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Abstract

The microcirculation plays a crucial role in the distribution of perfusion to organs. Studies have
shown that microcirculatory dysfunction is an independent predictor of morbidity and mor-
tality. Hence, assessment of liver perfusion offers valuable information on the (patho)physi-
ological state of the liver. The current review explores techniques in perfusion imaging that
can be used intraoperatively. Available modalities include dynamic contrast-enhanced ultra-
sound, handheld vital microscopes, indocyanine green fluorescence angiography, and laser
contrast speckle imaging. Dynamic contrast-enhanced ultrasound relays information on deep
tissue perfusion and is a commonly used technique to assess tumor perfusion. Handheld vital
microscopes provide direct visualization of the sinusoidal architectural structure of the liver,
which is a unique feature of this technique. Intraoperative fluorescence imaging uses indo-
cyanine green, a dye that is administered intravenously to visualize microvascular perfusion
when excited using near-infrared light. Laser speckle contrast imaging produces non-contact
large surface-based tissue perfusion imaging free from movement- or pressure-related arte-
facts. In this review, we discuss the intrinsic advantages and disadvantages of these tech-

niques and their clinical and/or scientific applications. © 2020 The Author(s)
Published by S. Karger AG, Basel
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Introduction

The microcirculation sustains perfusion and delivery of oxygen to metabolically active
tissues, and thus should be considered central to (patho)physiology. Unfortunately, consid-
ering the importance of organ perfusion, robust and detailed studies on hepatic microcircu-
lation are lacking. Systemic hemodynamic parameters alongside laboratory results are
examined perioperatively. However, many published papers reveal an incoherence between
the macrocirculation and the microcirculation as central to pathophysiology, especially
within septic patients [1, 2]. Research has determined that a significant correlation between
impaired microcirculatory flow and poor patient outcome exists despite stable hemody-
namics suggesting that early assessment and correction of the microcirculation within criti-
cally ill patients would significantly reduce mortality and morbidity rates [3].

Alterations in hepatic microcirculation can be explained as the result of multiple causes
that are of intraoperative interest. Hepatic pathological conditions can be characterized by
regional and overall changes in perfusion. For example, during liver transplant surgery, the
donor liver is (repeatedly) subjected to ischemia reperfusion injury. Poor hepatic arterial and
venous blood flow into the transplant liver raises the risk of acute graft rejection (AGR) [4].
The ability to predict patients at risk of AGR, through perfusion monitoring, enables early
interventions to treat and thereby reduce morbidity and mortality rates.

Perfusion imaging techniques provide real-time quantitative and qualitative measure-
ments of flow dynamics, angioarchitecture, and morphology of the hepatic microcirculation.
The aim of this review is to describe the variety of technologies used for intraoperative
imaging of liver perfusion in humans and to examine their strengths, weaknesses, and clinical
applications. Within these techniques, four domains are addressed: (1) dynamic contrast-
enhanced ultrasound (DCE-US), (2) handheld vital microscopy (HVM), (3) indocyanine green
(ICG) fluorescence imaging, and (4) near-infrared laser speckle contrast imaging (LSCI).

Dynamic Contrast-Enhanced Ultrasound

For DCE-US, a contrastagent (CA) composed of millions of microbubbles has to be injected
intravenously. A transducer is placed within the region of interest (ROI), which will emit a
high-frequency soundwave. These soundwaves will collide with the surrounding tissues and
reflect back, therefore producing a real-time image of the ROI [5]. The injected microbubbles
have a higher degree of echogenicity when compared to its surrounding tissue, thereby
creating a sonogram with a markedly increased contrast.

The gas-filled microbubbles are approximately 1-10 um in diameter, making them true
blood pool agents. This enables direct observation of the microcirculation and hemodynamic
quantifications with exquisite spatial resolution [6]. Injection of the CA yields linear data
production, which can generate time intensity curves (TICs). Three functions can be calcu-
lated using the TIC: (1) peak intensity, (2) area under the curve, and (3) wash-in phase [7].
The three mentioned functions calculated using the TIC provide information related to the
fractional liver blood volume. Also, when the time to peak intensity and the slope of the
wash-in is calculated, it provides information related to liver blood flow. In summary, these
calculations from the TICs provide information on the fractional blood volume and blood flow
in the liver, which are important parameters for liver perfusion and indirectly, for liver
function. For example, the area under the curve and area under the wash-out have been
shown experimentally by Gauthier et al. [8] to be reliable in assessing liver tumor perfusion.

There are currently three common DCE-US CA used worldwide. SonoVue® (Bracco SpA,
Milan, Italy) is the most commonly adopted CA in Europe and recently, has also been approved
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for hepatic perfusion imaging in adults and pediatric patients by the FDA in 2016 [9, 10].
Definity®/Luminity® (Lantheus Medical, Billerica, MA, USA) is commonly used in the US but
has also recently been licensed in Canada and Australia [9, 10]. Sonazoid™ (Daiichi-Sankyo,
GE, Tokyo, Japan) is mostly used in Japan and South Korea [9, 10]. It contains a hydrogenated
egg phosphatidylserine on its outer shell which is phagocytosed by Kupffer cells of the liver
while maintaining its echogenicity; this not only enables observation of hepatic perfusion but
also the Kupffer cells [10].

Clinical Applications

The use of DCE-US in hepatic surgery was first described in 2006 by Leen et al. [11]; they
discovered that DCE-US was more sensitive in detecting liver metastasis when compared to
contrast-enhanced CT or MRI. In 2013, a consensus was published describing the use of
DCE-US in the characterization of focal liver lesions (FLLs) [12]. The consensus states that
benign FLL will show peripheral nodular enhancement during the arterial phase and incom-
plete filling during the late phase. Malignant FLLs seem to be less well defined; however, some
have argued that arterial phase hypervascularity seem to be the most reliable characteristic.

In surgery, DCE-US is used to guide resection margins and detect additional tumor lesions
[13]. In a study by Jung et al. [14], the use of DCE-US with a bolus injection of SonoVue CA in
combination with a high-resolution linear probe (of up to 15 MHz) detected additional tumor
lesions previously missed by contrast-enhanced CT or MRI. In the study, which consisted of
a cohort of 20 patients, additional tumors (with a diameter of 4-19 mm) were seen in 9 of
these patients using DCE-US and confirmed by pathology [14]. The ability to detect small
tumor lesions allows complete resection in surgery for liver metastases. Intraoperative
DCE-US contributed towards modifying surgical management in 30% of cases [15].

As CAs are blood pool agents, this enables better characterization of FLL during the portal
and late venous phase. Additionally, the CAs Levovist and Sonazoid are phagocytosed by
Kupffer cells, therefore prolonging the resonating period. This enhances stability of the CA
enabling whole liver scanning (which Jung et al. [14] have reported to take ~10 min) and also
helps in differentiating between benign and malignant tumors [16].

Advantages and Disadvantages

The main advantages of DCE-US are derived from the characteristics of the CAs. Studies
have shown that the gas-filled microbubbles have very low incidents of cardio-, hepatic, and
nephrotoxicity [16]. In combination with the non-ionizing nature of DCE-US, this makes the
current modality most suitable for pediatrics and critically ill patients. The strict blood pool
confinement of the CAs allows better characterization of FLLs and detection of smaller lesions
in the liver [10, 12].

However, the correct diagnosis using DCE-US requires extensive training and observation
on behalf of the observer. It has been suggested thata learning curve is required with supervision
by an expert in the field [10]. Since even millimeter deviations of the transducer on the liver
surface will have effects on blood flow measurements. Furthermore DCE-US is not recommended
for patients with chronic heart failure and/or fatty livers. Compromised back flow of the blood
from the right atrium during chronic heart failure may cause disruptions in measurement of the
arterial phase, and fatty liver reduced the sensitivity and specificity of DCE-US [7, 10]. It should
also be taken into consideration that different CAs will have different hepatic transit times.
Studies have shown that Lenovist has a significantly longer transit time when compared to
SonoVue and Luminity, and thus results should be interpreted with care [17].

Limited by the surface area of the transducer, DCE-US imaging only allows the evaluation
of one FLL with one bolus injection of the CA. Therefore, the evaluation of more than one FLL
will require multiple injections of the CA [17].
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Fig. 1. Examples of liver perfu-
sion imaging by handheld vital
microscopy and indocyanine
green (ICG) fluorescence imaging.
a Screenshot of human hepatic
microcirculation obtained using
the Cytocam Handheld Video Mi-
croscope Imaging System (or
IDFI). RBCs can be observed indi-
vidually, the sinusoids (S) are eas-
ily imaged and also larger vessels
(LV) branching out of the portal
field (PF). b Real-time image of
liver perfusion after ICG (green
fluorescence) injection using an
intraoperative fluorescence cam-
era. Following clamping of the left
portal vein and left hepatic artery,
clear demarcation of liver perfu-
sion is visualized, which guides
the surgeon during performing, in
this case, a left hemihepatectomy.

Handheld Vital Microscopy

There are currently three existing types of HVM: (1) orthogonal polarization spectral
imaging (OPSI) - first generation, (2) sidestream dark-field imaging (SDFI) - second gener-
ation, and (3) incident dark-field imaging (IDFI) - third generation, which is the newest HVM.
The use of OPSI was first documented by Groner et al. [18], who investigated characteristic
changes in nailfold capillaries for the diagnosis and treatment of hematological disorders.
Briefly, OPSI operates by illuminating the ROI with polarized light at 548 nm. Light waves
capable of penetrating deeper into the tissue will scatter and depolarize, while waves reflected
back from the superficial surface will remain polarized. The reflected waves pass through an
orthogonally placed polarizer lens to filter out surface reflection before being collected and
recorded by the charge-coupled device camera producing a real-time image. Hemoglobin is
able to absorb light at 548 nm, therefore appearing dark on the generated image. This grants
direct visualization of the RBC containing hemoglobin within the microvascular lumen, hence
the microcirculation [18].

Observation of the complete microcirculatory network opened up a new field of micro-
circulation research using HVM. However, OPSI is highly sensitive to the backscatter of light,
which leads to blurring [19]. This led to the development of the second-generation SDFI.
Based on the same principles, SDFI uses concentrically placed LED lights around the probe
tip, expelling greenlights with awavelength of 530 nm (within the hemoglobin lightabsorption
range). This reduced surface reflection generates images with a superior contrast between
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the microcirculation and background tissue. SDFI was validated against OPSI as reported by
Goedhart et al. [20] on the nailfold and in the sublingual cave microcirculation.

The third and most current generation of HVM uses IDFI (Fig. 1a). IDFI was first described
by Sherman et al. [21] in 1971. Adaptations in the concept of epi-illuminating the organ
surface for the study of microcirculation has led to the development of the CytoCam (Braedius
Medical, Huizen, The Netherlands) device. CytoCam has concentrically placed, high-brightness
LED lights, a factor 4 optical magnification system, and a larger imaged area. This provided
30% more visualization of the microcirculatory network and superior image resolution when
compared to SDFI or OPSI [22]. Furthermore, the LED lights have a shorter illumination pulse
time, further reducing blurring of the RBCs.

Tissue perfusion depends on the density, distribution, and diameters of the capillaries in
combination with blood viscosity and driving pressure across the capillaries. The two main
hemodynamic principles governing oxygen supply to tissue are convection and diffusion.
Convection is quantified by flow, and diffusion is quantified by the density of the perfused
(and thus functional) microvessels. Within IDF], flow is calculated by scoring the predom-
inant type of flow across microvessels. This generates the microvascular flow index, a semi-
quantitative score ranging from 0 (no flow) to 3 (continuous flow). To quantify diffusion, the
proportion of perfused vessels (PPV), the perfused vessel density (PVD), and total vessel
density (TVD) are determined. PPV is calculated by scoring all vessels with a flow score
greater than 1. PVD is calculated by multiplying TVD by PPV. Both PVD and TVD are expressed
in mm/mm?. Each score is determined for small microvessels with a cut-off diameter of 25
um [23].

Clinical Applications

Clinical introduction of OPSI in the liver was first documented by Puhl et al. [24] in 2003.
For the first time, the architectural structure of the human hepatic sinusoidal circulation
could be directly observed using a noninvasive approach. OPSI aided quantitative analysis of
hepatic microcirculation, which provided significant insight into hepatic physiology. Since
then, OPSI was employed mostly for investigating liver graft dysfunction. In particular, it was
used to monitor changes within the hepatic microcirculation before and after liver transplan-
tation for predictive signs of graft rejection [25]. This has great clinical significance enabling
surgeons to identify patients at risk of AGR during surgery. SDFI has been used clinically to
evaluate changes within the hepatic microcirculation following major or minor liver resection
[26]. Changes were measured in RBC velocity, sinusoidal diameter, and functional sinusoidal
density between damaged and undamaged liver parenchyma. A weak correlation was iden-
tified between an increase in RBC velocity and volume of liver resected. To date, the only
paper published on the use of IDFI in the liver is by Uz et al. [27], who measured liver micro-
circulation in 18 patients undergoing major hepatectomy with and without preoperative
unilateral portal vein embolization. They found a significantly higher hepatic microvascular
density in the non-embolized lobe when compared to the embolized lobe, as the result of
angiogenesis occurring in the hypertrophic, non-embolized lobe after portal vein emboli-
zation [27].

Advantages and Disadvantages

The major advantage of HVM when compared to the other techniques reviewed in this
paper is the ability to produce dynamic structural images of the microcirculation. The light-
weight and portable nature of HVM makes it very practical and suitable for inspection of the
microcirculation in the operating room [28]. Additionally, HVM promotes visualization of
leukocyte kinetics in the microcirculation using space-time diagrams, a parameter generated
by the semiautomated analysis software AVA 3.0 (MicroVision Medical Ltd, Amsterdam, The
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Netherlands). Monitoring of intraoperative inflammatory status of the hepatic microcircu-
lation can provide pivotal information on the local interaction of leukocytes, endothelial cells,
and microcirculatory flow [29].

HVM imaging is, however, not without limitations. Measurements are highly subjective
to movement and pressure artefacts. Induced pressure inhibits the flow of RBCs through the
microvessels rendering these vessels invisible in the field of view [23]. Therefore, a learning
curve must be undertaken by the investigator with an expert in the field. Furthermore, the
surface area of the microscopes limited the field of view to approximately 7,783 pum?.
Therefore, information of whole liver perfusion will require scanning of the liver surface.
With a maximum of 500 pm focus depth, only surface perfusion information can be gathered
from HVM, although in most pathological conditions, this is sufficient to focus through the
liver capsule and capture the sinusoidal microcirculation [27].

Indocyanine Green Fluorescence Imaging

ICG fluorescence imaging is a real-time imaging technique to enhance the visualization
of anatomical structures and give detailed functional information of the vascular network
during surgery. The principles are simple: ICG is a molecule with a mass of 776 Da that
becomes almost exclusively albumin bound following intravenous injection [30]. The removal
of ICG from the blood is strictly through the uptake by hepatocytes and excreted via bile after
8 min of injection. ICG fluoresces at the near-infrared wavelength (790-805 nm), which is
invisible to the human eye, and detection requires the utility of specialized near-infrared
cameras. In recent years, different near-infrared fluorescence camera systems have been
developed for both open and minimally invasive surgery. The dye has no adverse effects, at
the standard clinical dosage of 0.1-0.5 mg/mL/kg [31].

Clinical Applications

The use of ICG imaging for intraoperative liver perfusion assessment can be broadly cate-
gorized into (1) liver mapping (see Fig. 1b), (2) tumor visualization, and (3) liver graft perfusion
evaluation [32]. It is also the only technique described by this review which can be applied
laparoscopically. During laparoscopic surgery, liver palpation and gross inspection by the
surgeon are limited. ICG can aid in further detection of superficial nodules, marking resection
margins, and identifying liver intersegmental boundaries [33]. Laparoscopic surgeries used
PINPOINT near-infrared imaging system to generate overlaid images of near-infrared and
visible light so that the color difference between segmental boundaries are distinguishable
[34, 35]. The color difference between the pseudocolor generated by PINPOINT near-infrared
imaging and the red-purple parenchyma allows the identification of segmental boundaries
with and without perfusion, thus guiding surgeons during laparoscopic surgery [33].

Since ICG is strictly removed by the liver, the ICG clearance test has been used for the
assessment of liver function [36]. In actual fact, it is the most widely applied quantitative liver
function test in the selection of patients considered for major liver resection, as exemplified
by the LiMON technology. Following intravenous administration of the ICG dye, the concen-
tration of the dye will fall exponentially. Measurements of ICU clearance are performed in
serial blood samples but can also be determined noninvasively, through pulse dye densi-
tometry using an optical sensor placed at the fingertip [37, 38]. The use of this technology was
found to be the best discriminating preoperative test for evaluating hepatic functional reserve
in patients diagnosed with HCC [36].

The characteristic of ICG fluorescence can aid in the differentiation of hepatic lesions. For
example, in the case of metastasis, the dye is retained in the stromal tissue within the tran-
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sition region between the parenchyma and the tumor, whereas in hepatocellular carcinoma,
the fluorescence is observed inside the tumor [38]. Regardless, guidelines are still yet not
available for ICG fluorescence-directed differential diagnosis of malignant and benign tumors,
and thus, data should be interpreted with care.

The use of ICG fluorescence imaging in liver transplant surgery aids in predicting AGR
through the assessment of (1) bile duct vascularization and biliary anastomosis, (2) perfusion
evaluation of the arterial and portal anastomotic sites, and (3) fluorescence intensity [31, 37].
The outcome of these studies highly encouraged the use of ICG imaging during liver trans-
plantation, providing safe objectifiable perfusion information during organ transplantations
and allowing real-time modification of surgical techniques, thereby reducing graft dysfunction
[31, 37].

Advantages and Disadvantages

The ICG technique is fairly straightforward and does not require an extensive learning
curve, unlike the other modalities discussed in the current review (i.e.,, HVM and DCE-US).ICG
imaging allows for the easy visualization of segmental boundaries, which provides important
anatomical information for resection planning and is also the only modality discussed which
is applicable to laparoscopic surgeries. The ICG dye can also be injected into the human
vascular system with virtually no side effects.

Criticism of its limitations to the lack of quantitative data generated by ICG fluores-
cence imaging is a disadvantage of this modality. Only visual information is available;
therefore, interpretation is up to the surgeons’ experience with using ICG. Without absolute
values, this makes interpretation and comparison of perfusion parameters difficult.
Furthermore, limited by the ability for near-infrared light to penetrate deep into the tissue,
only superficial lesions can be visualized. Moreover, intraoperative ultrasonography is
also usually adopted to improve ICG imaging accuracy. Lastly, ICG contamination spillage
vialymphatic leakage can obscure the surgeon’s field of view [32]. The leaked ICG will bind
to proteins within the abdominal cavity and emits a strong fluorescent signal which can
obstruct critical structures.

Laser Speckle Contrast Imaging

With LSCI, a near-infrared laser light is used to illuminate the tissue surface, which will
reflect light back as speckles. Constant change in the contour of the tissue surface will create
irregular backscatter of speckles. A measurement camera will record the speckles as
constructive and destructive interference patterns (light and dark speckles). The flow of RBCs
underneath the tissue surface will cause a dynamic change within the interference pattern,
which is recorded as blurring. Thus, increased blood flow will correlate with an increased
blurring. The level of blurring can be quantified by measuring the spatial contrast of the
intensity variations, representing the average velocity and concentration of moving RBCs.
LSCI generates a 2-dimensional blood flow map of the organ at a single given time point,
permitting the investigator to identify areas of high or low perfusion [39, 40].

Clinical Applications

Currently, the only published clinical trial carried out using LSCI in investigating the liver
microcirculation was during liver resections in 10 patients in a pilot study [39]. Analyzable
images of the hepatic microcirculation were successfully measured in all patients using LSCI;
the total time spent making the measurement and conducting the analysis of each image was
5 min [39].
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Advantages and Disadvantages

LSCI has many advantages: it produces whole organ perfusion maps almost instanta-
neously, rendering LSCI suitable for dynamic microcirculatory functional tests. It is low-cost
to run and yields highly reproducible results. Most importantly, it does not come into contact
with the organ surface and therefore does not suffer from pressure artefacts associated with
tissue contact (unlike HVM).

However, as the technique functions on reading the backscatter of light to determine
perfusion, any movement within the tissue surface is registered as perfusion and therefore,
LSCI is sensitive to movement artefacts. To determine the degree of faulty measurements
associated with movement of the target tissue, Mahe et al. [41] used an opaque patch, placed
on the ROI as a reference point for movement induced by the skin. The difference measured
was not significant in minute movements; although these movements slightly interfere with
the measurements, the measurements remain largely comparable between tiny shifts in
space. Furthermore, values which are generated by LSCI are expressed as a mean of RBC
velocity and concentration and therefore do not give absolute data but rather represent an
estimation or relative measurement [42]. The depth covered by LSCI is superficial, as light
can only penetrate for approximately 300 um into the tissue, thus lacking information on
perfusion deeper in the target organ.

Discussion

In this review, four modalities of measuring liver perfusion intraoperatively were
described with respect to their advantages, disadvantages, and clinical applications (Table 1).
The choice of technique used is highly dependent on the research or clinical question.

For measurements concerning deeper liver perfusion, DCE-US has the greatest depth of
focus when compared to HVM, ICG fluorescence imaging, and LSCI. This gives DCE-US greater
application in deep tissue perfusion imaging, whereas HVM and LSCI can only yield infor-
mation from subsurface (superficial) tumor lesions. Deep tissue perfusion imaging combined
with the ability to detect additional tumor lesions have resulted in alterations to surgical
management strategies using DCE-US. However, operation of DCE-US (in addition with ICG
fluorescence imaging) requires the injection of a CAs. Although these CAs have shown low
incidents of toxicity, under situations where intravenous injections are not possible, the
employment of HVM and LSCI can be used.

All modalities discussed in the current review are applicable to open laparotomic
surgeries, which are considered the standard for liver surgeries; however, ICG fluorescence
imaging is the only modality which can also be applied laparoscopically. The laparoscopic
approach has been less favored for the lack of tactile sensation and gross inspection of the
liver [43]. ICG fluorescence imaging using PINPOINT near-infrared imaging provides a real-
time overlay of fluorescence and white-light imaging, without disturbance of the surgical
field. It can give the surgeon navigation information for both surface lesions and for anatomical
segmental perfusion to guide surgeons for safer liver resections [33]. Not only does laparo-
scopic surgery have better cosmetic effects, it also has superior results for total blood loss
rates, transfusion rates, and recovery times [43].

Currently, only ICG fluorescence imaging and DCE-US have been implemented for clinical
use; however, HVM has undergone a number of technological developments with the aim of
introducing these devices for routine clinical practice. HVM allows the direct visualization of
RBCs, which should be considered the golden standard for assessing perfusion [1]. This direct
observation of the microcirculatory angioarchitecture yields quantitative information on
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diffusion, convection, and inflammatory status of the microcirculation, which can be used for
monitoring the patient’s hemodynamic status at the bedside or in research.

This review is not without limitations. Firstly, laser Doppler was not discussed in detail
as a potential technique to assess intraoperative hepatic perfusion [44]. Laser Doppler flow-
metry presents tissue perfusion as a single value at one point rather than an image of tissue
perfusion. We therefore believe that this modality did not fitin the scope of the current article.
Secondly, due to the narrative style of the review, technical variations of the discussed imaging
modality were possibly not examined in detail. The aim of this review was to give readers a
general overview of widely available techniques for intraoperative perfusion imaging. Thirdly,
this review only focused on approaches for intraoperative perfusion imaging rather than for
the entire perioperative period. Therefore, application of dynamic contrast-enhanced CT and
MRI for this purpose were not considered in this review.

In conclusion, the different modalities described in this review all possess intrinsic
advantages and disadvantages. The choice of the technique used should depend on the output
data of interest. DCE-US gives information on deep tissue perfusion, whereas HVM, ICG, and
LSCI are only superficially applicable. DCE-US has found clinical use, whereas HVM, ICG, and
LSCI are more research-focused instruments. However, DCE-US and HVM require contact
with the organ surface and are therefore susceptible to pressure artefacts, whereas LSCI and
ICG are sensitive to light scatter. Regardless of choice, the challenge remains in the interpre-
tation of the quantitative outputs acquired and their clinical significance.
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