(uniqueness threshold: 20), and scene reconstruction.
Estimated depth maps from 3D reconstruction are shown in
Fig. 3 for each of the illumination wavelengths.

Reconstruction performed well for the visible wavelength
illumination (526 nm) with high completion of the whole
upper limb. Reconstruction generally performed poorly for the
NIR wavelength illuminations (734 nm and 850 nm). There
was partial reconstruction of the forearm and hand with NIR
illuminations, however this is likely to be from the texture
provided by the hair and blood vessels in this region. As
patients will have differing amounts of hair on their limbs, this
is an unreliable source of texture for 3D reconstruction and use
in clinical practice.

The 3D reconstruction of the upper limb for the 526 nm
illumination is shown in Fig. 4 as a dense point cloud. Intensity
values from the reference (left) camera images are mapped
onto the point cloud color.

IV. DISCUSSION

Results indicated that uniform NIR illumination does not
provide sufficient texture on the skin for camera-based 3D
reconstruction using standard computer vision approaches
(OpenCV), whereas visible illumination wavelengths are more
suitable. Considering visible illumination is a more reliable
source of texture for 3D reconstruction, designing a camera-
based 3D lymphography system that uses fixed wavelength
filters for imaging ICG NIR fluorescence is technically
challenging.

An approach could be to use non-uniform NIR
illumination, in the pass band of the ICG filters, to project
texture or structured light to assist with 3D reconstruction.
Such an approach is taken in systems using commercial depth
cameras [12]. However, as the NIR illumination would likely
interfere with the ICG fluorescence signal, such an approach
may require the acquisition of images at multiple time steps
where the active illumination is switched on and off
sequentially. A snapshot 3D imaging system is more desirable
as it would enable recording of dynamic scenes and better
handle any patient movement during the imaging procedure.

An alternative approach to enable snapshot 3D ICG
imaging may be to use additional cameras, where two cameras
capture visible light images for 3D reconstruction
simultaneously, with at least one additional camera for
capturing ICG fluorescence images.

V. CONCLUSION

The results presented in this paper will inform the
development toward a new 3D fluorescence lymphography
imaging system. This system will enable the creation of a
comprehensive 3D map of the lymphatics in the whole
affected limb, from which the patent lymphatic vessels can be
demarcated, and regions of dermal backflow can be quantified.
Our goal is to use this system to facilitate more personalised
lymphoedema treatment and self-management.
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Figure 3. Estimated depth from 3D reconstruction of the upper limb for
illumination wavelengths of 526 nm, 734 nm, and 850 nm (left to right).
Visible wavelength illumination (526 nm) resulted in a more complete
reconstruction.

Figure 4. 3D model of the upper limb with visible light (526 nm) illumination
from two different viewpoints.
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