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ABSTRACT

Near-infrared fluorescence (NIRF) molecular imaging holds great promise as a new “point-of-care” medical imaging
modality that can potentially provide the sensitivity of nuclear medicine techniques, but without the radioactivity
that can otherwise place limitations of usage. Recently, NIRF imaging devices of a variety of designs have emerged in
the market and in investigational clinical studies using indocyanine green (ICG) as a non-targeting NIRF contrast
agent to demark the blood and lymphatic vasculatures both non-invasively and intraoperatively. Approved in the
USA since 1956 for intravenous administration, ICG has been more recently used off label in intradermal or
subcutaneous administrations for fluorescence imaging of the lymphatic vasculature and lymph nodes. Herein, we
summarize the devices of a variety of designs, summarize their performance in lymphatic imaging in a tabular format
and comment on necessary efforts to develop standards for device performance to compare and use these

emerging devices in future, NIRF molecular imaging studies.

Near-infrared fluorescence (NIRF) imaging is an emerg-
ing clinical technology that requires administration of
a fluorescence-imaging agent that can be excited at near-
infrared (NIR) wavelengths of =760 nm. Upon illumi-
nating tissue surfaces with penetrating NIR light to
excite the imaging agent within the tissues, the generated
fluorescence is collected to form a two-dimensional
(2D) image demarking the tissue deposition of the
NIRF imaging agent. While far-red and NIR light be-
tween the wavelength ranges of 690-900 nm penetrate
deeply in tissues, endogenous chromophore fluores-
cence when excited by light of wavelengths <780 nm,
creates a high autofluorescence background for molec-
ularly targeting exogenous imaging agents in tissues.
The tissue depth to which the NIRF imaging can detect
NIRF imaging agents is dependent upon their bright-
ness and the sensitivity of the device, but has been es-
timated to be between 3 and 4 cm beneath the tissue
surfaces in intensified devices' and <2cm in others.?
Three-dimensional tomographic imaging using 2D
projection data as well as time-dependent and in-
dependent methods has been developed for small ani-
mal imaging™* but, owing to these limitations in tissue
penetration, has not been translated to clinical
imaging.

The exciting concept of conjugating a NIR excitable flu-
orophore to a small molecule, protein or antibody that
targets an extracellular disease marker for diagnostic,
molecular imaging has been postulated for years by sev-
eral investigators.”” The use of NIRF imaging for mo-
lecularly guided surgical resection of cancers could
dramatically reduce residual tumour burden as well as
surgical morbidity associated with excising sufficient tis-
sues to avoid having positive surgical margins. However,
the tissue depth, concentration and dose at which a “first-
in-humans” imaging agent can be detected in tissues
depends upon several factors but, most importantly, upon
the sensitivity of the imaging device. Unlike positron
emission tomography, scintigraphy, single-photon emis-
sion and the vy probe used to detect radiolabelled mo-
lecular targeting agents for diagnostic imaging and
intraoperative detection, fluorescence imaging devices do
not have phantoms and standards to assess performance
metrics, and there are no traceable standards to quantify
or compare performance between fluorescence imaging
devices. Different fluorescent imaging device designs,
summarized for clinical devices in an excellent review by
Alander et al,® likely result in varying performance for
detecting a NIRF imaging agent. As a result in the USA,
the regulatory strategy for securing market approval of
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fluorescent imaging agents is to pair the drug approval pro-
cess to a specific model of imaging device [e.g. approval of
Cysview® (Photocure, Oslo, Norway) with Karl Storz blue
light cystoscope (PDD system; Karl Storz GmbH and Co.,
Tuttlingen, Germany)]. This practice could limit the entry
and adoption of molecularly targeted NIRF imaging agents
into clinical practice.

To date, the only NIR-excited fluorophore used clinically is
indocyanine green (ICG). Since 1956, ICG has been approved by
the US Food and Drug Administration for intravenous (i.v.)
administration at a concentration of 2.5 mgml ™" with doses of
up to 25mg in adults, 12.5mg in children and 6.25mg in
infants. ICG has been used in the clinic as a reagent for de-
termining cardiac output, hepatic function and ophthalmic
angiography. It has an excellent record of safety, and there is no
demonstrable evidence of phototoxicity associated with its use.”
After administration, ICG binds tightly to plasma proteins and
has a half-life of several minutes in blood circulation, which
allows repeated intraoperative i.v. administration for fluores-
cence angiography. In the plasma, the absorption and emission
peaks of ICG are shifted towards longer wavelengths, to around
807 and 822 nm,'° respectively, but still reside in the “optical
window” of the tissues. Compared with other NIR-excited flu-
orophores, the quantum efficiency (QE) of ICG is low and
reported to be 0.02 at 780 nm excitation and 830 nm emission;""
it is comparatively unstable once reconstituted in saline; and it
has no functional group for conjugation to compound for
molecular imaging. Using ICG as a non-specific blood vascular
imaging agent, NIRF angiography has been used intraoperatively
in coronary, neurosurgical and vascular surgeries® as well for
non-invasive assessment of superficial perfusion.'?

Most recently, ICG has been used in off-label intradermal and
subcutaneous administrations at varying doses for evaluating
the lymphatic circulation to identify sentinel lymph nodes
(SLNs) in surgical oncology,'®'>'* assess lymphovenous
anastomoses (LVA) surgery'>™'” and non-invasively map the
lymphatic vasculature.'®?° Indeed, “ICG lymphography” has
been found to be superior to lymphoscintigraphy for di-
agnostic imaging of early lymphoedema in upper extremi-
ties’” and enables early diagnosis of lymphoedema before the
onset of symptoms.>®~>* Yet, the doses of ICG and the design
of devices used in these and other clinical studies vary widely,
suggesting variable device performance. The available ICG
fluorescence imaging devices on the market include photo-
dynamic eye (PDE; Hamamatsu Photonics Co., Hamamatsu,
Japan) and SPY (Novadaq Technologies Inc., Toronto,
ON, Canada), with other investigational devices such as
frequency-domain photon migration (FDPM) imager (Uni-
versity of Texas Health Science Center at Houston, TX) and
mini-FLARE™ (Israel Beth Deaconess Medical Center, Bos-
ton, MA) also employed in clinical studies. Although the
architecture can be dramatically different among these devi-
ces, the core components are (i) the light source for exciting
ICG; (ii) optical filters for separating emitted fluorescent
signals from strong backscattered excitation light and ambi-
ent light signals; and (iii) an area detector for sensing the
emitted fluorescent signals. Undoubtedly, the performance of
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a device is ultimately determined by these core components,
requiring different dosages of ICG ranging from micrograms
to milligrams per injection for visualizing the lymphatics. In
this review, we first compare three core components
employed in various ICG fluorescence imaging systems and
then review the varying ICG concentrations used in clinical
imaging of the lymphatic vasculature and lymph nodes as an
indicator of device performance. This review complements
those of others'®'>'*** but summarizes literature results in
a tabulated and quantitative format to enable readers to
compare performance. Finally, we comment on a proposal for
a systematic approach to quantify and report imaging device
performance using standardized measurements of certifiable
phantoms that could accelerate the future translation of NIRF
molecular imaging agents used with these fluorescence im-
aging devices.

INSTRUMENTATION

In order to understand differences in performance presented
in the ICG imaging of lymph nodes for cancer staging and the
Lymphatic imaging sections, the differences in imaging
devices employed in these studies are first described. As de-
scribed in past reviews,»** there are three core components
common to the ICG fluorescence imaging systems, summa-
rized in Table 1. These are the incident light sources used to
excite ICG; the optics that allow for collection of ICG fluo-
rescence and rejection of ambient and backscattered incident
light; and the area detector used to register the collected light
(Figure 1).

Incident light sources for collection of indocyanine
green fluorescence

The commonly used excitation light sources in ICG fluores-
cence imaging systems in order of increasing spectral band-
width are (i) laser diodes; (ii) light-emitting diodes (LEDs);
and (iii) filtered lamp sources, which have typical spectra il-
lustrated in Figure la. Because rejection of backscattered
excitation light is performed spectrally through the use of
interference filters, laser diodes enable the greatest sensitivity,
since the “background” arising from “leakage” of back-
scattered excitation light is the lowest. By contrast, LEDs
generate a broader band of wavelengths with relatively lower
power output, requiring tens of LEDs integrated together for
milliwatts per square centimetre of incident light. For the
filtered lamp sources, the lamp sources are filtered to generate
excitation light with a narrow band, but the generated ex-
cessive heat needs to be dissipated to extend the lifetime of
the filter. In addition, the filtered lamp sources have low ef-
ficiencies, making it difficult to couple into an optical fibre.
Hence, laser diodes and LEDs are widely adopted in the ICG
fluorescence imaging systems used clinically. One might ex-
pect that the greater amount of incident excitation light (measured
as a “fluence” in milliwatts per square centimetre) would result in
more ICG fluorescence and a larger amount of collected fluores-
cence signal. However, there are maximum permissible exposure
(MPE) limits for both eye safety as well as skin safety. The American
National Standards Institute’s (#13997) MPE for eye exposure of
a 700-1050 nm laser beam is 10 7% X 107> W cm ™2 when the
duration is between 10 and 30,000 s, and the MPE for skin exposure
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Figure 1. Schematic of indocyanine green (ICG)-based near-infrared fluorescence imaging system consisting of the incident

light source, collection optics and area detector. (a) Represents

the spectra of 785-nm laser diode, 780-nm light-emitting

diode (LED) and xenon lamp, showing the laser diode with narrow bandwidth, the LED with relatively wide bandwidth and
xenon with very broad bandwidth, and (b) the focus lens and emission filter. (¢) A plot of signal-to-noise ratio (SNR) vs
contrast for different charge-coupled device (CCD)-based detectors with integration time of 200 ms. Both front-illuminated
intensified CCD (FICCD) and back-illuminated intensified CCD (BICCD) are superior to the other types of CCD cameras (Zhu
et al®®). BCCD, back-illuminated CCD; EMCCD, electron-multiplying CCD; FCCD, front-illuminated CCD; OD, optical density.
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is 0.2 X 10**7%7Y W em ™2 (where the wavelength A is re-
ported in units of micrometre). For 785 nm, the limit for eye
safety is 1.48 mW cm ™ * and for skin safety is 296 mW cm ™ 2. As
shown in Table 1, all laser-based devices used in clinical studies
probably exceed MPE for eye safety but not for skin safety. It
should be noted that devices that exceed the MPE require the
use of eye protection for the patient, and precautions for the
healthcare personnel. In addition, with greater excitation in-
cident power, there is greater backscattered light, which, as
discussed in the next section, can contribute to obtain a high
background, obscure collection of weak ICG signals and limit
device performance.

Collection optics

Without exception, all ICG fluorescence imaging systems have
detection sensitivities that are limited by background signals
(or noise floor) that arise from one or more of the following:
(i) the spectral overlap between the backscattered excitation
light and collected ICG fluorescence allowing non-fluorescent

| 346 49% 646 796 946
Wavelength (nm)

signals to be registered as fluorescence; (ii) a “blue shifting” of
optical filters that allows passage of non-collimated, backscattered
excitation light not normally incident on the filter surface, and
(iii) the limited optical density of optical filters that allows
passage of a small amount of ambient and excitation light that
is still significant compared with the weak, collected ICG
fluorescence (Figure 1b).* If light that does not originate from
the fluorescent dye resident in the tissues is collected, then it
represents the “noise floor” making it less probable that the
device can image small quantities of a NIRF agent in tissues.

It is also important to note that the sensitivity of the fluorescent
imaging device can also be impacted in the environment in
which it is used. While it is not feasible to work in total darkness,
variation in ambient light, whether provided by fluorescent or
incandescent room lighting, surgical lamps or white light illu-
mination in endoscopy or laparoscopic devices, can have small
but significant spectral contributions within the spectral band-
widths in which ICG fluorescence is collected.
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Area detectors

Currently, charge-coupled device (CCD) detectors are pri-
marily used in ICG fluorescence imaging systems and depend
upon integrating the collected photons over millisecond time
frames. The CCD detectors used can be divided into (i) front-
and back-illuminated CCDs (FCCDs and BCCDs), (ii)
electron-multiplying CCDs (EMCCDs) and (iv) intensified
CCDs (ICCD), including front- and back- illuminated ICCD
based on their configurations. Most imaging systems
employed in humans use either FCCD or BCCDs (Table 1).
FCCDs are constructed in a fashion similar to the human eye
by orienting polysilicon gates at the front, wiring in the
middle and photodiodes for light collection at the back. This
configuration blocks incident light from reaching the photo-
diodes resulting in relatively low QE. BCCDs contain the
same elements, but by rearranging the gate structure to the
back of the photosensitive area of the CCDs and by reducing
the thickness of the silicon layer via proprietary etching
techniques, BCCDs have more than two-fold improvement in
QE than do their front-illuminated counterparts. Unlike
a conventional CCD, an EMCCD has an additional electron-
emitting register installed between the normal serial register
and the output amplifier to multiply weak signals. The EM
register is split up into several hundred stages, and each stage
acts as an avalanche diode to multiply the signal. The degree
of multiplication gain can be controlled by varying the clock
voltages applied to the EM register.

By contrast, ICCDs have a different multiplication mecha-
nism, in which an image intensifier amplifies the collected
image before it is registered by a CCD. The intensifier consists
of three main components, a photocathode, an EM micro-
channel plate (MCP) and a phosphor screen. The photo-
cathode coverts the low level of incoming light into electrons,
which are then accelerated and amplified by a high electrical
field towards the MCP and, finally, the amplified signal is
converted back into a light signal at the phosphor screen
ready for the CCD acquisition. In NIR sensitive generation III
intensifiers, a thin film of sintered aluminium oxide is at-
tached to the MCP to protect the photocathode from spuri-
ous backscattered ions. Generation II intensifiers are more
common but lack the sensitivity to NIR light of generation III
intensifiers.

The potential noise sources in these CCD devices consist of
the signal inherent shot noise, dark current noise and readout
noise.”” Shot noise results from the inherent statistical fluc-
tuations in the number of photons incident on the CCD and
represents the detection limit of a detector. For the ICCDs
and EMCCDs, shot noise is a function of the mean incident
photon flux, multiplication gain, QEs, integration time and
a noise factor that characterizes the noise introduced by the
gain process. Dark current noise arises from statistical vari-
ation in the number of thermally generated electrons that
accumulate in the pixels of all CCDs. The rate of dark current
generation highly depends on the temperature of the CCD
and is especially important for EMCCDs, since it is multiplied
by the on-chip multiplication gain. For the ICCDs, additional
dark current noise is generated by spontaneous electron

output from the intensifier photocathode and is magnified by the
multiplication gain of the intensifier. Cooling the CCD can reduce
the dark current noise to a negligible level over a typical exposure
interval in high-performance CCD cameras. Readout noise is
a combination of system noise components inherent to the pro-
cess of converting CCD charge carriers into an analogue voltage
signal for quantification, and the subsequent analogue-to-digital
(A/D) converter that converts the analogue voltage signal into
a digital representation. For EMCCDs, the readout noise consists
of two components: the charge transfer noise arising from the
multiplication effect of gain register and all other non-multiplied
readout noises. Readout noise becomes dominant in conventional
CCDs operating at high frame readout frequency. Our studies
showed that the imaging performance of generation III ICCD
systems is superior and better than that of unintensified CCD
systems in both signal-to-noise ratio and target-to-background
ratio when the integration time of CCD camera is <200 ms, as
shown in Figure 1c. This performance may be expected owing to
the optimal amplification of the collected NIRF signal by the
intensifier and the subsequent integration that reduces the am-
plified noise. In general, increased integration times result in
maximum signal and reduced noise levels, but at long integration
times, motion artefacts and camera saturation owing to limited
dynamic range can result. Dynamic range of CCD-based meas-
urements is limited by the A/D register and is typically 8, 10, 12 or
the maximum dynamic range of 16-bits.

Investigational and marketed near-infrared
fluorescence imaging devices

Several investigational and market NIRF imaging devices have
been used clinically (Table 1) and can be divided into the
following classifications: (i) hand-held [including HyperEye
Medical System (Mizuho Medical), FLUOBEAM® (Fluoptics,
Grenoble, France), PDE (Hammatsu Photonics Co., Hamamatsu,
Japan), IC-View (Pulsion Medical Systems SE, Feldkirchen,
Germany) and Visual Navigator (SH System, Seoul, Republic
of Korea)], (ii) cart-based (including FDPM imager, mini-
FLARE, SPY and the Prototype Surgical Navigation System)
and (iii) incorporated into existing devices, such as the da
Vinci® Robotics System (Novadaq Technologies Inc.), by the
incorporation of NIR illumination and detection capability
(including INFRARED™ 800™, FIREFLY™ and laparoscopic
NIRF system). Figure 2 are the photos of typical in-
vestigational (FDPM imager) and marketed (PDE and SPY)
NIRF imaging devices. The fluence rate of fluorescence ex-
citation light source varies among these systems with the
range of <1.9-31mW cm™ 2. The fluorescence excitation
wavelengths are also different in these systems. For example,
FLUOBEAM, FDPM imager, SPY and FIREFLY employ laser
didoes operating at 750, 785 and 806 nm, respectively. mini-
FLARE, PDE, HyperEye Medical System and Visual Navi-
gator employ LEDs with a centred wavelength located at 760
or 740 nm. INFRARED 800 and FIREFLY utilize the filtered
xenon with wavelengths ranging from 700 to 800 nm. The
CCD cameras in these systems have varying dynamic ranges
and integration times that vary from 0.1 to 1000.0 ms. Col-
lection wavelengths in these systems are mainly centred at
830 nm, which is close to the emission peak of ICG fluo-
rophore and at which CCD cameras have moderately high

5 of 26  birpublications.org/bjr

Br J Radiol;88:20140547


http://birpublications.org/bjr

BJR

B Zhu and EM Sevick-Muraca

Figure 2. Photos of typical investigational and marketed near-infrared fluorescence imaging devices: (a) FDPM imager (University of
Texas Health Science Center at Houston, TX), (b) Photodynamic eye (PDE; Hamamatsu Photonics Co., Hamamatsu, Japan) and

(c) SPY (Novadaqg Technologies Inc., Toronto, ON, Canada).

(@) (b)

sensitivity. Some systems such as SPY and PDE have fixed working
distance (WD) of 30 and 20 cm, respectively, and fixed fields of
view (FOVs) of 19 X 12.7 and 10 X 6.7 cm?, respectively. In these
systems, the proper WD is found by positioning the camera head
until there is a superposition of two points of LED illumination
on the tissue surface to be imaged. Other systems such as the
FDPM imager, mini-FLARE and FLUOBEAM have adjustable
WDs and FOVs. To accommodate various surgical applications,
some systems (including FDPM imager and mini-FLARE) are
designed with adjustable WD and FOV accomplished through
manual or automatic focus lens along with a moveable articu-
lating arm. During intraoperative or non-invasive applications, it
is important to correlate the collected fluorescent image to the
actual FOV either by (1) collecting light from a single view in one
optical path and spectrally separating the “white-light” and
“fluorescent” images for collection by different detectors for direct
overlay on display or by (2) collecting two different “white-light”
and fluorescent views and co-registering the separate views for
combined display.

As depicted in Table 1, the WD, FOV, wavelength specifications
for excitation illumination and fluorescence collection, and, fi-
nally, detector type varies widely among the devices used in
clinical studies. Because the variation in instrument design could
result in variable performance, one might expect that varying
amounts of ICG employed in these clinical studies could be used
to infer performance in lieu of the missing standardized meas-
urements and specification of performance as discussed above.
Secondly, NIRF imaging provides an unmet clinical need to assess
the lymphatic vasculature and its function.'®' For these two
reasons, we focus upon the clinical application of these devices in
which the lymphatic vasculature is interrogated with varying
amounts of ICG, whether for identification of SLNs for cancer
staging or for assessment of the lymphatic vasculature for di-
agnosis of various conditions or diseases.

INDOCYANINE GREEN IMAGING OF LYMPH
NODES FOR CANCER STAGING

Lymph node mapping for identification of tumour draining
lymph nodes for resection and subsequent pathological
application in many cancers is commonly performed
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intraoperatively using blue dyes and/or transcutaneously and
intraoperatively with non-specific technetium-99m (**™Tc)
radiocolloid. While emerging technologies employ i.v. admin-
istration of ultrasmall superparamagnetic iron oxide particles*®
and intradermally administered radiolabelled mannose sugar,
tilmanocept29, intradermal and subcutaneous administration of
ICG to locate draining lymph nodes represents an emerging area
in nodal staging. The primary advantages of using a radiolabelled
fluorescent molecule or NIR active compound is the direct re-
lationship between the regions of fluorescence emitted from
tissue surfaces within the surgical FOV. Lymph node detection is
often achieved intraoperatively using a gamma probe to provide
an audible signal when placed transcutaneously or over a small
tissue region containing radioactivity within the surgical FOV.
The gamma probe enables localization but does not provide
sufficient boundary discrimination to finely guide surgical re-
section. The advantage for using an NIR fluorescent agent such
as ICG over a blue intravital dye is the opportunity to detect
subsurface lymph nodes or tissues that may not otherwise be
detected intraoperatively within the surgeon’s FOV. While ICG
fluorescence remains limited in tissue penetration, diagnostic
nuclear imaging remains the hallmark for assessing tumour-
draining deep lymph nodes in a pre-operative fashion. As a re-
sult, in the majority of studies using ICG fluorescence navigation
for localizing tumour draining lymph nodes, it is used intra-
operatively, rather than non-invasively, in a pre-operative setting
as reviewed by Vahrmeijer et al.> It is important to note that
because ICG is not cancer specific, it cannot be used for NIRF
detection of cancer-positive lymph nodes, which is the goal of
emerging NIRF molecular imaging agents.’>> A recent review
of NIRF molecular imaging agents for identification of tumour
margins during cancer surgery is not contained herein but rather
in Vahrmeijer et al.>> The following sections detail the perfor-
mance of the various devices used intraoperatively for SLN
detection.

Sentinel lymph node mapping in breast cancer

The majority of studies using ICG fluorescence imaging for
lymph node detection are performed in breast cancer as sum-
marized in Table 2. Kitai et al> first utilized the fluorescence
properties of ICG for SLN detection in patients with early breast
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The devices mentioned in the table and their manufacturer details in parenthesis are as follows: FDPM imager (University of Texas Health Science Center at Houston, TX), IC-View (Pulsion Medical
Systems SE, Feldkirchen, Germany), Mini-FLARE (Israel Beth Deaconess Medical Center, Boston, MA), PDE (Hamamatsu Photonics Co., Hamamatsu, Japan) and Visual Navigator (SH System, Seoul,

Republic of Korea).

B Zhu and EM Sevick-Muraca

cancer using the PDE prototype device using 25 mg of ICG in
5ml of water. Intraoperatively, sentinel nodes were found by
visually following the green-stained lymphatic vessels to the
first-draining SLNs that were fluorescent. Since then, com-
parative studies have been performed to assess performance
of ICG, blue dye and radioisotope alone or in combination
using a range of devices and ICG doses.>*>%#0:43730:22736¢ 1
general, reports are mixed but show that fluorescence imaging
provides higher detection rate and lower false-negative rate
than do blue dye and radioisotope methods,**?>?7°%% and
the combination of fluorescence imaging with blue dye vi-
sualization was found to be superior to the blue dye method
alone.’>*” Moreover, the combination of fluorescence imag-
ing with blue dye visualization had the highest sensitivity
method, avoiding the need of the radioisotope method,*® and
in another study, no benefit was found in using the blue dye
when ICG was combined with radioisotope method.*’
Investigators who used the mini-FLARE device often com-
bined ICG with human serum albumin (HSA) to improve
quantum yield and SLN retention of ICG fluorophore.*®*"**
Addition of HSA to ICG was not found to significantly alter
SLN detection rate when the PDE device was used for de-
tection.*? In another study of 134 patients with breast cancer,
detection of SLNs from ICG was not found to be superior to
the radiotracer method using the PDE device.”> Combination
of ICG and radiotracer has also been attempted for NIRF and
gamma detection of SLNs in breast cancer,”’ enabling pre-
operative localization from nuclear imaging and intra-
operative guidance from NIRF imaging, but earlier studies
showed that ICG was especially unstable and lost its fluo-
rescent properties when mixed with the acidic solutions used
to suspend and administer **™Tc radiocolloid."”” To date,
various total doses of ICG, ranging from as little as 10 pug by
Sevick-Muraca et al,' to as much as 25 mg used by Kitai et al,”
have been successfully injected for non-invasive and intra-
operative detection of visualization of lymph drainage pathways
and SLNs. Mieog et al*! determined that the optimal total dose
of ICG detected using the mini-FLARE device lies between 0.062
and 1.240 mg of ICG in 1.6ml of total injection volume. The
injection sites of ICG fluorophore have been intradermal peri-
areolar, subcutaneous periareolar, subareolar and deep tumour
or a combination thereof, but there is no evidence showing that
the SLN detection rate from ICG is affected by intradermal vs
subcutaneous route of administration. However, because ICG is
non-specific, there is a chance that ICG may drain from the
injection sites and receiving lymph node basins prior to de-
tection, resulting in false-negative SLN detection. A typical ICG
fluorescence-guided SLN harvesting in a patient with breast
cancer using the mini-FLARE device is shown in Figure 3. The
number of detected SLNs reported in different clinical studies
using ICG fluorescence imaging is variable but, generally, is
reported to have higher detection rates than do conventional

methods.

Skin cancer

Studies using ICG fluorescence imaging for SLN detection in
skin cancer are summarized in Table 3. Fujiwara et al’® first
reported the use of fluorescence method to identify the SLN
successfully in melanoma and squamous cell carcinoma of the
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Figure 3. Single sentinel lymph node (SLN) identified and resected for a patient with breast cancer after injection (Inj.) of
indocyanine green. Colour video images are shown in the left, near-infrared (NIR) fluorescence imaging is shown in the middle and
a pseudocoloured merge of the two are shown in the right, where arrows point to the positions of the SLN. LC, lymphatic channel.

Reproduced from Troyan et al®®

Colour Video

SLN #1

Identification of
SLN

skin. Moreover, they found that use of fluorescence method
avoids the “shine-through” phenomenon seen in lympho-
scintigraphy, thereby providing high detection rate of the
cervical SLN.®* In general, 0.5mg in 0.1 ml dose of ICG was
injected intradermally at various sites around the tumour, with
a total dose volume ranging from 0.4 to 1.0 ml. To improve
fluorescence signal, ICG:HSA was also used in melanoma SLN
detection,® and the ICG:HSA dose escalation clinical trial was
also performed.”" In addition, the effectiveness and limitations
of fluorescence detection of lymph nodes were evaluated with
transcutaneous imaging, and imaging within the surgical FOV
and of the excised tissues. Studies showed a lower detection of
lymph nodes from transcutaneous as opposed to from within
the surgical FOV or from resected tissues containing lymph
nodes.”’ It was observed that transcutaneous SLN detection
rate could be improved by manual manipulation of overlying
tissues or by increasing the dose of ICG.”° Other opportunities
for improving detection could result from improving device
sensitivity.

Other cancers

Studies using ICG fluorescence imaging for SLN detection in
other cancers are summarized in Table 4. Miyashiro et al”’
used the fluorescence method to detect the SLN of gastric
cancer in open gastrectomy, and ICG was injected endo-
scopically around the tumour 1 day before surgery. Later
studies showed that pre-operative, endoscopic ICG injection
provides a larger averaged number of SLNs, a higher accuracy
rate and a lower false-negative rate than does intraoperative
ICG injection in cTl-stage gastric cancer.”* Some inves-
tigators showed the possibility of SLN mapping guided by
ICG fluorescence imaging during laparoscopy-assisted gas-
trectomy.”> The adequate dose of ICG injected submucosally
on the day before operation has been reported to be four
doses of 0.5ml containing 50 pg in 1 ml ICG for SLN map-
ping using HyperEye Medical System in the gastric cancer
surgery.’”” The NIRF method has also been applied for SLN
mapping in rectal,”” anal,*” colon”®®' and colorectal®” can-
cers with acceptable detection rates. Moreover, the SLN could

NIR fluorescence

with permission from Springer Science + Business Media.

Colour-NIR Merge

be detected not only in T1 disease but also in T2 and T3
disease.”” In these studies, the total dose of ICG ranged from
14 mg in 2.8 ml to 25 mg in 5 ml injected around the tumours.
The da Vinci, integrated with FIREFLY, has been used for SNL
mapping in bladder and prostate cancer.’>®* Recently, the
application of the NIRF method for SLN detection was
attempted in cervical cancer,*>*® showing a similar detection
rate as that using the blue dye and radioisotope method. As in
breast and skin cancers, 1.6ml of ICG:HSA was injected
around the tumour for SLN mapping in patients with cervical
cancer.®” Further studies demonstrated that there is no ad-
vantage of ICG:HSA over ICG alone for SLN detection in
early stage cervical cancer, thus avoiding the added cost and
complexity in using ICG:HSA.*” SLN mapping has also been
demonstrated using robotically assisted endoscopic NIR im-
aging after cervical injection of appropriate dose of ICG
around the tumour.®® The NIRF method for SLN mapping
has been introduced in other types of cancers, such as vulvar
and endometrial cancer,’®* head and neck cancer’>™’ and
non-small-cell lung cancer”®°® with high detection rate.

In the Western world, the incurable condition of lymphoedema
is generally caused after both SLN and full lymph node resec-
tions, presenting without warning weeks to years after surgery.
Although lymphoscintigraphy has been performed routinely to
image the lymphatics, the long integration times and relatively
low spatial resolution of this technique limit its application for
real-time imaging of lymphatic contractile function and for vi-
sualizing fine lymphatic architecture. Recently, ICG fluorescence
imaging has been adopted for human lymphatic imaging, as
described in the following section.

LYMPHATIC IMAGING

Clinical lymphatic imaging studies using NIRF imaging systems
are summarized in Table 5. NIRF imaging has been used to
characterize lymphoedema of the upper and lower extremities
using both PDE>1620.100-104107-113,116117.119,120,122 ;4 EDPM
devices.»?»!10> 100 SIS 2L Tnterpretation of NIRF images in-
clude aberrant lymphatic vasculature as seen comparatively to
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Table 5. Summary of lymphatic imaging using indocyanine green (ICG) fluorophore

hand

Number of .. . .
Study . Total dose of ICG Injection site Device Comments
subjects
The first published report of
ICG fluorescence imaging of
. t ly at th S
Unno et al'® 22 2mg in 0.4 ml Subcutaneously at the PDE human lymphatics in
dorsum of the foot
lymphoedema and normal
subjects
Intracutaneously into the Guiding lvmphaticovenular
Ogata et al'® 5 2mg in 0.4 ml dorsal aspect of foot (first PDE 8 ymp
anastomoses
web space)
Quantitation of lymph
. ) h . oo
Unno et al® 10 3mg in 0.6 ml Subcutaneously at the PDE function from transit time
dorsum of the foot
measurements
Oeasawara Subdermal subareolar Evaluation of the number of
etgallm 37 25mg in 5ml (3 ml); subdermal PDE lymphatic pathways in
peritumour (2 ml) patients with breast cancer
Determination of the
minimum microdose of ICG
Sevick-Muraca 0.31-100 g in 0.1-0.3 and FDPM for tr'anscutane(?us lymph
1 24 Intradermal subcutaneous . tracking to sentinel lymph
et al 1-3ml imager . . .
nodes in patients with breast
cancer and showed active
lymph propulsion
Suzuki et al'®? 54 1.5-3mg in 0.3ml Subcutaneously in dorsum PDE Assesse(.l lym.pha.mc recovery
of foot after vein stripping
A Located lymphatic fistula
. . 1 1 . .
Kamiya et al'®? 1 7.5mg in 1.5ml .Subc.utanem.ls in bilatera PDE causing thorax following
inguinal region
oesophagectomy
Rasmussen . FDPM Asse.ssment of lymphatlc.
2 44 0.4 mg in 1.6 ml Intradermal . architecture and propulsive
et al imager .
transport in arms and legs
injection i M lymphati
Unno et al'® 65 3mg in 0.6 ml Subcutaneous injection in PDE easured lymp atic
dorsum of foot pressure with inflatable cuff
Assessed movement of ICG
Adams et al'® 9 0.3mg in 1.2ml Intradermal injection .FDPM before an.d after pneu.manc
imager compression therapy in
arms
Assessment of lymphatic
Tan et al'® 20 0.4mg in 1.6 ml Intradermal .FDPM contractile funct{on af.ter
imager manual lymphatic drainage
in arms and legs
Targeting dermal lymphatic
Furukawa Intracutaneously into the backflow during
ot 2l 9 (Not specified) in 0.2 ml dorsal aspect of each second PDE microsurgical
web space lymphaticovenous
implantation
Muk . . A f th f
" leor;ge 11 (Not specified) in 0.2-1.0 ml Subcutaneous PDE ssessment of the patency o
et al LVA after surgery
Intracutaneously into the Identifying subcutaneous
Mihara et al'’ 6 (Not specified) in 0.2 ml dorsal aspect of the foot PDE lymph vessels before and
(first web space) during scarless LVA
Yamamoto Subcutaneous in arms and Proposed classification
ot 2! 20 0.5mg in 0.2 ml the second web space of the PDE system for arm

lymphoedema

(Continued)
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Table 5. (Continued)

B Zhu and EM Sevick-Muraca

Study

Number of
subjects

Total dose of ICG

Injection site

Device

Comments

Yamamoto
ot alll0

45

1mg in 0.4ml

Subcutaneous in leg and
first web space of the foot

PDE

Proposed classification
system for leg lymphoedema

Yamamoto
ot al'!!

62

0.5mg in 0.2 ml

Subcutaneous in leg and
first web space of the foot

PDE

Assessed ICG imaging as
a means to diagnose
subclinical lymphoedema

Unno et al''?

399

3mg in 0.6 ml

Subcutaneous

PDE

Assessed the effect of age
and gender on lymphatic
function

Yamamoto
et al'’?

0.04 mg in 0.3 ml

Subcutaneous

PDE

Imaging of lymphatics in
normal controls and
patients with head and neck
lymphoedema

Aldrich et al''*

24

0.3mg in1.2ml

Intradermal

FDPM
imager

Assessed systemic
progression of lymphoedema
in breast cancer survivors

Maus et al''®

0.225mg in 0.9 ml

Intradermal

FDPM
imager

Imaging of lymphatics in
head and neck lymphoedema
used to redirect manual
lymphatic drainage

Akita et al'!®

134

(Not specified) in 0.6 ml

Web spaces of feet

PDE

Showed that ICG
lymphography could detect
earlier stages of
lymphoedema than does
lymphoscintigraphy

Akita et al'?

100

(Not specified) in 0.6 ml

Subcutaneously at the first
web space of the foot

PDE

Determination of early stage
lymphoedema after lymph
node dissection in
gynaecological cancer based
on the detected patterns

Sakurai et al''”

(Not specified) in 0.15 ml

Subcutaneously into the
interdigital area

PDE

Identifying the risk group of
post-operative
lymphoedema through
axillary reverse mapping

Burrows
et al''®

0.3 mg in 1.2 ml

Intradermal

FDPM
imager

Imaging of lymphatic
abnormalities associated
with RASAI gene mutations

Liu et al*®

20

2-4mg in 0.2-0.4 ml

Subdermal

Leica
FL800

Guiding the skin incision
site of LVA and assessment
of the patency of the
anastomosis

Mihara et al'"?

72

2mg in 0.4ml

Subcutaneously

PDE

Diagnosed and classified
lymphoedema

Shibasaki
ot all20

10

0.25mg in 0.1 ml (single
dose of multiple injections)

Subcutaneously on hands
and feet

PDE

Evaluation of the severity of
lymphatic dysfunction in
infants and neonates with
congenital lymphatic pleural
effusion and ascites

Tan et al'?!

0.050 mg in 0.2 ml

Intradermally on hands and
feet

FDPM

imager

Imaging of abnormal
lymphatic drainage in an
infant with post-operative
chylothorax to guide
surgical management

LVA, lymphovenous anastomoses; PDE, photodynamic eye; RASAT, gene encoding RAS p21 protein activator (GTPase activating protein).
The devices mentioned in the table and their manufacturer details in parenthesis are as follows: Leica FL80O (Leica Microsystems Inc., Buffalo Grove,
IL), FDPM imager (University of Texas Health Science Center at Houston, TX), PDE (Hamamatsu Photonics Co., Hamamatsu, Japan).
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Figure 4. (a) Static near-infrared fluorescence (NIRF) imaging of indocyanine green (ICG)-laden lymphatics in the arm of
a normal subject. Supplementary Video A shows increased lymphatic contractile transport in response to manual lymphatic
drainage applied by a trained therapist. (b) Static NIRF imaging of ICG-laden lymphatics in the arm of a breast cancer survivor
with lymphoedema in the right extremity as depicted in (c). Supplementary Video B shows the comparative lack of lymphatic
propulsion compared with that shown in the arm of a normal subject shown in (a). Reproduced from Tan et al,'® with

permission from Elsevier.

normal lymphatic vasculature in Figure 4a (Supplementary Video A),
impaired transit time measurements (i.e., the time between ICG
injection and its appearance in the nearest draining lymph
nodes) using the PDE device; as well as measurements of reflux
or impaired lymphatic propulsion using the FDPM device
(Figure 4b; Supplementary Video B). Using the PDE device,
Mihara et al*” showed NIRF imaging to be a superior diagnostic
to lymphoscintigraphy when evaluating for lymphoedema. NIRF
imaging has also been used to detect lymphatic abnormalities
before the onset of swelling symptoms using the FDPM im-
ager,”"** earlier than lymphoscintigraphy'** and following cancer
surgery.”® Using both devices, multiple intradermal injections of
single ICG doses were used for lymphatic mapping, typically
0.025mg in 0.1 ml saline using the FDPM imager and 0.5 mg in
0.1 ml water using the PDE device. Assessment of lymphatic ar-
chitecture and transport was also performed with NIRF imaging
devices in subjects with head and neck lymphoedema''>'"®> and
used in the treatment setting to assess the effect of lymphoedema
treatments, i.e. manual lymphatic drainage and pneumatic com-
pression devices, on lymphatic function.'”>'°*'"> The results
suggest the ability to use NIRF imaging to direct therapy and to
stratify which subjects could benefit by these non-surgical ther-
apies on the basis of stimulated lymphatic pumping or lymphatic
vessel recruitment. LVA, a surgical therapy for late-stage and severe
lymphoedema, also uses NIRF imaging in a therapeutic setting to
stratify patients who would benefit from the treatment,'** to guide
the skin incision site,'>'” identify functional subcutaneous and
dermal lymphatic vessel LVA'®'”'%” and assess patency of LVA
after surgery.'>'*® In another application, NIRF imaging has
been used to perform axillary reverse mapping in patients with
breast cancer, to identify those lymph nodes that are drained by
the arm and thus could be potentially spared in lymph node
dissection to prevent later the onset of upper extremity
lymphoedema.'?"!'"”'#*7'%> Tymphatic mapping using NIRF
imaging has also been used to provide a lymphatic phenotype
for genotyping;''® to evaluate the lymphatics in infants and

neonates with lymphatic pleural effusion and ascites;'*” and to

(k) (c)

direct surgical management of post-operative chylothorax in
infants.'*'

PHANTOMS FOR ASSESSING

CLINICAL PERFORMANCE

Currently, the success of NIRF imaging is based upon the
ability of the device to detect ICG in humans, as outlined in
Tables 2—5, with the expectation that “first-in-human” mo-
lecularly targeted imaging agents can likewise be detected by
these devices already employed to detect ICG. ICG is com-
paratively dim compared with other emerging NIR fluo-
rophores, such as IRDye800® (Li-Cor Biosciences, Lincoln,
NE) and others,”” which promise brighter fluorescent signals
and the ability to detect targeted tissues deeper and with smaller
concentrations than is used for haemo- and lymphovascular
imaging of ICG. Device performance is critical and depends
upon optimal excitation of NIRF imaging agents, rejection of
backscattered excitation and ambient light, and selective col-
lection of fluorescence emanating from the fluorophore. While
instrument design differs widely (Table 1), and NIRF molecu-
larly targeted imaging agents can be expected to have broad
spectral characteristics that make them amendable to different
devices, there remains no systematic measurement procedure
and test to enable prediction that a given molecular imaging
agent can be detected in humans by a given NIRF imaging de-
vice. Furthermore, as technologies evolve and as NIRF imaging
device components change, there remains no standardized
means that could track device improvements over time and
establish clinical performance without involving clinical trials
that are often costly. There is also no standardized measurement
and approach to qualify the consistent, equivalent operational
status of a single device as a function of clinical usage time.
Hence, there is an urgent need to develop working standards
that are stable over time and enable qualification of imaging
device performance and that decouple the device and drug
regulatory processes. For example, if a “first-in-humans”
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imaging agent fails to demark a diseased tissue, how is one to
determine whether it was the imaging agent that failed to target
the diseased tissue or whether the imaging device was not sen-
sitive enough for its detection? The ICG dose escalation studies
by Sevick-Muraca et al' and Mieog et al*' provide important
information for setting the dosing and detection levels of im-
aging agents to begin safety and toxicity studies for eventual
translation but inevitably are specific to the particular imaging
device used.

Many groups have embarked on the process to construct solid
phantoms for quantifying the performance of complete NIRF
imaging systems, as well as for comparing systems.>> While
past work has focused upon adding fluorophore or imaging
agent in milk or intralipid solutions, these liquid standards
have a finite shelf life, are not often replicable and require
comprehensive characterization for each use. Table 6 sum-
marizes the developmental efforts found in the literature that
seek to establish solid phantoms in which a fluorophore or
luminescent material is embedded in a solid medium that
mimics or exaggerates tissue-scattering properties.”>>”'2671%
These phantoms are essential to sensitively and accurately detect
changes in device performance during manufacture, installation
and operation in the clinic. Because ambient light can change
with time in the environment, the use of the standards at the
point of care can define the expected performance of the device.
Hence, if the ICG is not detected during lymphatic mapping in
a specific site, then one can safety assume that there are no
functional lymphatics to be visualized. Likewise, if a molecular
imaging agent is not detected, one can conclude that the mo-
lecular imaging agent was not present in or subsurface to

the FOV. Long-term stability (>1 year) of these phantoms
remains elusive, and while promising candidates are under de-
velopment, as shown in Table 6, there needs to be an adoption
of an industry standard to promote further technological evo-
lution of NIRF devices and their use with emerging NIRF im-
aging agents.

SUMMARY

NIRF imaging is rapidly emerging for clinical characteriza-
tion of the lymphatic vasculature, whether for SLN mapping
in cancer surgeries or for assessing lymphatic vessel archi-
tecture and function in health and a variety of diseases.
Herein, we summarized the performance variety of NIRF
imaging devices used in the clinic to detect ICG, the only
NIR excitable dye currently used in humans. The perfor-
mance of these devices, while variable, offers promise for the
emerging NIRF molecular imaging agents that promise pro-
found impact in surgical and non-surgical applications. Now
that there is a plethora of NIRF devices in the clinic and a range
of ICG doses used as summarized herein, a critical evaluation
of the efficient approaches to evolve to the next step of using
“first-in-humans,” molecularly targeted imaging agents is
needed.
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